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Abstract

Polyethylene terephthalate (PET) is a durable, chemically and thermally stable polyester.
Due to these desirable properties, PET is widely used for various applications in our
daily life. However, PET plastics do not degrade to a large degree when released into
the environment. Thus, its accumulation in both oceans and on land has become one
of the major concerns of plastic pollution. Compared to traditional PET recycling
processes requiring lots of energy resources and usually producing harmful contaminants,
using microorganism-derived enzymes has provided a novel environment-friendly option to
eliminate plastic waste. Few bacterial hydrolases and microorganisms have been identified
with the ability to degrade synthetic polymers. However, their degradation activities are
relatively low for an industrial use. In addition, despite bioinformatic analysis revealing
that the Bacteroidetes phylum has the potential for PET degradation, none of enzymes
affiliated with this phylum has been functionally verified. Therefore, the main goal of
the present study was to achieve a better understanding of the molecular mechanisms
involved in the microbial degradation of PET and to extend the biodiversity of enzymes
that are capable of degrading this complex polymer.

In order to identify novel PET-active enzymes, thirty candidate genes encoding
putative PETases found by a Hidden-Markov-Model based search (HMM search) were
synthesized. Combined with functional screening methods, three enzymes, PET27,
PET30 and PET40, have been identified with ability to break down PET. PET27 and
PET30, affiliated with Bacteroidetes, showed the hydrolytic activity on PET, providing
the first evidences of the involvement of this phylum in PET degradation. Additional
assessments indicate that PET30 has significant activities on PET and para-nitrophenyl
hexanoate (pNP-C6) at even 4°C. Furthermore, all three enzymes were characterized in
detail. The obtained results show that they were able to hydrolyze a variety of substrates
including the polymer polycaprolactone (PCL), the PET-monomer bis-(2-hydroxyethyl)
terephthalate (BHET), and the polyester polyurethane Impranil@DLN. Although the
observed degradation rates on PET were relatively low, it can be assumed that PET

hydrolysis may be a side reaction because of their activities on various substrates, which
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indicates the promiscuity of these enzymes. In addition, the crystallization and binding
studies of PET30 and PET40 were carried out, providing structural insights into the
substrates binding pocket involved in the degradation processes. The analysis of the
global distribution of PET27, PET30 and their homologs revealed that promising enzyme
candidates affiliated with Bacteroidetes are occurring through diverse climate zones.
The majority of these enzymes are associated with the aquatic metagenomes. This may
suggest a promising impact on the plastics hydrolysis in the marine environment.

In summary, this work provides detailed biochemical characteristics of the novel
PET-active enzymes and extends the knowledge of the mechanisms on the structural
level. The presented results enable a better understanding of microbial degradation in

general and enrich the biodiversity of PET-hydrolyzing enzymes.



Zusammenfassung

Polyethylenterephthalat (PET) ist ein langlebiger, chemisch und thermisch stabiler
Polyester. Aufgrund dieser wiinschenswerten Eigenschaften wird PET in zahlreichen
Anwendungen unseres Alltags eingesetzt. Allerdings zersetzen sich PET-Kunststoffe,
wenn sie in die Umwelt freigesetzt werden, nur in geringem Mafle. Daher ist seine
Anreicherung sowohl in den Ozeanen als auch an Land zu einem der Hauptprobleme der
Plastikverschmutzung geworden. Im Vergleich zu herkommlichen PET-Recyclingprozessen,
die viele Energiequellen erfordern und in der Regel schédliche Schadstoffe produzieren,
bietet die Verwendung von mikroorganismengenerierten Enzymen eine neuartige,
umweltfreundliche Option zur Beseitigung von Plastikabfallen.

Bisher wurden nur wenige bakterielle Hydrolasen und Mikroorganismen mit der
Fahigkeit identifiziert, synthetische Polymere abzubauen, wobei ihre Abbauaktivitaten fiir
einen industriellen Einsatz relativ gering sind. Dariiber hinaus hat die bioinformatische
Analyse gezeigt, dass das Phylum der Bacteroidetes das Potenzial zum PET-Abbau
besitzt, wenngleich bislang kein Enzym, das diesem Phylum zugeordnet ist, funktionell
verifiziert werden konnte. Das Hauptziel der vorliegenden Studie bestand daher darin,
ein besseres Verstandnis der molekularen Mechanismen zu erlangen, die am mikrobiellen
Abbau von PET beteiligt sind, und die Biodiversitdt der Enzyme, die in der Lage sind,
dieses komplexe Polymer abzubauen, zu erweitern.

Um neuartige PET-aktive Enzyme zu identifizieren, wurden dreiflig Kandidatengene,
die putative PETasen kodieren und mittels einer auf Hidden-Markov-Modellen
basierenden Suche (HMM-Suche) identifiziert wurden, synthetisiert. In Kombination mit
funktionellen Screening-Methoden wurden drei Enzyme — PET27, PET30 und PET40 —
identifiziert, die in der Lage sind, PET abzubauen. PET27 und PET30, die dem Phylum
Bacteroidetes zugeordnet sind, zeigten eine hydrolytische Aktivitit gegentiber PET und
lieferten somit den ersten funktionellen Nachweis fiir die Beteiligung dieses Phylums am
PET-Abbau. Weitere Untersuchungen zeigen, dass PET30 selbst bei 4°C signifikante
Aktivitaten gegeniiber PET und p-Nitrophenylhexanoat (pNP-C6) aufweist. Zudem

wurden alle drei Enzyme detailliert charakterisiert.



Die gewonnenen FErgebnisse belegen, dass die Enzyme in der Lage sind, eine
Vielzahl von Substraten zu hydrolysieren, darunter das Polymer Polycaprolacton
(PCL), das PET-Monomer Bis-(2-hydroxyethyl)terephthalat (BHET) und das
Polyesterpolyurethan Impranil@DLN. Obwohl die beobachteten Abbauraten von
PET relativ gering waren, kann angenommen werden, dass die PET-Hydrolyse eine
Nebenreaktion infolge ihrer Aktivitdt auf verschiedene Substrate darstellt, was auf die
Promiskuitdt dieser Enzyme hinweist. Dariiber hinaus wurden Kristallisations- und
Bindungsstudien an PET30 und PET40 durchgefiihrt, welche strukturelle Einblicke in
die an den Abbauprozessen beteiligte Substratbindungsstelle lieferten.

Die Analyse der globalen Verbreitung von PET27, PET30 und ihren Homologen
ergab, dass vielversprechende Enzymkandidaten, die dem Phylum Bacteroidetes
zugeordnet sind, in unterschiedlichen Klimazonen vorkommen. Der Grofiteil dieser
Enzyme ist mit aquatischen Metagenomen assoziiert, was auf einen potenziell positiven
Einfluss auf die Kunststoffhydrolyse in marinen Umgebungen hindeuten konnte.

Zusammenfassend liefert diese Arbeit detaillierte biochemische Charakterisierungen
der neuartigen PET-aktiven Enzyme und erweitert das Wissen tiber die zugrunde
liegenden Mechanismen auf struktureller Ebene. Die présentierten Ergebnisse
ermoglichen ein besseres Verstdndnis des mikrobiellen Abbaus im Allgemeinen und

bereichern die Biodiversitat der PET-hydrolysierenden Enzyme.



1 Introduction

1 Introduction

The use of fossil-based plastics has become ubiquitous in the industry and our day-to-
day lives. In 2021, the annual production of plastics increased up to 390 million tons
(Plasticseurope, 2022), with polyethylene terephthalate (PET) being one of the most
produced synthetic polymers. However, the unique traits of these synthetic polymers,
including extreme stability and durability, have resulted in the accumulation of plastic
pollutants in our environment. It is estimated that the degradation of a single plastic
bottle will take 100 - 500 years in nature (Barnes et al., 2009; Danso et al., 2019).
Application of microorganisms and enzymes that hydrolyze plastics can be a promising
and sustainable approach to reduce the accumulation of plastic pollution. Therefore, one
of the future challenges for microbiologists is to identify novel biocatalysts involved in
the plastics degradation (Wei und Zimmermann, 2017; Chow et al., 2022; Tamoor et al.,
2021).

1.1 Accumulation of plastic waste in the environment

With the discovery of petroleum-based polymer, polystyrene (PS), in 1839 by Eduard
Simon, the use of plastics began to be exploited (Simon, 1839). Plastic products can
be found in various fields such as packaging, clothing, construction, medical devices
etc. The majority of their applications is to produce disposable products such as PET-
bottles for drinks and plastic cups, which led to a large consumption of plastics (Geyer
et al., 2017). In the last few decades, the production of plastic materials has increased
tremendously. In 1990, 100 million tons of plastics were produced globally. This number
has amounted almost four times to 390 million tons by 2021 (Plasticseurope, 2022). The
main synthetic plastics that are commonly used are polyethylene (PE), polypropylene
(PP), polyvinylchloride (PVC), polyethylene terephthalate (PET), polyurethane (PU),
polystyrene (PS) and polyamide (PA) (statista.com, 2022; Chow et al., 2022). PET is
one of the most commonly synthesized plastics, with 24 million tons produced annually
(Plasticseurope, 2022).

Even though the recycling rates of the plastics have increased over the past few
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years, only a minor portion of these post-consumer plastics is currently recycled. Even
in the EU, an advanced economy with leading regulations, only 10% of post-consumer
plastics are recycled and made into new products (Plasticseurope, 2022). The rest of
these waste plastics ends up their journey in ecological niches, especially in oceans, which
causes environmental issues due to their low-degradation rate in nature (Webb et al.,
2013; Barnes et al., 2009). According to recent studies, plastics can be found as the main
component of 60 - 80% of marine waste and even up to 95% in some areas (Derraik, 2002;
Gregory, 2009; Eriksen et al., 2014; Wang et al., 2018). Scientists estimated that about
398.000 tons of plastic debris have been accumulated and floating in the ocean by 2020 and
will remain there for decades (Hohn et al., 2020; Howard, 2002). Researchers showed that
hundreds of marine species, including fishes, sea birds, turtles and mammals, are affected
by plastic waste. Marine animals get trapped in floating plastics such as discarded fishing
nets and plastic bags, which leads them to drowning (Moore, 2008). However, plastic
waste of large size is not the only concern of the environmental pollution. A vast amount
of microplastics (diameter < 5 mm) also ends up in the biosphere and leads to further
pollution of our environment (Gigault et al., 2018; Mitrano et al., 2021; Danso et al.,
2019). They are derived from primary sources, including additives used for the friction
of products (e.g. toothpaste and cosmetic products) or secondary sources, which are
converted from large plastics by mechanical impacts (Andrady, 2011; Browne et al., 2011;
Carr et al., 2016). It is estimated that from 0.8 to 2.5 million tons of microplastics are
released into the oceans yearly (Miranda et al., 2020). Microplastics can be consumed
by sea animals along with their food. Plastic debris accumulated in the gastrointestinal
system damage the stomach, block the digest track and result in death of animals (Laist,
1987; Derraik, 2002). Because of their presence in seafood species, human-made plastics
can now also be found in our food chain. Recently, studies have demonstrated the presence
of microplastics in the human blood, lung tissue and placenta (Ragusa et al., 2021; Jenner
et al., 2022; Leslie et al., 2022). The impact of these particles on the human organism is
still not clear. However, the toxicity of breakdown products and additives is considered

a potential contributor to causes of health problems (Prata et al., 2020; Rahman et al.,
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2021). According to reports, phthalates, which are frequently linked to PET, can operate

as endocrine disruptors and are considered harmful (Sax, 2010).

1.2 Microbial degradation of plastics

As mentioned above, petroleum-based plastics only degrade very slowly in nature due
to their high stability and durability (Chamas et al., 2020; Webb et al., 2013). The
initial degradation is often driven by abiotic processes, including weathering through
UV radiation, winds and other mechanical disruptions. In addition, temperature and
pH changes are also considered as abiotic factors (Day und Wiles, 1972; Shaw und
Day, 1994; Fagerburg und Clauberg, 2004). In aquatic environments, it is assumed
that the mechanical actions led by sea waves and winds, as well as by abrasion from
rocks and sand contribute primarily to the breakdown of plastics (Shaw und Day, 1994).
Plastics released into the environment are eventually fragmented into smaller pieces
(micro- and nano-plastics) by the mechanical processes, providing a larger total surface
for the biodegradation caused by microorganisms (Cooper und Corcoran, 2010). The so-
called weathering also contributes to fragment plastics and multiplies their surface, which
make them more accessible to microbial attachment Zhang et al. (2022b); Gewert et al.
(2015); Duan et al. (2021); Flemming et al. (2016). Earlier research demonstrated that
exposure to UV light alters the physical characteristics of PET, causing the color change
from clear to slightly yellow (Mohammadian et al., 1991; Shaw und Day, 1994). Notably,
aromatic ring structures present in PET and other polymers increase their susceptibility
to UV radiation (Gotoh et al., 2011; Falkenstein et al., 2020).

Furthermore, several studies have observed that certain invertebrates such as the
wax moth Galleria mellonella, the mealworm Tenebrio molitor and their associated
microbiomes can break down man-made polymers into smaller particles. Unfortunately,
none of the specific enzymes related to these degradation processes has been verified
(Bombelli et al., 2017; Brandon et al., 2018; Yang et al., 2014; Cassone et al., 2020).
Various bacterial and fungal species are known for their capability to colonize plastic

surfaces. However it is still not clear how and to what extent they affect the structures
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and the breakdown of plastics (Kirstein et al., 2016, 2019; Amaral-Zettler et al., 2020).
Notably, bacterial colonization does not necessarily imply the occurrence of degradation
(Zhang et al., 2022b; Chow et al., 2022). It appears that bacteria consume additives as an
energy source, as these additives can be found in most polymers and are often preferred
carbon or nitrogen sources over polymer (Chow et al., 2022).

Since synthetic plastics are often composed of various building blocks such as
aromatic rings, ester and ether bonds, it is assumed that they require a different set
of enzymes for their degradation (Zhang et al., 2022b). Thus, it is unlikely that a single
organism is able to break down the polymer alone in nature, but rather a group of microbes
(Chow et al., 2022). Moreover, the degree of the crystallinity of the synthetic polymers
has a significant impact on enzymatic degradation. The majority of fossil-based polymers
is semi-crystalline and contains both amorphous as well as highly crystalline regions. As
the crystalline regions are resistant to enzymatic attachment, the degradation appears to
occur mainly in the amorphous regions (Webb et al., 2013). In recent years, the microbial
degradation of plastics has been extensively discussed. To date, only a limited number of
enzymes and microorganisms that act on plastics are known, and they are mainly involved
in the degradation of PET, PUR and PA (Danso et al., 2019; Wei und Zimmermann, 2017).
These enzymes are mainly hydrolases, including esterases, lipases, cutinases, proteases and
amidases. The Plastic-Active-Enzyme database (PAZy) has summarized and listed a total
of 141 verified enzymes that act in fossil-based plastics (as of December 2023) (Buchholz
et al., 2022). Recently, a report has been published, demonstrating the first evidences of
two enzymes derived from wax worm saliva being able to randomly oxidize PET, however,

with very low efficiency (Sanluis-Verdes et al., 2022).

1.2.1 Degradation mechanisms of polyethylene terephthalate (PET)

Polyethylene terephthalate (PET) was discovered in 1941 (Rex und Tennant, 1949) and
is synthesized by the polycondensation of its monomers terephthalic acid (TPA) and
ethylene glycol (EG). PET is a solid thermoplastic with a melting point of 250 - 260

°C and is almost insoluble in water (Lim, 2017). In 1973, PET bottles were patented
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by engineer Nathaniel Wyeth, and since then they quickly found their application in the
marketplace and become a dominant option as beverage containers. In our daily lives, the
most consumed PET in packaging is semi-crystalline. As mentioned before, the highly
crystalline areas are nearly completely resistant to enzymatic hydrolysis. The degradation
occurs most likely in amorphous and low crystalline areas that are accessible to enzymatic

attachment (Webb et al., 2013).
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Figure 1: Graphical overview of microbial degradation of PET. Bacteria or enzymes act on
the surface of PET polymer and transform it to its intermediates BHET or MHET. MHET
can be further metabolized by microorganisms. PET, polyethylene terephthalate; BHET, bis(2-
hydroxyethyl) terephthalic acid; MHET, mono(2-hydroxyethyl) terephthalic acid; MHETase,
MHET hydrolase; TPA, terephthalic acid; EG, ethylene glycol.

Currently, the mechanism of PET degradation is still being investigated further.
Due to its physical properties and large molecular mass (30 - 80 kg mol '), it is believed
that the enzymes have to be secreted into the environment to act on PET that is too
large to be transported into the cell (Awaja und Pavel, 2005; Zhang et al., 2022b).
These so-called extracellular enzymes hydrolyze the surface of PET and release smaller
intermediates such as mono-(2-hydroxyethyl) terephthalate (MHET) and TPA, which
can be imported into the cell for further metabolism (Mueller, 2006; Zhang et al., 2022b)
(Figure 1).

In 2016, the first complete in vivo hydrolysis pathway of PET was described by
Yoshida et al. (Yoshida et al., 2016). Through a two-step process, two enzymes, a

PETase and a MHETae from the bacterium Ideonella sakaiensis were able to degrade
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PET completely. The bacteria uses PETase to partially hydrolyze the PET into MHET,
which is a major intermediate of PET hydrolysis. Then, a MHETase break down MHET
further into TPA and EG that are transported into the cell for metabolism (Yoshida et al.,

2016).

1.2.2 Known PET-degrading hydrolases (PETase)

PET-degrading hydrolase (PETase; EC 3.1.1.101) represents an enzyme class that
hydrolyzes the ester bond of PET polymer and releases its oligomers (BHET and MHET)
and / or monomers (TPA and EG). The first PETase was reported by Yoshida et al.
and only a handful of the representative enzymes have been classified to this class in the
BRENDA database (https://www.brenda-enzymes.org/enzyme.php?ecno=3.1.1.101).
Before the discovery of the IsPETase (PETase from Ideonella sakaiensis), other types
of PET-active enzymes have been studied, and these include for example cutinases (EC
3.1.1.74), esterases (EC 3.1.1.1), and lipases (EC 3.1.1.3) (Miiller et al., 2005; Kleeberg
et al., 2005; Ribitsch et al., 2015; Zheng et al., 2005; Aratjo et al., 2007).

In the last two decades, a few phyla of bacteria and fungi have been demonstrated
to harbor enzymes capable of breaking down PET. Although researchers envisioned
that enzymes from Archaea might be able to contribute to the PET degradation,
theses enzymes have yet to be experimentally identified (Danso et al., 2018). The
best-characterized enzymes are the previously mentioned IsPETase that is affiliated
with Proteobacteria (Yoshida et al., 2016), LCC derived from a leaf branch compost
metagenome (Schmidt et al., 2017; Taniguchi et al., 2019) and the cutinases from
Thermobifida species (Roth et al., 2014; Hegde und Veeranki, 2013; Ribitsch et al.,
2017) which are all affiliated with Actinobacteria. In addition, results published in
recent studies showed that Candida antarctica CalB (Carniel et al., 2017) and Fusarium
oxysporum FsC are also able to degrade PET. While some enzymes have rather low
degradation rates, Ronkvist et al. reported a highly active and thermostable enzyme
designated HiC isolated from Humicola insolens. HiC could fully break down amorphous

PET within 96 hours at 70°C (Ronkvist et al., 2009). Thermostable enzymes perform
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mostly a better hydrolytic activity towards PET, as their optimal temperatures are
close to the glass transition temperature (Tg) of PET, at which the amorphous regions
become more accessible to enzymatic attack (Alves et al., 2002). The effect of the
enzyme thermostability benefiting hydrolysis efficiency was observed among the other
PET-active enzymes, such as the above-mentioned metagenome-derived LCC and PET2
(Danso et al., 2018; Schmidt et al., 2017). Therefore, protein engineering intends to
enhance the thermostability of PETases to achieve better enzymatic performance. A
recently published study showed that an engineered LCC was able to decompose PET
into monomers within 10 hours, outperforming all PET-active enzymes identified to date
(Tournier et al., 2020).

While it is true that we have a better understanding of the enzymes involved
in the degradation of PET in comparison with other fossil-based polymers, it appears
that PET degradation is only limited to a few bacterial phyla. Despite the BsEstB
from Bacillota (Ribitsch et al., 2011) and the metagenome-derived PET2 (Danso et al.,
2018), all the functionally identified bacterial enzymes are phylogenetically affiliated
with Actinobacteria and Proteobacteria (as of January 2022). Remarkably, Danso
et al. identified that the Bacteroidetes phylum is the most potential host providing
PET-degrading enzyme candidates. These enzymes hits are dominant in the marine
metagenome sequences (Danso et al., 2018, 2019). Unfortunately, none of these enzymes
has been functionally verified and identified about their affiliation with the PET
degradation. It is noteworthy that the Bacteroidetes phylum can be found in nearly all
ecological niches (Wexler, 2007; Krieg et al., 2015; Hahnke et al., 2016; Munoz et al.,
2016) and has been reported as highly effective degraders of a variety of polymers (Foley
et al., 2016; Thomas et al., 2011; Church, 2008).

In the present work, we were able to identify two novel PET-active enzymes,
PET27 and PET30, that are affiliated with two genera of Bacteroidetes, Aequorivita
and Kaistella respectively. Furthermore, the global distribution search showed that their
homologs can be found in the marine environment through a wide range of climate zones

(Zhang et al., 2022a).
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1.3 Mining for novel PET-degrading enzymes

The search for enzymes that are able to break down synthetic polymers is a very
demanding task that requires a combination of different strategies. In general, there
are no pre-described strict standards for the screening methods. Most past studies that
aimed to identify plastic-active microorganisms used enrichment techniques, where the
defined medium, cultivation conditions and present carbon sources are given. Thereby,
weight losses or surface changes of plastic materials are often implanted as an indicator of
the degradation activity. However, the taxonomic diversity of PET-active enzymes and
microorganisms is very limited (Barth et al., 2015; Kale et al., 2015; Kawai et al., 2014;
Pérez-Garcia et al., 2021; Danso et al., 2018) considering that over 99% of the microbes
are not cultivable under laboratory conditions (Mora et al., 2011).

Studies revealed that the marine environment serves as a potential habitat for
bacteria that are able to produce unique metabolites, such as enzymes, antibiotics as well
as antiviral and anticancer chemicals (Laurila-Pant et al., 2015; Cragg und Newman, 2013;
Li et al., 2012). The main obstacle to the optimal use of this potential is the difficulty in
cultivating the majority of microbial species in an artificial culture medium due to their
extremely specific growth requirements (Zengler et al., 2002). Therefore, function-based
metagenomic approaches provide a possibility to overcome this obstacle and to utilize
the various environmental sources for enzyme discovery without cultivating individual
microbes (Streit und Schmitz, 2004). Different screening methods were developed
depending on the desired properties and functions of an enzyme (Steele et al., 2009;
Ferrer et al., 2016; Pérez-Garcia et al., 2021). Danso et al. applied a well-designed HMM
profile based on known PET-active enzymes and successfully identified multiple promising
PET-active enzyme candidates, some of which have been verified experimentally (Danso
et al., 2018, 2019). Still, the heterogeneous expression in appropriate hosts is the
foundation of practically all of the functional screening techniques. FE. coli combined
with specifically designed plasmids is the most used expression system (Charles et al.,
2017), which sometimes can only achieve a low production rate of the enzymes. To

facilitate the metagenomic strategies, advanced approaches based on in vitro expression
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system have been developed for the high-throughput screening (Markel et al., 2020).
Given a huge amount of accessible sequencing resources such as IMG, UniProt or NCBI,
the metagenomic screening method should be able to deliver new biodiversity of this rare
PET-degrading enzyme.

For assessment of the PET degradation, PET substrates from different origins
in the form of powder or thin foils are often used and combined with the high-pressure
liquid chromatography technique (HPLC) for determining released breakdown products
as a result of enzymatic activity (Danso et al., 2018; Bollinger et al., 2020; Ronkvist
et al., 2009; Herrero Acero et al., 2011; Zhang et al., 2022b). In addition, reporter
strains based on fluorescent that act as bioindicators were developed. These approaches
can sense degrading products released by enzymatic reactions and thus detect the
degradation activity of enzymes of interest (Masaki et al., 2005; Wei et al., 2012; Chaves
et al., 2018; Bayer et al., 2022; Dierkes et al., 2023). While these methods are rather
sophisticated, several other assays using indicator plates enable a primary assessment of
the degradation ability of microorganisms or enzymes. In this case, model substrates or
plastic nanoparticles are supplemented in agar plates and used as indicators. Alterations
in the clearance of the plates imply that the hydrolytic activity is occurring (Welzel
et al., 2002; Wei et al., 2014).

1.4 Aim of this study

The main goal of this work was to achieve a better understanding of the microbial
degradation of PET in general and to expand the biodiversity of the PET-active enzymes.
Therefore, about thirty gene candidates encoding putative PET-active enzymes were
identified using a specific HMM-based search and were synthesized or cloned into suitable
expression vectors. Their activity on various substrates and biochemical characteristics
were experimentally investigated. In addition, enrichment techniques were implanted to
isolate microorganisms capable of acting on PET plastics.

In order to obtain a detailed insight into the enzymatic mechanisms of the

identified PET-degrading enzymes, the crystal structures were elucidated and analyzed.
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Additionally, the global distribution of homologs of the bacteroidetal enzymes was
investigated to attain an initial understanding of their possible role in reducing plastic
pollution in our environment.

By combining various approaches such as enrichment cultures, bioinformatic
analysis, biochemical characterization and functional screening methods, novel PET-
degrading enzymes have been identified and studied in detail. With this, the present
work will contribute to understanding of the PET degradation in general and advance

our knowledge of this rare but crucial enzyme.
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Certain members of the Actinobacteria and Proteobacteria are known to degrade
polyethylene terephthalate (PET). Here, we describe the first functional PET-active
enzymes from the Bacteroidetes phylum. Using a PETase-specific Hidden-Markov-
Model- (HMM-) based search algorithm, we identified several PETase candidates from
Flavobacteriaceae and Porphyromonadaceae. Among them, two promiscuous and
cold-active esterases derived from Aequorivita sp. (PET27) and Kaistella jeonii (PET30)
showed depolymerizing activity on polycaprolactone (PCL), amorphous PET foil and on
the polyester polyurethane ImpranilPDLN. PET27 is a 37.8 kDa enzyme that released
an average of 174.4 nmol terephthalic acid (TPA) after 120 h at 30°C from a 7 mg PET
foil platelet in a 200 wl reaction volume, 38-times more than PET30 (37.4 kDa) released
under the same conditions. The crystal structure of PET30 without its C-terminal Por-
domain (PET30APorC) was solved at 2.1 A and displays high structural similarity
to the /IsPETase. PET30 shows a Phe-Met-Tyr substrate binding motif, which seems
to be a unique feature, as IsPETase, LCC and PET2 all contain Tyr-Met-Trp binding
residues, while PET27 possesses a Phe-Met-Trp motif that is identical to Cut190.
Microscopic analyses showed that K. jeonii cells are indeed able to bind on and colonize
PET surfaces after a few days of incubation. Homologs of PET27 and PET30 were
detected in metagenomes, predominantly aquatic habitats, encompassing a wide range
of different global climate zones and suggesting a hitherto unknown influence of this
bacterial phylum on man-made polymer degradation.

Keywords: metagenomics, metagenomic screening, PET degradation, polyethylene terephthalate (PET), PETase,
Bacteroidetes, Flavobacteriaceae
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INTRODUCTION

PET is one of the major plastic pollutants found in landfills,
oceans and other environments (Jambeck et al., 2015; Geyer
et al,, 2017). Our knowledge of microbial degradation of most
plastics is rather limited, but recent research has demonstrated
that some bacteria are able to degrade PET (Yoshida et al., 2016).
Although it is unclear if larger crystalline fibers are degraded
by bacteria, it is well known that some cutinases (EC 3.1.1.74),
lipases (EC 3.1.1.3) and carboxylesterases (EC 3.1.1.1) can act
on amorphous and low crystalline PET. These enzymes, often
referred to as “PETases,” cleave the ester bond of the polymer
to either produce bis-(2-hydroxyethyl) terephthalate (BHET),
mono-hydroxyethyl terephthalate (MHET) or they complete
degradation to terephthalic acid (TPA) and ethylene glycol (EG).
TPA monomers can be further degraded via cleavage of the
aromatic ring structure using known aryl pathways and can then
enter the p-ketoadipate pathway (Wei and Zimmermann, 2017;
Danso et al., 2019; Wright et al., 2021).

To date, only a limited number of bacterial and fungal
species have been identified that are capable of breaking down
PET to either its oligomers or monomers, TPA and EG. Most
bacterial isolates with verified enzymatic PET-degrading activity
are affiliated with the Gram-positive phylum Actinobacteria
(Acero et al,, 2011). The best characterized examples belong to
the genera Thermobifida or Thermomonospora (Kleeberg et al.,
1998; Chen et al., 2008; Hu et al., 2010; Acero et al., 2011; Ribitsch
et al., 2012; Wei et al., 2014). Further, the leaf compost-derived
cutinase LCC is closely related to Actinobacterial enzymes and
is currently one of the best described and most active PETases
(Sulaiman et al, 2012, 2014). Regarding Proteobacteria, the
Gram-negative Betaproteobacterium Ideonella sakaiensis 201-F6
is capable of using amorphous PET as a major energy and
carbon source (Yoshida et al., 2016). I sakaiensis’ genome also
encodes a tannase which is designated MHETase as it is capable
of degrading MHET. Besides, a number of other PETases affiliated
with the Proteobacteria have been identified originating from e.g.,
Pseudomonas aestusnigri and Vibrio gazogenes (Ronkvist et al.,
2009; Haernvall et al., 2017; Danso et al., 2018; Bollinger et al.,
2020).

In a previous study, we identified potential PET esterases
affiliated with the Bacteroidetes phylum using HMM profile
database searches (Danso et al, 2018, 2019). These enzyme
hits mainly occurred in metagenomes and genomes from
marine environments and were annotated solely on the
basis of homology. However, their enzymatic function and
environmental distributions have not been studied within that
framework, and we target these questions in the present study.
Bacteroidetes representatives can be found in nearly all ecological
niches including soils, oceans and fresh water and are part of
the microbiome of many animals, especially as inhabitants of the
intestinal tract (Wexler, 2007; Krieg et al., 2015; Hahnke et al.,
2016; Munoz et al,, 2016). The Bacteroidetes phylum, however,
is highly heterogeneous and contains at least four classes of
bacteria (e.g., Bacteroidia, Flavobacteria, Sphingobacteria, and
Cytophagia), with each class having several thousand described
species. The phylum contains non-spore forming and rod shaped

microorganisms, some aerobic, but often anerobic, with an
enormous metabolic diversity (Krieg et al., 2015). The global
distribution of Bacteroidetes representatives is likely due to their
ability to decompose a very wide variety of bio-based polymers
such as cellulose, chitin or algal cell walls. In particular, the
decomposition of polysaccharides (cellulose and hemicellulose)
by Bacteroidetes inhabiting the intestinal tract of humans and
animals has been well-studied in gut microbiome research
(Thomas et al., 2011).

Here, we provide the first experimental evidence that
different Bacteroidetes representatives have evolved promiscuous
esterases that degrade the PET polymer. We show that at least
two Bacteroidetes genera, Aequorivita and Kaistella (formerly
Chryseobacterium), harbor PET-active enzymes and elucidated
the crystal structure of PET30. These enzymes have relatively
low turnover rates, indicating that PET hydrolysis may be a side
reaction. Still, given their abundance and diversity, we speculate
that the described bacteroidetal PET-active enzymes could have
considerable impact on long-term degradation of PET in the
marine environment.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Primers
Bacterial strains, plasmids and primers used in this study
are listed in Supplementary Tables 1, 2. If not mentioned
otherwise, Escherichia coli clones were grown in LB medium (1%
tryptone/peptone, 0.5% yeast extract, 1% NaCl) supplemented
with appropriate antibiotics (25 jLg/ml kanamycin, or 100 pg/ml
ampicillin) at 37°C for 18 h.

Databases Used in This Study and

Bioinformatic Analyses

Nucleotide and amino acid sequences of putative and confirmed
PETases were acquired from databases integrated into the NCBT',
UniProt? and IMG (JGI)? servers (Markowitz et al., 2012; NCBI
Resource Coordinators, 2017; The UniProt Consortium, 2017).
Human gut sequences were retrieved from the Unified Human
Gastrointestinal Protein (UHGP) catalog (PMID: 32690973).
Sequences were compared to others deposited in the NCBI
databases using BLAST alignment tools (Agarwala et al., 2016).
Amino acid sequence HMM search was carried out using the
HMMER* webpage or a local version of the software (v3.1b2)
(Mistry et al, 2013) with downloaded datasets. Structural
information on the enzymes was retrieved from the RCSB-PDB
(Berman et al., 2000) database.

Sequence data were processed and analyzed using
ChromasPro 2.1.8 (Technelysium, Brisbaine Australia) or
SnapGene (GSL Biotech LLC, San Diego CA, United States).
Amino acid alignment was constructed using structural
alignments with T-Coffee (Notredame et al., 2000) and was

!https://www.ncbi.nlm.nih.gov/
Zhttp://www.uniprot.org/
*http://jgi.doe.gov/
“http://hmmer.org
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TABLE 1 | Key traits of predicted bacteroidetal PET esterases.

P entry/MGY i aa/MW Derived from Expression Active on
PETase Affiliation (kDa) level/solubility
pNP-C6/- TBT Impranil® PCL BHET  PET-foil PET
c10 DLN particles
PET27 WP_111881932 Aequorivita sp. 364/37.8 Antarctic source (Li High/majority in~ + + + + + + +
CIP111184 etal., 2017) inclusion
bodies
PET28 WP_073216622 Aequorivita viscosa 365/38.3 Seaweed (Li et al. High/majority in -+ + + + + - -
2017) inclusion
bodies
PET29 WP_052671284 Aequorivita 365/39.3 Troitsa bay, Sea of High/majority in + + + + + - -
vladivostokensis Japan (Lietal, 2017)  inclusion
bodies
PET30 WP_039353427 Kaistella jeonii 366/37.4 Antarctic moss (Li High/majority + + + + + + +
etal., 2017) soluble
PET38 WP_083800582.1/GCA_ Fluviicola taffensis ~ 447/40.4 River, United Kingdom  Low - - N.D. - - - -
000194605.1 (Woyke et al., 2011)
PET53 k99_709705_13 Aequorivita sp. 294/37.8 Marine aquaculture fish  Low - - N.D. - N.D. N.D. N.D.
tank metagenome/
unpublished data
University of Hamburg
PET57 GUT_GENOME137663_00143 Porphyromonas sp. 323/36.3 Human gut (Mitchell High/majority - - + + N.D. N.D. N.D.
etal., 2019; Aimeida soluble
etal., 2021)
PET58 GUT_GENOME065712_01381 Porphyromonas 338/37.6  Human gut (Mitchell High/majority in - - - - + N.D. N.D. N.D.
bennonis et al., 2019; Aimeida inclusion
etal., 2021) bodies
PET59 GUT_GENOME243617_00165 Porphyromonas sp. 345/38.4 Human gut (Mitchell High/majority - - + N.D. N.D. N.D.
etal., 2019; Aimeida soluble

etal., 2021)

TBT, tributyrin; BHET, bis-(2-hydroxyethyl) terephthalate; PCL, polycaprolactonate; pNP-C6/C10, para-nitrophenyl esters with chain length C6 or C10; aa, amino acids; MW, molecular weight. N.D. not determined. +,
active; -, not active.
PET57-59 were extracted from the gut genomes available at: https://www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-01059 (PET57); https.//www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-01060
(PET58) and https.//www.ebi.ac.uk/metagenomics/genomes/MGYG-HGUT-00764 (PET59).

‘e 10 Bueyz

seleplolsloeg Woi seselels3 BuizA|oIpAH-13d



2 PET-hydrolyzing esterases from Bacteroidetes

Zhang et al.

PET-Hydrolyzing Esterases From Bacteroidetes

further visualized with Bioedit (Hall, 1999). The model structures
of bacteroidetal PETase-candidates were modeled with the
Robetta server (Kim et al, 2004) using the IsPETase crystal
structure (6EQE) as a backbone. A phylogenetic tree was
constructed using the RAXML-NG autoMRE algorithm (Kozlov
et al.,, 2019) with the treesapp create command implemented in
TreeSAPP (Morgan-Lang et al., 2020) with maximum bootstraps
set at 1,000. RAXML-MG has recently been shown to return
the best scoring tree for highest number of datasets when
compared against other fast maximum likelihood (ML) methods
(Kozlov et al.,, 2019), allowing a large number of maximum
bootstraps to be used to produce as conservative a tree as
possible. Sequences were assigned NCBI lineages according to
source organisms listed in Table 1 and Supplementary Table 3,
and colors were assigned to the tree at the phylum level using
the treesapp color command. The tree was visualized in iTOL
(Letunic and Bork, 2019).

Scanning IMG/M was completed on 19/November/2020
for PET30 and on 14/January/2021 for PET27. Geo locations
were used as provided whenever available. In case no Geo
location was available, whenever possible, information about
isolation source/location/city/country were used to look up Geo
coordinates on GeoHack.” The map representing the frequency
and geographical distribution of PET hydrolases in metagenomes
(Figure 1) was constructed using QGis Desktop 2.18.5°.

Heterologous Expression of Putative
Polyethylene Terephthalate Esterase
Genes in Escherichia coli BL21 (DE3)

The putative PETases were extracted from metagenomic datasets
(Table 1), therefore the gene sequences were optimized for
expression in E. coli and synthesized into pET21a(+) vector at
Biomatik (Wilmington, United States). The obtained constructs
were sequenced at Microsynth Seglab GmbH (Goettingen,
Germany) and checked for correctness by comparing to the
original sequences. E. coli T7-Shuffle or E. coli BL21 (DE3) cells
were used for heterologous expression of possible PETases. The
IsPETase gene in pMAL-p4x was expressed in E. coli BL21 and
purified by its maltose-binding tag. The cultures were grown
aerobically in auto-induction medium (ZYM-5052) (Studier,
2005) containing 100 pg/ml ampicillin at 37°C until they reached
an ODgyp of 1.0. The proteins were expressed afterward at
22°C for 16-20 h. The cells were harvested and lysed with
pressure using a French press. Afterward, the proteins harboring
a sixfold C-terminal histidine tag were purified with nickel-ion
affinity chromatography using Ni-NTA agarose (Qiagen, Hilden,
Germany) and analyzed by SDS-PAGE. The elution buffer was
exchanged against 0.1 mM potassium phosphate buffer pH 8.0 in
a 10 kDa Amicon Tube (GE Health Care, Solingen, Germany).

Biochemical Characterization of PET27
and PET30

For activity tests, both enzymes were assayed using purified
recombinant protein. bis-(2-hydroxyethyl) terephthalate (BHET)

Shttps://geohack.toolforge.org
Chttp://www.qgis.org

and polycaprolactone (PCL) agar plates were prepared as
described elsewhere (Pérez-Garcia et al., 2021). The polyester
polyurethane Impranil DLN containing LB agar plates were
prepared according to Molitor et al. (2020) with LB medium.
For the pNP-assay, unless otherwise indicated, a total amount
of 0.1-1 pg of the enzymes were added to a substrate solution
containing 190 pl of either 0.2 M sodium phosphate buffer or
0.1 M potassium phosphate with a defined pH between 7 and
8 and 10 pl of 0.1 mM pNP-substrate dissolved in isopropanol.
After incubating the samples for 10 min, the assay was stopped
by adding 200 mM of Na,COs3. Afterward, the samples were
centrifuged at 4°C, 13,000 rpm for 3 min. As substrates, pNP-
esters with chain lengths of C4, C6, C8, C10, C12, C14, Cl16
and C18 were tested. After incubation at defined temperatures,
the color change from colorless to yellow was measured at
405 nm in a plate reader (Biotek, Winooski, United States). All
samples were measured in triplicate. To determine the optimal
temperature, samples were incubated between 10 and 90°C
for 10 min. The influence of pH conditions on the activity
of each enzyme was measured in citrate phosphate (pH 3.0,
4.0, and 5.0), potassium phosphate (pH 6.0, 7.0, and 8.0) and
carbonate bicarbonate buffer (pH 9.2 and 10.2). The impact
of cofactors, solvents, detergents, and inhibitors was assayed
at different concentration levels. The possible cofactors Ca2t,
Co?t, Cu?t, Fe3t, Mg2+, Mn?t, Rb?t, and Zn?t with a final
concentration of 1 and 10 mM were used. Detergent stability was
assayed with sodium dodecyl sulfate (SDS), Triton X-100 and
Tween 80 at 1 and 5% (w/v, v/v) concentration. The inhibitory
effect of ethylenediaminetetraacetic acid (EDTA), dithiothreitol
(DTT) and phenylmethanesulfonyl fluoride (PMSF) was tested
at 1 and 10 mM concentration. After 1 h incubation in the
presence of these substances, the residual activity was determined
after 10 min incubation at the optimal temperature with para-
nitrophenol- (pNP-) C6 and at the optimal pH.

For the verification of enzymatic PET hydrolysis, a 7 mg
platelet (@ 5 mm) of low-crystallinity PET film (Goodfellow
GmbH, Bad Nauheim, Germany), which corresponds to 36.4
pmol of the terephthalic acid-ethylene glycol (TPA-EG) unit,
was folded in half and used as substrate together with 200 pg
of enzyme in 200 pl of 100 mM potassium phosphate buffer at
pH 8.0. Incubation was carried out under continuous shaking
at 400 rpm in 1.5 ml microcentrifuge tubes at 30°C, if not
stated otherwise.

Analysis of breakdown products was performed with an
UltiMate™ 3000 UHPLC system from Thermo Fisher Scientific
(Waltham, MA, United States) using a Triart C18 column
(YMC Europe GmbH, Dinslaken, Germany) with a dimension
of 100 x 2.0 mm containing particles with 1.9 pm diameter.
Isocratic elution was performed using a mobile phase consisting
of 20:80 (v/v) acetonitrile and water (acidified with 0.1% vol
trifluoroacetic acid) at a flowrate of 0.4 ml min~!. UHPLC
samples were prepared by mixing 50 pul of incubation supernatant
with 200 pl acetonitrile (acidified with 1% vol trifluoroacetic
acid), followed by centrifugation at 10,000 x g for 3 min
and transferring 200 pl of the supernatant into 600 pl water.
Fifteen microliter of sample were injected per measurement
and detection was performed at 254 nm with a VWD-3400
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FIGURE 1 | Global distribution of PET27 and PET30 homologs. (A) PET27 and PET30 homologs containing metagenomes were visualized on a world map
containing circles for the different metagenomes. The cut-off in the similarity searches was set to 50%. Data depicted include only hits to bacteria affiliated with the
Flavobacteria-Cytophaga-Bacteroidetes (FCB) group. The metagenomes searched and included in this figure are listed in Supplementary Table 2. (B) Number of
hits observed in the same global metagenomes. Color code indicates the type of habitat: air, aquatic, terrestrial host-associated and/or engineered.

detector from Thermo Scientific (Waltham, MA, United States).
The UHPLC profiles were plotted and edited using the software
MATLAB version R2020b [The MathWorks, Inc., Natick, MA,
United States (Matlab, 2012)]. Quantification of peak areas
was performed using data analysis software supplied with
the Compass HyStar software package from Bruker (Billerica,
MA, United States).

Crystallization and Data Collection
Crystallization of PET30APorC was achieved by sitting-drop
vapor-diffusion at 12°C. 0.2 pl of 10.2 mg/ml PET30APorC
in 100 mM phosphate buffer pH 8.0 and 0.1 pl reservoir
solution consisting of 0.1 M sodium aetate pH 4.6 and 25%
(w/v) PEG 4000 were mixed. This drop was equilibrated against
reservoir solution and crystals formed after several weeks.
Crystallization drops were overlayed with mineral oil and the
crystals were dragged through it for cryoprotection, flash frozen
and diffraction data were collected at beamline P13 (DESY,
Hamburg, Germany). The PET30APorC crystals had the space
group P 43 21 2 and diffracted to 2.1 A resolution.

Structure Determination

A complete data set of the PET30APorC was collected at
beamline P13 (DESY, EMBL, Hamburg, Germany) at 100 K
and wavelength 0.9795 A up to 2.1 A resolution. All data were
processed using the automated pipeline at the EMBL HAMBURG
and reprocessed afterward using XDS (Kabsch, 2014). The
above obtained model for PET30APorC by TOPMODEL was
successfully used to phase the 2.1 A data set of PET30APorC
using the PHASER program from the PHENIX program suite
(Afonine et al., 2012; Mulnaes et al., 2020). The structure was then
refined in iterative cycles of manual building and refinement in
coot followed by software-based refinements using the program
suite Phenix (Emsley and Cowtan, 2004; Liebschner et al., 2019).
All residues were in the preferred and additionally allowed
regions of the Ramachandran plot. The data collection and
refinement statistics are listed in Supplementary Table 4. The
images of the models were prepared using PyMOL (DeLano,
2002) and UCSF Chimera X.” The structure was deposited at the
worldwide protein data bank under the accession code 7PZ].

7www.cgl.ucsf.edu/chimera
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Confocal Laser Scanning Microscopy of
Polyethylene Terephthalate Foil Platelets

The starter culture of K. jeonii was grown in R2A medium
at 22°C and 130 rpm to a cell density of 0.2. 1% of the
starter culture was inoculated into 30 ml fresh R2A medium
and PET foil platelets were put into the cultures. PET
platelets were removed after 5-7 days, washed three times
with PBS and subsequently given into p-Slide 8 wells plates
from ibidi GmbH (Martinsried, Germany). Cells were stained
using 100 pl of LIVE/DEAD stain BacLight Viability Kit
(Thermo Fisher Scientific). The stain is composed of propidium
iodide (PI) dying dead cells with a damaged membrane and
causing red fluorescence and green fluorescence SYTO 9™
dying all bacterial membranes of living cells. Therefore, 10
pl PI and 10 pl SYTO 9™ were mixed. 15 pl of the
nucleic acid-binding stains were pipetted into 5 ml PBS. The
PET platelets were incubated for 1 h in the dark at room
temperature. Afterward, the samples were investigated under
the microscope Axio Observer Z1/7, LSM 800 using objective
C-Apochromat 63x/1.20 W Korr UV VisIR (both Carl Zeiss
Microscopy GmbH, Jena, Germany) using the Channels Syto
09 (528/20 nm emission wavelength) and PI (645/20 nm
emission wavelength).

RESULTS

Profile Hidden Markov Model Searches
Identify Potential Bacteroidetal PETases

Protein sequences from both genomes and metagenomes were
screened using the previously described Hidden Markov Model
(HMM) (Danso et al., 2018) to enrich the diversity of PET-
active enzymes from Bacteroidetes. The global searches were
performed in publicly available datasets of NCBI GenBank
and additionally in several private datasets harboring human-
associated and environmental Bacteroidetes sequences (Table 1).
Searches were conducted from January until March 2019.
This global search initially resulted in the identification of
37 potential PETase sequences from Bacteroidetes with a bit
score above 298.7. After sequence comparison, nine distinct
hits were chosen. These candidates belonged to bacteroidetal
genomes originating from either Seaweed (Li et al., 2017),
Antarctic moss (Li et al., 2017), river sediment (Woyke et al.,
2011), an aquaculture (own unpublished dataset) or human
gut microbiomes (Mitchell et al., 2019; Almeida et al., 2021;
Table 1). Most of these candidates were affiliated with the
Flavobacteriaceae genus Aequorivita sp. (PET27-29, PET31 and
PET53). PET29 and PET31 were highly similar on amino
acid level ( < 98% identity) but differed in the length of
their sequence by 10 amino acids (aa). PET30, annotated as
a potential lipase, was derived from the published genome
sequence of Kaistella jeonii NCTC 13459. The predicted PETases
PET57-59 were derived from bacteria affiliated with the genus
Porphyromonas sp. (Porphyromonadaceae), while the predicted
enzyme PET38 was derived from the species Fluviicola taffensis
(Cryomorphaceae).

Recombinant PET27 and PET30
Hydrolyze Polycaprolactone,
Impranil®-DLN and Polyethylene
Terephthalate Foil

The nine candidate genes of the predicted PETases were
synthesized, cloned into the expression vector pET2la(+)
(Biomatik, Wilmington, DA, United States) and transformed
in E. coli BL21 and T7-Shuffle cells (Supplementary Table 1).
Initial tests using recombinant purified proteins and tributyrin
(TBT)-containing agar plates indicated that the genes PET27-
30 coded for active esterases. The remaining enzymes PET38,
PET53, PET57, and PET58 were inactive and were either
produced as insoluble proteins and/or only at very low amounts
(Table 1). Because of these obvious difficulties facing their
expression, these four predicted enzymes were not further
characterized. Additional tests with PET27-PET30 indicated that
these enzymes hydrolyzed the esters pNP-hexanoate (C6), and
PpNP-decanoate (C10, Table 1). All four recombinant enzymes
were able to hydrolyze the polymeric polycaprolactone (PCL),
the PET-constituent BHET, and the polyester polyurethane
Impranil®DLN (Covestro AG, Leverkusen, Germany) (Table 1
and Figure 2A). The enzymes produced clear halos on agar
plates containing these substrates after overnight incubation at
30°C (Figure 2A and Table 1). PET-hydrolyzing activities were
confirmed for the enzymes PET27 and PET30 on amorphous PET
foil as substrate in a 200 1 reaction volume by UHPLC analyses.
In these tests, 1 mg ml~! PET27 released 871.8 + 200.4 pM
(corresponds to 174.4 £ 40.0 nmol in 200 ] reaction volume) of
TPA in 120 h at 30°C from a 7 mg PET platelet. PET foil (7 mg)
corresponds to 36.4 umol of a TPA-EG monomer unit (Figure 2B
and Table 2). Surprisingly, under the same conditions, PET30
released only 15.9 4= 9.5 WM TPA (corresponds to 3.2 = 1.9 nmol;
Figure 2C and Table 2). These results were directly benchmarked
with recombinant IsPETase, of which 1 mg mI~! released under
the same conditions 4,055.7 £ 516.9 uM of TPA (corresponds
to 811.1 & 103.4 nmol). Thus, IsPETase is 4.7-fold more active
compared to PET27 and approximately 253-fold more active
compared to PET30. Because of the relatively low turnover rates
observed for PET27 and PET30 on PET foil, it can be assumed
that PET is not the preferred substrate of both enzymes.

Biochemical Characterization and
Activity of PET27 and PET30 on Esterase
Substrates

Both recombinant enzymes were characterized in more detail
with pNP-esters. A substrate spectrum was recorded with pNP-
esters, which had acyl chain lengths of 4-18 C-atoms. PET27
and PET30 revealed a relatively narrow spectrum of substrates
they could hydrolyze. The highest activities were observed with
PpNP-hexanoate (-C6) for PET30 and pNP-octanoate (-C8) for
PET27 (Figure 3A). The optimal temperature of PET30 is 30°C,
but 80% activity was observed at 20°C and between 40 and 50°C
(Figure 3B). In contrast to that, PET27 shows a better activity
at higher temperatures with an optimum at 40°C and even 45%
activity at 90°C. Surprisingly, at 10°C, both enzymes still showed
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FIGURE 2 | Hydrolytic activities of PET27-PET30 on PCL, BHET, Imprani®DLN and

(B) and PET30 (C) after incubation on PET foil for 120 h. Two hundred microliter of recombinant and purified enzymes (1 mg/ml) were applied to amorphous foil and
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TABLE 2 | Amount of TPA released by different PET active enzymes.

Enzyme Released TPA-EG unit Av. weight loss of PET foil [%]
[uM] [nmol] [ngl

PET27 871.8 + 200.4 174.4 + 40.0 335+7.7 0.45

PET30 156.9+95 32+19 06+0.3 0.01

PET30APorC 233 +9.2 4.7+1.8 09+03 0.01

IsPETase 4,055.7 +£516.9 811.1 £103.4 1565.8 +19.9 2.23

The different recombinant and purified enzymes were incubated at a concentration of 1 mg mi~" for a time period of 120 h at 30°C. For the tests a circular piece of 7 mg
PET foil which corresponds to 36.4 wmol of the TPA-EG unit (@ 5 mm, and as specified in section “Materials and Methods”) was employed and folded once in the middle.
Incubations were carried out in a reaction volume of 200 wl. Data are mean values with standard deviations of a minimum of 3 and up to 6 measurements per sample.

a relative activity of 65% (PET30) and 73% (PET27). PET30
remained active at 4°C showing a relative activity of 42% on
PpNP-C6. Concerning the optimal pH, PET27 was most active
between pH 7-8 and PET30 between pH 6-8 when tested in 0.1
M potassium phosphate (Figure 3C).

To further characterize the effects of metal ions, different ions
(Ca?t, Co*t, Cut, Fe3t, Mg2+, Mn?*, Ni?t, and Zn?*) were
added to the assays at 1 and 10 mM final concentrations. Metal
ions have a minor influence on PET27. Addition of Ca?* resulted
in a 1.4-fold increase of the activity (Supplementary Figure 1A).
In case of PET30, addition of Zn2*t, Ni2*, and Co?™ resulted in
an up to threefold increase of activity.

The kinetic parameters for PET27 and PET30 were
determined with pNP-C6 at 30°C and pH 8 according to
Michaelis-Menten. Thereby, PET27 revealed a vyax of 4.9 nmol
min~!, a kg of 19.08 s71, a K, of 1.37 mM and a k4/K,,, value

of 13,859.27 M~! s~!. For PET30, we calculated a v,ax of 2.3
nmol min~!, a ke of 8.9 s71, a K,y of 0.3 mM and a keat /Ky,
value of 26,136.11 M~ ! 571,

Further, PET30 was investigated in more detail. To assess
thermostability, the enzyme was incubated at 50 and 60°C for 3 h,
after which the enzyme retained only 23 and 5% of its original
activity, respectively (Supplementary Figure 1B). As inhibiting
substances, EDTA, DTT and PMSF were applied in final
concentrations of 1 and 10 mM (Supplementary Figure 1C). The
presence of DTT and PMSF (1 and 10 mM) inactivated PET30
almost completely, whereas EDTA at 1 and 10 mM had no large
impact on the enzyme’s activity. A concentration of 1 and 5 %
of the detergents Triton X-100, Tween 80 and SDS decreased
PET30’s activities (Supplementary Figure 1D).

As both enzymes were active at lower temperatures, PET
foil degradation was assayed at 4°C. Over a time of 30 days in
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a 200 pl reaction volume, TPA release was measured. Under
these conditions, 1 mg ml~! of PET30 released an average
of 6.1 wM of TPA (corresponds to 1.2 nmol). Interestingly,
IsPETase released under the same conditions a similar amount
(5.9 uM TPA corresponds to 1.2 nmol). Notably, under these
conditions, no detectable amounts of TPA were released with
PET27 after 30 days.

Amino Acid Sequence and Structural
Analyses Identify Unique Traits of
Bacteroidetal Polyethylene

Terephthalate-Hydrolyzing Enzymes

While all four enzymes PET27-PET30 were able to hydrolyze
PCL, BHET and Impranil®DLN, only PET27 and PET30 were
able to depolymerize PET. To identify the key differences that
confer this activity on PET, all predicted PETases were studied
on sequence and structural level. With an average of 330 aa, the
predicted molecular weights of the enzymes ranged from 36 to
48 kDa. Each candidate contained a C-terminal signal domain
for protein transport to the periplasm as predicted with SignalP
5.0 (Almagro Armenteros et al., 2019), supporting the notion that
these are secreted proteins (Table 3). Remarkably, the predicted
PETases PET27-PET30 and PET38 showed a type IX secretion
system (T9SS)/PorC-type sorting domain-containing part at the
C-terminus. It has been described earlier by a profile HMM from
the TIGRFAM database (TIGR04183). T9SS sorting domains
are involved in protein transport across the bacterial outer
membrane and have so far been described as a Bacteroidetes-
specific secretion system (Sato et al., 2010; Shoji et al., 2011;
de Diego et al., 2016). The predicted domain encompassed 62—
64 aa in the cases of PET27-PET30 and PET38. PET57 and 58
carried truncated sorting domains of 42 and 55 aa in length.
This observation also implies that these enzymes are most likely
exoenzymes (Table 3 and Supplementary Figures 3, 4). To
ensure that this C-terminus does not affect catalytic activity, a
deletion mutant designated PET30 APorC was created that lacked
the sorting sequence between the amino acids 300-366. Activity
tests confirmed that it was not affected in its activities using pNP-
C6 or PET foil (Supplementary Figure 1E and Table 2). The
enzyme released similar amounts of TPA as it was observed for
the native PET30 (Table 2).

Further analyses of the amino acid sequences identified a
G-x-S-x-G motif which is typical for a/f serine hydrolases
(Ollis et al, 1992) and a catalytic triad that consists of the
residues Asp-His-Ser (Figure 4 and Supplementary Figure 4).
Potential substrate binding sites in all bacteroidetal enzymes were
identified containing the aa Phe-Met-(Trp/Tyr/Ala). The latter
differed from the known IsPETase, the LCC and PET2 binding
sites, in which a Tyr-Met-Trp motif is present (Table 3). PET57
is the only exception with a Trp-Met-Tyr binding site. PET27,
however, has the Tyr replaced with a Phe that is identical to
Cut190, while PET30 has in addition the Trp in position 3
replaced with a Tyr (Table 3). This single amino acid substitution
in the predicted substrate binding pocket of PET30, however, is
not solely responsible for PET-degrading activity. The mutants
PET30_F80Y and PET30_Y178W as well as a version containing
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FIGURE 3 | Biochemical characterization of PET27 and PET30 using
PNP-substrates. Data represent mean values of at least three independent
samples. Substrate preference (A) was tested with pNP-butyrate (-C4)
to —stearate (-C18). Temperatures (B) and pH (C) were tested with
pNP-octanoate (-C8) for PET27 and with pNP-hexanoate (-C6) for PET30. Al
assays except B were conducted at 40°C for PET27 and at 30°C for PET30.
Both enzymes have their highest activity at cold to moderate temperatures (B)
and at slightly acidic to alkaline pH (C).

both of these point mutations even lost BHET- and PET-
degrading activity (data can be shown upon request).

Structure Determination of PET30 and
Structural Modeling of the Other Putative
PETases

For structural insights into the mechanism of polymer
degradation, the structures of all predicted PETases, except
PET30, were modeled using the IsPETase (PDB code 6EQE)
as template. Crystallization was conducted with purified
PET30APorC and X-ray structure determination using a model
of PET30 for molecular replacement. The structure was solved
at 2.1 A resolution, containing one monomer in the asymmetric
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unit, with 16.2% for Ry, and 21.9% for Rye,. Data collection
and structure refinement statistics are given in Supplementary
Table 4. Coordinates of PET30APorC were deposited under
the PDB accession code 7PZ]J. The PET30APorC protein shows
a canonical a/B-fold consisting of a central twisted f-sheet
composed of 9 B-strands flanked by 7 a-helices on both sides
(Figure 4A), as already reported for homologous structures,
i.e., PETases and cutinases (Han et al., 2017; Numoto et al,,
2018). The structure of PET30APorC revealed an extra p-sheet
(B10) which is located at the C-terminus and connects the PorC
domain which has been deleted in this construct. PET30APorC
represents the overall fold of several PETases as revealed by
a similarity search performed by PDBeFold.® Here, especially
the known structures of the PETase from Ideonella sakaiensis
(for example PDB code 5XH3; Han et al, 2017), show high
consistency indicated by the rmsd of 1.3-1.5 A. Also, high
structural similarity can be seen with the structure of PE-H from
Pseudomonas aestusnigri (PDB code 6SCD rmsd 1.3) and the
cutinase from a member of the Burkhoderiales bacteria family
(PDB code 7CWQ, rmsd of 1.32 (Bollinger et al., 2020; Chen
et al, 2021). One disulfide bond is present in PET30APorC
(C262-C285), a common feature for Type II PET-degrading
enzymes (Joo et al., 2018). In the PETase from I. sakaiensis (PDB
code 5YNS), a second disulfide bond is present which is located
closely to the active site. Mutational analysis revealed that this
disulfide bond plays a crucial role in activity since mutation of
the involved cysteine to serine completely abolished activity,
likely due to a destabilizing effect on the active site. The sequence
in PET30APorC at this position deviates, and here, G195 and
V232 are present. In the PE-H structure, also no disulfide
bridge can be found, although one cysteine residue remained
(G195 and C251). From the many structures of the PETase from
I. sakaiensis, one was solved in complex with 2-hydroxyethyl
methyl terephthalate (HEMT; PDB code 5XH3). Here, HEMT is
bound via interactions with W156, 1179, H208, A131, W130, Y58,
and M132. We looked into the active site and overlaid the HEMT
molecule with our PET30APorC structure (Supplementary
Figure 2). Here similar interactions of the HEMT molecule by
the PET30APorC protein can be deduced mediated by Y178,
T200, H230, W152, F80, and M154 (Figure 4B).

The largest differences can be seen in the C-terminal part
affiliated with the T9SS-domain. It differed largely from the
IsPETase and consisted of up to seven predicted B-sheets and,
occasionally, a few a-helices (Supplementary Figure 3A and
Table 3). Another difference between PET27, PET30, IsPETase
and LCC is the surface hydrophobicity of the region channeling
the substrates to the active site (Figure 4C). PET30 shows
a less hydrophobic surrounding of the catalytic pocket when
compared to the structures of Type I and Type II PET-degrading
enzymes (Joo et al., 2018). PET27 contains a bulkier hydrophobic
domain on one of the sides of the channel. This feature might
influence accommodation of the substrate and activity on the
polymers. A similar catalytic pocket was predicted for PET28
and PET29 (Supplementary Figure 3). Although active on BHET
and PCL, these enzymes showed no measurable activity on PET.

8www.ebi.ac.uk/msd-srv/ssm/

The enzymes derived from the human gut present a larger
hydrophobic surface around the catalytic site, especially PET58
and PET59 (Supplementary Figure 3B).

Bacteroidetal Polyethylene
Terephthalate-Degrading Esterases
Forming Two Phylogenetic Subclusters
Are Globally Occurring Enzymes

Using the amino acid sequences of published and functionally
verified PETases and employing the RAXML-NG autoMRE
algorithm via TreeSAPP (Morgan-Lang et al, 2020),
aphylogenetic analysis was performed. Multiple phylogenetic
clusters formed that roughly corresponded to Actinobacteria,
Proteobacteria, Firmicutes and Ascomycota (Figure 5A). While
the putative and now confirmed Bacteroidetal PET-degrading
hydrolases appear to be polyphyletic when added into the tree,
distinct subclusters were formed. Notably, the two enzymes
PET27 and PET30, shown to be active on PET foil, were
grouped as part of subcluster that consisted of predicted
and functional enzymes affiliated with genera Aequorivita
and Kaistella. Furthermore, the predicted but functionally not
verified enzymes from the genus Porphyromonas (PET57-PET59)
formed a separate subcluster. Interestingly, these two subclusters
harbored only sequences of aquatic and environmental origin
orgut-affiliated sequences, respectively. Overall, sequences
derived from Bacteroidetes seem to group by both taxonomy
and environment, though low bootstrap values do not show
a high degree of confidence. However, the interleaving of
Bacteroidetal sequences from both a Firmicute, B. subtilis,
and the eukaryotic Ascomycota sequences may suggest that
PET-active enzymes are widely distributed phylogenetically, and
further characterization studies resulting in additions to the tree
are likely to provide better phylogenetic resolution. Additionally,
the pairwise distance on the level computed in MEGAX with the
p-distance model (Figure 5B) confirmed these groupings, with
the highest similarity, as indicated by low pairwise distanced,
occurring within the subclusters described. This analysis also
indicated rather low similarity between the putative bacteroidetal
PETases and the known PETases (IsPETase, LCC, PE-H, and
PET2), mounting further evidence for the wide phylogenetic
distribution of these enzymes.

The diversity of bacteroidetal enzymes acting on PET raised
the question to what extent these enzymes could impact plastic
degradation in the environment. To address this question in part,
we analyzed the global distribution of PET27 and PET30 and
their homologs. The protein sequences of PET27 and PET30
were analyzed for their occurrence and frequency in global
databases available in IMG/M ER (Woyke et al., 2011; Mukherjee
et al., 2020). Using both enzymes for a BLASTp-based search
(cutoffs 50% identity; 80% coverage), we were initially able to
identify very few (<10) possible homologs in the global databases
analyzed and affiliated with the genera Aequorivita and Kaistella
(Figure 1A). Interestingly, when we extended our search to the
Flavobacterium-Cytophaga-Bacteroidetes (FCB), we were able to
identify 98 possible homologs in our global searches including
single-cell amplified genomes (SAGs) from the Baltic Sea
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TABLE 3 | Conserved motifs and structural features identified in the predicted bacteroidetal PET-hydrolyzing esterases.

Enzyme N-terminus Catalytic triad Substrate Disulf. bridge* C-terminus
binding site
Aln 1st aa Length [N] SP cleavage Alnlastaa Length[N] Secondary cD
site structure

IsPETase A47 47 27-28 D-H-S Y-M-W 2x C273 18 N/A N/A
LCC D53 53 21-22 D-H-S Y-M-W X L274 19 N/A N/A
Cut190 R64 64 N/A D-H-S F-M-W 2x L278 29 N/A N/A
PET27 P36 36 23-24 D-H-S F-M-W 1x L265 99 7xB PorC
PET28 P36 36 23-24 D-H-S F-M-W X L265 100 6xp PorC
PET29 P36 36 23-24 D-H-S F-M-W 1x L265 100 o, 4xB, o, 2xp PorC
PET30 P36 36 23-24 D-H-S F-M-Y 1x A266 100 xB PorC
PET38 S7 7 19-20 D-H-S F-M-A X 1279 168 5xB, a, 2xB PorC
PET53 T36 36 22-23 D-H-S F-M-W 1x V268 86 4xB N/A
PET57 N35 35 25-26 D-H-S W-M-Y N/A F289 34 a + loops N/A
PET58 134 34 24-25 D-H-S F-M-Y N/A F293 45 loops + a N/A
PET59 Y48 48 24-25 D-H-S F-M-Y N/A Y294 51 a + semi-a N/A

The Ideonella sakaiensis PETase (IsPETase, PDB: 6EQE; Yoshida et al., 2016; Austin et al., 2018), the LCC (4EBO; Sulaiman et al., 2014) and the Cut190 (4WFI; Miyakawa

et al., 2015) were included for benchmarking purposes.

Aln: Alignment; SP: Signal Peptide; o, o -helix; B, B-sheet; N/A, not identified; *, verified and predicted disulfide bonds,; CD: Conserved Domain; PorC, Por secretion

system C-terminal sorting domain.

(Supplementary Table 5). 47 hits were affiliated with the genus
of the Marinimicrobia (candidate phylum of the FCB group),
indicating a potential role for these ubiquitous and abundant
marine microorganisms in PET-degradation. Others were more
closely associated with Bacteroidetes (Austin et al., 2018). As
expected, the majority of these homologs were associated with
marine and aquatic samples (Figure 1B).

Kaistella jeonii Is Able to Colonize
Polyethylene Terephthalate Surfaces

These metagenomic analyses showed that K. jeonii, the organism
from which PET30 originates, exists primarily in aquatic habitats.
To illustrate that it not only exists there, but is also able
to actively colonize PET surfaces, a culture of this organism
was incubated with PET foil platelets. The foil sections were
incubated for up to 1 week in R2A medium with K. jeonii,
removed from the culture, and washed three times with buffer
before staining with LIVE/DEAD staining solution. Samples
were investigated under the confocal laser scanning microscope
Axio Observer Z1/7, LSM 800 by Carl Zeiss Microscopy GmbH
(Jena, Germany). Cells visible in Supplementary Figure 5
resisted repeated washing, indicating that they adhere under
these laboratory conditions to the surface and an increasing
number of cells was visible on the amorphous PET-foil after
5-7 days. The exact mechanism of attachment is not known.
Nonetheless, it can be speculated that SusD binding modules,
which are crucial for sugar polymer binding, could be involved.
They can be found in both genomes of K. jeonii (GenBank acc.
no. WP_039349586.1; RagB/SusD family nutrient uptake outer
membrane protein) and Aequorivita sp. CIP111184 (GenBank
acc. no. WP_111879847.1; SusD/RagB family nutrient-binding
outer membrane lipoprotein).

DISCUSSION

Currently, only a handful of known bacterial phyla are known
to produce active PET-esterases (Figure 5 and Supplementary
Table 3). Here, we have identified and partially characterized
two novel functional PET-hydrolyzing enzymes affiliated with
the Kaistella and Aequorivita genera within the Bacteroidetes
phylum. Bacteria belonging to the genus Kaistella are globally
occurring aerobic organisms colonizing a wide range of different
habitats including plants, soil, fish, the human gut, and sea
water. Within the genus Kaistella, over one hundred species
have been described of which few are pathogens, but many are
beneficial and host-associated (Bernardet et al., 2005; Loch and
Faisal, 2015). Only a few species have been identified within the
genus Aequorivita, mainly belonging to marine or fresh-water
organisms that are mostly psychrotolerant and aerobic (Bowman
and Nichols, 2002). Notably, Bacteroidetes have been described as
very potent degraders of polymers, and they harbor a multitude
of hydrolases and binding modules (Dodd et al., 2011; Thomas
etal, 2011; Foley et al., 2016).

The enzymes PET27 and PET30 characterized here are both
typical esterases (i.e., serine hydrolases) belonging to the EC
3.1. Both appear to be secreted enzymes as they carry an
C-terminal secretion signal linked to the transport into the
periplasm (Desvaux et al., 2009) and one secretion PorC-
like motif which is related to the type IX secretion system
(T9SS) (Sato et al., 2010; de Diego et al, 2016). The T9SS is
composed of several outer membrane, periplasmic and inner
membrane proteins, whereby it is responsible for the secretion of
pathogenicity factors, hydrolases and also for gliding motility in
the Bacteroidetes phylum (Sato et al., 2010; de Diego et al., 2016).

PET27 and PET30 were active on PET foil, but differed
strongly in their overall activities. PET27 contains a Phe-Met-Trp
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FIGURE 4 | Crystal structure of the PET-hydrolyzing bacteroidetal PET30APorC including active site and hydrophobicity comparison. (A) Overall structure of
PET30APorC. The structure was solved by X-ray crystallography to a resolution of 2.1 A and is shown as cartoon representation. Helices are colored in light

turquoise and the beta-sheets are shown in purple. The number of the secondary structure elements are numbered according to the occurrence in the sequence.
(B) Comparison of active site residues. All three enzymes PET30APorC (light blue), PET27 (orange) and /IsPETase (light yellow) have the typical residues of
Ser-hydrolases at the catalytically active positions (Ser, His, and Asp), but PET27 and PET30APorC differ in some of the amino acids associated with PET-binding.
The residues of IsPETase are indicated in black. PET30 and PET27 lack a disulfide bridge in the proximity of a catalytic loop. Supplementary Figure 4 provides the
positions of these residues in details on the amino acids level. The 3D structure of PET27 was modeled using the Robetta server (Kim et al., 2004) using the
IsPETase crystal structure (BEQE) as a backbone. (C) Surface hydrophobicity around the tunnel leading to the active site of four PET-degrading enzymes. Hydrophilic

regions are displayed in turquoise and hydrophobic in gold.

motif and PET30 a Phe-Met-Tyr. The most active enzymes
such as LCC and IsPETase both carry a Tyr-Met-Trp consensus
binding motif while the non-active enzymes PET38, PET53,
PET57 PET58 and PET59 revealed either a Phe-Met-Ala,
a Phe-Met-Trp or a Trp-Met-Tyr substrate binding motif.
PET30 mutants, in which the amino acids were adjusted
according to the active PETases, did not show the expected
increase in activity. Therefore, we assume that not only
individual amino acids are decisive, but rather that an
interplay of hydrophobicity, location and accessibility of
the catalytic triad is crucial for whether polymers can be
degraded (Figure 4).

Benchmarking activities of polymer active enzymes with
literature values is not trivial since most studies use different types
of foils with different degrees of crystallinity and distinct assay
conditions. To partially overcome this challenge, we produced
our own recombinant wildtype enzymes of the IsPETase and
compared its activities with PET27 and PET30. As expected,
IsPETase was 4.7-fold more active at 30°C than PET27 and
up to 253-fold more active than PET30. With respect to the
overall activity of the IsPETase, however, our data are in line with
published data for this enzyme (Son et al., 2019). The observation
here that the activities of the PET27 and PET30 enzymes are
relatively low compared to the IsPETase and certainly with
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FIGURE 5 | Phylogenetic tree and pairwise comparison of known PETases and bacteroidetal PET-hydrolyzing enzymes. (A) The tree was constructed using the
RAXML-NG autoMRE algorithm (Kozlov et al., 2019) with the treesapp create command implemented in TreeSAPP (Morgan-Lang et al., 2020) with maximum
bootstraps set at 1,000. GenBank entries of the putative and verified PET-active enzymes affiliated with the Bacteroidetes phylum are listed in Table 1; the entries of
all other PETases included in the tree are indicated in Supplementary Table 3. The term “uncultured bacterium” refers to a not further specified microorganism
derived from a metagenome or a mixed microbial consortium. (B) Heatmap representation of pairwise similarities between all enzymes affiliated with the
Bacteroidetes phylum in comparison with four known PETases (IsPETase, LCC, PE-H, and PET2). The pairwise comparison was performed in MEGAX with the
p-distance model. High values indicating low similarity are colored in red, low values indicating high similarity are colored in green.

respect to the published values of the even more active LCC imply
that PET27 and PET30 are not PET esterases in sensu strictu.
However, our data imply that both are short-chain fatty acid
acting esterases revealing promiscuity in their substrate profile
(Table 3 and Figure 3).

Intriguingly, the observation that both enzymes were
catalytically active on PET foil could imply a wider role in the
degradation of PET and especially PET nanoparticles. Because
of the significant activities even at 4°C, these enzymes may
in fact play a yet unknown role in long-term degradation of

PET microparticles in cold environments. This hypothesis is
supported by our observations that homologs of both enzymes
can be found on a global level covering a wide range of climate
zones (Figure 1) and that at least the cultivable K. jeonii is able to
attach to PET surfaces.

In summary, our biochemical results significantly extend
the knowledge of PET-degrading enzymes and provide
promising candidates for biotechnological applications at
low temperatures. Furthermore, the data presented here will
help to advance our knowledge on the ecological role of the
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Bacteroidetes in the decomposition of marine PET litter and
enable the development of an expanded phylogenetic framework
for identifying the diversity of putative PETases in diverse marine
microbial groups throughout the global ocean.
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Supplementary Figure 1 | Further biochemical characterization of PET27 and
PET30 using pNP-substrates. Cofactor requirements were tested for PET27 with
pPNP-C8 at 40°C and for PET30 with pNP-C6 at 30°C (A). For PET30, all other
tests were carried out with pNP-C6 and all assays except (B) were conducted at
30°C. Thermostability of PET30 was assessed at 50 and 60°C over 3 h with
pNP-C6 (B). Inhibitors (C) and detergents (D) generally decrease the activity of
PET30, particularly with higher concentrations. Activity of PET30 and
PET30APorC were compared under the same conditions using pNP-C6 (E). Data
represent mean values of at least three independent measurements.

Supplementary Figure 2 | Zoom into the active site of PET30APorC. Overlaid
are the structures of PET30APorC (blue) with the PETase from /. sakaiensis (light
yellow, black labeling) in complex with HEMT (purple; PDB code 5XH3). The
residues involved in binding are highlighted and numbered according to their
structure. *The structure 5XH3 is a mutant where the catalytic Serine was mutated
to an Alanine.

Supplementary Figure 3 | Structure prediction models of verified and predicted
PETases affiliated with the phylum of the Bacteroidetes. (A) 3D structures were
modeled using the Robetta server using the IsPETase crystal structure (light
yellow, 6EQE) as a backbone. For PET30, the crystal structure was shown. (B)
Surface hydrophobicity around the tunnel leading to the active site of putative
bacteroidetal PETases and functionally verified PET-degrading enzymes.
Hydrophilic regions are displayed in turquoise and hydrophobic in gold.

Supplementary Figure 4 | Amino acid alignment of 9 potential PETases affiliated
with the Bacteroidetes phylum. The original sequences were used for the
structural alignment and the alignment was constructed with T-Coffee. Alignment
was visualized with Bioedit version 7.0.5. The IsPETase was included for reasons
of benchmarking. Blue arrows indicate the start and the end of the active PET27
and PET30 clones. We introduced a methionine as the first aa of the protein
sequences. The signal peptide deleted version of the enzymes was functionally
verified. The red arrow labeled with CS indicates the predicted cleavage site of
C-terminal PorC domain (Lasica et al., 2017). The gray arrow indicates the
C-terminus of the truncated version of PET30 (PET30A300-366), number
indicates the position of amino acid). PET30A300-366 was active

on PCL and BHET.

Supplementary Figure 5 | Confocal microscopic pictures of K. jeonii colonizing
PET foil. The pictures were taken after 5-7 days of incubation of K. jeonii in R2A
medium. Cells are dyed with LIVE/DEAD™ stain. Green fluorescence shows living
cells, red fluorescence indicates dead cells. 2D front pictures were taken with Axio
Observer Z1/7, LSM 800 (Carl Zeiss, Jena, Germany) of a 3D Z-stack image.
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Supplementary Figure 1: Further biochemical characterization of PET27 and PET30 using
pNP-substrates. Cofactor requirements were tested for PET27 with pNP-C8 at 40°C and for
PET30 with pNP-C6 at 30°C (A). For PET30, all other tests were carried out with pNP-C6 and
all assays except (B) were conducted at 30°C. Thermostability of PET30 was assessed at 50 and
60°C over 3 h with pNP-C6 (B). Inhibitors (C) and detergents (D) generally decrease the activity
of PET30, particularly with higher concentrations. Activity of PET30 and PET30APorC were
compared under the same conditions using pNP-C6 (E). Data represent mean values of at least

three independent measurements.
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Supplementary Figure 2: Zoom into the active site of PET30APorC. Overlaid are the
structures of PET30APorC (blue) with the PETase from I. sakaiensis (light yellow, black
labeling) in complex with HEMT (purple; PDB code 5XH3). The residues involved in binding
are highlighted and numbered according to their structure. *The structure 5XH3 is a mutant
where the catalytic Serine was mutated to an Alanine.
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IsPETase (6EQE)
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Supplementary Figure 3: Structure prediction models of verified and predicted PETases
affiliated with the phylum of the Bacteroidetes. (A) 3D structures were modeled using the
Robetta server using the IsPETase crystal structure (light yellow, 6EQE) as a backbone. For
PET30, the crystal structure was shown. (B) Surface hydrophobicity around the tunnel leading
to the active site of putative bacteroidetal PETases and functionally verified PET-degrading
enzymes. Hydrophilic regions are displayed in turquoise and hydrophobic in gold.
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Supplementary Figure 4: Amino acid alignment of 9 potential PETases affiliated with the
Bacteroidetes phylum. The original sequences were used for the structural alignment and the
alignment was constructed with T-Coffee. Alignment was visualized with Bioedit version 7.0.5.
The IsPETase was included for reasons of benchmarking. Blue arrows indicate the start and the
end of the active PET27 and PET30 clones. We introduced a methionine as the first aa of the
protein sequences. The signal peptide deleted version of the enzymes was functionally verified.
The red arrow labeled with CS indicates the predicted cleavage site of C-terminal PorC domain.
The gray arrow indicates the C-terminus of the truncated version of PET30 (PET30A300-366),
number indicates the position of amino acid). PET30A300-366 was active on PCL and BHET.
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Day 6 Day 7

Supplementary Figure 5: Confocal microscopic pictures of K. jeonii colonizing PET foil.
The pictures were taken after 5-7 days of incubation of K. jeonii in R2A medium. Cells are
dyed with LIVE/DEAD™ stain. Green fluorescence shows living cells, red fluorescence indicates
dead cells. 2D front pictures were taken with Axio Observer Z1/7, LSM 800 (Carl Zeiss, Jena,
Germany) of a 3D Z-stack image.
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TABLE S1: Bacterial strains and plasmids used in this work.

Strain Properties Reference/source
E. coli DH5a SupE44 AlacU169 (980 lacZ AM15) hsdR17 recA1 Invitrogen
endA1 gyrA96 thi-1 relA1 (Karlsruhe,
Germany)
E. coli BL21 (DE3) F-, ompT, hsdS B (rs- ms" ) gal, dcm, ADE3 Novagen/Merck
(Darmstadt,
Germany)

E. coli SHuffle® T7

huA2 lacZ::T7 gene1 [lon] ompT ahpC gal

Aatt::pNEB3-r1-cDsbC (SpecR, laclq) AtrxB sulA11
R(mcr-73::miniTn10--TetS)2 [dem] R(zgb-210::Tn10 -

-TetS) endA1 Agor A(merC-mrr)114::1S10

NEB (Frankfurt am
Main, Germany)

Vector Properties Reference/source
pET21a(+) Expression vector, lacl, AmpR, T7-lac- promoter, Novagen/Merck
C-terminal Hise-tag coding sequence (Darmstadt,
Germany)
pET21a(+)::PET27 1026 bp insert in pET21a(+) coding for PET27 This work
pET21a(+)::PET28 1029 bp insert in pET21a(+) coding for PET28 This work
pET21a(+)::PET29 1029 bp insert in pET21a(+) coding for PET29 This work
pET21a(+)::PET30 1032 bp insert in pET21a(+) coding for PET30 This work
pET21a(+)::PET30_ 831 bp insert in pET21a(+) coding for PET30, This work
A300-366 truncated protein lacking PorC
pET21a(+)::PET38 1341 bp insert in pET21a(+) coding for PET38 This work
pET21a(+)::PET53 1072 bp insert in pET21a(+) coding for PET53 This work
pET21a(+)::PET57 969 bp insert in pET21a(+) coding for PET57 This work
pET21a(+)::PET58 1014 bp insert in pET21a(+) coding for PET58 This work
pET21a(+)::PET59 1035 bp insert in pET21a(+) coding for PET59 This work
pMAL-p4x::IsPETase 795 bp insert in pMAL-p4x coding for the wildtype This work

IsPETase from Ideonella sakaiensis

TABLE S2: Primers used in this work.

Primer Sequence (5' — 3') Length Tm (°C) Source
(bp)

T7_prom  TAATACGACTCACTATAGGG 20 53 Eurofins MWG (Elsberg,
Germany)

T7_term CTAGTTATTGCTCAGCGGT 19 54 Eurofins MWG (Elsberg,
Germany)

PET_for ATATAGGCGCCAGCAACC 18 59 Novagen/Merck (Darmstadt,
Germany)

PET _rev  TCCGGATATAGTTCCTC 17 52 Novagen/Merck (Darmstadt,

Germany)
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TABLE S3:

Identifiers and GenBank entries employed in the phylogenetic clustering of PET

active enzymes in FIGURE 4.

Name GenBank or Phylogenetic Affiliation Reference
PDB entry
BsEstB ADH43200.1 Bacillus subtilis 4P3-11 Herrero Acero et al.
2011
CalB 4K6G_A Candida antarctica Andersen et al. 1999;
Xie et al. 2014
Cut190 BA0O42836.1 Saccharomonospora viridis AHK190 Kawai et al. 2014
FsC 1CEX Fusarium solani pisi Silva et al. 2005
HiC 40YY Humicola insolens Ronkvist et al. 2009
IsPETase GAP38373.1 Ideonella sakaiensis 201-F6 Yoshida et al. 2016
LCC AEV21261.1 uncultured bacterial species (leaf- Sulaiman et al. 2012
branch compost)
PE-H AOA1TH6AD45 Pseudomonas aestusnigri VGXO14T Bollinger et al. 2020
PET2 C3RYLO uncultured bacterium
PETS R4YKL9 Oleispira antarctica RB-8 Danso et al. 2018
PET6 AOA1Z2SIQ1 Vibrio gazogenes
PET12 AOA0G3BI90 Polyangium brachysporum
Tcur0390 WP_012850775.1 Thermomonospora curvata DSM43183 Wei et al. 2014
Tcur1278 WP_012851645.1 Thermomonospora curvata DSM43183 Chertkov et al. 2011
TfH WP_011291330.1 Thermobifida fusca DSM43793 Mdiller et al. 2005
Thc_Cut1 ADV92526.1 Thermobifida cellulosilytica DSM44535
Thc_Cut2 ADV92527 .1 Thermobifida cellulosilytica DSM44535 Herrero Acero et al.
Thf42_Cut1 ADV92528.1 Thermobifida fusca DSM44342 2011
Tha_Cut1 ADV92525.1 Thermobifida alba DSM43185 Ribitsch et al. 2012
Thh Est AFA45122.1 Thermobifida halotolerans DSM44931
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TABLE S4: Data collection and refinement statistics for PET30

PET30
Wavelength 0.9795
Resolution range 38.8 -2.1(2.175 -2.1)
Space group P43212
Unit cell 109.755 109.755 41.803 90 90 90

Total reflections

Unique reflections

Multiplicity

Completeness (%)

Mean l/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

cc*

Reflections used in refinement

Reflections used for R-free

R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms
macromolecules
solvent

Protein residues

RMS(bonds)

RMS(angles)

Ramachandran favored (%)

Ramachandran allowed (%)

Ramachandran outliers (%)

Rotamer outliers (%)

Clashscore

Average B-factor
macromolecules

solvent

267429 (24691)
15447 (1505)
17.3 (16.4)
99.95 (100.00)
13.95 (5.38)
24.09

0.1746 (0.7031)
0.1799 (0.7255)
0.04277 (0.1772)
0.997 (0.945)
0.999 (0.986)
15443 (1507)
716 (78)
0.1619 (0.1655)
0.2187 (0.2460)
0.962 (0.901)
0.932 (0.840)
2208

2006

202

273

0.011

1.21

95.57

3.69

0.74

0.00

5.01

27.12

26.45

33.82

Statistics for the highest-resolution shell are shown in parentheses.
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TABLE S5: Homologs of bacteroidetal PET27 and PET30 hydrolases in metagenomes.

Locus Tag

Gene ID

Ga0266410_112824
Ga0267287_12740
Ga0214074_111348

Ga0441744 095 43538

44635

Ga0452869_05_68007_6

9104
Ga0125537_104199

Ga0101260_1142

Ga0266415_110121
Ga0266677_12858

Ga0267170_100812

Ga0267250_100918
Ga0267252_10536
Ga0267252_10542

Ga0266410_112825
Ga0267287_12741

Ga0214074_111349

Ga0441744_095_43538_

44636

Ga0452869_05_68007_6

9105
Ga0267200_1431

Ga0267200_1544

Ga0416765_13_4825_59

25
PI23P_05397

Aeqsu_2514
Ga0266584_11073

Ga0266589_10312
Ga0267262_14611
Ga0267263_11113
Ga0267267_12326
Ga0267268_10328
Ga0267268_1112
Ga0267270_13120
Ga0267272_1173
Ga0267273_13417
Ga0267276_13625
Ga0267279_10440
Ga0267280_12433
Ga0267282_10178
Ga0063505_10623

2790477168
2786516536
2758370761

2893010289

2890419200

2776033716
2663974789

2790487960
2778555477

2814895288

2786410539
2786413511
2786413517
2769034576
2767134878
2765235181

2763335483

2761435786

2786528832
2786528992
2860314059

639004873

2509583556

2788314349

2787698016
2786499724
2786500508
2786498443
2786441642
2786442127
2786484524
2786478779
2786477564
2786480397
2786489803
2786520859
2786519018
2606052547

Genome Name
(GREEN=Bacteroidetes;
YELLOW=FCB)

Marinimicrobia bacterium SP4388

Gemmatimonadetes bacterium
RS373
Marinimicrobia bacterium RS418

Marinimicrobia bacterium RS816

Marinimicrobia bacterium RS816

Marinimicrobia bacterium SP4389

Marinimicrobia bacterium EAC25

Marinimicrobia bacterium EAC25

Marinimicrobia bacterium SAT24

Marinimicrobia bacterium SAT2619

Marinimicrobia bacterium SP108
Marinimicrobia bacterium SP173
Marinimicrobia bacterium SP173
Marinimicrobia bacterium SP276
Marinimicrobia bacterium SP3060
Marinimicrobia bacterium SP3097
Marinimicrobia bacterium SP3117
Marinimicrobia bacterium SP328
Marinimicrobia bacterium SP359

Marinimicrobia bacterium SP4039

NCBI Biosample Pubmed ID
Accession IGenBank entry
SAMEA2621812 25999513
SAMEA2621812 25999513
SAMN02603919 24391155, 32431677
SAMN10790446 24391155, 32431677
SAMN10779751 24391155, 32431677
SAMN02988278 25342673
SAMNO06314724 373136
SAMEA2620929 25999513
SAMEA2620929 25999513
SAMEA2620929 25999513
SAMEA2620929 25999513
SAMEA2620929 25999513
SAMEA2620929 25999513
SAMEA2621812 25999513
SAMEA2621812 25999513
SAMN02603919 24391155, 32431678
SAMN10790446 24391155, 32431677
SAMN10779751 24391155, 32431677
SAMEA2620855 25999513, 29337314
SAMEA2620855 25999513, 29337314
SAMN14915977 25824943
SAMNO02436114 9542092
INZ_CH724148.1
SAMNO02232006 28604660
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMEA2622923 25999513
SAMNO03145748 27107724/
JSVA01000000
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Ga0267161_105313
Ga0267164_1577

Ga0267234_12226
Ga0267237_1518
Ga0267238_1416

Ga0267239_13724

Ga0215720_101116

Ga0266586_11614
Ga0267165_10476

SCB49_04680
G440DRAFT_00359

Ga0266370_16423
Ga0266560_154

Ga0267217_1484
Ga0267217_16831
Ga0267218_1219
Ga0267219_10943
Ga0267220_10096
Ga0267220_10106
Ga0267224_14310
Ga0267226_12918
Ga0267227_13041
Ga0267228_1422
Ga0267208_10372
Ga0267208_10412
Ga0267209_1018
Ga0267212_106014
Ga0267212_10712
Ga0267212_110812
Ga0267213_15817
Ga0267214_1214
Ga0267214_12210
Ga0267214_1225
Ga0267214_14025
Ga0344934_2405

Ga0441973_01_775875_
776969
LY87DRAFT_1302

Ga0267202_1226
Ga0267202_13210
Ga0267202_13216

Ga0350409_3222

Ga0066802_10753
Ga0077144_1092
Ga0079842_10854

2814952585

2814955360

2786460090
2786446587
2786464404
2786462435
2756777030

2788308996
2814943193

641143976
2524126300

2789796087
2825980380

2786425266
2786425767
2786426885
2786427199
2786428744
2786428754
2786401069
2786404156
2786403315
2786399119
2786507568
2786507636
2786508441
2786417419
2786417608
2786418228
2786422578
2786420423
2786420472
2786420467
2786421083
2839770976
2890600833

2597312806
2786524372
2786524561
2786524567
2848310855

2623289129
2641186029
2668214597

Gemmatimonadetes bacterium
EAC635
Gemmatimonadetes bacterium
NAT196
Marinimicrobia bacterium NAT495

Marinimicrobia bacterium NAT62
Marinimicrobia bacterium NAT74

Marinimicrobia bacterium NP104

Gemmatimonadetes bacterium
NP105

Marinimicrobia bacterium MED806

Marinimicrobia bacterium MED806
Marinimicrobia bacterium MED808
Marinimicrobia bacterium MED812
Marinimicrobia bacterium MED829
Marinimicrobia bacterium MED829
Marinimicrobia bacterium NAT217
Marinimicrobia bacterium NAT220
Marinimicrobia bacterium NAT224
Marinimicrobia bacterium NAT230
Marinimicrobia bacterium MED586
Marinimicrobia bacterium MED586
Marinimicrobia bacterium MEDS589
Marinimicrobia bacterium MED648
Marinimicrobia bacterium MED648
Marinimicrobia bacterium MED648
Marinimicrobia bacterium MED757
Marinimicrobia bacterium MED764
Marinimicrobia bacterium MED764

Marinimicrobia bacterium MED764

Marinimicrobia bacterium MED764

Marinimicrobia bacterium EAC649
Marinimicrobia bacterium EAC649

Marinimicrobia bacterium EAC649

SAMEA2623295

SAMEA2623295

SAMEA2623295
SAMEA2623295
SAMEA2623295
SAMEA2623295
SAMNO08776299

SAMEA2619927
SAMEA2619818

SAMNO02981237
SAMN02440880

SAMEA2619376
SAMEA2619376

SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619376
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMEA2619667
SAMN10250232
SAMD00166796

SAMNO05661066
SAMEA2620230
SAMEA2620230
SAMEA2620230
SAMNO08125772

SAMNO04487908
SAMNO03145167
SAMN05216556

25999513
25999513

25999513
25999513
25999513
25999513
QRAO00000000

25999513
25999513

ABCO00000000
AUBG00000000

25999513
25999513

25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
25999513
32228747
32539909

32539909
25999513
25999513
25999513

PJBS00000000,
CMO009131
FQYV00000000

JSYL00000000
FNNS00000000
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Ga0104531_1111
Ga0114183_10545
Ga0170448_3258
Ga0310487_0626

Ga0336340_1074
Ga0336670_2825
Ga0336672_3534

Ga0443045_01_3096381
3097484
pgond44_05165

Ga0077372_102327
Ga0114184_10616

Ga0248413_145580
Ga0373279_1152
Ga0336671_791
Ga0399719_270

Ga0441974_01_521424
522518

2676887423
2656209723
2729662814
2799156613

2835308220
2837407865
2835103747
2884436497

2533771942

2628626758

2654412999

2812952679
2830035069
2835108492
2836794304
2890652824

SAMNO05421876
SAMNO04423148
SAMNO06264851
SAMN10864729

SAMN09667312
SAMEA4644770
SAMEA4644771
SAMN12697551

SAMNO02471957

SAMNO03084320

SAMNO04382068

SAMNO03084331
SAMN13172327
SAMEA4704834
SAMN10518960
SAMDO00166797

FOLA00000000
28077207
REFC00000000
SMGS00000000

QPHL00000000
30225207
PMC6139392
CP043633

24391155

JSVU00000000

LRDB00000000.1

LQZQ00000000
PMC6139392
UEFQO00000000
CP034951
BKCG00000000.1
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Abbreviations

Polyethylene terephthalate (PET) is a widely used synthetic polymer and
known to contaminate marine and terrestrial ecosystems. Only few PET-
active microorganisms and enzymes (PETases) are currently known, and it is
debated whether degradation activity for PET originates from promiscuous
enzymes with broad substrate spectra that primarily act on natural polymers
or other bulky substrates, or whether microorganisms evolved their genetic
makeup to accepting PET as a carbon source. Here, we present a predicted
diene lactone hydrolase designated PET40, which acts on a broad spectrum
of substrates, including PET. It is the first esterase with activity on PET from
a GC-rich Gram-positive Amycolatopsis species belonging to the Pseudono-
cardiaceae (Actinobacteria). It is highly conserved within the genera Amyco-
latopsis and  Streptomyces. PET40 was identified by sequence-based
metagenome search using a PETase-specific hidden Markov model. Besides
acting on PET, PET40 has a versatile substrate spectrum, hydrolyzing 6-
lactones, B-lactam antibiotics, the polyester-polyurethane Impranil® DLN,
and various para-nitrophenyl ester substrates. Molecular docking suggests
that the PET degradative activity is likely a result of the promiscuity of
PET40, as potential binding modes were found for substrates encompassing
mono(2-hydroxyethyl) terephthalate, bis(2-hydroxyethyl) terephthalate, and
a PET trimer. We also solved the crystal structure of the inactive PET40 var-
iant S178A to 1.60 A resolution. PET40 is active throughout a wide pH (pH
4-10) and temperature range (4-65°C) and remarkably stable in the

aa, amino acids; BHET, bis(2-hydroxyethyl) terephthalate; CalB, Candida antarctica lipase B; CEC, cefaclor; CFT, cefotiam; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; EG, ethylene glycol; EPPS, N-(2-hydroxyethyl)piperazine-N'-(3-propanesulfonic acid); HEPES,
hydroxyethyl)piperazine-1-ethanesulfonic acid; HMM, hidden Markov model; IPM, imipenem; isPETase, /deonella sakaiensis PETase; LB,
lysogeny broth; LCC, leaf compost cutinase; MA, cefamandole; MEZ, mezlocillin; MH, methyl hexanoate; MHET, mono(2-hydroxyethyl)
terephthalate; PCL, polycaprolactone; PCL3, polycaprolactone trimer; PEG, polyethylene glycol; PET, polyethylene terephthalate; PET3,
polyethylene terephthalate trimer; PMSF, phenylmethylsulfonyl fluoride; pNP, para-nitrophenyl; pNP-C10, 4-nitrophenyl decanoate; pNP-C12,
4-nitrophenyl dodecanoate; RMSD, root-mean-square deviation; TBT, tributyrin; TPA, terephthalic acid; UHPLC, ultra-high performance liquid

chromatography; ZOl, zone of inhibition.
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H. Zhang et al. PET-degradation by PET40
presence of 5% SDS, making it a promising enzyme as a starting point for
further investigations and optimization approaches.

Introduction The best-studied enzymes are derived from the

Petroleum-based plastics are, in general, extremely sta-
ble and durable. The global use at a multimillion tons
scale over 70 years and the lack of recycling and circu-
lar use concepts have resulted in unprecedented pollu-
tion in nearly all environments [1,2]. Microbial- and
enzyme-driven plastics degradation have made enor-
mous progress in the last years, and several reviews
have summarized the current knowledge [3-7].

Currently, around 80 enzymes originating from four
different bacterial phyla are biochemically characterized
PET-active hydrolases (www.pazy.eu database search,
accessed on 02.05.23; [8]) (Fig. 1). These enzymes com-
prise cutinases (EC3.1.1.74), lipases (EC3.1.1.3), and car-
boxylesterases (EC3.1.1.1) that can act on amorphous
and low-crystalline PET. They hydrolyze ester bonds in
the polymer yielding bis-(2-hydroxyethyl) terephthalate
(BHET), mono-(2-hydroxyethyl) terephthalate (MHET),
terephthalic acid (TPA), and ethylene glycol (EG). Some
bacteria can hydrolyze MHET using an MHETase
[9,10]. TPA can be degraded via cleavage of the aromatic
ring structure using known aryl pathways [11,12]. While
EG is often oxidized to glycolate before entering glyoxy-
late degradative pathways.

Fig. 1. PET40 shares sequence similarities
with other actinobacterial PETases and LCC.
The unrooted phylogenetic tree is based on
amino acid sequence homologies. Overall, a
selection of 23 enzymes was included in
this alignment. The structural alignment
was calculated with T-corree ExPResso [13].
The tree was constructed by a Maximum
Likelihood method using MEcax [14] with

9 Thermomonospora curvata [Tcur1278]

|

9 2}_17 Oleispira antarctica [PET5]
33

83

Gram-negative proteobacterium [Ideonella sakaiensis
201-F6 [9] and from a leaf branch compost metagen-
ome [15]. The latter is a designated leaf and branch
compost cutinase (LCC) and is phylogenetically affili-
ated with the Gram-positive genus Thermobifida [15].
This genus together with the closely related genera
Thermomonspora and Saccharomonospora are phyloge-
netically grouped within Actinobacteria and have been
a rich source for PET hydrolases [16-22] (Fig. 1).
Also, it has been shown that the Gram-negative genus
Pseudomonas (Proteobacteria) harbors a diverse set of
PET-active enzymes, listed in the PAZy database
(www.pazy.eu). Among them are PpCutA from
P. pseudoalcaligenes, PpelaLip derived from P. pelagia
and PE-H from P. aestusnigri [23-25]. Additionally,
we recently reported on PET-degrading enzymes found
in the Bacteroidetes phylum [26]. Altogether, these
studies have significantly advanced our knowledge of
the structural and biochemical processes affiliated
with PET hydrolysis [10,27,28]. Furthermore, Candida
antarctica lipase B (CalB), Fusarium solani FsC, and
Humicola insolens HiC were affiliated with PET degrada-
tion as part of promiscuous enzyme activities [29].
Since it is well-known that some esterases are highly

Thermobifida fusca DSM43793 [TfH]
Thermobifida cellulosilytica [Thc_Cut1]
Thermobifida alba [Tha_Cut1]
Thermobifida fusca [Thf42_Cutl]
Thermobifida cellulosilytica [Thc_Cut2]
Thermobifida halotolerans [Thh_Est]
Saccharomonospora viridis [Cut190]
Thermomonospora curvata [Tcur0390]

DActinobacteria

Amycolatopsis pretoriensis [PET40] .Proteobacteria
uncultured bacterium [LCC] .Bacteroidetes
Ideonella sakaiensis 201-F6 [l
— Polyangium brachysporum [P! Firmicutes

uncultured bacterium [PE

Pseudomonas aestusnigri Basidiomycota

Vibrio gazogenes [PET6] .Ascomycota
Aequorivita sp. CIP11118 [PET27]
Kaistella jeonii [PET30]

1000 bootstraps. The bootstrap values are

Bacillus subtilis [BsEstB]
[ Fusarium solani pisi [FsC]

indicated as percentages at the branches.
GenBank entries of the sequences used are

gé Humicola insolens [HiC]

listed in Table 1 and on www.pazy.eu. The

Candida antarctica [CalB]l

phylogenetic groups are highlighted with
distinct colors, as shown in the legend. 1
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Table 1. Functionally verified and known PET-active enzymes in the phylum of the Actinobacteria.

aa sequence identity

Name GenBank accession Phylogenetic affiliation Reference with PET40 (%)
PET40 WAUB6704.1 Amycolatopsis sp. This work 100.00
Cut190 BAO42836.1 Saccharomonospora viridis AHK190 [19] 65.40
LCC AEV21261.1 Uncultured bacterium [15] 58.94
Tcur0390 WP_012850775.1 Thermomonospora curvata DSM43183 [38] 68.34
Tcur1278 WP_012851645.1 Thermomonospora curvata DSM43183 [20] 69.14
TfH WP_011291330.1 Thermobifida fusca DSM43793 [21] 63.70
The_Cut1 ADV92526.1 Thermobifida cellulosilytica DSM44535 [22] 63.60
The_Cut2 ADV92527.1 Thermobifida cellulosilytica DSM44535 62.84
Thf42_Cut1 ADV92528.1 Thermobifida fusca DSM44342 62.45
Tha_Cut1 ADV92525.1 Thermobifida alba DSM43185 [16] 62.45
Thh_Est AFA45122.1 Thermobifida halotolerans DSM44931 68.97

promiscuous [30,31] and the turnover rates of wild-type
enzymes on PET are low to moderate, we assume that
PETases are in general rather promiscuous enzymes and
PET is not the native substrate. Our understanding of
the origin, evolution, and role of PET-active enzymes in
the environment is still very poor. These challenges can
only be met by mining biodiversity for novel enzymes
and analyzing and comparing their structural, phyloge-
netic, and kinetic characteristics.

Within this framework, and to further enrich the
biodiversity of known PET-active enzymes, we have
searched for new PET-active enzymes. Therefore, we
used a previously published hidden Markov model
(HMM) search algorithm to mine global genomes and
metagenomes [32,33]. We identified a single novel
esterase, designated PET40, that is distinct from previ-
ously identified enzymes in the Actinobacteria. Intrigu-
ingly, PET40 is highly conserved within the genera of
Amycolatopsis and Streptomyces. The enzyme is highly
active on a wide range of different substrates, includ-
ing PET, and has remarkably good activity on para-
nitrophenyl (pNP)-esters even at temperatures as low
as 4 °C. While it is already known that some predicted
diene lactone hydrolases can degrade PET [34], this
study is one of the first that highlights substrate pro-
miscuity aspects of a PET-active esterase by delivering
experimental and structural evidence.

Results

Profile hidden Markov model search identifies
the novel actinobacterial PET-active
esterase PET40

Previous research has shown that bacterial PET ester-
ases occur in four bacterial phyla (Fig. 1). Most of the
verified PET-active enzymes have been identified in

the phylum of the Actinomycetes with 33 biochemically
characterized enzymes (www.pazy.cu, accessed on
02.05.23). Since hitherto only in the three closely
related genera Thermobifida, Thermomonspora, and Sac-
charomonospora active PETases had been identified, we
wondered whether other GC-rich Gram-positive Acti-
nobacterial genera code for PET-active enzymes. To
address this question, we performed global database
searches on publicly available bacterial genomes and
metagenomes from the NCBI GenBank [35]. and IMG
database [36]. combined with a previously published
HMM-based search approach [32,33]. Among others,
this search identified a potential diene lactone hydrolase
in a soil metagenome affiliated with the Gram-positive
genus Amycolatopsis from a biochar metagenome
(Table 1) [37]. We designated this putative PETase
PET40. A phylogenetic analysis of the deduced amino
acid sequence implied that the predicted enzyme was
phylogenetically related to known actinobacterial
sequences, but not affiliated with any of the three genera
Thermobifida, Thermomonospora, and Saccharomonos-
pora. The amino acid alignment shows that the amino
acid sequence similarity of PET40 ranged from 58.9%
to 69.1% compared with the known high-GC bacterial
PETases listed in Table 1. Based on this observation, we
performed additional BLASTP searches using the PET40-
deduced amino acid sequence. Interestingly, the enzyme
is relatively conserved within the genus of Amycolatop-
sis. 1t is present in 21 of the 68 Amycolatopsis genomes
deposited in GenBank with FE-values ranging from
7e='7% to 1e”'* and the lowest identity of 93% (94%
coverage). Using an arbitrary identity cutoff of 80%, we
found the protein sequence in 73 of the 564 Streptomy-
ces genomes from the NCBI genome database with the
highest E-value of 7e~'** (81% identity at 95% query
coverage). These data imply that the protein is widely
distributed within these two genera and may have been

72 The FEBS Journal 291 (2024) 70-91 © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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acquired via horizontal gene transfer within these GC-
rich Gram-positive microorganisms.

Recombinant PET40 hydrolyzes TBT, PCL, BHET,
the ester-based polyurethane Impranil DLN,
and PET

To verify our bioinformatic analysis, we expressed
PET40 in Escherichia coli for functional characteriza-
tion. For this, the candidate gene was synthesized,
cloned into the expression vector pET2la(+) (Bioma-
tik, Wilmington, DA, USA), and transformed in
E. coli BL21 (DE3). Initial tests using recombinant
purified proteins and agar plates containing tributyrin
(TBT) indicated the PET40-gene codes for an active
esterase (Fig. 2A). PET40 was able to hydrolyze
BHET (Fig. 2A), which is a monomeric constituent of
PET used as a screening substrate to indicate possible
activity on PET. Activity on polycaprolactone (PCL),
a polyester model-substrate, could also be shown

(A)

—_
o
~

Absorbance 550 nm

O -=2NWHUIO N ©

Intensity [mAU]
N I S )

Elution time [min]

PET-degradation by PET40

(Fig. 2A). The hydrolysis of these model substrates
also indicates possible activity on the polymeric and
more complex PET. Additionally, we observed that
PET40 was able to cleave Impranil® DLN, which is
an aliphatic polyester polyurethane. After an incuba-
tion for 20 min at 40 °C with 5 pg PET40 (250 uL
reaction volume), a release of 790 & 21 um of H"
was detectable using phenol red as the indicator
(Fig. 2B). Ultra-high-performance liquid chromatogra-
phy (UHPLC) analyses confirmed the release of hydro-
lysis products such as TPA from semicrystalline
(> 40% crystallinity) PET powder after incubation
with PET40 (Fig. 2C).

PET40 (0.1 mg-mL~" enzyme in 200 pL correspond-
ing to 3.54 pum) was incubated together with 5 mg PET
powder for 72 h at 40 °C. After the incubation, a con-
centration of aromatic degradation products TPA,
MHET, and BHET of 50.41 4+ 10.21 pmM was mea-
sured in the reaction supernatant corresponding to a
relative amount of 0.17 £ 0.03 pmol TPA-EG unit

[]

."0000000--
0 4 8 12 16 20 24 28 32 36 40

Time [min]

Fig. 2. PET40 hydrolyses various esters, including PET. (A) Activities of PET40 on TBT, PCL, and BHET using agar plates. 10 pL containing
10-100 pg of purified enzyme were applied to agar plates containing either 33.08 mm TBT, 4.38 mm PCL, or 5 mm BHET. Halos were
observed after 12 h. Control indicates plates with 10 uL enzyme-free buffer. (B) Activity on Impranil® DLN was assessed using phenol red
as pH indicator. Decreasing values of absorbance at 550 nm revealed the breakdown of Impranil® DLN by PET40. Error bars represent stan-
dard deviation (SD) values of n =3 measurements. (C) UHPLC profile of PET40 reaction supernatant after incubation on PET powder for
72 h showing the release of TPA (elution time: 1.7 min). 0.1 mg-mL~" of recombinant and purified enzyme were applied to 5 mg of PET
powder in a reaction volume of 200 pL and incubated over 72 h at 40 °C. The chromatograms are representative measurements, which
were repeated in separate experiments at least three times. A control of an equal amount of PET powder was incubated at the same condi-
tions without added enzyme to rule out non-enzymatic TPA release.

The FEBS Journal 291 (2024) 70-91 © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 73
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released from the polymer per mg of enzyme per
day (Table 2). For comparison, we assessed the activ-
ity of PET40 to self-produced recombinant IsPETase
and LCC under equal conditions at suitable tempera-
tures. Here, IsPETase released at 30 °C 4.33 + 0.56
umolTpA_EG~mgcnzymc’'-day’1 and LCC at 50 °C
released 12.78 + 1.44 pmolrpa g6 MEenzyme  -day .
Even though activity on PET can be detected for
PET40 through HPLC measurements, the overall PET
degradation takes place at a low rate with a substrate
conversions below 0.1% in the incubations specified
above. The low activity compared with IsPETase or
LCC may be related to a single amino acid substitu-
tion in the predicted substrate binding pocket of
PET40 (Table 3). Notably, IsPETase and LCC carry a
Tyr-Met-Trp motif in their binding sites. PET40, how-
ever, carries a Phe-Met-Trp motif (Fig. 3, Table 3).

Promiscuity assays using esterase, lactonase,
and p-lactamase substrates

Due to the rather recent occurrence of PET in the
environment, it is unlikely that the primary substrate
of a natural esterase is PET and degradation of the
polymer is often only a side activity, as esterases are
known to be promiscuous enzymes [30,31]. This also
justifies the low turnover rates of PET40 on PET.
Therefore, we further characterized PET40 on pNP
esters, lactones, and B-lactams. Furthermore, we tested
the effect of metal ions on PET40 activity.
Para-nitrophenyl-esters are commonly used sub-
strates for the biochemical characterization of carboxy-
lesterases. Using pNP esters with a C-chain length
ranging from 4 to 18 (pNP C4-C18), PET40 showed
activities on all substrates, with higher activities
observed on pNP-esters with acyl chain lengths
between C6 and Cl14 (Fig. 4A). Significantly lower
activities were measured with shorter (C4) and longer

Table 2. TPA-EG units (uv) released from PET by PET40 in com-
parison with /sPETase and LCC. The recombinant and purified
enzymes were incubated at a concentration of 0.1 mg-mL~" for a
time period of 72 h at 40 °C (PET40), 50 °C (LCC) and 30 °C (/sPE-
Tase), respectively. For the tests, 5 mg of PET powder (as speci-
fied in Materials and methods) were employed. Incubations were
carried out in a reaction volume of 200 uL. Data are mean values
with standard deviations derived from three measurements per
sample.

Released pmolpa e6-MPenzyme ' -day ™'

Enzyme Phylum

PET40 Actinobacteria 0.17 +£ 0.03
LCC 12.78 £ 1.44
IsPETase Proteobacteria 4.33 +£ 0.57

H. Zhang et al.

(C16-18) C-chain lengths. The kinetic parameters of
PET40, determined according to Michaelis-Menten
for pNP-C12 at 30 °C and pH 8, are vy, = 0.86
nmol-min™!, ke = 8.26 s7!, Ky = 0.73 mM, and key/
K value of 1.14 x 10* M~"s™.

Using 1 mm pNP-C12 as substrate, PET40 revealed
a remarkably broad temperature range. PET40 was
most active at pH 8.0 when tested in 0.1 M potassium
phosphate buffer with 1 mm of substrate at the tem-
perature optimum of 40 °C. Surprisingly, at 4 °C, the
enzyme still showed a relative activity of 59% com-
pared with the activity at optimal conditions
(Fig. 4A). At 40 °C, PET40 is also active over a broad
pH range (pH 5-10), for which more than 75% resid-
ual activity was observed. To assess the enzyme’s ther-
mostability, it was incubated at 50 °C and 60 °C for
2 h, after which the enzyme only showed 11% and 5%
residual activity, respectively, compared with the con-
trol without incubation (data not shown). At 50 °C,
PET40 has a half-life time of 30 min (Fig. 4B). Nano
differential scanning fluorimetry (NanoDSF) measure-
ments indicated a Ty, of 54.56 £+ 0.24 °C of the pro-
tein. To further characterize the effects of metal ions,
possibly conveying activity through increased stability to
the enzyme, CaZ", Co?", Cu*', Fe**, Mg?", Mn?", Ni*",
or Zn*", were added to the assays at 1 and 10 mm. The
activity was measured with pNP-C12 and compared with
a metal-free control. The activity of PET40 slightly
decreased at a 10 mm concentration for most of these
ions and was mostly unaffected at the 1 mm concentra-
tion (Fig. 4A). Therefore, we conclude that the enzyme
does not need metal ions for its activity. To probe
PET40’s tolerance against chelating agents and
inhibitors, we tested the influences of ethylenediaminete-
traacetic acid (EDTA), dithiothreitol (DTT), or phenyl-
methylsulfonyl fluoride (PMSF) in concentrations of 1
and 10 mm. The presence of EDTA, DTT, and PMSF
resulted in < 20% reduction in activity which, regarding
EDTA, is also in line with the findings about the unaf-
fectability through metal ions. Finally, we tested the sen-
sitivity of PET40 toward detergents. A concentration of
5% (v/v) of the detergents Tween 80 and Triton X-100
lead to a decrease of 80% and 32%, respectively. SDS at
the same concentrations had no negative impact on the
enzyme’s activity (Fig. 4A). Thus, PET40 has a relatively
high stability against denaturing agents.

Lactonase activity of PET40 was further investigated
in a phenol red assay, where the hydrolysis on
d-dodecalactone, y-dodecalactone, &-octalactone, and
v-caprolactone was detected due to the release of pro-
tons. These lactones differ in their chain length and ring
structure. PET 40 showed the highest activity on
3-octalactone (0.43 U-mg™'). While 8§-dodecalactone
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Table 3. Conserved motifs and structural features identified in PET40 and other PETases. The /deonella sakaiensis PETase (IsPETase, PDB:
6EQE; [9,39]), LCC (4EBO; [40]), PET2 [32], the Bacteroidetal enzyme PET27 and PET30 were included for benchmarking purposes. PorC,
Por secretion system C-terminal sorting domain; SP, signal peptide; B, B-sheet; —, none.

C-terminus
Predicted SP cleavage Substrate Secondary Conserved
PETase site Catalytic triad binding site Disulfide bonds?® N-terminal SP structure domain
IsPETase 27-28 Asp-His-Ser Tyr-Met-Trp 2x Sec/SPI - -
LCC 21-22 Asp-His-Ser Tyr-Met-Trp 1x Sec/SPI - -
PET2 27-28 Asp-His-Ser Tyr-Met-Trp 2x Sec/SPI - -
PET27 23-24 Asp-His-Ser Phe-Met-Trp 1x Sec/SPI 7xB PorC
PET30 23-24 Asp-His-Ser Phe-Met-Tyr 1x Sec/SPI 7xB PorC
PET40 47-48 Asp-His-Ser Phe-Met-Trp 2% Sec/SPI - -

#Verified and predicted disulfide bonds.

~_PET40.S178A
—ISPETast >
e N\ | 17

Fig. 3. Crystal structure of PET40_S178A and alignment with known IsPETase and LCC. (A) The structure of PET40_S178A was solved by
X-ray crystallography. Cartoon representation showing the secondary structure elements and the active site (box). The catalytically active
amino acids are colored in blue, and the substrate binding site is colored green. In the solved crystal structure the catalytic serine was
mutated to alanine. (B) The residues of the active site of PET40_S178A (purple), IsPETase (pink; PDB code 6EQE), and LCC (yellow; PDB
code 4EBO) were overlaid by cHiMera 1.13.1. The amino acids related to the catalytic activity are labeled. The catalytic triad is conserved
within all three structures (Ser; Asp; His), but PET40 has Phe instead of Tyr at the first position of the substrate binding site. Structures

were generated using USCF CHIMERA version 1.13.1 [41].

was  cleaved  rather  quickly  (0.22 Umg™'),
y-dodecalactone was not (0.06 U-mg~'). The hydrolysis
rate of y-caprolactone (0.02 U-mg~') was similar to that
of y-dodecalactone.

The activity of PET40 on different p-lactams
(Fig. 5A) was tested in a standard disk diffusion
assay on agar plates. The commercially available disks
used in this assay contained indicated amounts of
antibiotic compounds (Fig. 5B). The zone of inhibi-
tion (ZOI) of bacterial growth around these disks
was evaluated after incubation of the disks with
PET40. Susceptible E. coli DH5a cells were cultivated
together with the pre-incubated disks on lysogeny

broth (LB)-agar plates. The inhibition zones are smal-
ler or even not present when the antibiotics have been
inactivated. The results were compared with control
disks incubated without enzyme. PET40 was able to
reduce the inhibitory effect of mezlocillin 30 pg (MEZ
30, ureidopenicillin group), cefamandole 30 pg (MA
30), and cefaclor 30 pg (CEC 30, cephalosporin 2nd
generation) completely, and cefotiam 30 pg (CFT 30,
cephalosporin 3rd generation) to 95.9%. Interestingly,
PET40 did not reduce the inhibitory effect of imipe-
nem 10 pg (IPM 10), which belongs to the carbape-
nem group (Fig. 5B) and is an antibiotic of last
resort.
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Fig. 4. Biochemical characterization of PET40 using C4-C18 pNP esters. (A) Net diagrams depicting the substrate preference, temperature
optimum, pH optimum as well as the influence of different metal ions, inhibitory agents, solvents and detergents on the activity of PET40.
In all cases, standard deviations were lower than 7%. (B) Graph showing the thermal stability of PET40 at 50 °C over 2 h with an exponen-
tial fit (R? = 0.94). Data represent mean values of three replicates (n = 3). Error bars represent standard deviations (SD). During all incuba-
tions, 0.25 ng enzyme were incubated for 10 min in 200 pL reaction volume under the different tested conditions. All tests besides
substrate preferences were carried out with pNP-C12.
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Fig. 5. The promiscuous PET40 degrades B-lactam antibiotics. (A) Overview and structures of B-lactam antibiotics used in degradation tests.
(B) Inhibitory effect of PET40 on different B-lactam- antibiotics. Antibiotic assay disks (total amounts as stated in square brackets) were incu-
bated over 17 h in 20 pL potassium phosphate buffer (0.1 m, pH 8) containing 1 mg-mL~" purified PET40. After incubation the plates were
laid on agar plates on which susceptible Escherichia coli DH5a cells had been plated out. Disks that were incubated only with buffer served
as controls. The ZOI was determined by measuring the halo around the disks. The inhibitory effect of MEZ 30, MA 30, and CEC 30 was
diminished completely by PET40 and in the case of CFT 30 to more than 95%. Abbreviations for the used antibiotics are as follows: Mezlo-
cillin 30 pg (MEZ 30), imipenem 10 pg (IPM 10), cefamandole 30 pg (MA 30), cefaclor 30 nug (CEC 30), cefotaxim 30 pg (CTX 30) and cefo-
tiam 30 pg (CFT 30). Error bars represent standard deviations (SD) of nine replicates (n = 9).
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PET-degradation by PET40

In summary, the data show that PET40 is a promis-
cuous, cofactor-independent, mesophilic enzyme that is
able to act on the polymers PET, Impranil and PCL,
as well as pNP-esters, lactones and B-lactams. Its tem-
perature optimum lies at 40 °C. PET40 retained more
than 50% relative activity at temperatures as low as
4 °C (Fig. 4). The enzyme was rapidly deactivated
when incubated at temperatures above 50 °C.

Amino acid sequence and structural analyses
identify unique traits of PET40

Amino acid sequence analysis revealed that PET40
contained N-terminal signal domains for protein trans-
port as predicted with SignalP 6.0 [42]. The predicted
cleavage site was located between amino acid (aa)
positions 47 and 48 with the signal peptide using the
standard secretory signal peptides (likelihood of 0.73)
(Table 3). Further sequence analysis identified a
G-x-S-x-G motif typical for o/f serine hydrolases
between aa positions 176 and 180 [43]. To investigate
the structural traits of this promiscuous enzyme,
PET40_S178A, an inactive variant of PET40, was
generated by restriction-free cloning. We obtained
well-diffracting crystals of PET40_S178A reaching a
resolution of 1.60 A. The crystal was packed in space
group P2,, with two molecules in the asymmetric unit.
As confirmed by PISA [44], the biological unit is a
monomer, and the overall root-mean-square deviation
(RMSD) between the two chains present in the asym-
metric unit is 0.161 A, making them virtually identical.
We were able to unambiguously model the protein
chains in the electron density from residues 48 and 49
for chains A and B, respectively, to residue 309. A
portion of the His-tag was also visible in the electronic
density for both chains, mediating crystal contacts
with symmetric molecules. The final model was refined
to Ryork/Reree Values of 14.59/17.90. All data collection
and refinement statistics are reported in Materials and
methods section.

The crystal structure shows that PET40 shares the
typical fold of o/ serine hydrolases, composed by a
central twisted B-sheet surrounded by a-helices. For
PET40, the B-sheet consists of nine P-strands and is
surrounded by seven a-helices (Fig. 3). The RMSD
between PET40 and IsPETase (PDB ID: 6EQE) is
0.570 A, while it is 0.561 A with LCC, which confirms
the high structural similarity with known PETases. As
previously shown for other Type Il PET-degrading
enzymes, a disulfide bond is present in PET40 between
C289 and C305 [26,27]. PET40 possesses a catalytic
triad consisting of the residues Asp-His-Ser, in a spa-
tial arrangement highly similar to IsPETase and LCC

H. Zhang et al.

(Fig. 3). The substrate binding site contains the aa res-
idues Phe-Met-Trp. The latter differs from the known
IsPETase and LCC binding sites in which a Tyr was
reported in the first position (Fig. 3, Table 3). It is,
however, in consonance with the bacteroidetal PETase
PET27 [26] and Cut190 [45].

Binding mode prediction via molecular docking

To obtain insights into the potential binding modes of
the diverse substrates in the active site of PET40, we
performed molecular docking using a combination
of AutoDock3 [46] as a docking engine and
DrugScore®!® [47,48] as an objective function as done
previously [24,49,50]. We focused on the ester sub-
strates investigated experimentally in this study for the
docking, that is mono(2-hydroxyethyl) terephthalate
(MHET), bis(2-hydroxyethyl) terephthalate (BHET),
PET trimer (PET3), methyl hexanoate (MH),
polycaprolactone trimer (PCL3), propane-1,2,3-triyl tri-
butanoate (tributyrin, TBT), 4-nitrophenyl decanoate
(pPNP-C10), and 4-nitrophenyl dodecanoate (pNP-C12).
We performed 100 independent docking runs for each
substrate, which were subsequently clustered into distinct
docking poses based on structural similarity (RMSD cut-
off <2 A).

For all substrates, except pNP-C10/12, the binding
pose identified as best based on the binding score
(Table 4), shows a conformation in which the reactive
carbonyl carbon of the ester moiety is close to the
Ser of the catalytic triad (Fig. 6). For pNP-C10/12,
the best-scored binding pose involves interactions of
the nitro moiety with the catalytic triad. The docking
pose from the largest cluster only scored marginally
worse (< 2% compared with the best-scored solution)

Table 4. Docking scores of the representatives of up to the three
best-scored clusters for all docking substrates.

Lowest docked energy?®

Substrate Cluster 1 Cluster 2 Cluster 3
MHET —8.52 —8.44 -8.37
BHET -9.84 -9.62 —9.53
PET3 —16.58 —15.61 —15.58
MH -6.33 —~5.51 na’
PNP-C10 —11.94 —11.50 -11.32
PNP-C12 -12.75 -12.28 -12.11
PCL3 -12.72 -12.28 -12.04
TBT -11.20 —10.66 —-10.60

#Sum of the estimated intermolecular energy and internal energy
of the ligand in kcal-mol~". The energy of the pose depicted in
Fig. 6 is marked in bold.; °Not available as only two clusters were
obtained.
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Fig. 6. PET40 has an active site cavity that can accommodate a large variety of substrates. Docking poses identified as best for mono(2-
hydroxyethyl) terephthalate (MHET), bis(2-hydroxyethyl) terephthalate (BHET), PET trimer (PET3), methyl hexanoate (MH), polycaprolactone
trimer (PCL3), propane-1,2,3-triyl tributanoate (tributyrin, TBT) in the binding site of PET40 (depicted without substrate in the center). *For 4-
nitrophenyl decanoate (oNP-C10) and 4-nitrophenyl dodecanoate (oNP-C12), binding modes from the largest cluster were chosen rather than
those with the lowest energy. Structures were generated using pymoL [54].

and captures the key interactions of the ester car-
bonyl carbon with the serine. Thus, we consider this
docking pose more relevant for the reaction of
pNP-esters in PET40. The aliphatic chains of pNP-
C10 or 12 point in opposite directions. However, it is
not uncommon that a ligand or ligands with minor
structural changes can bind to a protein in different
poses [51,52], and the determined binding pose can
even be impacted by the method used for structure
elucidation [53].

For small ligands with a limited number of degrees
of freedom, such as MH and MHET, our docking
converges to two and three binding poses, respectively.

However, for more complex ligands with a high num-
ber of degrees of freedom, such as PET; and PCL;, we
obtain a high number of clusters that mainly differ in
the conformation at the end of the oligomer chain.
However, the orientation of the reactive carbonyl car-
bon atom to the hydroxyl group oxygen of the serine
is similar in most cases. Therefore, we calculated the
minimum distance between the serine hydroxyl group
oxygen and the reactive carbonyl carbon of each sub-
strate for all docking runs (Fig. 7) to evaluate whether
the substrate is close enough to the catalytic triad for
a reaction to take place. This distance is < 5 A for all
substrates for the majority (> 55% for all cases, up to
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Fig. 7. Histograms of the minimum distance between the serine hydroxy group oxygen of PET40 and the electrophilic carbonyl carbon of

the substrate for all obtained docking solutions. The following substrate

s were docked: mono(2-hydroxyethyl) terephthalate (MHET), bis(2-

hydroxyethyl) terephthalate (BHET), a polycaprolactone trimer (PCL3), a PET trimer (PET3), 4-nitrophenyl decanoate (pNP C10), 4-nitropheny!
dodecanoate (pNP-C12), methyl hexanoate (MH), and propane-1,2,3-triyl tributanoate (tributyrin, TBT).

95% for MH) of the docking solutions (Fig. 7). Thus,
our docking approach yields binding poses in line with
the geometry required for a reaction for all substrates,
despite the high number of degrees of freedom of some
of the investigated substrates.

Overall, we find that relatively small substrates such
as the polymeric building blocks MHET, BHET, and
MH, but also bulky ligands such as TBT and the
pNP-esters are well-accommodated by the active site
of PET40 and can come close to the Ser of the cata-
lytic triad with their electrophilic carbon. The binding
site is located at the protein surface, facilitating the
access of small and bulky substrates. Even for such

binding sites, using an appropriate docking engine and
objective function as done here can yield good binding
modes with only a moderate drop-off compared with
docking to “classical” binding sites [55]. Moreover,
more complex substrates such as PET; and PCL; are
also well-docked into the catalytic site, again pointing
the reactive ester moiety toward the catalytic Ser.
These results mirror the activity analyses on these sub-
strates, which all were cleaved by PET40.

In the case of the B-lactam antibiotics, the binding
poses generated by AutoDock3-DrugScore®'® did not
yield catalytically viable complexes. For this reason, we
employed GLIDE as an alternative to generate putative
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binding poses. We docked the six experimentally tested
antibiotics and assessed the distance between the serine
hydroxyl group of PET40 and the carbonyl carbon of
the lactam group, as well as the angle described by the
serine hydroxyl group, the carbonyl carbon, and the
carbon opposite to it in the lactam ring, and compared
the obtained values with the values of a crystallized
Michaelis—Menten complex of a serine -lactamase
(Fig. 8A). The results show that for the five degraded
antibiotics, we identified at least one docking solution
with pairs of distance/angle values close to the values
observed in the crystal structure (Fig. 8B). However, for
imipenem, the only nondegraded antibiotic, no catalyti-
cally viable docking solution was identified. In the pre-
dicted binding poses of the five degraded antibiotics, the
B-lactam ring is positioned in a consistent orientation
within the active site (Fig. 9). Overall, the docking
results can provide a structure-based explanation for
the observations in the disk diffusion assays.

Discussion

Today’s major global plastic pollution in all environ-
ments makes the study of plastic-degrading microor-
ganisms and enzymes compulsory. Still, the number of
functionally verified microbial enzymes is limited, and,
today, there are only a handful of known bacterial
phyla encoding active PET esterases (Fig. 1). PET-
degrading enzymes belong to the classes of cutinases
(EC3.1.1.74), lipases (EC3.1.1.3), or carboxylesterases
(EC3.1.1.1). Diene lactone hydrolases (often grouped
into EC3.1.1.45 of carboxymethylenebutenolidases) are
not commonly known to degrade PET. Therefore,
PET40 is one of the few enzymes known that belongs
to this enzyme class and can act on PET.

Here, we identified and partially characterized the
novel promiscuous esterase PET40, derived from a
biochar metagenome. A more detailed phylogenetic
analysis indicated that PET40 was affiliated with the
genus Amycolatopsis within the Actinobacteria phy-
lum. This genus is well-known to involve species that
degrade a wide range of aromatic substances and
plant-based polymers. It contains microorganisms that
are ubiquitous and frequently isolated from soil and
sediment samples. Furthermore, bacteria from this
genus are well-known for their secondary metabolite
production [56]. The genus currently contains more
than 70 species. Most genomes appear to have sizes of
10 Mbp and larger. The genus is relatively closely
related to the Streptomyces [57-60]. PET40 homology
can be found in a significant fraction (21 out of 68) of
the Amylocolatopsis and also Streptomyces (104 out
of 564) genomes. This implies that enzymes with

PET-degradation by PET40

activity on PET are probably occurring more fre-
quently than previously assumed.

PET40 appears to be a secreted enzyme, as it
carries an N-terminal secretion signal, implying that
the enzyme is probably released into the surrounding
environment and can act on its substrates. Since it is
well-known that some esterases are highly promiscu-
ous enzymes being able to convert a large number
of diverse substrates, it can be assumed that PET is
not the primary substrate of PET40, as the polymer
is present only relatively recent in nature next to
much more favorable carbon sources and, especially,
as turnover rates of PET40 are low compared with
enzymes, whose primary substrate is PET, such as
IsPETase. Promiscuous enzymes such as PET40 can
turn over a broad range of substrates probably
because of an exposed active site, a certain cavity
volume-to-surface ratio [30] and certain structural
rigidity characteristics [31]. Substrates that do not fit
well into the active or binding site are turned over
with lower rates than those substrates that fit best
[30,31,61,62].

The activity of PET40 on PET was shown through
the release of the degradation product TPA. In
200 pL reaction volume, it released 50.41 + 10.21 pum
of monomeric PET degradation products in a 72-h
time period at 40 °C. Comparing activities of PET-
active enzymes is generally difficult, as in most stud-
ies, different types of PET substrates with different
degrees of crystallinity and distinct assay conditions
have been used. To partly overcome this problem, we
cloned and expressed the recombinant IsPETase and
LCC and compared their activities with PET40 at
suitable temperatures under otherwise identical assay
conditions. Here, even though PET40 is less active
than IsPETase and LCC, it still exhibited a distinct
degradation activity on PET (Table 2). The observa-
tion that PET40 is catalytically active on PET implies
a wider role of homologous enzymes in the degradation
of this plastic, especially micro- and nanoparticles in
nature. Particles reduced in size have an increased
surface-to-volume ratio so that they can be better
attacked by an enzyme. Therefore, the enzyme and its
homologs may in fact play a heretofore unknown role in
PET micro- and nanoparticle degradation This hypothe-
sis is supported by our observation that homologs of
PET degrading enzymes can be found on a global level,
covering a wide range of climate zones, in a large frac-
tion of the genomes of Amycolatopsis and Streptomyces.
Both these bacterial genera are ubiquitous soil and
marine organisms.

In summary, our biochemical data significantly
extend the knowledge of promiscuous esterases with
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Fig. 8. Docking poses for B-lactam antibiotics in PET40 have a similar geometry as in a crystallographically determined serine B-lactamase/p-
lactam antibiotics complex. (A) Distance (d) and angle (o) between the protein and the substrate measured for the docking solutions. The
structure shows the binding pose for the enzyme-substrate complex of a serine B-lactamase from Mycobacterium tuberculosis (PDB ID:
3NY4). Structures were generated using pymoL [54]. (B) Dispersion plots showing the pairs of distance-angle values calculated for each dock-
ing solution of an antibiotic substrate in PET40. The color scale shows the docking score of the pose. The red dashed lines show the values

observed in the crystal structure (PDB ID: 3NY4). Only imipenem yields no solution with similar geometry to the crystal complex.
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Fig. 9. Predicted binding poses for B-lactam antibiotics. The binding pose with the angle and distance that most closely resembles the crys-
tal structure is shown for each antibiotic. The catalytic triad Ser-His-Asp is highlighted in cyan, purple, and violet, respectively. Structures

were generated using pymoL [54].

activity on PET derived from Gram-positive bacteria
and provides PET40 as a novel promising and versatile
candidate for further investigation and optimization.
Within this framework, further possible substrates
of the enzyme could be identified yielding more con-
ceivable applications or present activities could be
enhanced through alteration of the wildtype enzyme.
Here, it could especially be of interest to elucidate the
possible increase of the enzyme’s activity on PET, for
example through an amino acid exchange from Phe-
Met-Trp to Tyr-Met-Trp in the substrate binding site.
Furthermore, the data already presented here
will help to advance our understanding on the evolu-
tion of genes encoding PET-active enzymes within the
Gram-positive bacteria. Our research contributes to
knowledge on the possible decomposition of marine
and terrestrial PET litter and enables the development
of an expanded phylogenetic framework for identifying
the diversity of putative PETases in diverse microbial
groups on a global scale.

Materials and methods

Bacterial strains, plasmids, and primers

Bacterial strains, plasmids, and primers employed in this
study are listed in Table 5. E. coli clones were grown in
LB medium (1% tryptone/peptone, 0.5% yeast extract,
1% NaCl) supplemented with appropriate antibiotics
(25 pgmL~" kanamycin, or 100 pg-mL~' ampicillin) at
37 °C for 18 h, if not indicated otherwise.

Databases used in this study and bioinformatic
analysis

Nucleotide and amino acid sequences of the putative and
confirmed PETases were acquired from databases inte-
grated into the NCBI (https://www.ncbi.nlm.nih.gov/), Uni-
Prot (http://www.uniprot.org/) and IMG (JGI, http://jgi.
doe.gov/) servers [63-65].

Sequence comparisons to other sequences deposited in
the NCBI databases were conducted using the BLAST
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Table 5. Bacterial strains and plasmids used in this work.

H. Zhang et al.

Properties

Reference/source

Strain
Escherichia coli DH5a.
9gyrA96 thi-1 relAl
E. coli BL21 (DE3) F~, ompT, hsdS B (rg

E. coli SHuffle® T7

SUPE44 AlacU169 (@80 lacZ AM15) hsdR17 recAl endA1l

m g~) gal, dem, A\DE3
huA2 lacZ:T7 genel [lon] ompT ahpC gal Aatt::pNEB3-r1-cDsbC

Invitrogen (Karlsruhe, Germany)

Novagen/Merck (Darmstadt, Germany)
NEB (Frankfurt am Main, Germany)

(SpecR, laclg) AtrxB sulA11 R(mcr-73::miniTn10--TetS)2 [dem]
R(zgb-210::Tn10 —TetS) endA1 Agor AlmerC-mrm114::1S10

Vector
pET21a(+)
Hisg-tag coding sequence
pET21a(+)::PET40
pET21a(+)::PET40_S178A
pET21a(+)::LCC
pMAL-p4x::IsPETase

for purification

Expression vector, lacl, AmpR, T7-lac- promoter, C-terminal

837 bp insert in pET21a(+) coding for PET40

837 bp insert in pET21a(+) coding for PET40_S178A

786 bp insert in pET21a(+) coding for LCC

795 bp insert in pMAL-p4x coding for the wildtype /sPETase
from Ideonella sakaiensis fused to a maltose binding protein

Novagen/Merck (Darmstadt, Germany)

This work
This work
This work, acc. to Sulaiman et al. [15]
Lab of Birte Hoecker, Univ.
Bayreuth, acc. to Yoshida et al. [9]

alignment tools [66]. The profile HMM search [33] was car-
ried out using the HMMER (http://hmmer.org) webpage and
a local version of the software (v3.1b2) [67] with down-
loaded datasets. Structural information on LCC (PDB
4EB0) and IsPETase (PDB 6EQE) was retrieved from the
RCSB-PDB database [68].

The DNA sequence data were processed and analyzed
using CHROMASPRO 2.1.8 (Technelysium, Brisbane, Qld, Aus-
tralia) and sNAPGENE (GSL Biotech LLC, San Diego, CA,
USA). The amino acid sequence alignment was constructed
employing structural alignments with T-correk [13]. Overall,
the amino acid sequences of 23 enzymes were included in
this alignment. The phylogenetic tree was constructed by
Maximum Likelihood method using MEGAx [14] using 1000
bootstraps. GenBank entries of the sequences used are
listed in Table 1 or were retrieved from the PAZy database
(www.pazy.eu; [8]). UHPLC profiles were plotted and edi-
ted using software MATLAB version R202la (The Math-
Works, Inc., Natick, MA, USA).

Heterologous production of PET40 in E. coli
BL21 (DE3)

The putative PET-active enzyme PET40 was found in a
metagenomic dataset. For this, the gene sequences were
optimized for expression in E. coli and synthesized into
pET2la(+) vector at Biomatik (Wilmington, DE, USA).
The resulting construct was sequenced at Eurofins (Ebers-
berg, Germany) and verified for correctness by comparing
to the original sequences. Chemically competent E. coli
BL21 (DE3) were used for heterologous expression of the
predicted PETase gene. Cultures carrying the expression
plasmid were grown aerobically in auto-induction medium
(ZYM-5052) [69] containing 100 pg-mL~' ampicillin for
pET2la(+) at 37 °C until they reached an optical density

(ODgqo) of 1.0. Proteins were produced afterwards at 22 °C
for 16-20 h. Cells were harvested and lysed with pressure
using a French press. From this lysate, recombinant PET40
was purified using nickel-ion affinity chromatography
employing Ni-NTA agarose (Macherey-Nagel, Diiren, Ger-
many). The purified protein was analyzed by SDS/PAGE.
Finally, the elution buffer was exchanged against 0.1 mm
potassium phosphate buffer (pH 8.0) using a 10 kDa Ami-
con Tube (GE Health Care, Solingen, Germany).

PET degradation assay measured by UHPLC

To assay enzymatic PET hydrolysis, 5 mg of PET powder
(Goodfellow GmbH, Bad Nauheim, Germany) were added
to 1.5-mL Eppendorf tubes with 20 pg of enzyme in
200 pL of 100 mMm potassium phosphate buffer at pH 8.0.
Incubation was carried out under continuous shaking and
at 400 r.p.m. in 1.5-mL microcentrifuge tubes. The incuba-
tion was made at PET40’s optimal temperature of 40 °C if
not stated otherwise.

The analysis of the degradation products was performed
using an UltiMate™ 3000 UHPLC system (Thermo Scien-
tific, Waltham, MA, USA) employing a Triart C18 column
(YMC Europe GmbH, Dinslaken, Germany) and with a
100 x 2.0 mm containing particles with
1.9 um diameter. Isocratic elution was made by using a
mobile phase consisting of 20 : 80 (v/v) acetonitrile and
water (acidified with 0.1% v/v trifluoroacetic acid) at a
flowrate of 0.4 mL-min~'. All UHPLC samples were pre-
pared by mixing 50 pL of incubation supernatant with
200 pL acetonitrile (acidified with 1% vol trifluoroacetic
acid), followed by a centrifugation at 10 000 g for 3 min.
Following this, 200 pL of the supernatant were transferred
into 600 pL of water and 15 pL of sample were injected
per measurement. The detection of breakdown products

dimension of
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was made at 254 nm with a VWD-3400 detector from
Thermo Scientific. The quantification of peak areas was
performed using the data analysis software supplied with
the compAss HYSTAR software package from Bruker (Biller-
ica, MA, USA).

Polyester polyurethane degradation assay with
Impranil® DLN and phenol red

Impranil® DLN (Covestro AG, Leverkusen, Germany)
was used as a model substrate for screening activity on an
ester-based polyurethane. The assay was performed as pre-
viously described [30] with minor modifications. For sample
preparation, 10 uL Impranil® DLN was added to a 96-well
plate filled with 235 pL of N-(2-hydroxyethyl)piperazine-N'-
3-propanesulfonic acid) (EPPS) buffer containing phenol
red (0.5 mm final concentration) as a pH indicator. After
adding 5 pL of purified protein (I mg-mL™"), the reaction
was measured continuously at 550 nm during incubation at
40 °C in a microplate reader (BioTek Instruments Inc.,
Winooski, VT, USA) for 40 min. The reaction was assayed
in triplicate per plate. Neither the actual structure of
Impranil® DLN nor the degradation products are known.
Therefore, in order to quantify the release of protons, a
standard curve with acetic acid was employed.

Biochemical characterization of PET40 using
pNP-esters

For activity tests, PET40 was assayed using purified recom-
binant protein. Unless otherwise indicated, a total amount
of 0.25 pg of the enzyme was added to a substrate solution.
The substrate solution contained 190 pL of 0.1 M potassium
phosphate with a defined pH between 7 and 8 and 10 pL of
0.1 mm pNP-substrate dissolved in isopropanol. Samples
were incubated for 10 min, and the assay was stopped by
adding 200 mm of Na,COj3. After this, the samples were cen-
trifuged at 18 000 g for 3 min and at 4 °C. The pNP-esters
with chain lengths of C4, C6, C8, C10, C12, C14, C16 and
C18 were tested as substrates. For the identification of the
optimal temperature, the samples were incubated at different
temperatures ranging between 4 °C and 90 °C for a 10-min
time period. Following the incubation at the defined temper-
atures, release of the yellow pNP-OH was measured at
405 nm in a plate reader (BioTek Instruments Inc.). All
samples were measured at least in triplicate. The influence of
pH on the activity of each enzyme was measured in either
citrate phosphate (pH 3.0, 4.0 and 5.0), or potassium phos-
phate (pH 6.0, 7.0 and 8.0) and/or in carbonate bicarbonate
buffer (pH 9.2 and 10.2). The influence of cofactors, sol-
vents, detergents, and inhibitors on PET40 was assayed at
different concentration levels. The possible cofactors Ca>’,
Co*", Cu®*, Fe*', Mg?*, Mn*", Ni**, and Zn*" were assayed
at a concentration of 1 and 10 mm. Detergent stability was

PET-degradation by PET40

tested using a concentration of 1% and 5% of SDS (w/v),
1% and 5% of Triton X-100 and Tween 80 (v/v) in the test,
respectively. Possible inhibitory effects of EDTA, DTT, and
PMSF were assayed at 1 and 10 mm concentrations. The
residual PET40 activity was determined after 10-min incuba-
tion at the optimal temperature of 40 °C with pNP-
hexanoate (-C8) and at the optimal pH of pHS8. Activity of
PET40 after incubation with possible different cofactors
detergents and solvents was assayed after 1 h of incubation
in the presence of these substances.

Lactonase assay

The lactonase activity of PET 40 was investigated by per-
forming a phenol red-assay according to Perez-Garcia
et al. [49]. As substrates, d-dodecalactone, y-dodecalactone,
y-caprolactone and &-octalactone (Sigma-Aldrich, Munich,
Germany) were chosen, which release protons upon hydro-
lysis resulting in a pH shift. 100 mg:mL ™" stock solutions
of the lactones were mixed with dimethyl sulfoxide and
stored at —20 °C. 8 pL substrate was incubated with 5 pL
protein (1 mg-mL™") and 5 mm EPPS buffer including phe-
nol red with a final concentration of 0.45 mm in a 250 pL
reaction volume. At 40 °C, the enzymatic activity was mea-
sured at 550 nm every 15 min. The samples were measured
in triplicates, including additional negative controls with
enzyme-free buffer. The enzymatic activity, calculated in
units (U)-mg~!, was determined according to the Lambert—
Beer law using the reported extinction coefficient of phenol
red (8450 m~'-em™") [30] together with the highest deter-
mined initial reduction in extinction values throughout the
first hour of measurement. One unit is defined as
the amount of protein needed to transform 1 umol of sub-
strate in 1 min under the abovementioned assay conditions.

Disk-diffusion antibiotic sensitivity test

To test the lactamase activity of PET40, a disk diffusion
test was conducted with antibiotic disks containing effective
antibiotic concentrations. The disks containing mezlocillin
30 pg (MEZ 30), imipenem 10 pg (IPM 10), cefaclor 30 pg
(CEC 30), cefamandole 30 pg (MA 30), cefotiam
30 pg (CFT 30), and cefotaxim 30 pg (CTX 30) were incu-
bated with 20 uL of potassium buffer pH 8 containing
1 mg-mL~" of the purified recombinant protein. The disks
were incubated for over 17 h at 40 °C. As a negative con-
trol, disks were incubated with the same volume of
enzyme-free buffer. Afterwards, the antibiotic disks were
laid on LB-agar plates on which susceptible E. coli DHS5a
cells had been spread. The agar plates were incubated over-
night at 37 °C. The clear zone formation around the disks
indicates the ZOI by various B-lactam antibiotics. The
reduction of ZOI was calculated in comparison to the nega-
tive controls (Fig. 5).
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Binding mode prediction via molecular docking

We applied the AlphaFold2-based workflow of ColabFold
[70] to generate the 3D structural model of the PET40
wild-type. A single model was generated with 10 prediction
cycles (--num_recycles) and structurally refined by running
a relaxation with AMBER (--amber). The modeling was made
before the crystal structure of PET40_S178A was solved.
The structural model and the crystal structure have an
RMSD of 1.26 overall and 0.44 in the binding site. All
docked ligands were generated from their respective
SMILES code [71] using oPENBABEL v.2.4.1 [72]. For the
docking, we considered the following substrates: mono(2-
hydroxyethyl) terephthalate (MHET), bis(2-hydroxyethyl)
terephthalate (BHET), PET trimer (PET3), methyl hexano-
ate (MH), polycaprolactone trimer (PCL;), propane-1,2,3-triyl
tributanoate (tributyrin, TBT), 4-nitrophenyl decanoate
(pPNP-C10), and 4-nitrophenyl dodecanoate (pNP-C12).

The substrates were docked into the catalytic site of the
PET40 wild-type utilizing a combination of AutoDock3 [46]
as a docking engine and DrugScore®®'® [47,48] as an objec-
tive function [50]. Docking grids with a grid spacing of 0.5 A
were generated with DrugScore®'s
potentials for all atom pairs. The position and dimension of
the docking grid were automatically calculated by
DrugScore®®!® using the largest substrate (PET;) manually
placed into the binding site as a reference. Accounting for a
margin of 6 A in every direction, the final docking grid has
box dimensions of approximately 32 A x 46 A x 30 A and
is centered in the active site of PET40. We adapted an estab-
lished procedure [47] to account for the high number of rota-
tional degrees of freedom of the oligomeric substrates. The

using converged pair

docking protocol considered 100 independent runs for each
ligand using an initial population size of 100 individuals, a
maximum number of 10° generations, a maximum number
of 5.0 x 107 energy evaluations, a mutation rate of 0.02, a
crossover rate of 0.8, and an elitism value of 1. All 100 dock-
ing solutions were clustered based on structural similarity
(RMSD cut-off <2 A), yielding a few distinct binding
modes. Of these, the best-scored pose was considered the
final solution except for pNP-C10 and pNP-C12, for which
the pose from the largest cluster was taken (Results section).
The Lamarckian genetic algorithm was chosen for sampling
in all approaches.

The distance between the reactive carbonyl carbon atom
of the docked substrates and the hydroxy group oxygen of
PET40_S178 was measured using PYTRAJ [73], a PYTHON
package binding to the cPPTRAJ program [74].

The antibiotic compounds (mezlocillin, cefaclor, cefo-
taxim, cefotiam, cefamandole, and imipenem) were pre-
pared for docking using LIGPREP [75]. Protonation states
were assigned with EpiK at pH 7. Ligands were docked
onto the same protein structure, using a grid of 35 A in
every direction, centered between the catalytic residues
S178 and H256. Docking was carried out using GLIDE [76]

H. Zhang et al.

in standard precision mode, using OPLS_2005 as the force
field and generating 50 poses per ligand. The distance
between the serine hydroxyl and the carbonyl carbon as
well as the angle between the serine hydroxyl, the carbonyl
carbon, and the carbon opposite the carbonyl carbon in
the lactam ring were calculated using PYMOL’S PYTHON API.
Reference values of distance and angle were calculated
from the crystal structure of a serine B-lactamase from
Mycobacterium tuberculosis bound to cefamandole (PDB
ID 3NY4).

Site-directed mutagenesis to generate the
inactive mutant PET40_S178A

Trying to obtain a cocrystal structure of PET40 with a sub-
strate, an inactive mutant of PET40 was generated in which
the active site Serl78 was replaced by Ala. Therefore, the
primer pair PET40/S178ala_for (5-GCTTAGGAGTTG
TGGGCCATGCGATGGGTGGTGG-3') and PET40/
S178ala_rev  (5-GTGCCACCACCACCCATCGCATGG
CCCACAAC-3) were used on PET40:pET2la(+) as a
template in a three-step gradient-PCR (7,,, = 55-61 °C,
fragment size: 6138 bp), resulting in an amplification of the
whole vector including the mutagenized insert. After PCR
cleanup, the DNA mixture was digested with 1 pL Dpnl
overnight at 37 °C to cleave all methylated template DNA.
The following day, the restriction enzyme was inactivated
at 80 °C for 20 min and the reaction transformed into
E. coli DH5a. Colonies were spread on LB agar plates con-
taining 100 pg-mL~" ampicillin and incubated at 37 °C
overnight. The isolated plasmids were sequenced using the
primers pET_19_21_24_for (5-ATATAGGCGCCAGCAA
CC-3') and T7 Terminator: (5-GCTAGTTATTGCTCA
GCGG-3') and the resulting sequence was checked for
correctness.

Crystallization, data collection, data reduction,
structure determination, refinement, and final
model analysis

PET40_S178A was crystallized by sitting-drop vapor diffu-
sion at 12 °C at a concentration of 11 mg-mL~" in 100 mm
potassium phosphate buffer pH 7.0. 0.1 puL of this solution
was mixed with 0.1 pL reservoir solution consisting of
0.2 M magnesium chloride hexahydrate, 10% (v/v) EG,
0.1 M 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) pH 7.5, 15% (v/v) polyethylene glycol (PEG)
Smear medium, 5% v/v 2-propanol. This drop was equili-
brated against the reservoir solution and crystals formed
after 4 weeks. Crystallization drops were overlaid with min-
eral oil, and the crystals were dragged through it for cryo-
protection, and flash-frozen in liquid nitrogen.

Diffraction data were collected at 100 K at beamline ID23-
1 (ESRF, Grenoble, France) using a 0.8856 A wavelength.
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Table 6. Data collection and refinement statistics for the PET40
mutant S178A. Values in parenthesis refer to the high-resolution
shell.

PET40 S178A

PDB ID 8A2C
Data collection
Wavelength (A) 0.8856
Space group P24
Unit cell parameters
a b, c(A) 46.0, 110.0, 47.9
o By () 90.00, 95.74, 90.00
Resolution (A) 110.00-1.60 (1.63-1.60)
Number of unique reflections 61 003 (2989)
Rrmerge 0.075 (0.741)
Rmeas 0.091 (0.895)
Roim 0.051 (0.495)
<lfo(l)> 7.3 (1.5)
cc'? 0.997 (0.613)
Completeness (%) 97.7 (97.4)
Multiplicity 3.0 (3.1)
Refinement
Resolution (A) 31.51-1.60
Number of reflections 60 973
Ruwork/ Riree (%) 14.59/17.90
r.m.s. deviations
Bond length (A) 0.011
Bond angles (°) 1.140
Ramachandran plot
Favored (%) 98.29
Allowed (%) 1.71
Outliers (%) 0

Data reduction was performed using the program package
xDs [77] and AIMLESS [78] from the ccp4 suite [79]. The struc-
ture was solved via molecular replacement with PHASER [80]
using an AlphaFold model as a search model. The initial
model was refined through alternating cycles of manual
model building in coot [81,82] and automatic refinement
using PHENIX [83] version 1.19.2_4158. Data collection and
refinement statistics are reported in Table 6. The structure
assembly was analyzed using pisa [44].
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4 Discussion

4 Discussion

Plastic and microplastic pollution poses a global threat to our ecosystem. Only a limited
number of bacterial phyla are currently known to harbor PET-degrading enzymes. In
this work, two novel PET-active enzymes affiliated with Bacteroidetes were described,
providing the first experimental evidence that the bacterial PET degradation is not
exclusively found within the phylum of Proteobacteria or Actinobacteria (Zhang et al.,
2022a). In addition, PET40, as a diene lactone hydrolase (EC 3.1.1.45), represents one of

the few enzymes in its class that can hydrolyze PET (Section 3).

4.1 Bacteroidetes as a rich resource for PET degradation

Bacteroidetes is a widely occurring phylum that predicted to be a resource with the
highest potential for PET degradation in the marine environment (Danso et al., 2018).
Its representatives can be found in various habitats, including sea water, soil, plants, fish
and human gut (Wexler, 2007; Krieg et al., 2015; Hahnke et al., 2016; Munoz et al., 2016).
However, PETases from this phylum have not been functionally identified (as of January
2022). In order to enrich the biodiversity of PET-active enzymes from Bacteroidetes, nine
putative PETases were extracted from metagenomic sequences and partially investigated
(Table 1, Section 2; Zhang et al. (2022a)). The functional screening revealed that PET27
from the genus Aequorivita and PET30 from the genus Kaistella are the most promising
enzymes that are capable of partially breaking down the PET foil into its monomer TPA
(Figure 2, Section 2). This provides the first evidence that Bacteroidetes has evolved
enzymes that can degrade PET, thus verifying the prediction mentioned above (Danso
et al., 2018). Furthermore, the obtained biochemical characteristics showed that both
enzymes are typical esterases (EC 3.1), and they hydrolyze a spectrum of pNP substrates
with a relatively shorter carbon chain length between C6 and C12 (Figure 3, Section
2). Similar observations have been described for PET-active enzymes, such as PET2 and
PET40 (Danso et al., 2018; Zhang et al., 2023)).

Further structural analysis revealed that PET27 and PET30 are both typical o/

serine hydrolases and possess a Ser-His-Asp catalytic triad, which is consistent with other
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4 Discussion

reported PETases and cutinases (Yoshida et al., 2016; Han et al., 2017; Sulaiman et al.,
2012). While the residues of substrates binding site are conserved or semi-conserved in
PETase and homologous cutinases (Han et al., 2017), wherein the most active PETases
(e.g. IsPETase, LCC) share a Tyr-Met-Trp motif, PET30 contains a Phe-Met-Tyr motif
(Table 2; Figure 4, Section 2). After the successful mutation of the residues of PET30
by substituting them with the ones of IsPETase, no significant increase in its activity
was observed. This implies that the enzymatic activity towards polymers depends on a
combination of different factors, such as surface hydrophobicity, position and accessibility
of critical residues, rather than only individual amino acids (Zhang et al., 2022a). The
presented N-terminal signal peptide suggested that both enzymes are secreted proteins,
as identified with all known active enzymes to date (Chow et al., 2022). The difference
was observed for PET30 containing a PorC motif, which is involved in the transport of
secreted proteins to the periplasm and has been identified as part of the type 9 secretion
system of the Bacteroidetes phylum (Desvaux et al., 2009; Sato et al., 2010; de Diego
et al., 2016).

Additionally, homologs of bacteroidetal enzymes are found across diverse climates
(Figure 1, Section 2), likely due to the ability of Bacteroidetes to decompose a range
of biopolymers, including cellulose, polysaccharide and algal cell walls (Thomas et al.,
2011; Foley et al., 2016; Church, 2008). The origin of PET30, Kaistella jeonii, is able
to colonize the PET surface, suggesting that it exists not only in aquatic habitats, but
also can adhere to PET polymer under laboratory conditions (Supplementary Figure 5,
Section 2). However, the mechanism of its attachment is not clear, due to the limitation of
its cultivation in significant amounts, which corresponds to the previous studies that many
marine bacteria have difficulties in growing in an artificial medium (Zengler et al., 2002;
Alain und Querellou, 2009). Although the bacteroidetal enzymes PET27 and PET30
have a relatively low turnover rate towards PET, their abundance in the environment and
significant activity at lower temperatures suggest that they may play a considerable role

in the degradation of PET, particularly the PET microparticles in cold environments.
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4.2 PET40 - A highly promiscuous esterase hydrolyzing PET

To date, the known PET-active enzymes have been mainly identified as cutinases
(EC 3.1.1.74), lipases (EC 3.1.1.3) and carboxylesterases (EC 3.1.1.1). With PET40
hydrolyzing PET substrates, we have demonstrated one of the few PET-active enzymes
affiliated with the diene lactone hydrolases (EC 3.1.1.45). PET40, a novel PET-
active esterase originating from Amycolatopsis species of the Actinobacteria (Figure 1,
Section 3), was found by a sequence-based search from GC-rich Gram-positive bacteria
metagenomes.  Biochemical characterization of PET40, which showed the catalytic
activity against a broad range of substrates, has revealed its promiscuous nature. While
known PETases like IsPETase or cutinase have been reported on their activity against
PET as their initial substrate, PET40 has a relatively lower turnover rate. Conversely,
PET40 showed the ability to hydrolyze a diverse expansive number of substrates,
including Impranil® DLN, [-lactams and d-lactones (Figure 2, 4 and 5, Section 3).
This signifies that PET might not be the primary substrate for PET40, as this polymer
started to exist in nature only in recent decades, the most wild-type enzymes have
not yet evolved the capability of consuming PET as a preferable carbon source. The
promiscuity of PET40 is likely due to the structural parameters such as the enzyme
flexibility (Martinez-Martinez et al., 2018; Khersonsky und Tawfik, 2010; Nutschel et al.,
2021; Nobeli et al., 2009) and the active site effective volume (Martinez-Martinez et al.,
2018; Nutschel et al., 2021). The substrates that can be well accommodated in the
active site are hydrolyzed more efficiently than partially recognized ones (Nutschel
et al., 2021; Leveson-Gower et al., 2019; Hult und Berglund, 2007). This was echoed
in our findings with respect to the activity analyses and binding mode prediction. The
substrates shown to be hydrolyzed by PET40 fit well in the active site of PET40 in the
docking experiments (e.g. PCL, BHET, pNP-C10/12), while interestingly, for the only
non-degraded (-lactams, imipenem, no viable catalytical docking was predicted (Figure
6 and 9, Section 3). Thus, our results of the activity assay and the docking experiments
can be mutually confirmed.

The amino acid sequence analysis revealed an N-terminal signal domain, indicating
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that PET40 might be a secreted enzyme. As bulky polymers like PET are typically too
large to be accessible for enzymes, bacteria tend to secrete PETases into their surrounding
environment to be able to act on large substrates (Yoshida et al., 2016; Son et al., 2019;
Taniguchi et al., 2019). The N-terminal signal peptide is present in all reported active
PETases, and some of those even carry a PorC-like domain that is involved in the type
9 secretion system (Chow et al., 2022). For scrutinizing the mechanism underlying the
hydrolytic activity of PET40, we successfully solved the crystal structure of PET40 at
a resolution of 1.60 A. PET40 shares characteristics with other bacterial PET-active
enzymes, such as the a/f-fold, as well as the common Asp-His-Ser catalytic triad. The
substrate binding site containing Phe-Met-Trp showed a divergent residue in the first
position compared to IsPETase as well as to LCC with a Tyr-Met-Trp binding site
(Figure 3, Section 3), but it is consistent with the bacteroidetal PET27 (Zhang et al.,
2022a). The binding site is located at the protein surface, facilitating the access of small
and large substrates, which might contribute to its promiscuous nature.

In summary, we identified and characterized the novel PET-active enzyme
PET40 that belongs to the class of diene lactone hydrolases (EC 3.1.1.45), which is not
commonly known to degrade PET, setting PET40 apart from other known PETases.
The phylogenetic analysis demonstrated that PET40 was derived from Amycolatopsis
genus of the Actinobacteria phylum. The genus Amycolatopsis currently contains more
than 70 species and is closely related to the genus Streptomyces. PET40 homologs, found
in a significant fraction within the two genera, suggest that the PET-degrading enzymes
might occur more frequently than previously believed. Regarding the activity towards
PET, PET40 is relatively less active than IsPETase and LCC (Table 3, Section 3).
However, it showed significant hydrolytic activity against a wide range of other substrates,
which revealed its promiscuity. Promiscuous enzymes like PET40 acting on PET as
a side reaction confirmed the idea that numerous enzymes in the natural environment
may not utilize PET as their primary carbon source, as bacteria most likely did not
specifically evolve for this yet. With this respect, our results elucidated the promiscuity

of PETases in detail and helped to understand the evolutionary trajectory of genes
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encoding these enzymes. Finally, our research broadens the diversity of PET-degrading
enzymes. It contributes to the knowledge of their potential implementation for plastics

decomposition, by elucidating the multi-functionality of a novel PET-degrading enzyme.

4.3 Isolation of a mnovel polymer-degrader from crude oil-

contaminated environmental samples

In combination with the search for PET-degrading microorganisms, enriching techniques
were also implemented in this work. According to the previous study, the high potential
of PET-degrading enzymes was observed in metagenomes of crude oil-contaminated
samples (Danso et al., 2018). The mineral salt medium (M9 medium) was supplemented
with PET foil or powder as the sole carbon source and inoculated with environmental
samples, which were collected from crude oil-contaminated sites in Wietze, Germany.
The enrichment cultures were incubated at 22 °C. For the functional screening, the
M9 agar plate containing polycaprolactone (PCL) was used and inoculated with the
liquid culture. Microorganisms enriched from the crude oil-contaminated soil sample
showed growth on the selective PCL agar plate and formed a clear zone around colonies,
indicating the hydrolytic activity towards PCL (Figure 2). The 16s rRNA analyses
implied that they are closely related to Pseudomonas fluorescens, Pseudomonas corrugata

and Pseudomonas protegens, with a similarity of over 99%.
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Figure 2: Phylogeny tree of a Pseudomonas species isolated from crude oil-contaminated
environmental samples. (A) Pseudomonas species grow on the agar indicator plate containing
PCL and form halos; (B) Maximum likelihood (ML) tree inferred under the GTR+GAMMA
model and rooted by midpoint-rooting. The branches are scaled in terms of the expected number
of substitutions per site. The numbers above the branches are support values when larger than
60% from ML (left) and maximum parsimony (MP, right) bootstrapping. Phylogenies were
inferred by the GGDC web server (Meier-Kolthoff et al., 2013) available at http://ggdc.dsmz.de/
using the DSMZ phylogenomics pipeline adapted to single genes. The multiple sequence
alignment was created with MUSCLE (Edgar, 2004). ML and MP trees were inferred from the
alignment with RAXML (Stamatakis, 2014) and TNT (Goloboff et al., 2008), respectively. For
ML, rapid bootstrapping in conjunction with the autoMRE bootstopping criterion (Pattengale
et al., 2010) and subsequent search for the best tree was used; for MP, 1000 bootstrapping
replicates were used in conjunction with tree-bisection-and-reconnection branch swapping and
ten random sequence addition replicates.

The genome DNA of one of these microorganisms was isolated for Illumina
sequencing. The phylogeny tree constructed with GGDC (genome to genome distance
calculator, https://ggdc.dsmz.de/home.php) indicated that the Pseudomonas species
(Figure 2, marked as AGWS2 in the tree) isolated from Wietze environmental samples

is closely related to Pseudomonas protegens. The obtained draft genome was compared
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against a specific PET hydrolase HMM to investigate the potential PET-degrading
candidate genes further. Unfortunately, no PET hydrolase was able to be identified.
It is possible that the draft genome might not fully cover the related genes, or the
gene responsible for hydrolytic activity shown on the PCL-agar plate might code a
different hydrolase that has low similarity to the known PET hydrolyses. It is worth
mentioning that the genus Pseudomonas has been reported on its activity on ester-based
Polyurethane (Russell et al., 2011; Darby und Kaplan, 1968), in the production of which

PCL is commonly used.

4.4 Identification of PET degradation activity

With consideration that the identification of PET-active enzymes is a major challenge
due to the resistance of this synthetic polymer to microbial and enzymatic attacks,
this work combined multiple techniques to evaluate PET degradation. As described
above, in order to extract the PET-active microorganisms, crude oil-contaminated
soil and water samples with the PET-degrading potential were collected and used for
enrichment cultures. In addition to this enrichment approach, the database mining
of promising enzymes was applied. After the analysis of obtained sequences coding
these enzymes, the production of enzyme candidates was carried out using both in-vitro
translation/transcription technologies and the heterogeneous expression with E. coli
T7-SHuffle or BL21(DE3) strains. Since it is challenging to produce a sufficient amount
of the purified enzymes for the functional screening step using the in-vitro technique, the
focus was further placed on the enzyme production in E. coli. Afterwards, the functional
screening was applied through various methods. The primary screening was conducted
using agar plates containing specific substrates, including TBT, PCL and BHET. For
biochemical characterization, pNP-esters were employed. Finally, PET substrates in
powder and foil were implemented in the activity assay to assess the PET degradation

by the purified enzyme candidates.
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4.4.1 Production of recombinant PET-degrading enzymes

In order to assess the activity of the predicted PET-degrading enzymes, the expression
vector containing these promising candidate genes was transformed in E. coli BL21 (DE3)
for heterogeneous expression. The purified proteins were used for initial functional tests.
The analysis of the expression and activity tests revealed that four of the nine candidate
enzymes were not able to be produced in soluble and active form. Additionally, only a low
yield of the purified protein was achieved (Table 1, Zhang et al. (2022a)). A possible reason
for this is the toxicity of these enzymes to the host cell, which was already demonstrated
in previous studies (Danso, 2019) and is a common obstacle faced in recombinant protein
production (Rosano und Ceccarelli, 2014). The recombinant proteins are not able to
be produced either in a sufficient amount for further biochemical characterizations or
in the aggregated and inactive form (known as inclusion bodies). A high copy number
of expression vectors and the lack of appropriate host and physical conditions (culture
temperature, pH, etc.) can affect the protein homeostasis in E. coli and promote the
misfolding of recombinant proteins, leading to the loss of their functionality (Gopal und
Kumar, 2013; Bhatwa et al., 2021). Therefore, to avoid these issues and obtain desired
proteins in a proper form, various factors must be considered regarding the optimization
of the production conditions.

The main strategies to achieve a higher yield in recombinant protein production
focus on reducing the formation of inclusion bodies. The approaches, including lowering
the culture temperature and the inducer concentration, modifying culture medium and
introducing co-factors to assist the protein conformation, are commonly implemented.
In addition, using engineered strains suitable for toxic proteins and linking the protein
to soluble peptide tags can improve production rate and solubility. In this work, the
induction temperature was lowered and, in addition, a modified medium containing
glucose was used, which has been shown to promote the yield of toxic proteins (Gopal und
Kumar, 2013). Unfortunately, these applied strategies failed to overcome the difficulties in
producing PET57-59 in a soluble and active form. Nevertheless, theses strategies appear

to have positively impacted the production of PET27 and PET30.
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4.4.2 Methods for activity verification

After successfully producing the promising PET-degrading enzyme candidates, the
substrates such as pNP-esters, TBT, PCL and BHET were used for the primary activity
screening. In parallel, the purified enzymes were also tested for their hydrolytic activity
against PET using an indicator agar plate containing PET nanoparticles (Pérez-Garcia
et al., 2021). For final verification of the PET-hydrolyzing activity, the purified enzymes
were incubated with PET powder or foil under certain conditions, and the degradation
products were analyzed using HPLC. Combining these approaches, we identified three
novel enzymes, PET27, PET30 and PET40 that are capable of degrading PET and
releasing the TPA monomer as the degradation product. However, we faced difficulties
comparing their degradation efficiency with other known PETases, since different
detection methods were employed for PET-degrading activity assessment. These
methods are mostly based on the detection of the degradation products such as TPA,
MHET and BHET. With respect to the substrates used, the commercially available PET
foil and powder differ in the degree of crystallinity and the presence of additives, which
can, directly and indirectly, interfere with the outcome of enzymatic degradation (Qi
et al., 2017; Wright et al., 2021; Yang et al., 2020).

In order to partially overcome this issue, we needed to produce the [sPETase and
conduct the degradation assay using the same conditions and substrates. Considering that
the characteristics of these enzymes, e.g. optimum temperature and pH values (Qi et al.,
2017), are important factors, which influence their activities, comparing their turnover
rates is still a challenge due to the lack of a standardization of the comparative studies in
this field. A suspension-based assay by measuring the absorbance of breakdown products
might provide a possibility to compare the initial rates of these enzymes (Baath et al.,
2020), except for the technical complexities in the production of the MHET which is
used as a standard for the assay. Developing and optimizing a standardized methodology

would be beneficial for comparative biochemical analyses of the PET-active enzymes.
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4.5 Conclusion and Outlook

The present study widens the knowledge of the biodiversity of PET-degrading enzymes by
identifying and characterizing three novel PET-degrading enzymes, PET27, PET30 and
PET40. Moreover, we demonstrated the first evidence that Bacteroidetes are involved
in PET degradation. The data revealing the occurrence of homologs of PET-active
enzymes through a variety of climate zones helps to understand the ecological role of
the Bacteroidetes in the degradation of marine PET nanoparticles. The observation that
the turnover rates of these enzymes against PET substrate are relatively low compared to
the IsPETase implies that these PET-active enzymes might not have evolved the activity
as their innate function yet but accidentally interact with this synthetic polymer as a
side reaction. This was further exhibited by PET40, showing hydrolytic activity towards
various substrates and revealing its promiscuous nature, which was also reinforced through
molecular docking experiments. In summary, these research findings significantly extend
the knowledge of microbial PET-degradation and provide promising candidates with the
potential for utilization in diverse industrial contexts. This research demonstrated the
activity of PET30 at low temperatures and the multi-functionality of PET40, showing
that these enzymes may play an important role in the decomposition of PET waste in
marine and domestic plastic contaminants.

Despite the difficulties in culturing many marine microorganisms under laboratory
conditions, our microscopic analysis showed that K. jeonii can colonize surfaces of PET
films after a few days of incubation. However, the mechanism of their interaction remains
unclear and should be further investigated. Understanding their microbial attachment
can help interpret their roles in the degradation processes, which will be beneficial for
discovering microorganisms that are directly responsible for PET-degrading activity.

Overall, this study focused on the degradation activity of the novel PET-
active enzymes under certain laboratory conditions, but their function in the natural
environment needs to be assessed. In fact, the extent to which these microorganisms and
enzymes can alleviate plastic pollution under natural conditions has not yet been proven.

According to the calculations by Chow et al., 150 - 500 mg of the best-performing enzyme,
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such as LCC or IsPETase, would be required to break down an average PET-bottle,
assuming that these enzymes are stable and can exert their activity in nature as if they
were under near-optimal conditions (Chow et al., 2022). Considering that the activity
of these enzymes is significantly reduced in the natural environment, the importance
of improving the enzyme activity and stability is further emphasized by the fact that
there are trillion times more plastic contaminants than a singular PET bottle exists
in our environment. As previously noted, PET nanoparticles being found in nearly all
niches, including human organisms has raised concerns regarding their potential impact
on human and animal health. Therefore, biotechnological methods in exploring and
modifying PET-active enzymes will be still rewarding and meaningful to address these

issues.
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1 | INTRODUCTION
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Abstract

Petroleum-based plastics are durable and accumulate in all ecological niches. Knowl-
edge on enzymatic degradation is sparse. Today, less than 50 verified plastics-active
enzymes are known. First examples of enzymes acting on the polymers polyethylene
terephthalate (PET) and polyurethane (PUR) have been reported together with a
detailed biochemical and structural description. Furthermore, very few polyamide
(PA) oligomer active enzymes are known. In this article, the current known enzymes
acting on the synthetic polymers PET and PUR are briefly summarized, their publi-
shed activity data were collected and integrated into a comprehensive open access
database. The Plastics-Active Enzymes Database (PAZy) represents an inventory of
known and experimentally verified enzymes that act on synthetic fossil fuel-based
polymers. Almost 3000 homologs of PET-active enzymes were identified by profile
hidden Markov models. Over 2000 homologs of PUR-active enzymes were identified
by BLAST. Based on multiple sequence alignments, conservation analysis identified
the most conserved amino acids, and sequence motifs for PET- and PUR-active

enzymes were derived.

KEYWORDS
hidden Markov model, hydrolases, metagenome, polyethylene terephthalate degradation,
polyurethane degradation, sequence motif

can be removed mechanically from ocean surfaces or terrestrial sites,

smaller particles (microplastics) will remain there unless microbial or

Today, we face the global challenge of plastics pollution in nearly all
environments. The pollution has meanwhile reached levels that will
ultimately have impact on our food chain and well-being within the
next decades. A recent study implied that about 399 000 tons of plas-
tics are present in the oceans alone, of which 69 000 tons are micro-
plastics.* Thus, urgent actions need to be implemented for removal of
plastics from the environment and by reducing the steady input into
the environment.? Whereas it is perhaps more likely that large pieces

chemical degradation (i.e., weathering) will occur.?~ Plastic waste is a
valuable raw material, therefore recycling is a promising alternative to
incineration, either as a basis of synthesis of polymers or as a carbon
source for fermentation.®

Petroleum-based plastics are in general extremely stable and
durable; hence, it is widely accepted that plastics do not degrade well
in nature,” nor can be directly used in fermentation. The degradation
processes described so far are slow, and it was shown that a PET

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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bottle remains up to 48 years in the ocean until it is decomposed by
microbial degradation.® Within this setting, it is reasonable to specu-
late that prior to microbial and enzymatic degradation, mechanical
treatment (waves, wind, friction) and photodegradation by UV light
(especially for aromatic ring-containing polymers such as PET and PS)
break down the debris into microplastics, thereby increasing the sur-
face area, which mediates microbial degradation. For more details on
microplastics-associated bacteria and fungi, we refer to excellent
reviews of the field of plastics ecology.” 1! However, the colonization
of microplastics does not necessarily indicate that the polymer is
degraded, because additives are in general more bioavailable than the
polymers. Therefore, measuring weight loss as an indicator for degra-
dation might result in a false interpretation of the data,? and in the
conclusion that we already have many plastics-active enzymes from
different microbial sources. A detailed search in the PubMed database
revealed that today roughly 2500 publications address the topic of
plastics degradation. However, less than 60 described the isolation
and biochemical characterization of plastics-active enzymes (Tables 1
and S1-S3). Nevertheless, while this obvious challenge can be met by
better analytical techniques, the by far greater risk for misinterpreta-
tion of data comes from the unfiltered and noncritical use of the
predicted plastic degrading microorganisms and consortia by not veri-
fied bioinformatic tools and pipelines.

For instance, one recent study developed hidden Markov models
(HMMs) for some plastic degrading enzymes and predicted a global
distribution even though no such enzymes have been biochemically
characterized.*” Others have developed phylogenetic trees and global
distribution patterns by simply using automated literature searches
without critical analyses of the data.*® These very recent studies in
high-ranking journals are perhaps only the tip of the iceberg, but
clearly demonstrate that there is an urgent need for standardized and
verified enzyme databases in this rapidly developing field. The non-
critical and unfiltered use of many of the potential plastic degrading
gene sequences ultimately leads to incorrect conclusions on the avail-
ability of plastic degrading enzymes and their role in nature. These
studies do not only mislead research works, they furthermore suggest
to environmentalists, policy and law makers, and even to the broader
public audience that we would have solutions for the global plastics
problem, which we however do not have. Within this framework, the
proposed PAZy database will be a reliable and very useful tool giving
an overview on truly functional enzymes.

Notably today, only for polyethylene terephthalate (PET), poly-
urethane ester-based (PUR), and polyamide (oligomers) (PA), a rather
small number of degrading enzymes are known, but none for other
major fossil-fuel based polymers such as PVC, PE, PP, and PS, and
most of the ether-based PUR polymers. The known fossil-fuel based
plastics-degrading enzymes are hydrolases, often annotated as lipases,
esterases, cutinases, amidases, or proteases (E.C. 3.1.x). However, we
have still a limited understanding of the mechanism of enzymatic deg-
radation. It is not clear to which extent bacteria have evolved specific
enzymes that bind to the polymers and cleave the bonds similar to the
processes that occur when cellulose or other biopolymers are

degraded. It is supposed that plastics-degrading enzymes are

exoenzymes, and it can be speculated that plastics-binding domains or
proteins might contribute to degradation, similar to the role of cellu-
lose binding domains or expansins in the degradation of cellulosic
materials.

To advance the research field, we have collected information of
the currently known and verified plastics-active enzymes in the
Plastics-Active Enzymes Database (PAZy). Because we mainly focus
on synthetic fossil fuel-based plastics, enzymes degrading bioplastics
such polylactide (PLAs) or polyhydroxyalkanoate-based polymers
(PHAs) were excluded in this manuscript. For the latter and their
global distribution, we refer to two excellent review articles on PHA
hydrolases.**>°

Thus, we have included enzymes acting on low crystalline poly-
mers PET and ester-based PUR. Since for none of the other fossil-
based polymers (e.g., PE, PP, PVC, PS, ether-based PUR, larger PA
polymers) truly functional enzymes are known, we have not yet
included them. For nylon (PA), we have added the information on the
few oligomer-active enzymes in the web-based version of the PAZy
data base. Similarily, the web-based version contains information on
enzymes acting on polylactic acid (PLA), polyhydroxyalkanoates
(PHAs) and synthetic and natural rubber (NR, SR).

Despite the obvious lack of enzymes acting on many of the fossil
fuel-based polymers, already the current version of the PAZy data-
base will serve as a comprehensive resource for the identification of
further novel plastics-active enzymes, pathways, or microorganisms
for plastics removal in industry and the environment. It will further
help to advance improved circular use of the different plastic types.
This data base will serve as a first platform and will be developed fur-
ther on over the next few years. PAZy will in general be a valuable

repository and tool in this emerging field of plastics research.

2 | METHODS

21 | Dataselection

Protein sequences with available UniProt identifiers and known activ-
ity against PET or PUR were downloaded from the Plastics Microbial
Biodegradation Database®* (PMBD, http://pmbd.genome-mining.cn/
home/) and NCBI GenBank. Based on available biochemical and/or
structural data, in total 44 protein sequences were selected from the
PMBD, with 34 and 10 UniProt identifiers for PET and PUR activity,
respectively (as of November 2021).

2.2 | PETase homologs

We are aware that there are controversial discussions about the term
PETase, but we prefer to define all PET-active enzymes as PETases.
Sixteen protein sequences for enzymes with known activity against
PET were clustered using CD-HIT (version 4.6.8-1) at a threshold of
90% sequence identity and a word length of 5 to derive a reduced set

of 12 centroid sequences.’?°3 These protein sequences were aligned
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TABLE 1

Microbial host,
enzyme, gene

Proteobacteria-affiliated
PET active enzymes

Ideonella sakaiensis 201-F6,
IsPETase, ISF6_4831

Oleispira antarctica RB-8,
PET5, LipA

Vibrio gazogenes,
PET6,
Gene: BSQ33.03270

Polyangium brachysporum,

PET12,

Gene: AAW51_2473

Pseudomonas
pseudoalcaligenes DSM
50188,PpCutA

P. pelagia DSM 25163
PpelaLip

Pseudomonas aestusnigri
VGX014,
B7088_11480, PE-H

Pseudomonas mendocina
ATCC 53552, PmC
Actinobacterial enzymes

LCC, leaf compost
metagenome

BhrPETase from HRB29
bacterium

Thermobifida fusca
DSM43793,
TfH, BTA-1
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GBD22443

Q6A0I4_THEFU
AJ810119

PDB
structure

5XFY

6SBN
65SCD

2FX5

4EBO

6THS
6THT
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Currently known and active PET hydrolases structural or molecular analyses

WT enzymes and variants
tested

WT, Y2508,

S171A, D217A, H249A,
G254S, S256N, 12578,
Y258N, N259Q, ext.loop,
Q294A, 1219Y

N197Q, N266Q, N239G,
LCC-G

S165A, ICCG-S165A

F2431/D238C/ 5283C/
Y127G (ICCG), F243I/
D238C/ $283C/N246M
(ICCM), F243W/D238C/
$283C/Y127G (WCCG) and
F243W/D238C/ S283C/
N246M (WCCM), F2431/
D238C/ S283C/T96M,
F2431/D238C/ S283C/
N246D, F243W/D238C/
$283C/T96M, F243W/
D238C/ S283C/N246D,
F2431/D238C/ S283C,
F243W/D238C/S283C,
D238C/S283C, T96M,
Y127G, F243I, F243W,
N246D, N246M

WT

WT

Activity on PET foil, powder,
bottle®

n.d.

n.d.

6 mg MHET/L from PET film
(WT and Y250S) in
24 h x 500 nM enzyme™%;
and 0.1 mg/ MHET from PET
bottle for Y250S in
24 h x 500 nM enzyme !

solubilized 250-pum thick films
in96 h

12 mg TA¢q, X h™ x mg
enzyme ! with WT enzyme

105.6 £ 3.9 mg TAgq x h™1 x
mg enzyme %, on
commercial GF-PET with
best variant

0.17 mM BHET, 3.66 mM
MHET and 2.47 mM TA
from nanoparticles in 20 h

+

(Continues)

1)
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TABLE 1 (Continued)

Microbial host,
enzyme, gene

T. fusca DSM43793,
TfH, BTA-2

T. fusca DSM 44342,
TfH42_Cutl

T. fusca, (strain xy)
WSHO03-11, Tfu_0882

T. fusca, (strain xy)
WSHO03-11, Tfu_0883

T. fusca,
TfCut-2 (Cut2-kw3)

T. fusca NTU22, TFAXE

T. fusca NRRL B-8184, Cutl

T. fusca NRRL B-8184, Cut2

Thermobifida cellulosilytica
DSM44535, The_Cutl

T. cellulosilytica DSM44535,
Thc_Cut2

Thermobifida alba AHL119,
Est119, est2

Thermomonospora curvata
DSM43183,

Tcur_1278

T. curvata DSM43183,

Tcur0390

Thermobifida halotolerans,
Thh_Est

T. alba,

Est1 (Hydrolase 4)

Saccharomonospora

(Thermoactinomyces)
viridis AHK190, Cut190

Firmicutes

Bacillus subtilis 4P3-11,
BsEstB

Bacteroidetes

Aequorivita sp. CIP111184,
PET27

Kaistella (Chryseobacteriu)
jeonii, PET30

References

22-25

26

27-29

27

30

31

32

33
34

26,35

26,35

36

37

37

38

39

40-42

43

a4

a4

Genbank,
UniProt ID?
AJ810119
E9LVIO_THEFU
ADV92528.1
Q47RJ7_THEFY
Q47RJ6_THEFY

E5BBQ3_THEFU

ADM47605.1
IN129499.1
JN129500.1
ADV92526.1

ADV92527.1

F71X06

D1A9G5
ACY96861.1

ACY95991.1

H6WX58

BAI99230

WOTJ64
AB728484

ADH43200.1

WP_111881932

WP_039353427

PDB
structure

4CG1
4CG2
4CG3

4CG1

5LUI

5LUJ
5LUL
5LUK

6AID
3WYN
3VIS

4WFK
4WFI
4WF)
7CTR
7CTS

7PZ)

WT enzymes and variants
tested

G62A/F209A

G62A/1213S, G62A

R29N/A30V,
R19S/R29N/A30V

S226P, S226P/R228S,
S226P/R228S/

T262K,

Q138A/D250C-E296C/
Q123H/

N202H, disulfide bonds at
N250 and E296

Activity on PET foil, powder,
bottle®

RS

41 mmol TA/mmol enzyme in
120 h

n.d.

n.d.

31 £ 0.1 nmol

min~* cm~2 on films; 12-fold
better than WT; IcPET film
(200 pm) 97% + 1.8% in
30h

42% weight loss after 50 h on
film G62A/1213S, G62A
2.7-fold better than WT

n.d.
n.d.
n.d.

56 mmol TA/mmol enzyme in
120 h

5 mmol TA/mmol enzyme in

120 h

n.d.

n.d.

n.d.
21.5 mmol TA x mol
enzyme tin2h

n.d.

30% increase in Q138A/
D250C-E296C/Q123H/
N202H variant, but no
kinetic data

n.d.

Active on foil and powder

Active on foil and powder
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TABLE 1 (Continued)
Microbial host, Genbank, PDB WT enzymes and variants Activity on PET foil, powder,
enzyme, gene References  UniProt ID? structure  tested bottle®
Metagenome, probably
bacterial and
phylogenetically
unassigned
PET2, from metagenome, 13 C3RYLO +
affiliated no obvious ACC95208.1
affiliation, liplAF5-2
45 7ECB R47C/G89C/F105R/E110K/ 6.8-fold increase over WT
7EC8 S156P/G180A/T297P after 60 min in PET2 7 M
(PET2 7 M), F105R/E110K/ variant
S156P/G180A/T297P,
F105R/E110K/S156P/
T297P, R47C/G89C,
F105R/E110K, Y262C/
L298C, L265C/A295C,
D53P, F105R, E110K,
Q134Y, S155D, S156P,
W174H, G177A, G178A,
G179A, G180A, Q183R,
A192P, S202Q, T297P,
L298R
PET active enzymes from
Eukaryotes
Candida antarctica, 16 LIPB_PSEA2 WT Solubilized 250-pm thick films
lipase B, CalB in96 h
46 WT 4
Fusarium solani, 16 AAA33335.1 10XM WT Solubilized 250-pm thick films
FsC in96 h
Thermomyces (Humicola) 16 AOA075B5G4 40YY, WT Solubilized 250-pm thick films
insolens, 40YL in96 h
e 46 WT +

Note: All WT enzymes listed were verified for their PET hydrolytic activities by either PET films, PET powder PET bottles, PET coupons, PET nanoparticles,
or various synthesized model polyester polymers. Only isolates were included that are available in public strain repositories. Recently published variants of

IsPETase and the LCC enzyme are summarized in Table S10.

Abbreviations: —, no activity observed; +, activity observed but not quantified; n.d., not determined.

#Active link to NCBI Pubmed database.

bCrystallinity of PET films, bottles, and samples and experimental conditions varied largely in the different studies and thus makes direct comparison

difficult.

in a structure-guided multiple sequence alignment by T-COFFEE (ver-
sion 11.00.8cbe486-1).>* A profile HMM was derived from this multi-
ple sequence alignment by HMMER (version 3.1b2, http://hmmer.
org). The profile HMM was trimmed by selecting alignment columns
that corresponded to the region between amino acid positions 32 and
274 in the PETase from Ideonella sakaiensis (IsPETase, UniProt identi-
fier AOAOK8P6T7) to avoid ambiguities at the N- and C-termini
(Figure S1; Table S4). The profile HMM and the underlying multiple
sequence alignment can be downloaded from https://doi.org/10.
18419/darus-2055. This PETase-profile HMM was used to search
both the NCBI nonredundant (nr) protein database and the Protein
Data Bank (PDB) for an update of the Lipase Engineering Database
(LED, https://led.biocatnet.de), which was previously established as a

collection of protein sequences from oc/[i—hydrolases.ss'57 Hits for the

PETase-profile HMM were selected from the HMMER results with a
minimal score of 100, a minimal profile coverage of 95%, and a maxi-
mum ratio of bias/score of 10%.

HMMER was also used to identify the C-terminal region for the
Type IX secretion system sorting domain, using the profile HMM
TIGR04183, which was derived from a multiple sequence alignment
of 889 protein sequences in the TIGRFAM database (http://tigrfams.
jevi.org/cgi-bin/index.cgi), with an E-value cut-off below 1.

2.3 | PURase homologs

Four protein sequences for enzymes with known activity against PUR
served as queries for BLAST (blastp, version 2.10.0+) against the

7
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NCBI nonredundant (nr) protein database and the PDB.8 BLAST per-
formance was improved by multithreading with GNU/Parallel (version
20 170 622-1).>° The BLAST results were filtered by an E-value
threshold of 1071° and a minimal coverage of 50% to further update
the LED.

24 | Conservation analyses
The PETase-profile HMM was applied for a standard numbering
scheme, by aligning the 2930 sequences of PETase homologs from
the LED against the respective profile HMM and subsequently assig-
ning the position numbers from the IsPETase reference sequence as
standard position numbers. For conservation analysis of PETase
homologs, the frequency of amino acid residues or gaps was counted
at each standard position.

For the conservation analysis of PURase homologs from LED
superfamilies 11 and 13, two multiple sequence alignments were gen-
erated using Clustal Omega (version 1.2.4),%° and the frequency of

amino acid residues or gaps was counted at selected positions.

2.5 | Protein sequence networks
Sets of representative protein sequences were formed by clustering
with CD-HIT to reduce the sample size and thus computational effort
for pairwise sequence alignments. Values of pairwise sequence iden-
tity or similarity were calculated by the Needleman-Wunsch algo-
rithm available in EMBOSS (version 6.6.0) with default gap opening
and gap extension penalties of 10 and 0.5, respectively, and the sub-
stitution matrix BLOSUMé62.6%62

Collections of protein sequences were represented as protein
sequence networks that depicted sequences as nodes connected by
edges (lines). The edges in a protein sequence network were weighted
by values of pairwise sequence identity or similarity. A threshold of
the respective edge weights was chosen to select a subset of edges
for the network. Protein sequence networks were visualized in Cyto-
scape (version 3.8.2) with the prefuse-force directed layout algorithm,
taking the edge weights into account®®: edges of higher sequence
identity or similarity were depicted preferably in closer vicinity to each
other. The Python NetworkX package (version 1.11) was used to store
the metadata of protein sequence networks in GraphML format, avail-
able for download at https://doi.org/10.18419/darus-2054.%*

3 | RESULTS

3.1 | Update of the LED

We focus only on validated enzymes acting on the synthetic and fossil
fuel-based polymers PET and PUR. Detailed biochemical data of cata-
lytically active enzymes (Tables 1 and S1-S3), analyzed sequences and

structures of homologous proteins are comprised in the PAZy and

accessible at https://www.pazy.eu. Within the PAZy infrastructure,
the LED (https://led.biocatnet.de) serves as the database for protein
sequences and structures from different superfamilies of o/-
B-hydrolases and their sequence annotations, since all currently
known enzyme activities toward PET or PUR were reported for
a/B-hydrolases.

For the update of the LED, 4887 entries were downloaded from
the NCBI nonredundant protein database, and 93 entries were down-
loaded from the PDB using the criteria mentioned in Section 2. The
updated LED contains 283 672 sequence entries and 1590 PDB
entries (an increase of 3034 and 33 entries compared to the previ-
ously published LED version from June 2019, respectively). For the
update of the LED, sequences that shared at least 50% similarity were
assigned to the same superfamily (Table S5). Sequences that shared at
least 60% similarity were assigned to a homologous family; otherwise,
they were assigned to a separate group containing all “singleton”
sequences. A new superfamily was introduced for PURase homologs
of PudA from D. acidovorans, as outlined in more detail below.

3.2 | PET active enzymes

3.2.1 | Biochemical properties

Our literature searches identified a total of over 35 wild-type enzymes
that have been shown to catalyze the partial degradation of PET to
oligomers or even to monomers, originating from four different bacte-
rial phyla and one eukaryotic lineage (Table 1). No archaeal PETases
have been functionally verified to date.

Many of the currently known PETases are thermostable enzymes,
because the catalytic activity increases at temperatures close to the
glass transition temperature (65°C) of PET due to the formation of
flexible and thus enzyme-accessible amorphous domains.®> Notably,
few enzymes are active at lower temperatures implying they may play
a role in cold-adapted PET degradation.®® However, all known native
PETases have rather low catalytic activity toward PET.

3.22 | Enzyme structures

All known PETases are o/f-hydrolases and are either cutinases,
lipases, or esterases and grouped into EC 3.1.1.101; EC 3.1.1.1, EC
3.1.1.2; EC 3.1.1.3; and EC 3.1.1.74. Recently, the PETase from
I. sakainens was placed in a distinct class EC 3.1.1.101. In solution,
PETases are supposed to be active as monomers.®” A total of 12 struc-
tures affiliated with different organisms and the wild-type enzymes
are available in the PDB. For the best characterized examples LCC
and IsPETase, multiple entries of variants have been made. All PET-
ases consist of a single domain, the o/p-hydrolase fold, which is
formed by a central twisted p-sheet, flanked by two layers of
a-helices,®® and thus belong to a class of small a/p-hydrolases that
consist only of the core domain without a mobile lid.>” For a few PET-

ase homologs from Bacteroidetes, an additional C-terminal sorting
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domain for the Type IX secretion system has been annotated and was
verified in the single structure published (Figure S5; Table 1). The
Type IX secretion system comprises several protein components,®’
and the corresponding C-terminal domain was also found in other
and endo-1,4-p
-glucanases.”®~73 PETases share a conserved catalytic triad of serine,

polymer-active enzymes such as cellulases
histidine, and aspartic acid, and a GX-type oxyanion hole, which stabi-
lizes the reaction intermediate.”* In the PETase homologs, the first
oxyanion hole residue X is mostly a conserved aromatic residue such
as tyrosine or phenylalanine. The second oxyanion-stabilizing residue
is a conserved methionine following the serine of the catalytic triad.
For the PETase from I. sakaiensis, several residues were suggested for
substrate binding, such as an aromatic clamp formed by the first resi-
due of the oxyanion hole and a second aromatic residue.”” In addition
to this subsite |, a second subsite Il was proposed from the interaction
observed in a modeled complex with a PET monomer.”® Variants with
increased catalytic activity were designed and tested. The most active
enzymes are LCC variants, where the addition of disulfide bonds
increased thermostability.?’ The two LCC quadruple variants F243
[WI]-D238C-5283C-Y127G, which include the additional disulfide
bond, are among the most active PETases described to date.

3.2.3 | Sequence network

For the comparison of PETase sequences, the profile HMM for PET-
ases 13 was used to identify the PETase core domain, and the
sequences of all core domains were aligned without considering

additional regions at the N- or C-termini (signal peptides or transport
domains, respectively). In superfamily 1 of the LED, 31 560 sequences
were annotated as GX-type, but only 2930 sequences were identified
as PETase homologous by a profile HMM. At a threshold of 55%
sequence similarity, the bacterial PETase core domains formed a large
cluster, mainly originating from Actinobacteria or Proteobacteria
(Figure 1). Most of the sequences from the PMBD were found in this
cluster (Figure S3). In addition, a connected subgroup of PETase core
domains from other bacterial phyla emerged, such as the PETase pro-
teins from Bacteroidetes or Planctomycetes. Some homologs of PET-
ase core domains occurred also in enzymes from extremophiles
(Figure S4). The fungal PETase core domains such as the PETase
homologs from Fusarium were separated from the bacterial PETase
core domains. At a higher threshold of 60% sequence similarity, the
sequences for PETase core domains from Bacteroidetes or

Planctomycetes emerged as a separated cluster (Figure S5).

3.24 | Sequence motifs

The PETase-profile HMM 13 was applied to analyze the conservation
of amino acid residues in the 2930 PETase core domains annotated in
the LED (Table Sé) in comparison to the equivalent positions in the
PETase from I. sakaiensis (IsPETase, UniProt identifier AOAOK8P6T7)
and LCC (UniProt identifier G9BY57). The catalytic triad, the previ-
ously suggested PET binding subsite I, which includes an aromatic
clamp for possible substrate interaction, and PET binding subsite I
from Joo et al.”® were found to be highly conserved (Table 2). The

FIGURE 1

Network representation for 869 protein sequences of the “PETase core domain” linked by 318 773 edges. The protein sequences

depicted here were selected by clustering at a threshold of 90% sequence identity. Edges (links) were selected at a threshold of 55% sequence
similarity. Nodes are colored according to their annotated source organisms, with Actinobacteria in red @, Proteobacteria in blue ®, Fungi in cyan

, Bacteroidetes in orange «, other bacteria from the FCB group in yellow -, Planctomycetes in green ®, and unknown bacteria colored in white o.
See Section 2 for more details on the network layout. See Figures S2 and S3 for supplementary figures
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TABLE 2 A selection of amino acid positions in the 2930 PETase homologs from the LED
Amino acid or gap symbol Annotations or substitutions References
Subsite |, aromatic clamp, oxyanion hole 75,76

87 Y 51%, F 46%

Subsite | 76
Thermostability: Y127G in LCC 20
Extension in a-helix 2 75
Extension in a-helix 2 75
Extension in a-helix 2 75

119 Q 69% (F8%, Y4%, W2%)
139 Gap 91%

140 Gap 80%

141 Gap 90%

160 S 100%

161 M 94%

185 W 77% (Y12%)

206 D 100%

208 V 54% (1 36%)

237 H 100%

242 (S36%, T 32%, G 5%, | 4%)
243 (S40,G 11%, T 8%)

244 N 74% (G 3%, Y 3%)

245 —-87%

246 —89%

247 —87%

Catalytic triad 75
Subsite |, oxyanion hole 76
Subsite I, aromatic clamp, “wobbly tryptophane” 75,76
Catalytic triad 75
Substrate interaction 75
Catalytic triad 75
Binding & activity: F243l in LCC 20
Binding & activity: F243\V in LCC 20
Thermostability: N246D in LCC 20
Thermostability: N246/M in LCC 20
Extended loop 75,76
Extended loop 76
Extended loop 76
Extended loop 76
Extended loop 76
Extended loop 76

Note: Amino acid residues that occurred in less than 50% of the sequences are listed in brackets for comparison with their previous mentions in literature.
Amino acid substitutions “in LCC” refer to the position numbers used in Tournier et al.2% Some positions only occurred in a small subset of all PETase
homologs and are thus indicated as gap symbols (—). Percentages indicate values rounded to integers. Sixteen positions and their corresponding amino acid
symbols marked in red indicate the suggested PETase sequence motif, whereas the ones marked in green indicate additional positions that were used to

select the sequences mentioned in the main text.

extension of the second a-helix and the extended loop region, which
were described previously as functionally relevant in IsPETase, were
also found in several PETase homologs in the LED.

Using the position numbers from IsPETase, we suggest a typical
PETase sequence motif written as follows (X stands for an arbitrary
aa): [YFI87, Q119, X3 139-141, S160, M161, W185, D206, H237, X4
242-247, followed by one of the previously published aa substitu-
tions from Tournier et al.2° Interestingly, two sequences from an
uncultured bacterium (NCBI: ACC95208.1) and Alkalilimnicola ehrlichii
(NCBI: WP_116302080.1) were found to comprise the PETase
sequence motif and W238, which was affiliated with improved activ-
ity and substrate binding. Further additional sequences (from
Caldimonas  manganoxidans, ~NCBI:  WP_019560450.1, from
Caldimonas taiwanensis, NCBI:WP_062195544.1, from Rhizobacter

gummiphilus, NCBI:WP_085749610.1, and from Aquabacterium sp.,
NCBI: MBI3384080.1) were found to comprise the PETase sequence
motif and M241, which was mentioned as an aa substitution for
improved thermostability. These six different and novel protein
sequences, each selected by a sequence motif of 17 amino acid posi-
tions in total, are proposed for upcoming studies on PETase activity.

3.3 | Polyurethanes (PUR) active enzymes

3.3.1 | Biochemical properties

Polyurethanes comprise numerous possible polymers of diverse com-
position, such as combinations of different isocyanates with different
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polyethers, polyesters, or polycarbonates.”” The best studied PURases
are a/B-hydrolases, as reviewed in more detail in Magnin et al.”” Only
10 characterized PUR-degrading enzymes (PURases) have been
reported, yet. Four recently identified enzymes (LCC, TfCut-2,
Tcur_1278T, and Tcur0390) are cutinases from Actinomyces, which
are also active on PET and have a broad substrate profile.”® Further
bacterial lipases from Betaproteobacteria have been identified and
characterized, such as PueA and PueB from Pseudomonas chlororaphis.
Whereas all the above-mentioned studies identified lipases or ester-
ases, earlier studies reported that commercially available peptidases
and proteases might also degrade thin PUR films.”® Notably, none of
the above-mentioned enzymes is able to act on ether bonds.

3.3.2 | Enzyme structure

The 10 known PURases belong to two groups (Table S1): four belong
to the cutinases (LCC, TfCut-2, Tcur_1278T, and Tcur0390) and are
similar to PETases. No crystal structures are available for the PURases
PueA and PueB from P. chlororaphis, but structures of homologs indi-
cate that they belong to superfamily 11 of the LED, which in addition
to the core domain has a mobile N-terminal lid, which might mediate
binding to the substrate interface and substrate access, and an addi-
tional C-terminal f-sandwich domain. The four PETases and PueA and
PueB from P. chlororaphis are GX types.”* Recently, a modeling study
on the PURases from P. chlororaphis predicted putative substrate
binding sites for PUR-like substrates.2° However, a rearrangement of
the substrate was observed upon the molecular simulation of the

complex, which is an additional challenge for the identification of the
substrate binding site.®! Interestingly, most of the substrate binding
residues predicted for PueA®C are conserved (Table S7).

The PURase from D. acidovorans (UniProt identifier Q9WX47)
does not belong to the GX type hydrolases, but has a sequence simi-
larity to carboxylesterases of superfamily 13 and to the family
PF00135 in Pfam, and thus belongs to the GGGX-type hydrolases.”
Other carboxylesterases in the LED are members of superfamily
4, which have a mobile lid between p-strand —4 and —3 of the core
domain. Because the PURase from D. acidovorans shared less than
50% sequence similarity to the sequences in the LED and due to the
lack of experimental structure information, it was assigned to a new
superfamily.

3.3.3 | Sequence network

A threshold of 60% similarity was used to construct protein sequence
networks for LED superfamilies 11 and 13 whose members originated
from Proteobacteria only (Figure 2). Two disconnected sequence
networks emerged: a network of 127 representative sequences of
superfamily 11, which contains the GX-type PURases PueA and
PueB from P. chlororaphis, and a network of 15 representative
sequences of superfamily 13, which contains the GGGX-type, the
PURase PudA from D. acidovorans. In both superfamilies 11 and
13, the sequences originated mainly from Gammaproteobacteria,
with the genus Pseudomonas being most frequently annotated in

superfamily 11.

FIGURE 2 Network representation for 142 complete protein sequences similar to PURases linked by 6419 edges. The protein sequences
depicted here were selected by clustering at a threshold of 90% sequence identity. Edges (links) were selected at a threshold of 60% global
sequence similarity, without defining a core domain region. Nodes are colored according to their annotated source organisms, with
Proteobacteria in blue and unknown bacteria in white. The network on the left represents sequences with an N-terminal lid and a C-terminal
B-sandwich domain and contains 127 nodes connected by 6314 edges. Diamonds represent sequences originating from the genus Pseudomonas
(from the class Gammaproteobacteria). The network on the right represents sequences similar to carboxylesterases and contains 15 nodes
connected by 105 edges. Squares represent sequences originating from the class of Betaproteobacteria. See Section 2 for more details on the

network layout
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3.34 | Sequence motifs
Two sequence motifs were reported previously in Howard et al.2 for
the PURase from P. chlororaphis, PueA (Table 3). The occurrence of
the serine hydrolase motif (GXSXG) and the secretion signal sequence
motif (GGXGXDXXX) were confirmed for the vast majority of all 2054
sequence entries in a multiple sequence alignment for superfamily
11 of the LED. Most PURase homologs from superfamily 11 have a
GHSLG motif flanking the catalytic serine and secretion motif
GGKGNDYLE. For sequences from superfamily 11 in the LED, the
catalytic triad is formed by serine, aspartate, and histidine. In addition,
most sequences in superfamily 11 (2039 out of 2054) matched the
profile HMM for an RTX calcium-binding nonapeptide repeat (PFAM
PF00353), which supports the previous suggestion of a Type | secre-
tion system for protein translocation.®®

Prominent amino acid positions in superfamily 13, which com-
prises homologs of the PURase PudA from D. acidovorans, include the
GXSXG serine hydrolase motif, a catalytic triad of serine, aspartate,
and histidine, and a putative PUR binding region at PudA positions
347-3955* Many of these positions were found to be conserved
within the sequences of superfamily 13 (Table 4). Most PURase
homologs from superfamily 13 have the motif GESAG flanking the
catalytic serine, the motif VPX3G[STIX,DE at the catalytic glutamate,
and the motif AXHX;[LI]XY flanking the catalytic histidine. In addition,

TABLE 3  Amino acid positions mentioned in Howard et al.82 and
their occurrence in 2054 PURase homologs from the LED
(superfamily 11)

Position

in PueA Amino acid Annotation

204 G 100% Serine hydrolase motif GXSXG

205 H99% Serine hydrolase motif GXSXG

206 S 100% Serine hydrolase motif

GXSXG, catalytic triad

207 L 99% Serine hydrolase motif GXSXG

208 G 100% Serine hydrolase motif GXSXG

254 D 100% Catalytic triad

312 H 100% Catalytic triad

381 G 99% Secretion motif GGXGXDXXX

382 G 98% Secretion motif GGXGXDXXX

383 K 39%, R 18%, A Secretion motif GGXGXDXXX
16%, S 13%

384 G 98% Secretion motif GGXGXDXXX

385 N 78%, A 16% Secretion motif GGXGXDXXX

386 D 99% Secretion motif GGXGXDXXX

387 Y 57%, F 42% Secretion motif GGXGXDXXX

388 L72%,127% Secretion motif GGXGXDXXX

389 E 91% Secretion motif GGXGXDXXX

Note: Position numbers refer to PueA from Pseudomonas chlororaphis, that
is, UniProt identifier A1Z374. Percentages indicate values rounded to
integers. Position in the motif is marked in bold.

several positions in the putative PUR binding region were found to be

conserved, including mostly hydrophobic amino acids (Table S8).

4 | DISCUSSION
4.1 | Sequence annotations of plastics-active
enzymes

Enzymes of different EC classes have been proposed to contribute to
degradation of PET or PUR. a/B-hydrolases annotated as cutinases,
esterases, or lipases were described to catalyze the hydrolysis of ester
bonds and were collected in the PMBD,*! and peroxidases and
laccases have been reported to enhance degradation of PUR.8> For
most types of plastics, however, knowledge on enzymatic degradation

is missing, although materials such as polypropylene (PP) are produced

TABLE 4 Amino acid positions mentioned in Nomura et al.®* and
adjacent amino acid positions that occur in at least 50% of the 44
PURase homologs from the LED (superfamily 13)

Position
in PudA Amino acid Annotation
223 G 100% Serine hydrolase motif GXSXG
224 E 90% Serine hydrolase motif GXSXG
225 S 100% Serine hydrolase motif GXSXG,
catalytic triad
226 A97% Serine hydrolase motif GXSXG
227 G 100% Serine hydrolase motif GXSXG
340 V 100%
341 P 97%
342 V 64%
343 (133%, V 30%, M
26%)
345 G 100%
346 S 50% (T 42%)
347 N 71%
349 D 92%
350 E 100% Catalytic triad
457 A 95%
458 A 66%
459 H 100% Catalytic triad
462 E 78%
463 L 69% (1 30%)
464 Q83%
465 Y 92%
466 L 83%

Note: Position numbers refer to PudA from Delftia acidovorans, that is,
UniProt identifier Q9WX47. Similar amino acid residues occurring in less
than 50% of the sequences are indicated in brackets for comparison.
Positions of a putative substrate binding region are listed in Table S5 for
comparison. Position in the motif is marked in bold.
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in large scales and contribute extensively to global plastics pollution.
In this article, we focus on PET- and PUR-degrading a/f-hydrolases
due to the availability of sequence information and detailed experi-
mental data from literature and public databases.>*

Many PETase homologs were found in the NCBI nonredundant
protein database, due to the sequencing efforts of the cutinase-
expressing bacterial phyla such as Actinobacteria and Proteobacteria.
In contrast, sequences from fungal origin are unrepresented. The
usage of metagenomics is expected to further broaden the scope of
currently known PETases.!® The PETase sequence motif suggested
herein (Table 2) is based on current knowledge from literature, such
as the occurrence of an additional flexible loop region and amino acids
that seem relevant for interaction with PET. The seven suggested
PETase candidates can be used as starting points for wet-lab experi-
ments, such as protein design experiments for improved PETase activ-
ity or thermostability.

Although PETases and PURases share the o/p-hydrolase fold as
catalytic domain, their structure and their oxyanion hole types differ.
All the 2930 PETase homologs belong to a large family (36 936

sequences) of GX-types,’*

which consist of the core domain only
(superfamily 1 in the Lipase Engineering Database®’), whereas
PURases belong to either of three superfamilies: superfamily 1, super-
family 11, which consists of GX-types with two additional domains, an
N-terminal mobile lid and a C-terminal B-sandwich domain (2054
sequences), or to superfamily 13, which are carboxylesterases of the
GGGX-type (44 sequences). Ample structural information is available
for PET-degrading o/p-hydrolases, especially for LCC and IsPETase,
whereas the structures of PUR-degrading a/p-hydrolases have not
been resolved, yet. The former has also inspired the design of
improved PETase variants, as recently demonstrated for variants
based on LCC.%° Previously, conserved subsite I, subsite I, and an
extended loop region were identified in IsPETase and used for a sys-
tematic comparison with its homologs,”® which was confirmed by our
conservation analysis of 2930 protein sequences. The profile HMM
for PETases and the derived standard numbering scheme is available
at the PAZy. It will help in the identification and comparison of amino
acid positions reported in literature and will facilitate the design of
new PETase variants. The design and construction of variants has
already led to a number of highly active enzymes. The most active var-
iants and their functional properties are summarized in Table S9.
Notably, the engineered DuraPETase had an almost 300-fold
increased activity as compared to the wild-type enzyme.

Likewise for PURases, homology models predict substrate binding
regions.w81 Recently, a putative PURases was identified in the Prote-
obacterium Serratia liquefaciens.2® Similarly, most putative PURases in
the PAZy are from Proteobacteria (mainly from P. chlororaphis and
D. acidovorans).

4.2 | Major challenges in searches for plastics-
active enzymes

Today, identifying truly plastic-active genes and enzymes is a very

challenging task. This is especially true for enzymes acting on fossil-

based polymers. Thus one of the major challenges will be the identifi-
cation of novel enzymes for polymers for which none are currently
known.287 Thus, we urgently need enzymes acting on PE, PP, PVC,
but also on polymeric PA and PU ether bonds. Within this framework,
the identification of plastic-specific binding domains, expansins, or
loosenins will be of high relevance. Once these are identified they can
be used to further improve enzymes acting PET and PUR. Thereby, a
combination of modern synthetic biology approaches together with
enzyme engineering approaches will be the appropriate tools to gen-
erate the best performing enzymes.

Further we realized the lack of a common PET or PUR model sub-
strate, which would allow the direct comparison of the kinetic param-
eters of different plastics-active enzymes. In contrast, kinetic analysis
is generally performed for typical esterase substrates such as pNP-
caproate. This data, however, does not allow a reliable prediction of
the actual plastics activity. The few enzymes that have been charac-
terized using polymers were tested on different polymer types, and
pretreatment was used to enable better degradation (see Table 1 for
references). In addition, all kinetic data were recorded using single
point measurements, thus the hydrolysis of the polymer could not be
separated from the attachment of the enzyme to the polymer surface
or from the hydrolysis of the resulting oligomers. Within this frame-
work, a characterization of surface area and a control of surface prop-
erties such as crystallinity would be favorable to obtain better and
more reliable kinetic data on the actual polymer.

The accumulation of verified plastics-active enzymes in databases
with a reliable structure-function analysis will allow more predictive
searches to rapidly and reliably identify novel and more active
enzymes. Thereby, it will allow to foster the search and development
of novel pathways to create designer bugs using to solve the plastics

problem.

4.3 | How can databases contribute to a solution
of the plastics waste problem?

For an efficient enzymatic degradation of plastics, we see four chal-
lenges. First, enzyme families other than o/p-hydrolases should be
considered. For instance, laccases or peroxidases can also act on
PUR.”” First reports have been published but fell short in the identifi-
cation of proteins and genes. Enzymatic or nonenzymatic degradation
of other plastics components such as dyes or additives from commer-
cial sources might need further investigations, too. Second, there is an
increasing need for comparable data on plastics degradation. The
comparability and reproducibility of data on enzymatic plastics degra-
dation is impeded by the variety of possible substrates, for example,
in case of plastics built from several types of monomers. Furthermore,
physical properties of plastic materials can differ remarkably among
different commercial suppliers, for example, thickness of plastic foils,
number of additives, or crystallinity.

Finally, incorrect annotation of genome and metagenome
datasets has resulted in the accumulation of many false positive plas-
tic degrading enzymes in various publications but also in PMBD.

Removing these from the databases is a major task. By manual
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curation, the PAZy lists only enzymes that degrade synthetic polymers
as verified by biochemical or genetical complementation analyses.
Thus, all genes and enzymes listed in PAZy are truly functional. In con-
trast, PMDB also contains putative enzymes, microbes, or microbial
consortia, which are active on short oligomers and additives.

Within this setting, the PAZy database provides information on
several well studied enzymes supplemented by the protein sequences
and structures of homologous sequences, which enables the search
for novel candidates and the design of enzyme variants. Most protein
sequences and functional data are available for PETases, for which
several positions were already assessed experimentally for substrate
binding or thermostability in earlier studies from literature (Table 2).
The standard numbering scheme of PETase homologs facilitates the
comparison of different amino acid positions from literature and the
identification of sequence motifs for PETases, as shown for the com-
parison between IsPETase, LCC, and other PETase homologs. In
upcoming studies, the PAZy database will be updated to cover
sequences from other protein family databases than the LED,
depending on the availability of structures and biochemical data. Fur-
ther, the underlying web platform of the PAZy database makes it eas-
ier to share knowledge on various plastics degrading enzymes in a
more comparable way. Thus, it can be expected that the suggested
sequence motifs for PETases or PURases will be refurbished, as more
experimental data on residues for substrate binding or thermostability

are made available in the future.
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Tables

TABLE S1: Currently known and active PUR hydrolases together acting on the polymer and
on oligomers. Only purified or recombinant enzymes are listed. Some entries derived from
genome or metagenome sequencing have been included. The enzymes are known as
esterases (EC.3.) and are only active on polyester-based PU, but not on polyether-based PU.

Microbial Reference Genbank PDB WT Activity on
host/enzyme/gene /UniProt ID Structure Enzymes
and variants
tested
Bacterial PU-active
enzymes
LCC, leaf compost 1 G9BY57 4EBO WT enzyme  Impranil, Elastollan
metagenome AEV21261.1 B85A-10 and
(uncultured bacterium; 97 % C85A-10, 200 h 4-5
identical with ammonia % weight loss
oxidizing bacterium HR29
gene locus GBD22443).
T. fusca, TfCut-2 (Cut2-kw3) E5BBQ3_THEFU -
T. curvata, DSM43183 D1A9G5 -
Teur_1278T ACY96861.1
T. curvata, DSM43183 ACY95991.1 -
Tcur0390
Comamonas (Defltia) 6 BAA76305.1 - WT enzyme On solid PUR
acidovorans TB-35
PUR Esterase, PudA
Alicycliphilus BQ1 and BQ8 7 - - WT enzyme PU films
Specific enzymes not
identified
Bacillus subtilis, strain not 8 - - WT enzyme Impranil DLN
specified
Lipase, enzyme purified
Corynebacterium sp. (strain 9 - - WT enzyme PU films
not defined)
Esterase activity assayed,
but not purified
Pseudomonas sp. 10 - - WT enzyme  Impranil DLN, NMR
Lipase and IR analyses
Pseudomonas sp. TD41 " Whole genome - WT enzyme Uses PU-diol
Genes/enzymes/pathway not WOVH01000000 solution =
identified polyurethane
oligomers, as N

and C source
Pseudomonas chlororaphis 12-16 AAD22743.1 - WT enzyme Impranil DLN
Esterase, lipase AAF01331.1
PueA, PueB
Pseudomonas fluorescens 17.18 AAF66684.1 - WT enzyme  Impranil, 3g/l in 4-5
Esterase, PulA days
Acinetobacter gerneri P7 19 - - WT enzyme Impranil
Esterase purified
Metagenome, probably
bacterial and
phylogenetically
unassigned
Mixed microbial community 20 - - WT enzyme PolyLack

Growth on oligomers

modifications
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Predicted genes/enzymes Patent WT enzyme Impranil DLN
from patent W0201924
3293A1

PU-active enzymes from

Eukaryotes

Curvularia senegalensis 2 WT enzyme PU agar

Esterase, purified

Papain (Peptidase frpm 22 WT enzyme Thin medical PU

Papaya) films, Biomera,

Urease (Hydrolase, Mung Avcothane,

beans) Tecoflexa

Trypsin (Human Peptidase) 28 WT enzyme  Films of Pellethane
2363-80AE
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TABLE S2: Recently identified PU-active eukaryotes without specific enzymes identified.

PU active culture supernatants from Eukaryotes but no specific Reference
enzymes identified

Alternaria sp. NSIP2, NSINR1 and NSIPV1 24
N. ramulariae,

P. viridicatum

Phoma. strain NSIA1

Aspergillus flavus (ITCC 6051) 25,26

Aspergillus sp. strain S45 27
Penicillum brasilianum

Alternaria sp.

Aspergillus flavus

Alternaria tenuissima 28
Cladosporium cladosporioides complex: 29
C. pseudocladosporioides, C. tenuissimum, C. asperulatum, C.

montecillanum

Aspergillus fumigatus
Penicillium chrysogenum
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TABLE S3: Currently known and active PA hydrolases together with recent publications of
variants. Wild-type (WT) enzymes listed were verified using cyclic and/or linear 6-
aminohexanoate oligomers.

Microbial host/enzyme/gene Reference WT Enzymes and Activity on
variants tested

PA oligomer active enzymes from

Bacteria

NylA, NyIB, NyIC 30-36 WT enzyme cyclic and linear 6-
aminohexanoate oligomers

Arthrobacter sp. K172, WT enzyme

Pseudomonas aeruginosa 87-39

PA oligomer active enzymes from

Eukaryotes

White rot fungus, no gene identified, 40 WT enzymes
protein purified
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TABLE S4: Nine different PDB structures were used for the structure-guided multiple
sequence alignment of twelve protein sequences by T-COFFEE *' (Figure S1).

UniProt identifier PDB identifier Chain

AOA0G3BI90 6QGC D
AOAOK8P6T7 6QGC D
C3RYLO 6SBN A
D1A9G5 1JFR B
E9LVH7 5LUI A
F71X06 3WYN B
GO9BYS57 4EBO A
H6WX58 6AID A
R4YKL9 6SBN A
UPIO003945E1F 6SBN A
WO0TJ64 7CEF B
X0BTD8 5AJH C
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TABLE S5: Comparison between the previous and the updated release of the Lipase
Engineering Database (LED, https://led.biocatnet.de). Individual sequence entries are
summarized in protein entries by a threshold of 98% global sequence identity. PDB entries
refer to structure entries from the Protein Data Bank. Homologous families and superfamilies
were formed to further categorize the sequence and protein entries (see main text for details).
Two superfamilies named Sfam 1 (“core domain”) and Sfam 11, (“N-terminal lid and C-terminal
domain”) were updated, and a new superfamily was formed (Sfam 13, “carboxylesterase-like”).

Previous Updated

Number of ... From Increase
release release

Sequence entries 280,638 283,672 3034

Protein entries 198,844 200,578 1734

PDB entries LED 1557 1590 33

Homologous families 2772 2780 8

Superfamilies 12 13 1

Sequence entries 35,088 36,936 1848

Protein entries 25,869 27,305 1436
Sfam 1

PDB entries 266 299 33

Homologous families 389 394 4

Sequence entries 912 2054 1142

Protein entries 405 665 260
Sfam 11

PDB entries 9 9 0

Homologous families 2 4 2

Sequence entries 44 44

Protein entries 38 38
Sfam 13

PDB entries 0

Homologous families 2 2
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TABLE S6: Amino acids occurring in at least 70% of all 2930 PETase core domains.

Lo 2 > Lo 3 Py Lo 2 by
c 3 b 2 c g 8 2 c 3 b 2
O o LSy L~ o g% O o g%
% £ o= 7 & £ o= o £ o=
o u £ o o u £ o 0o £ o
a— < r o — < w o - < s
32 Y 74 107 \% 96 179 A 78
34 R 84 108 \% 94 181 P 80
35 G 91 111 | 84 182 L 79
36 P 92 113 T 96 184 P 76
38 P 95 118 D 98 185 W 77
39 T 87 120 P 87 197 P 97
42 S 73 122 S 71 198 T 93
45 A 87 123 R 99 202 G 75
48 G 97 124 G 73 206 D 100
49 P 71 126 Q 92 209 A 87
57 \Y 91 127 L 83 211 \ 70
62 G 93 128 L 78 214 H 77
63 F 93 129 A 88 217 P 79
64 G 83 130 A 96 218 F 74
65 G 86 131 L 88 219 Y 96
66 G 93 132 D 82 221 S 70
67 T 76 133 Y 77 2221 P 72
68 | 79 134 L 85 228 A 77
69 Y 84 138 S 83 229 Y 83
70 Y 91 145 \% 82 231 E 91
71 P 98 146 R 71 232 L 76
72 T 85 148 R 81 235 A 76
74 T 81 150 D 94 237 H 100
76 G 90 153 R 94 240 P 74
77 T 84 154 L 85 244 N 74
78 F 74 156 \% 89 257 W 90
79 G 90 158 G 100 258 L 80
80 A 77 159 H 87 259 K 94
85 P 99 160 S 100 260 R 78
86 G 100 161 M 94 261 F 79
88 T 76 162 G 100 263 D 94
92 S 70 163 G 99 265 D 97
96 w 93 164 G 96 266 T 76
98 G 89 165 G 97 267 R 96
99 P 82 167 L 88 268 Y 92
100 R 81 169 A 89 270 Q 77
101 L 81 170 A 82 271 F 96
102 A 97 173 R 76 272 L 86
103 S 96 174 P 76 273 C 95
105 G 99 176 L 84 274 P 82
106 F 97 178 A 95
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TABLE S7: The occurrence of amino acids at selected possible substrate-interacting positions
previously published in 42 for PU substrates made of polybutylene adipate and five different
isocyanate moieties: 4,4’-methylene diphenyl diisocyanate; 2,4-toluene diisocyanate; 2,6-
toluene diisocyanate; 4,4’-methylenebis(cyclohexyl isocyanate; and 1,6-hexamethylene
diisocyanate. Position numbers refer to PueA from Pseudomonas chlororaphis, i.e., UniProt
identifier A1Z374. Amino acids occurring in at least 50% of all 2054 PURase homologues from
the LED (superfamily 11) are marked in grey color. Amino acids occurring in less than 50% of
the sequences are listed for comparison with previously mentioned amino acid residues from
42 written in bold font.

Position in PueA Amino acid Frequency [%]

311 I 36

316 T 49

466 I 28

576 G 29
D 6

577 Y 26
Q 2
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TABLE S8: Amino acid positions of the putative PUR binding region mentioned in ' that occur
in at least 50% of the 44 PURase homologues from the LED (superfamily 13). Position
numbers refer to PudA from Delftia acidovorans, i.e., UniProt identifier Q9WX47. Similar amino
acid residues occurring in less than 50% of the sequences are indicated in brackets for
comparison. Position numbers in decimal notation indicate insertions with respect to PudA.

Position in PudA Amino acid Frequency [%]
347 N 71
349 D 93
350 E 100
351 Y (48)

w (31)

353 L 83
354 F 74
Y (24)

356 A 81
359 E 86
360 L 52
364.1 A 50
364.2 A 52
365 L 83
366 T 57
367 A 64
368 A 50
370 Y 79
377 G 79
388 Y 100
389 P 86
390 L 69
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TABLE S9: Recently published variants for IsPETase

Reference

43

44

45 46
’

47

48

49
50

51

52

53

54

55

56

Amino acid positions exchanged

R103G/S131A, S185H, C174S, C210S, W156A,
S131A, 1179A, W130A, M132A, Y58A, T59A

R132G/S160A

W185A, S238F/W159H

R280A, S160A, D206A, H237A, Y87A, M161A,
W185A, 1208A, W159A, S238A, N241A, R280A,

W159H, S238F, C203A/C239A

P181A, S121D, S121E, D186H, D186F, D186,
D186L, D186V, P181A, P181G, P181S,

S$121D/D186H, S121E/D186H,

S$121D/D186H/R280A, S121E/D186H/R280A,
S121D/P181A/D186H, S121E/P181A/D186H

N241F, W159F, S93M
C176A, C212A, C176A-C212A

L117F/Q119Y/T140D/W159H/G165A/1168R/A1801/S

188Q/S214H/R280A (DuraPETase)

R280A/S121E/D186H/N233C/S282C

K95N/S121E/D186H/F2011/R280A

K95N/S121E/D186H/F2011/N233C/R280A/ S282C,
L117F/Q119Y/T140D/W159H/G165A/1168R/A1801/S

188Q/S214H/N233C/R280A/S282C,

K95N/L117F/Q119Y/S121E/T140D/W159H/G165A/11
68R/A1801/S188Q/F2011/S214H/R280A,

K95N/L117F/Q119Y/S121E/T140D/W159H/G165A/11
68R/A1801/S188Q/F2011/S214H/N233C/R280A/S282

Cc

W159H/S238A/S121E/D186H, W159H/S238A

S121E/D186H/R280A/S207R/P181V/S214Y/N233C/
S$282C/S213E/Q119K/RI0T/N212K/R224L/Q182M/S
61V/K95N/N241C/K252M/S58A/M154G/T270Q

(HotPETase)
W159H/F229Y, W159H, F229Y

S136E

Catalytic traits

+, crystallinity changes observed

+, only relative data using 200 nM
of enzyme

14-fold increased activity of
S121E/D186H/R280A over WT; 83
uM TA and 37uM MHET released
after 1-10 days

n.d.

n.d.

Over 300-fold enhanced
degradation of semi-crystalline (30
%) PET films over WT at 37 °C
Increased activity of 6.8-fold after
72 hours; 4.9-fold after 6 days over
WT

10.6 mM reaction products (TA,
MHET, BHET) from 9 mg/mL PET
microparticles in 48 h x 0.1 mg/mL

enzyme
Increased activity over
S121E/D186H/R280A 47 at 40-70
°C

W159H/F229Y degradation rate of
23.4 mg PET x h"' x mg enzyme™"
on PET bottle preform
3.3-fold increase on commercial Gf-
PET over WT
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TABLE S10: Recently published variants for LCC

Reference

57
58

PDB
entry

6THS
6THT

Amino acid positions exchanged

N197Q, N266Q, N239G, LCC-G

S165A, ICCG-S165A
F2431/D238C/S283C/Y127G (ICCG),
F2431/D238C/S283C/N246M (ICCM),
F243wW/D238C/ S283C/Y127G (WCCG) and
F243W/D238C/S283C/N246M (WCCM),
F2431/D238C/S283C/T96M,
F2431/D238C/S283C/N246D,
F243W/D238C/S283C/T96M,
F243W/D238C/S283C/N246D,
F2431/D238C/S283C, F243W/D238C/S283C,
D238C/S283C, T96M, Y127G, F243l, F243W,
N246D, N246M

Catalytic traits

105.6 + 3.9 mg TAeq. X h™" xmg
enzyme™', on commercial GF-PET
with best variant
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Figures

ABABKBPBTT?
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!Il3 1L
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FIGURE S1: The protein sequences of twelve PETase homologues from the PMBD %° were
aligned by T-COFFEE 4! (Table S2) to generate a profile hidden Markov model (HMM), which
was used for the identification of PETase homologues in the LED and the standard numbering
scheme. The image was created with Jalview ©° using Clustalx coloring scheme (version
2.11.1.4). Column numbers in the header indicate positions within the sequence from Ideonella
sakaiensis (UniProt identifier AOAOK8P6T7, first row). Capital letters indicate alignment

columns that were used to derive the profile HMM.
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%SGG %94N 304R

GER58356.1_Ulvibacter_marinus 279 IFFNPT- - GL——LI:DL 1LV-DGE 312
WP_151672439.1_Ulvibacter_marinus 299 IFFNPT--QGL--LNVDL 1LV-DGE 332
WP_©14783228.1 Aequorivita_sublithincola 299 MFPNPT--QNF--ITVNI P FK 1LK-F 332
MAZ72936.1_Flavobacteriaceae_bacterium 301 P - -QNM - - MY VNVA FFII kLL-QGE 334
WP_121908783.1 Ulvibacter antarcticus 300 - )WPNPT - -KGI--VIlLEILE dLL-RGN 332
WP_115121971.1_Marinirhabdus_gelatinilytica 299[1 PTql----RMTVATENN 1LK-KGS 332
WP_151893116.1 Ulvibacter sp. KK4 299 TFPNPT - - -QD- IVIVS VKA -LIKEGE 332
?13L ?33R ?39\1’
GER58356.1_Ulvibacter_marinus 313 LTDNKEQIDL LHN--5--V - 344
WP_151672439.1 Ulvibacter_marinus 333 LTDNKKQIDL LHN--5--V - 364
WP_014783220.1_Aequorivita_sublithincola 333 TIPNEKQ IDF LENETL----KIVK- 364
MAZ72936.1_Flavobacteriaceae_bacterium 335 LHGA IDI LEINNEAIKIVKE---- 366
WP_121968783.1 Ulvibacter_antarcticus 333 LSGDNEQ IDL FLNIE--GQ--TIKLVE- 365
WP_115121971.1_Marinirhabdus_gelatinilytica 333 LIGT IDLTDLV)GINYI II§ET——-—I ILK- 364
WP_151893116.1 Ulvibacter sp. KK4 333 LSTS IKQIDL IA--NQ--TEMVIKK 364

FIGURE S2: Seven exemplary, putative PETase homologues originating from the phylum
Bacteroidetes, listed with NCBI accession and taxonomic source names, comprise a C-
terminal domain for recognition of the type IX secretion system. The image was created
according to the methods described for Figure S1.
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FIGURE S3: Zoom onto the protein sequence networks from Figure 1. Representative
sequences that correspond to the query sequences from the PMBD %° are indicated as
diamonds with yellow border.
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FIGURE S4: Protein sequence networks from Figure 1 with annotations from the BacDive
database ®'. Sequences that originate from thermophilic hosts are shown in magenta.
Additionally, sequences that originate from psychrophilic hosts are shown with cyan borders.
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FIGURE S5: Network representation for 869 protein sequences of the “PETase core domain”
linked by 270,165 edges. The protein sequences depicted here were selected by clustering at
a threshold of 90% sequence identity. Edges (links) were selected at a threshold of 60%
sequence similarity. Nodes are coloured according to their annotated source organisms, with
Fungi in cyan @, Actinobacteria in red @, Proteobacteria in blue @, Bacteroidetes in orange

, other bacteria from the FCB group in yellow , Planctomycetes in green @, and unknown
bacteria coloured in white o.
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