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ABSTRACT: Widespread utilization of polyethylene terephthalate
(PET) has caused a variety of environmental and health problems;
thus, the enzymatic degradation of PET can be a promising solution.
Although PETase from Ideonalla sakaiensis (IsPETase) has been
reported to have the highest PET degradation activity under mild
conditions of all PET-degrading enzymes reported to date, its low
thermal stability limits its ability for eﬃcient and practical enzymatic
degradation of PET. Using the structural information on IsPETase,
we developed a rational protein engineering strategy using several
IsPETase variants that were screened for high thermal stability to
improve PET degradation activity. In particular, the IsPETaseS121E/D186H/R280A variant, which was designed to have a stabilized β6-β7 connecting loop and extended subsite IIc, had a
Tm value that was increased by 8.81 °C and PET degradation activity was enhanced by 14-fold at 40 °C in comparison with
IsPETaseWT. The designed structural modiﬁcations were further veriﬁed through structure determination of the variants, and
high thermal stability was further conﬁrmed by a heat-inactivation experiment. The proposed strategy and developed variants
represent an important advancement for achieving the complete biodegradation of PET under mild conditions.
KEYWORDS: polyethylene terephthalate (PET), biodegradation, PETase from Ideonella sakaiensis (IsPETase),
rational protein engineering, thermal stability
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INTRODUCTION
Polyethylene terephthalate (PET) is produced by the chain
polymerization of ethylene glycol and terephthalate and is one
of the most widely used forms of synthetic plastic in several
industries, owing to its durability, low price, and convenient
processability.1 However, abandoned plastic waste is a major
cause of environmental problems such as contamination of the
ocean and soil.2−4 Moreover, plastics can be decomposed by
weathering, resulting in microplastic particles of less than 5
mm, which has emerged as an even greater environmental
concern.5−7 Indeed, these microplastics are often ingested by
marine organisms and continue to accumulate in their body,
eventually getting transferred to humans that consume
them.8−10 Thus, plastic waste has a serious inﬂuence on
human health and represents a major contributor to environmental pollution. As an attempt to solve or attenuate these
environmental problems, several technologies have been
developed to treat plastic wastes chemically and physically;
however, the byproducts resulting from this processing also
contribute to environmental pollution.11−13 Therefore, the
development of biodegradable plastics using cutinase and
© 2019 American Chemical Society

lipase has become an important research focus; however, these
enzymes are limited by their low PET degradation ability and
requirement of a considerably high temperature of approximately 70 °C to carry out their activity.14−19 Recently, a new
bacterium, Ideonella sakaiensis, was isolated that was shown to
eﬀectively use PET as a carbon source20 and can degrade the
PET polymer into monomers of monohydroxyethyl terephthalate (MHET), using enzymes called PETase and MHETase.
Importantly, PETase from I. sakaiensis (IsPETase) not only
shows far higher degradation activity than any other enzyme
known to be capable of degrading PET to date but also
functions at a moderate temperature, indicating its environmental applicability.20
To elucidate the molecular mechanism of IsPETase, several
groups have determined its crystal structure and suggested the
following catalytic mechanism.21−26 After the PET polymer
attaches to the active site of IsPETase with a ﬂat hydrophobic
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Figure 1. Structural comparison of IsPETaseWT with IsPETaseP181A variant: the central mixed β-sheets of IsPETaseWT (A) and IsPETaseP181A variant
(B); stereoview of superimposed structures of IsPETaseWT and IsPETaseP181A variant (C).

under the harsh stresses of the extracellular environment.
However, the stability of IsPETase is relatively low because I.
sakaiensis only grows under mild conditions.23 Therefore,
variants of IsPETase need to be designed with the characteristics of high stability to consequently retain enzymatic activity
for a long period of time at a moderate temperature.
Accordingly, in this study, on the basis of the reported crystal
structure of IsPETase, we developed a rational protein
engineering strategy to increase the thermal stability of the
protein and successfully obtained IsPETase variants with
remarkably enhanced thermal stability and highly improved
PET degradation ability. This work could provide a valuable
contribution toward solving environmental problems by
allowing for the complete biodegradation of PET.

cavity, the PET is degraded into MHET monomers via a nick
generation step and terminal digestion step.23 In addition, on
the basis of the complex structure with a substrate analogue
and docking simulation, four MHET monomers were
predicted to bind to the active site of IsPETase, and the
amino acid residues involved in each moiety for PET
attachment were elucidated.21−24 With this structural information, several mutation studies have been attempted to
improve the activity of IsPETase, and these variants were
reported to have slightly higher enzyme activity in comparison
to the wild type IsPETase.23,24,26,27 Nevertheless, the IsPETase
activity for PET degradation is still too low for application to
resolve the current environmental challenge.
Although IsPETase exhibits the most powerful PET
degradation activity among enzymes tested so far at moderate
temperature, its enzyme activity and stability still limit its
utilization for plastic waste treatment.23 Moreover, PETase
needs to be secreted to carry out its function, which requires
establishing conditions to allow for maintenance of its function

■

RESULTS AND DISCUSSION
Rational Design Strategy for Enhancing the Thermal
Stability. Although IsPETase has superior PET-degrading
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activity in comparison to other known PET-degrading
enzymes, one major defect of this enzyme for PET degradation
is that it acts only at mild temperature due to its low thermal
stability. Since PETase is required to maintain its activity for a
long time in a harsh extracellular environment for PET
degradation, we suspect that the thermal stability of PETase is
crucial for eﬀective PET degradation using the protein. In
order to improve the thermal stability of IsPETase, we ﬁrst
attempted to identify the key structural features aﬀecting the
low thermal stability of the protein. Because the stability and
activity of proteins are in a tradeoﬀ relationship, we focused on
structural regions located away from the active site and found
two main candidates. First, IsPETase belongs to the α/β
hydrolase superfamily, and the central twisted β-sheet is
formed by nine mixed β-strands (β1-β9) surrounded by seven
α-helices (α1-α7). Interestingly, in IsPETase, the central β
sheet is interrupted due to abnormal conformation of the β6
strand (Figure 1A). The Pro181 residue is located in the
middle of the β6 strand, which blocks continuity of the β sheet
by preventing the formation of hydrogen bonds between the
main chains around this amino acid. In fact, the distance
between the main-chain nitrogen of Pro181 and the mainchain oxygen of Leu199 is 3.6 Å, and that between the mainchain nitrogen of Gly158 and the main-chain oxygen of Ala180
is 4.2 Å, which seems to consequently cause the secondary
structure disruption (Figure 1A). Thus, we considered that this
disruption of the β sheet severely aﬀects the thermal stability of
IsPETase and generated the IsPETaseP181A variant to recover
this disruption.
Second, in IsPETase, the β6-β7 connecting loop (Asp186Phe191) showed a higher b factor value (22.2) in comparison
with the overall b factor value (16.1) and this loop is one of the
most ﬂexible regions in the structure (Figure 2A). In fact, the
region is located at the protein surface and does not interact
with neighboring regions (Figure 2A). We then compared the
region of IsPETase with the corresponding region of cutinase2
from Thermobiﬁda fusca DSM43793 (Tf CUT2), which is
known to have a much higher thermal stability in comparison
to IsPETase. Unlike IsPETase, the β6-β7 connecting loop
(His156-Trp161) forms quite a stable structure in Tf CUT2,
with a similar b factor value in the region in comparison with
the overall b factor value (Figure 2B). Interestingly, the His156
residue located on the loop forms a hydrogen bond with the
Asp94 residue on the α2 helix, which seems to contribute to
the high stability of the loop (Figure 2B). Therefore, we
generated the IsPETaseS121D/D186H variant by replacing Ser121
and Asp186 residues with aspartate and histidine, respectively,
to increase the stability of the β6-β7 connecting loop by
introducing a hydrogen bond.
Improved Thermal Stability of IsPETase Variants. To
examine how the rationally designed mutations described
above aﬀected the thermal stability of IsPETase, we compared
the melting temperatures (T m ) of the two variants
IsPETaseP181A and IsPETaseS121D/D186H with that of IsPETaseWT. IsPETaseP181A and IsPETaseS121D/D186H showed respective Tm values of 49.25 and 54.85 °C, which were
approximately 0.5 and 6 °C higher than that of IsPETaseWT
at 48.81 °C (Figure 3A,B). To verify that the increased thermal
stabilities of the two variants IsPETaseP181A and IsPETaseS121D/D186H were due to the introduced mutations for
recovery of the central β sheet and increased stability of the
β6-β7 connecting loop, respectively, we determined the crystal
structures of these variants (Table S2). As intended, the

Figure 2. The β6-β7 connecting loops of IsPETaseWT (A), Tf CUT2
(B), IsPETaseS121D/D186H (C), and IsPETaseS121E/D186H (D): b factors
of the structures (left) and the residues related to the β6-β7
connecting loop stabilization (right).

structure of the IsPETaseP181A variant showed recovery of the
disrupted central β sheet (Figure 1B and Figure S1). The
main-chain nitrogen of the replaced P181A formed a hydrogen
bond with the main-chain oxygen of Leu199, and the mainchain nitrogen of Gly158 formed a hydrogen bond with the
main-chain oxygen of Ala180 (Figure 1B). However, since the
recovery of the central β sheet only increased the Tm value by
0.5 °C, we suspect that the interruption of the β sheet due to
Pro181 on the β6 strand might not be a crucial contributor to
the low thermal stability of IsPETase. The structure of
IsPETaseS121D/D186H showed a much lower b factor value
(18.5) for the β6-β7 connecting loop (Asp186-Phe191) in
comparison to that of IsPETaseWT (Figure 2C and Figure S2),
indicating that the loop region of the IsPETaseS121D/D186H
variant has a conformation much more stable than that of
the corresponding region of IsPETaseWT, which is in line with
its increased Tm value. However, we did not observe a
hydrogen bond between the mutated Asp121 and His186
residues in the structure of the IsPETaseS121D/D186H variant, in
contrast to our expectation (Figure 2C). The distance between
3521
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bond formation with the mutated His186. Surprisingly, the
IsPETaseS121E/D186H variant showed a Tm value of 56.02 °C,
which is 7.21 °C higher than that of IsPETaseWT and is 1.17 °C
higher than that of the IsPETaseS121D/D186H variant (Figure
3A,B). However, we still did not observe hydrogen bond
formation between the mutated Glu121 and His186 residues,
even in the structure of the IsPETaseS121E/D186H variant (Figure
2D and Figure S3). Instead, we observed another important
structural feature in the IsPETaseS121E/D186H variant; the
mutated Glu121 forms a water-mediated hydrogen bond
with the adjacent Asn172 residue (Figure 2D and Figure S3).
Because the hydrogen bond was not observed between the
mutated Asp121 and Asn172 residues in the IsPETaseS121D/D186H variant (Figure 2C), we suspect that formation
of the water-mediated hydrogen bond might contribute to the
much higher thermal stability of the IsPETaseS121E/D186H
variant in comparison to that of the IsPETaseS121D/D186H
variant. Interestingly, however, the IsPETaseS121D and
IsPETaseS121E variants showed slightly increased PET degradation ability at 30 °C, but their Tm values were rather
decreased in comparison to IsPETaseWT, which leads to lower
enzyme activity at 40 °C (Figures S4 and S5). These results
indicate that the His residue at the Asp186 position
contributes more to increase thermal stability, and watermediated hydrogen bonding of IsPETaseS121D and IsPETaseS121E also seems to be preceded by mutated His186.
A further detailed structural analysis provided clues into the
stabilized β6-β7 connecting loop. In the structure of
IsPETaseWT, hydrophobic residues such as Pro120, Ile168,
and Phe191 surround the Asp186 residue, which appears to
cause a collision of polarity between the highly negatively
charged Asp186 residue and the surrounding hydrophobic
residues (Figure 2B and Figure S6). Therefore, we suspect that
this collision of polarity is partially released from the mutation
of Asp186 to the uncharged histidine, which subsequently
stabilizes the loop. In order to clarify the alleviation of polarity
collision by a hydrophobic residue, we mutated Asp186 to
histidine, phenylalanine, isoleucine, leucine, and valine

Figure 3. (A) Thermal stability measurement of IsPETaseWT and
variants. (B) Comparison of Tm values of IsPETaseWT and variants.

the mutated Asp121 and His186 residues was 3.9 Å, which is
too far to form a hydrogen bond (Figure 2C).
On the basis of these ﬁndings, we next attempted to replace
Ser121 with glutamate, an acidic residue slightly longer than
aspartate, to provide a more optimal distance for hydrogen

Figure 4. PETase activity of the variants. PET degradation activity of IsPETaseWT and variants. The enzyme activity is the sum of MHET and TPA.
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Figure 5. Crystal structure of IsPETaseS121E/D186H/R280A. Three mutation points are highlighted as close-up views.

IsPETase, which can maintain its activity even at high
temperatures, is crucial for its eﬃcient enzymatic degradation
of PET.
We also attempted to integrate the eﬀects of increased
thermal stability conferred by β-sheet recovery and loop
stabilization and generated the IsPETaseP181A/S121D/D186H and
IsPETaseP181A/S121E/D186H variants. However, these variants
showed Tm values lower than those of the IsPETaseS121D/D186H
and IsPETaseS121E/D186H variants of 52.69 and 53.56 °C,
respectively (Figure 3A,B). Moreover, although the enzyme
activities of these variants were somewhat higher in
comparison with that of IsPETaseWT, they were still relatively
lower than the activities of variants without addition of P181A
mutation (Figure 4). We suspect that addition of P181A
mutations to the IsPETaseS121D/D186H and IsPETaseS121E/D186H
variants had a deleterious eﬀect on both the thermal stability
and enzyme activity.
Improved Eﬀects of the R280A Mutation in the
IsPETaseS121D/D186H and IsPETaseS121E/D186H Variants. We
previously reported that the IsPETaseR280A variant showed
22.4% and 32.4% increased activity at 18 and 36 h of
incubation, respectively, in comparison with IsPETaseWT.23
Structural analysis of this variant suggested that the increased
activity might be due to the extended subsite IIc by providing a
hydrophobic and nonprotruding cleft.23 On the basis of this
previous ﬁnding, we also attempted to integrate the R280A
mutation into the IsPETaseS121D/D186H and IsPETaseS121E/D186H
variants and generated the IsPETaseS121D/D186H/R280A and
IsPETaseS121E/D186H/R280A variants, respectively. Surprisingly,
these IsPETaseS121D/D186H/R280A and IsPETaseS121E/D186H/R280A
variants showed Tm values of 56.41 and 57.62 °C, which were
7.6 and 8.81 °C higher than that of IsPETaseWT, respectively,
and also higher (by approximately 1.6 °C) than that of the
variants without the R280A mutation (Figure 3A,B). The PET
degradation experiments showed even more dramatic eﬀects of
this mutation, as the IsPETaseS121D/D186H/R80A and IsPETaseS121E/D186H/R280A variants exhibited much higher activities in
comparison to the corresponding variants without addition of
the R280A mutation under all reaction conditions (Figure 4).
In particular, at 40 °C, the IsPETaseS121E/D186H/R280A variant
showed 9.1- and 13.9-fold higher activities than IsPETaseWT, at
24 and 72 h incubation, respectively, which correspond to 2.0and 2.3-fold higher activities in comparison to those of the
corresponding variants without addition of the R280A
mutation (Figure 4 and Figure S7). The crystal structure of
the IsPETaseS121E/D186H/R280A variant showed that a watermediated hydrogen bond formed between the mutated Glu121
residue and Asn172 residue, and the extended subsite IIc was
constituted, as observed in their original variants (Figure 5and

residues. Interestingly, all single mutants have similar Tm values
in comparison to IsPETaseWT, but IsPETaseD186H and
IsPETaseD186F variants had a positive eﬀect on the enzyme
activity, and especially IsPETaseD186H showed the highest PET
degradation ability (Figures S4 and S5). These results indicate
that replacing Asp186 to a hydrophobic residue help to release
polarity collision, and histidine is the most suitable residue at
the position of Asp186 to increase PET degrading ability.
Enhanced PET Degradation Activity by Increased
Thermal Stability. To investigate the eﬀect of increased
thermal stability on enzyme activity, we measured the PETdegradation activity using a PET ﬁlm at 30 and 40 °C using the
IsPETaseP181A, IsPETaseS121D/D186H, and IsPETaseS121E/D186H
variants. The activity of the IsPETaseP181A variant enzyme
was markedly decreased under all conditions (Figure 4),
despite an increase in the Tm value of about 0.5 °C (Figure
3A,B). A detailed comparison of the structure of the
IsPETaseP181A variant with that of IsPETaseWT showed that
the Asp206 residue, which functions as an electron donor in
enzyme catalysis, had slightly shifted away from another
catalytic His237 residue (Figure 1C). Thus, we suspect that
the decreased activity of the IsPETaseP181A variant is caused by
collapse of the optimal catalytic site. We additionally replaced
the P181 residue with glycine and serine, the residues that
might be accommodated into the hydrophobic core of the
protein, to further verify the eﬀect of mutations of P181 to
other residues. Interestingly, both the IsPETaseP181G and
IsPETaseP181S variants showed much lower Tm values and
remarkably decreased activities in comparison to IsPETaseWT
(Figures S3 and S4), indicating that the P181 residue seems to
be beneﬁcial for enzyme stability and the PET degrading ability
of IsPETase.
In contrast, the IsPETaseS121D/D186H variant showed
increased activity in comparison with that of IsPETaseWT
under all conditions, with an approximate 2-fold increase at a
reaction temperature of 30 °C (Figure 4). Interestingly, this
variant showed increased activity in comparison to that of
IsPETaseWT under 40 °C, with 3.4- and 4.4-fold increased
activities at 24 and 72 h of incubation, respectively (Figure 4).
This increase is considered to be directly due to the increased
thermal stability, which allows the variant to remain active for
longer periods of time at higher temperatures. Moreover, the
IsPETaseS121E/D186H variant showed substantially increased
activity in comparison to that of the IsPETaseS121D/D186H
variant at both reaction temperatures (Figure 4). In particular,
in comparison with IsPETaseWT, the IsPETaseS121E/D186H
variant showed 4.5- and 6.0-fold increased activities at 24
and 72 h of incubation, respectively, at 40 °C (Figure 4).
These results indicate that the high thermal stability of
3523
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Figure 6. Enzyme activity for 10 days and heat-inactivation experiment of IsPETaseWT and IsPETaseS121E/D186H/R280A. (A) Enzyme activity of
IsPETaseWT and IsPETaseS121E/D186H/R280A for 10 days at 30 and 40 °C. (B−D) Enzyme activity of IsPETaseWT and IsPETaseS121E/D186H/R280A using
heat-inactivated protein at 30 °C for 3 h to 10 days (B), 40 °C for 30 min to 120 h (C), and 50 °C for 1 to 60 min (D).

°C for 10 days, whereas at 40 °C, the activity rapidly increased
at 1 day of incubation and did not increase thereafter (Figure
6A). Consequently, activity at 30 °C surpassed that at 40 °C
after 2 days of incubation and ﬁnally showed an almost 2-fold
increase in comparison to that at 40 °C after 10 days of
incubation (Figure 6A). The IsPETaseS121E/D186H/R280A variant
also showed a continuous increase in enzyme activity at 30 °C
for 10 days, and the activity rapidly increased for 3 days at 40
°C; since the activity at 40 °C was much higher than that at 30
°C, the activity at 30 °C did not exceed that at 40 °C even at
10 days of incubation (Figure 6A).
Finally, we performed heat inactivation experiments using
IsPETaseWT and the IsPETaseS121E/D186H/R280A variant to
conﬁrm the high thermal stability of the variant. Considering
that the Tm values of IsPETaseWT and IsPETaseS121E/D186H/R280A
are 48.81 and 57.67 °C, respectively (Figure 3A,B), we
incubated these proteins at 30, 40, and 50 °C for various time
periods and performed the PET degradation experiments with
24 h of incubation at 30 °C using the heat-inactivated proteins.
As expected, IsPETaseWT lost most of its activity under heat
inactivation for 1 day at 30 °C; however, the IsPETaseS121E/D186H/R280A variant retained almost the same enzyme
activity over 10 days (Figure 6B). When IsPETase was
inactivated at 40 °C, IsPETaseWT showed less than 20%
activity after 6 h, while the IsPETaseS121E/D186H/R280A variant
showed more than half of the activity for 48 h (Figure 6C).
With heat inactivation at 50 °C, IsPETaseWT lost most of its
activity under 10 min incubation; however, the IsPETaseS121E/D186H/R280A variant retained more than half of its activity

Figure S8). In fact, the loop region and subsite IIc region are
located on opposite sides of the protein, indicating that
simultaneous mutations on both regions might not aﬀect their
conformation to each other (Figure 5). Thus, we suspect that
stabilization of the β6-β7 connecting loop and the extended
subsite IIc are mutually compatible mutations that match each
other and exert synergetic eﬀects on both thermal stability and
enzyme activity.
Durability of PETase for Eﬃcient PET Degradation. As
interesting phenomenon emerged when we considered the
results of the PET-degradation experiments using IsPETaseWT
and the several IsPETase variants in more detail. At 30 °C,
IsPETaseWT showed 1.74-fold increased activity at 72 h of
incubation in comparison with that detected at 24 h of
incubation (Figure 4); however, there was no clear diﬀerence
over time at 40 °C (Figure 4). These results indicate that
IsPETaseWT lost most of its activity after 24 h of incubation at
40 °C but retained its activity until 72 h incubation at 30 °C.
The IsPETaseS121E/D186H/R280A variant showed 2.1-fold increased activity at 72 h of incubation in comparison with
that at 24 h of incubation under 30 °C, as well as 1.54-fold
increased activity with longer incubation at 40 °C (Figure 4).
This improved long-term maintenance of the activity of the
IsPETaseS121E/D186H/R280A variant is likely due to its increased
thermal stability.
Next, we measured PET-degradation activity for 10 days
using IsPETaseWT and the IsPETaseS121E/D186H/R280A variant to
investigate the long-term stability of protein activity. In
IsPETaseWT, the enzyme activity gradually increased at 30
3524
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even under 20 min incubation and still showed approximately
10% of its activity under 60 min incubation (Figure 6D). On
the basis of these results, we conclude that the high thermal
stability of PETase, which can maintain its activity continuously at high temperature, is crucial for the eﬃcient
degradation of PET, which explains the high PET degradation
activity of the IsPETaseS121E/D186H/R280A variant.
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CONCLUSION
We developed IsPETase variants with high thermal stability
and high PET degradation activity through a rational protein
engineering strategy. In particular, the IsPETaseS121E/D186H/R280A variant showed substantially higher thermal
stability and subsequently higher PET degradation activity in
comparison with those of IsPETaseWT. Although Tf CUT2,
which is derived from a hyperthermal microorganism, had
much higher thermal stability and consequently showed higher
PET degradation at higher temperatures (up to 70 °C) than
IsPETase, its nonoptimized substrate binding site caused a
dramatic decrease in the PET degradation activity at mild
temperature, resulting in much lower activity than for
IsPETase. Since the use of microorganisms that secrete
PETase is essential for their practical application in the
biodegradation of PET, PETases with high PET degradation
activity at a mild temperature, which is the optimal growth
temperature of general industrial strains such as Escherichia coli,
are strongly desired. In this context, IsPETase is a very suitable
target because the protein shows superb PET degradation
activity at mild temperature. However, the low thermal stability
of IsPETase has thus far limited its application for PET
degradation. Thus, our results can help to increase the
possibility of achieving the complete biodegradation of PET
under mild conditions. Moreover, we have demonstrated that
information on protein structure can be very eﬀectively utilized
in rational protein engineering to enhance the thermal stability
of a target protein, opening the door for further applications.
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