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Abstract

Several plastic degrading enzymes have been described in the literature, most notably
PETases that are capable of hydrolyzing polyethylene terephthalate (PET) plastic. One of
them, the PETase from Ideonella sakaiensis, a bacterium isolated from environmental
samples within a PET bottle recycling site, was the subject of extensive studies. To test how
widespread PETase functionality is in other bacterial communities, we used a cascade of
BLAST searches in the JGI metagenomic datasets and showed that PETases can also be
found in other metagenomic environmental samples from both human affected and
relatively pristine sites. To confirm their classification as PETases, we verified that the newly
identified proteins have the PETase sequence signatures common to all PETases and that
phylogenetic analyses group them with the experimentally characterized PETases.
Additionally, docking analysis was performed in order to further confirm the functional

assighment of the putative environmental PETases.



Introduction

Polyethylene terephthalate (PET) plastic is one of the most widely used plastic materials
for consumer products and packaging !. The widespread use of PET has resulted in its
harmful accumulation in the environment, endangering wildlife and human health alike.
With the recycling rate of PET bottles and jars being only 29.1% in 2017, there is a large
commercial interest in looking for more efficient means of biological recycling in order to
increase PET recycling rates 2.

PETases are an esterase class of enzymes which catalyze the hydrolysis of PET into
mono-2-hydroxyethyl terephthalate (MHET), with minor amounts of terephthalic acid (TPA)
and bis(2-hydroxyethyl) TPA (BHET). These enzymes can further hydrolyze BHET into MHET
with no further hydrolysis °. PETases are a subset of a broader protein family of cutinases,
enzymes that hydrolase cutin, which is one of two waxy polymers that are the main
components of the cuticle that covers all aerial surfaces of plants. Despite their close
homology, PETases can be distinguished from classical cutinases by the presence of specific
sequence motifs and by phylogeny, which will be elaborated upon further in this paper.

The first discovered PETase came from the bacteria Ideonella sakaiensis strain 201-Fé,
which was cloned from the environmental samples taken from a PET bottle recycling site in
Sakai, Osaka Prefecture . After the sequencing of its genome, the enzyme responsible for
the PETase activity was identified as a product of the gene ISF6_4831 and was shown to be
capable of degrading PET film of roughly 15% crystallinity (commercial soft drink bottles

typically have PET crystallinity of 15.7% at pH 7.2 ®). The I. sakaiensis PETase has a PET film

degradation rate of 0.13 mg cm2day™® at 30°C “. Its structure was later determined by X-ray

crystallography and deposited into the Protein Data Bank (PDB) with the code 6EQD.



Aside from the I. sakaiensis PETase, at least 69 PETase-like enzymes from a variety of
terrestrial and aquatic soil bacteria are currently known, however the I. sakaiensis enzyme
remains the most efficient *.

Despite its relatively high efficiency, the I. sakaiensis PETase is still far too slow for
industrial scale PET plastic recycling. Since an industrialized biological recycling of PET plastic
would have a much lower cost than current PET plastic recycling methods, eliminating
roadblocks to scalability is paramount. Eliminations of such roadblocks can occur by either
finding ways to improve the efficiency of the I. sakaiensis PETase or finding new, more
efficient, PETases.

PETases have conserved Ser-His-Asp catalytic triads indicating catalytic mechanisms
shared with other esterases * ¢. Additionally, two binding subsites and a stabilizing disulfide
bridge within the binding site were identified as being specific to PETases. Known PETases
were classified into three types (type |, lla, and Ilb). PETases of type llb are the most efficient
and I. sakaiensis PETase belongs to this group 2.

The two subsites of PETases work cooperatively with the catalytic triad to initially
conduct a nick generation step which breaks the PET into two chains, one with a TPA-
terminal released from subsite | and another with a HE-terminal released from subsite II. A
terminal digestion step then occurs, which varies in outcome depending on the
configurations of these two chains within the binding site. The predominant products that
accumulate from this final step are MHET, TPA, and ethylene glycol 2. These compounds can
then be utilized by the bacterial organism for growth. Importantly, they can also be used to
create new plastics or numerous other polyester consumer products. PETases could serve as

a major solution to plastic pollution in both terrestrial and aquatic habitats 7.



Figure 1 goes here.

In this publication, we assume that the conservation of the residues that constitute
the catalytic triad, the two subsites, and the disulfide bridge of all known PETases can be
used in combination with a cascade of sequence-based homology searches to identify
candidates for novel PETases and, relying on this assumption, identify candidate PETases in
the Joint Genome Institute (JGI) terrestrial metagenome microbiome samples é. We show
that PETases are widely distributed in different environments and suggest that systematic
searches for new PETases in the environmental metagenomes may yield many novel

PETases.

Results

Putative PETases found in environmental samples

Using the search strategy described in detail in the Methods section, we identified 27
putative PETases (further denoted PETen1-27) from 24 environmental metagenomics
samples in the JGI Integrated Microbial Genomes & Microbiomes (IMG/M) resource 8. All of
the candidate PETases (see the full list included in supplementary table S1) share identical or
similar residues, with few exceptions, in positions constituting the catalytic site, subsite I,
and subsite Il, in all currently known PETases/PETase-like enzymes. Since these putative
PETases come from metagenomic sequencing projects, many of the sequences were
incomplete and did not include some of the aforementioned functionally important
residues. Here we focused on two candidate PETases (PETenl and PETen2) whose
sequences are sufficiently complete to include all of their functionally important motifs (see

Table 1).



Table 1 goes here

Our data shows conservation of many significant residues in globally distributed
environmental metagenomic proteins which match the residues/ positions in the catalytic
triad, subsite I, subsite I, and additional disulfide bond of I. sakaiensis PETase. Examination
of PETen1 and 2 specifically shows that most of the binding site residues are conserved. In
PETen1, the only substitution is from polar T88 to nonpolar L88, while PETen2, has Y87F,
A89E, and W159%9H substitutions. It has been shown by Joo et. al. ® that in PETases, W159H
variants have decreased PET-degrading activity, but site-directed mutagenesis of T88L, Y87F,
nor A89E variants have not been reported. The other binding site residues of importance
which are critical for defining efficient type llb PETases are present in the metagenomic
PETases, including the catalytic triad and an additional disulfide bridge (C203 and C239). The
disulfide bond is indicative of a structure conformation which keeps H237 engaged in the
catalytic triad, holding together subsite Il, and improving thermal stability. This disulfide
bridge, which so far has been unique to I. sakaiensis PETase and other type Il PETases, is
found within both PETen1 and 2. Joo et. al. emphasizes the importance of an extended loop
constituting positions 5242, G243, N244, S245, N246, Q247 for holding together subsite Il
and the catalytic triad. This extended loop, which is also unique to I. sakaiensis PETase and
other type Il PETases, is conserved within PETen1l and 2 (an exception being Q247).
Additionally, PETen1 is unique in that it has a natural R280A mutation, which has been
shown to improve the catalytic rate in I. sakaiensis PETase mutants over the wildtype by

22.4% in 18 hours and 32.4% in 36 hours '°. The fact that the majority of the binding site



residues in PETen1 and 2 match those indicative of type llb PETases, strongly suggests that
they are type lIb putative PETases.

In regard to the other collected putative PETases, PETen 1, 2, 17, 18, and 20 contain
all of the motif residue positions of each binding site feature and seem to be full length
sequences (see supplementary table S1). In PETen 17 all the functionally important residues
are fully conserved with I. sakaiensis PETase. In PETen 3, 8, 10, 12, 14, 15, 16, 19, 21, 23, and
24 most of the functional motif residue positions are conserved.

Verification of the putative PETases by modeling and docking calculations

Homology modeling and docking were performed to further examine the validity of
classifying both proteins as putative PETases rather than classical cutinases. To accomplish
this, tertiary structures of both proteins were predicted using Robetta *® and docking
experiments were performed using AutoDock Vina . The predicted structures of both
PETen1 and 2 have significant structural similarity to I. sakaiensis PETase with both having a
p-value <0.01. It is noteworthy that these sequences are homologous to [. sakaiensis
PETase, and therefore it is expected that the structure prediction software would produce
structures that are similar to the I. sakaiensis PETase. Therefore, the predicted structures
may be different from their true structures and the docking results should be considered
with caution until experimental structures are available.

Table 2 goes here

As shown by the docking results (see Table 2), PETen1, PETen2, and I. sakaiensis PETase
had similar and consistently lower (more favorable) binding energies for PET compared to
the classical cutinase Fusarium solani f. sp. pisi 2. Additionally, the classical cutinase had a

lower binding energy for cutin than either PETen1, PETen2 or I. sakaiensis PETase.



Surprisingly, the Fusarium solani f. sp. pisi cutinase did not show as strong of a preference
for the cutin molecule as might be expected. This could be due to the oligo-polyester
differing from the actual cutin substrate that the enzyme naturally degrades, especially
considering the vast range of different existing cutin polymers. It should also be noted that
the orientations of the docked 2-HE(MHET), in relation to PETen1 and 2 were very similar to
its docked orientation in I. sakaiensis PETase (Figure 1) due to their unobstructed binding
site clefts. On the other hand, the Fusarium solani f. sp. pisi binding site cleft is not
continuous - in a very similar fashion to TfCut2 in Figure 5 of Joo et. al.! - therefore the
shortened PET molecule docked in an unrealistically convoluted manner. Due to the binding
preference and the more realistic docking conformations that the two metagenomic
proteins and I. sakaiensis PETase have with PET, these data support the classification of
PETen1 and PETen2 as putative PETases rather than classical cutinases.
Weblogo Comparison

In order to further compare the metagenomic PETases, experimentally verified
PETases and cutinases, we prepared weblogos® representing key functional residues (Figure
2).
Figure 2 goes here

The Weblogos show that for subsite I, Q119, M161 and W185 are conserved in the
metagenomic PETases as well as known PETases, while Y87 is commonly replaced with
phenylalanine in both groups. For subsite Il positions, polar T88 is frequently replaced by
nonpolar L88 in metagenomic PETases and in known PETases. Nonpolar A89 is not as
conserved as the other binding site residues and is replaced by acidic glutamate in a small

percentage of metagenomic sequences. The W159 residue (adjacent to the serine



nucleophile) is commonly replaced with histidine in both the metagenomic and previously
known PETases. Polar $238 and N241 are strongly conserved in the metagenomic PETases.
The catalytic triad (5160, D206, and H237) is conserved within all the metagenomic PETases.

Comparison of the Weblogos shows that, overall, the new metagenomic sequences
have a high abundance of binding site residues conserved with the I. sakaiensis PETase
binding site residues. S238 found in I. sakaiensis PETase is much more dominant in the
metagenomic proteins than the previously determined PETases. $238, along with W159,
plays a crucial role in higher PET-degrading ability by making the binding cleft more shallow,
thereby making the catalytic site more accessible 3. Also, T88 and A89 in I. sakaiensis have
higher conservation in the metagenomic proteins than the previously determined PETases.

The critical additional disulfide bridge residues (C203 and C239), are found in all of
the metagenomic PETases with sufficiently complete sequences confirming likelihood of PET
degradation ability.

Additionally, PETens 1, 2, 8b, 14, 15a, and 22 of the metagenomic sequences contain
an extended loop (N244, 5245, N246) which is important for maintaining a continuous
binding cleft . This extended loop is exclusive to only I. sakaiensis PETase and other type Il
PETases. Upon examination of the cutinase weblogo %3, it is apparent that the metagenomic
PETases do not match the binding site positions of cutinases. Several residues such as S87,
Y159, Q161, T185 are conserved in cutinases but are not present in corresponding positions
of the metagenomic PETases nor previously determined PETases. This confirms that the

metagenomic sequences collected in this study are indeed PETases and not cutinases.



The sequences of the putative PETases were checked by reciprocal BLAST ** in the
NCBI NR datatase and for all of them the I. sakaiensis PETase or one of the other annotated

type Il PETases were the top BLAST hits.

Phylogenetic Analysis

In order to further verify that the selected metagenomic sequences represent
PETases, a phylogenetic tree was prepared (for details, see Methods section). All PETases
marked by stars in Figure 3 were identified by Joo et. al. . The representative group of
classical cutinases are non-hypothetical and were taken at random from Uniprot (full
sequences found in supplementary table S4), none of which have documented PET
degrading ability *°.
Figure 3 goes here

As can be seen in the phylogenetic tree, previously determined PETases of all types -
along with the metagenomic sequences - form a separate branch of considerable length
away from classical cutinases. The classical cutinase branch has a bootstrap value of 100%.
This indicates that none of the metagenomic sequences should be considered just regular
cutinases. Metagenomic PETen 4 can be considered a putative type | PETase based on our
phylogenetic tree and the sequence motif of type | PETases by Joo et. al. There are no
PETens which correlate phylogenetically to type lla PETases. However, every other PETen
phylogenetically fits with type Illb PETases in a common clade, reinforcing our
aforementioned classification of PETen1 and 2 as putative type Ilb PETases. Our tree shows
that the metagenomic sequences of closest homology to I. sakaiensis PETase come from

proteins 14, 22, and 15a. PETen1 shares more sequence homology to the PETase from

10



Burkholderiales bacterium RIFCSPLOWO2 and PETen 2 shares more sequence homology to

the PETase from Polyangium brachysporum.

Discussion

In this work we have identified 27 putative PETases, from which we have used two
(PETen1 and PETen2) to further argue for their classification as PETases through sequence
and docking analysis. Additionally, we have shown how the new metagenomic sequences
are highly similar to known PETases by comparative Weblogos and phylogenetic analysis.

Surprisingly, in contrast to the I. sakaiensis PETase, which was discovered in a plastic
recycling center, nearly all of the proposed metagenomic PETases were taken from areas
that are relatively pristine and probably free from substantial plastic pollution. This indicates
that the selection that led to the emergence of PETase activity may have been in response
to a natural polymer, possibly a cutin variant, with similar molecular structure to PET
polymers. As our data suggests, PETases may have branched independently from classical
cutinases much earlier than previously thought and, most likely, without the specific impact
of human-made PET polymers. With no notable commonalities between the samples’
environments, this raises the question of what specific environmental substrate led to
PETases branching off from classical cutinases if not some variant of cutin?

It is noteworthy that our searches only included the terrestrial JGI microbiome
metagenomes (7,375 samples). We did not perform searches in aquatic, airborne,
engineered, host-associated, and undetermined origin metagenomic samples which
constitute a total of 28,112 samples. Additional limitations of our data include the
previously mentioned use of structure prediction for the two full length sequences. Since

the sequences are homologous to the I. sakaiensis PETase, it is expected that the predicted
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structures would be similar to I. sakaiensis PETase, therefore the docking analysis should be
considered with caution.

Overall, we have demonstrated that there are a significant number of previously
uncharacterized proteins in the metagenomes that can be reliably predicted to have the
capability of PET degradation. Before this publication, 69 possible PETases were known, all
from known organisms; our work suggests that the number of PETases could be expanded
by systematic analysis of metagenomic samples. The future steps would include
crystallization of the full-length putative type llb PETases, including the two analyzed in this

paper, in order to more reliably assess their PET-degrading capabilities.

Materials and Methods

Data Collection

Metagenomic sequences were obtained by conducting BLAST searches on 7,375
terrestrial metagenomic samples in the JGI Integrated Microbial Genomes and Microbiomes
database & with I. sakaiensis PETase used as the query. Only proteins with 260% sequence
identity to I. sakaiensis PETase were considered for further analysis. Sequences of these 27
proteins were then checked by reciprocal BLAST (each PETen used as a query) in the NCBI
NR database in order to make sure their top BLAST hit is the I. sakaiensis PETase or another
type llb PETase. The sequences were manually analyzed for the presence of the various
sequence motifs (see Figure 2). PETen2 has an extra N-terminal region which appears to be
an artifact of the metagenomic sequencing, as no known PETase or cutinase contains a
homologous region . This extra N-terminal region which extends to Gly178 was

consequently removed from the sequence used in our analysis.
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Structure Prediction and Docking

The structures for the two selected putative PETases (PETenl and PETen2) were
predicted by using Robetta . FATCAT was then used in order to verify that the structures
are similar to I. sakaiensis PETase as expected V. The docking binding energies of the two
metagenomic proteins, I. sakaiensis PETase, and the cutinase from Fusarium solani pisi were
generated using Autodock Vina * as part of UCSF Chimera .
Weblogo
The weblogos were made using Berkeley Weblogo 2.8.2 2 after aligning the sequences using
MUSCLE Y. The sequences were trimmed to only include the residues of interest in the
weblogos.
Phylogenetic Tree

In order to construct the phylogenetic tree, the web server IQ-TREE ?° was used to
generate the maximum likelihood tree with 50% of gaps removed from the MUSCLE

multiple alignment ¥°. The tree was then visualized using iTol Tree of Life v5.0 2.
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Figure legends

Figure 1. Binding mode of PET molecule A) Shortened PET molecule 2-HE(MHET)4
docked within the binding site cleft of I. sakaiensis PETase. Surface is colored according to
hydrophobicity. B) detailed view of the binding site of I. sakaiensis PETase with docked 2-
HE(MHET)4 shortened PET molecule. The catalytic triad residues are colored green, subsite |
residues are colored orange, subsite Il residues are colored purple, and the disulfide bridge
cysteines are colored yellow. This color scheme (consistent with the Joo et. al. 2) will be
used throughout the paper to indicate these groups of binding site residues.

Figure 2. The Weblogos of binding site positions of a) metagenomic PETases, b)
previously determined PETases and c) cutinases. See Methods section for the description of
how the Weblogos were prepared. d) The mapping of Weblogo positions to the sequence
numbering of |. sakaiensis PETase. Orange indicates subsite |, violet indicates subsite Il, and
green indicates catalytic triad. For full sequences, refer to table S3 for previously
determined PETases and table S4 for cutinases.

Figure 3. The red stars indicate annotated type | PETases, yellow stars indicate type lla
PETases, and blue stars indicate type llb PETases (including the I. sakaiensis PETase). The
metagenomic sequences are labeled according to their corresponding location and IMG

genome ID 1. PETen1 and 2 are labeled by “1” and “2".
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Tables

Table 1. The conservation of functionally important PETase residues in the two most complete
putative metagenomic PETase sequences. The top row shows residues and position numbers
from I. sakaiensis PETase. I. sakaiensis PETase residues which are not conserved in metagenomic
PETases are colored red. The full sequences of all proposed novel PETases can be found in the

supplementary table S2.

Critical Zone Observatory, Northern California, USA -

Rivendell Oct2014 Saprolite 2 DNA Bulk 2 (SPAdes),

3300027903
Ga0209488_100034395 (PETen2)

Genome / Sample name (link), IMG Genome ID catalytic | subsite | subsite Il S-S
IMG Gene ID (Internal ID) triad bridge
SIDIH|Y|QMW|T AW|SIN|C|C
160|206 (237| 87 (119(161|185| 88 | 89 |159|238(241]203 [ 239
Desert soil microbial communities from Utah, United States- (S [D[(H|Y |Q[M|W|L |A|W|S|N|C|C
20190125 19, 3300036443
Ga0401344_00007_285137_286432 (PETen1)
Vadose zone soil microbial communities from the EelRiver | S |D|(H|F |Q(M[W|T|E|[H|S[N|[C|C

Table 2. Docking Results The PET molecule used was the shortened tetramer PET molecule 2-HE(MHET),.
The cutin molecule used was linear C,,H,,04, an oligo-polyester which mimics some cutin molecules.

I.sakaiensis Classical Cutinase
PETenl PETen2 PETase (Fusarium solani
pisi)
Binding E?ergy -7.2 -7.3 -7.7 -5.4
(kcalmol ) - PET
Binding Energy -4.0 -3.6 -4.2 -5.8
(kcal mol'l) - Cutin
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Figures

Figure 1.
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