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BIODEGRADATION

A bacterium that degrades and
assimilates poly(ethylene terephthalate)

Shosuke Yoshida,?* Kazumi Hiraga,' Toshihiko Takehana,® Ikuo Taniguchi,*
Hironao Yamaji,' Yasuhito Maeda,” Kiyotsuna Toyohara,® Kenji Miyamoto,>t

Yoshiharu Kimura,* Kohei Oda't

Poly(ethylene terephthalate) (PET) is used extensively worldwide in plastic products, and its
accumulation in the environment has become a global concern. Because the ability to
enzymatically degrade PET has been thought to be limited to a few fungal species,
biodegradation is not yet a viable remediation or recycling strategy. By screening natural
microbial communities exposed to PET in the environment, we isolated a novel bacterium,
Ideonella sakaiensis 201-F6, that is able to use PET as its major energy and carbon source.
When grown on PET, this strain produces two enzymes capable of hydrolyzing PET and the
reaction intermediate, mono(2-hydroxyethyl) terephthalic acid. Both enzymes are required to
enzymatically convert PET efficiently into its two environmentally benign monomers,
terephthalic acid and ethylene glycol.

lastics with desirable properties such as
durability, plasticity, and/or transparency
have been industrially produced over the
past century and widely incorporated into
consumer products (7). Many of these pro-

degradation (2, 3). About 56 million tons of PET
was produced worldwide in 2013 alone, prompt-
ing further industrial production of its mono-
mers, terephthalic acid (TPA) and ethylene glycol
(EG), both of which are derived from raw petro-

ducts are remarkably persistent in the environ-
ment because of the absence or low activity of
catabolic enzymes that can break down their
plastic constituents. In particular, polyesters con-
taining a high ratio of aromatic components, such
as poly(ethylene terephthalate) (PET), are chem-
ically inert, resulting in resistance to microbial

leum. Large quantities of PET have been intro-
duced into the environment through its production
and disposal, resulting in the accumulation of PET
in ecosystems across the globe (4).

There are very few reports on the biological
degradation of PET or its utilization to support
microbial growth. Rare examples include mem-
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Fig. 1. Microbial growth on PET. The degradation of PET film (60 mg, 20 x
15 x 0.2 mm) by microbial consortium no. 46 at 30°C is shown in (A) to (C).
The MLE (modified lettuce and egg) medium (10 mL) was changed biweekly.
(A) Growth of no. 46 on PET film after 20 days. (B) SEM image of degraded PET
film after 70 days. The inset shows intact PET film. Scale bar, 0.5 mm. (C) Time
course of PET film degradation by no. 46. PET film degradation by /. sakaiensis
201-F6 at 30°C is shown in (D) to (H). The YSV (yeast extract—sodium carbonate—
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bers of the filamentous fungi Fusarium oxy-
sporum and F. solani, which have been shown
to grow on a mineral medium containing PET
yarns [although no growth levels were speci-
fied (5, 6)]. Once identified, microorganisms with
the enzymatic machinery needed to degrade PET
could serve as an environmental remediation
strategy as well as a degradation and/or fermen-
tation platform for biological recycling of PET
waste products.

‘We collected 250 PET debris-contaminated en-
vironmental samples including sediment, soil,
wastewater, and activated sludge from a PET
bottle recycling site (7). Using these samples,
we screened for microorganisms that could use
low-crystallinity (1.9%) PET film as the major
carbon source for growth. One sediment sample
contained a distinct microbial consortium that
formed on the PET film upon culturing (Fig. 1A)
and induced morphological change in the PET
film (Fig. 1B). Microscopy revealed that the con-
sortium on the film, termed “no. 46,” contained
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vitamins) medium was changed weekly. (D to F) SEM images of I. sakaiensis
cells grown on PET film for 60 hours. Scale bars, 1 um. Arrow heads in the left
panel of (D) indicate contact points of cell appendages and the PET film surface.
Magnifications are shown in the right panel. Arrows in (F) indicate appendages
between the cell and the PET film surface. (G) SEM image of a degraded PET
film surface after washing out adherent cells. The inset shows intact PET film.
Scale bar, 1 um. (H) Time course of PET film degradation by . sakaiensis.
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a mixture of bacteria, yeast-like cells, and proto-
70a, whereas the culture fluid was almost trans-
parent (Fig. 1A). This consortium degraded the
PET film surface (fig. SI) at a rate of 0.13 mg cm >
day™ at 30°C (Fig. 1C), and 75% of the degraded
PET film carbon was catabolized into CO, at 28°C
(fig. S2).

Using limiting dilutions of consortium no. 46
that were cultured with PET film to enrich for
microorganisms that are nutritionally dependent
on PET, we successfully isolated a bacterium capa-
ble of degrading and assimilating PET. The strain
represents a novel species of the genus Ideonella,
for which we propose the name Ideonella sakaiensis
201-F6 (deposited in the National Center for

Biotechnology Information taxonomy database
under identifier 1547922). In addition to being
found in the culture fluid, cells were observed on
the film (Fig. 1D) and appeared to be connected
to each other by appendages (Fig. 1E). Shorter
appendages were observed between the cells and
the film; these might assist in the delivery of se-
creted enzymes into the film (Fig. 1, D and F).
The PET film was damaged extensively (Fig. 1G)
and almost completely degraded after 6 weeks at
30°C (Fig. 1H). In the course of subculturing no.
46, we found a subconsortium that lost its PET
degradation capability. This subconsortium lacked
I sakaiensis (fig. S3), indicating that I. sakaiensis
is functionally involved in PET degradation.

There are currently few known examples of
esterases, lipases, or cutinases that are capable
of hydrolyzing PET (8, 9). To explore the genes
involved in PET hydrolysis in I. sakaiensis 201-
F6, we assembled a draft sequence of its genome
(table S1). One identified open reading frame
(ORF), ISF6_4831, encodes a putative lipase that
shares 51% amino acid sequence identity and
catalytic residues with a hydrolase from Ther-
mobifida fusca (TfH) (fig. S4 and table S2) that
exhibits PET-hydrolytic activity (0). We purified the
corresponding recombinant I. sakaiensis proteins
(fig. S5) and incubated them with PET film at
30°C for 18 hours. Prominent pitting developed on
the film surface (Fig. 2A). Mono(2-hydroxyethyl)
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Fig. 2. ISF6_4831 protein is a PETase. Effects of PETase on PET film are
shown in (A) and (B). PET film (diameter, 6 mm) was incubated with 50 nM
PETase in pH 7.0 buffer for 18 hours at 30°C. (A) SEM image of the treated
PET film surface. The inset shows intact PET film. Scale bar, 5 um. (B) High-
performance liquid chromatography spectrum of the products released from
the PET film. (C) Unrooted phylogenetic tree of known PET hydrolytic en-
zymes. The GenBank or Protein Data Bank accession numbers (with the or-
ganism source of protein in parentheses) are shown at the leaves. Bootstrap
values are shown at the branch points. Scale bar, 0.1 amino acid substitutions
per single site. (D) Substrate specificity of four phylogenetically distinct PET
hydrolytic enzymes (b/a indicates the ratio of the values in the middle-left
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panel to those in the leftmost panel). All reactions were performed in pH
70 buffer at 30°C. PET film was incubated with 50 nM enzyme for 18 hours.
(E) Activity of the PET hydrolytic enzymes for highly crystallized PET
(hcPET). The hcPET (diameter, 6 mm) was incubated with 50 nM PETase
or 200 nM TfH, LCC, or FsC in pH 9.0 bicine-NaOH buffer for 18 hours at
30°C. (F) Effect of temperature on enzymatic PET film hydrolysis. PET film
(diameter, 6 mm) was incubated with 50 nM PETase or 200 nM TfH, LCC,
or FsC in pH 9.0 bicine-NaOH buffer for 1 hour. For better detection of the
released products in (E) and (F), the pH and enzyme concentrations were
determined based on the results shown in figs. S6 and S7, respectively.
Error bars in (D) to (F) indicate SE (n = 3).
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Fig. 3. PET metabolism by I. sakaiensis. (A)
Transcript levels of selected genes when grown on
TPA-Na, PET film, or BHET, relative to those when
grown on maltose (PCA, protocatechuic acid; ORF#,
last four digits of the ORF number). Two-sided P
values were derived from Baggerly's test of the
differences between the means of two indepen-
dent RNA sequencing experiments (*P < 0.05;
**P < 0.01). Colors correspond to the steps in
(B). (B) Predicted I. sakaiensis PET degradation
pathway. The cellular localization of PETase and
MHETase was predicted first (supplementary text,
section S1). Extracellular PETase hydrolyzes PET
to produce MHET (the major product) and TPA.
MHETase, a predicted lipoprotein, hydrolyzes MHET
to TPA and EG. TPA is incorporated through the
TPA transporter (TPATP) (17) and catabolized by
TPA 1,2-dioxygenase (TPADO), followed by 1,2-
dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylate de-
hydrogenase (DCDDH). The resultant PCA is
ring-cleaved by PCA 3,4-dioxygenase (Pca34).
The predicted TPA degradation pathway is further
described in the supplementary text (section S2).

terephthalic acid (MHET) was the major product
released by the recombinant protein, together with
minor amounts of TPA and bis(2-hydroxyethyl)
TPA (BHET) (Fig. 2B). These results suggest that
the ISF6_4831 protein hydrolyzes PET. This pro-
tein also hydrolyzed BHET to yield MHET with
no further decomposition.

We compared the activity of the ISF6_4831
protein with that of three evolutionarily diver-
gent PET-hydrolytic enzymes identified from a
phylogenetic tree that we constructed using
published enzymes (Fig. 2C and table S2). We
purified TfH from a thermophilic actinomycete
(10), cutinase homolog from leaf-branch compost
metagenome (LC cutinase, or LCC) (1I), and F.
solani cutinase (FsC) from a fungus (fig. S5)
(12), and we measured their activities against p-
nitrophenol-linked aliphatic esters (pNP-aliphatic
esters), PET film, and BHET at 30°C and pH 7.0.
For pNP-aliphatic esters, which are preferred by
lipases and cutinases, the activity of the ISF6_4831
protein was lower than that of TfH, LCC, and FsC
(Fig. 2D). The activity of the ISF6_4:831 protein
against the PET film, however, was 120, 5.5, and
88 times as high as that of TfH, LCC, and FsC,
respectively. A similar trend was observed for
BHET (Fig. 2D). The catalytic preference of the
ISF6_4831 protein for PET film over pNP-aliphatic
esters was also substantially higher than that
of TfH, LCC, and FsC (380, 48, and 400 times as
high on average, respectively) (Fig. 2D). Thus, the
ISF6_4831 protein prefers PET to aliphatic esters,
compared with the other enzymes, leading to its
designation as a PET hydrolase (termed PETase).

PETase was also more active than TfH, LCC,
and FsC against commercial bottle-derived PET,
which is highly crystallized (Fig. 2E), even though
the densely packed structure of highly crystallized

1198 11 MARCH 2016 « VOL 351 ISSUE 6278

Fold change
A (relative to maltose) B

107" 10° 10' 102 10°

9 9
—(—CHZ—CH2—0—04©— c-09-

PETase ¢
(4831)

i 0
HO—CHy;—CH> —O—C@ C—OH

MHETase

0077 o 0 (0224)
3 HO-C C—OH
2| o227
&
g " TPATP (0076/0077
§ 0228 o NN ( )
i NADPH + H*

0230 TPADO (0227/0228/0230)

NADP*

0229 COOH COOH COOH
3" DCDDH Pca34
> 0626 (0229) (0626/0627) (7~ |
o
& ¢ OTPA-Na o H 7’}_'000
-y - BPET film N o &, oH {, HOOG
s ¢ WBHET HOOC OH ok NaDPH + H* OH

ORF#
(ISF6_XXXX)

Table 1. Kinetic parameters of MHETase. The kinetic parameters were determined in pH 7.0 buffer at
30°C. Because the enzymatic PET hydrolysis involves a heterogeneous reaction, Michaelis—Menten
kinetics were not applied to PETase. ND, not detected (activity was below the detection limit of the assay).

Substrate Keat (s7%) K (M)
MHET 31+0.8* 73 = 0.6*
PET film ND

BHET 0.10 £ 0.004+
pNP-aliphatic esters (pNP-acetate, pNP-butyrate) ND

Aromatic esters (ethyl gallate, ethyl ferulate, chlorogenic acid hydrate) ND

*Data are shown as means * SEs based on a nonlinear regression model.

1The reported kcat is the

apparent ke,t determined with 0.9 mM BHET. Shown is the mean + SE from three independent experiments.

PET greatly reduces the enzymatic hydrolysis of
its ester linkages (9, 13). PETase was somewhat
heat-labile, but it was considerably more active
against PET film at low temperatures than were
TfH, LCC, and FsC (Fig. 2F). Enzymatic degra-
dation of polyesters is controlled mainly by their
chain mobility (74). Flexibility of the polyester
chain decreases as the glass transition temper-
ature increases (9). The glass transition temper-
ature of PET is around 75°C, meaning that the
polyester chain of PET is in a glassy state at the
moderate temperatures appropriate for meso-
philic enzyme reactions. The substrate specificity
of PETase and its prominent hydrolytic activity
for PET in a glassy state would be critical to sus-
taining the growth of I. sakaiensis on PET in
most environments.

I sakaiensis adheres to PET (Fig. 1, D to F) and
secretes PETase to target this material. We com-
pared the PET hydrolytic activity of PETase with
that of the other three PET hydrolytic enzymes

(fig. S7). The activity ratios of PETase relative to
the other enzymes decreased as the enzyme con-
centrations increased, indicating that PETase effi-
ciently hydrolyzed PET with less enzyme diffusion
into the aqueous phase and/or plastic vessels used
for the reaction. PETase lacks apparent substrate-
binding motifs such as the carbohydrate-binding
modules generally observed in glycoside hydrolases.
Therefore, without a three-dimensional structure
determined for PETase, the exact binding mech-
anism is unknown.

MHET, the product of PETase-mediated hy-
drolysis of BHET and PET, was a very minor com-
ponent in the supernatant of I sakaiensis cultured
on PET film (fig. S8), indicating rapid MHET me-
tabolism. Several PET hydrolytic enzymes have
been confirmed to hydrolyze MHET (table S2). To
identify enzymes responsible for PET degradation
in I sakaiensis cultures, we RNA-sequenced tran-
scriptomes of I. sakaiensis cells growing on mal-
tose, disodium terephthalate (TPA-Na), BHET,
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or PET film (fig. S9 and table S3). The catabolic
genes for TPA and the metabolite protocatechuic
acid (PCA) were up-regulated dramatically when
cells were cultured on TPA-Na, BHET, or PET film.
This contrasted with genes for the catabolism
of maltose (Fig. 3A), which involves a pathway
distinct from the degradation of TPA and EG,
indicating efficient metabolism of TPA by L
sakaiensis. The transcript level of the PETase-
encoding gene during growth on PET film was
the highest among all analyzed coding sequen-
ces (table S4), and it was 15, 31, and 41 times as
high as when bacteria were grown on maltose,
TPA-Na, and BHET, respectively. This suggests that
the expression of PETase is induced by PET film
itself and/or some degradation products other
than TPA, EG, MHET, and BHET.

The expression levels of the PETase gene in the
four different media were similar to those of ano-
ther ORF, ISF6_0224 (fig. S10), indicating similar
regulation. ISF6_0224 is located adjacent to the
TPA degradation gene cluster (fig. S11). The
ISF6_0224 protein sequence matches those of
the tannase family, which is known to hydrolyze
the ester linkage of aromatic compounds such as
gallic acid esters, ferulic saccharides, and chloro-
genic acids. The catalytic triad residues and two
cysteine residues found only in this family (15)
are completely conserved in the ISF6_0224 protein
(fig. S12). Purified recombinant ISF6_0224: protein
(fig. S5) efficiently hydrolyzed MHET with a turn-
over rate (k) of 31 + 0.8 s and a Michaelis con-
stant (K,,,) of 7.3 £ 0.6 uM (Table 1), but it did
not show any activity against PET, BHET, pNP-
aliphatic esters, or typical aromatic ester com-
pounds catalyzed by the tannase family enzymes
(Table 1). ISF6_0224 is nonhomologous to six
known MHET-hydrolytic enzymes that also hy-
drolyze PET and pNP-aliphatic esters (table S2).
These results strongly suggest that the ISF6_0224
protein is responsible for the conversion of MHET
to TPA and EG in I sakaiensis. The enzyme was
thus designated a MHET hydrolase (termed
MHETase).

To determine how the metabolism of PET
(Fig. 3B) evolved, we used the Integr8 fully se-
quenced genome database (16) to search for other
organisms capable of metabolizing this com-
pound. However, we were unable to find other
organisms with a set of gene homologs of sig-
nature enzymes for PET metabolism (PETase,
MHETase, TPA dioxygenase, and PCA dioxy-
genase) (fig. S13). However, among the 92 micro-
organisms with MHETase homolog(s), 33 had
homologs of both TPA and PCA dioxygenases.
This suggests that a genomic basis to support
the metabolism of MHET analogs was established
much earlier than when ancestral PETase pro-
teins were incorporated into the pathway. PET
enrichment in the sampling site and the enrich-
ment culture potentially promoted the selection
of a bacterium that might have obtained the nec-
essary set of genes through lateral gene transfer.
A limited number of mutations in a hydrolase,
such as PET hydrolytic cutinase, that inherently
targets the natural aliphatic polymer cutin may
have resulted in enhanced selectivity for PET.
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CLK2 inhibition ameliorates
autistic features associated
with SHANKS3 deficiency
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SH3 and multiple ankyrin repeat domains 3 (SHANK3) haploinsufficiency is causative
for the neurological features of Phelan-McDermid syndrome (PMDS), including a high
risk of autism spectrum disorder (ASD). We used unbiased, quantitative proteomics

to identify changes in the phosphoproteome of Shank3-deficient neurons. Down-regulation
of protein kinase B (PKB/Akt)-mammalian target of rapamycin complex 1 (mTORC1)
signaling resulted from enhanced phosphorylation and activation of serine/threonine
protein phosphatase 2A (PP2A) regulatory subunit, B568, due to increased steady-state
levels of its kinase, Cdc2-like kinase 2 (CLK2). Pharmacological and genetic activation
of Akt or inhibition of CLK2 relieved synaptic deficits in Shank3-deficient and PMDS
patient—derived neurons. CLK2 inhibition also restored normal sociability in a
Shank3-deficient mouse model. Our study thereby provides a novel mechanistic

and potentially therapeutic understanding of deregulated signaling downstream of
Shank3 deficiency.

hromosomal aberrations at 22q13 that de-
lete or inactivate one SH3 and multiple
anKyrin repeat domains 3 (SHANKS3) allele
are genetic hallmarks of Phelan-McDermid
syndrome (PMDS). De novo mutations in

SHANKS are also associated with nonsyndromic
autism spectrum disorder (ASD) and intellectual
disability (7-4). Genetic ablation of Shank3 in
mice yields ASD-like behavioral phenotypes and
synaptic dysfunction (5-10), the latter of which
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