w0 2025/012799 A1 |0 0800 0000 O 0O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
16 January 2025 (16.01.2025)

AT 0 OO0 O 0O 0t
(10) International Publication Number

WO 2025/012799 A1

WIPOIPCT

(1)

@n

22)

@25)
(26)
(30)

(71)

(72)

International Patent Classification:

CI2N 9/18 (2006.01) C08J 11/10 (2006.01)
A62D 3/02 (2007.01) CI2N 15/52 (2006.01)
B09B 3/60 (2022.01)
International Application Number:
PCT/IB2024/056641

International Filing Date:

08 July 2024 (08.07.2024)
Filing Language: English
Publication Language: English
Priority Data:

102023000014223 07 July 2023 (07.07.2023) IT

Applicants: POLITECNICO DI MILANO [IT/IT]; Piaz-
za Leonardo da Vinci 32, 20133 MILANO (IT). LATVIAN
INSTITUTE OF ORGANIC SYNTHESIS [LV/LV];
Aizkraukles iela 21, LV-1006 RIGA (LV).

Inventors: GAUTIERI, Alfonso; c/o POLITECNICO
DI MILANO, Piazza Leonardo da Vinci 32, 20133
MILANO (IT). PARISINI, Emilio; c/o POLITECNICO DI
MILANO, Piazza Leonardo da Vinci 32, 20133 MILANO
(IT). ESTIRI, Hajar, c/o POLITECNICO DI MILANO,
Piazza Leonardo da Vinci 32, 20133 MILANO (IT). CAS-

(74)

@81

(84)

TAGNA, Rossella; c/o POLITECNICO DI MILANO, Pi-
azza Leonardo da Vinci 32, 20133 MILANO (IT). BHAT-
TACHARYA, Shapla; c/o POLITECNICO DI MILANO,
Piazza Leonardo da Vinci 32, 20133 MILANO (IT).

Agent: DELBARBA, Andrea et al,, C/O BUGNION
S.P.A., Viale Lancetti 17, 20158 MILANO (IT).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, JM, JO, JP, KE, KG,
KI, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS,RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM, KE, LR, LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,

(54)

Title: THERMOSTABLE ENGINEERED ENZYME

0.5+

C09

0.4+

$n

TPA mg/ml

0.0 ‘ .

72

96

T T
120 144

Time (h)
Fig. 1

(57) Abstract: The invention relates to an engineered PETase enzyme comprises an amino acid sequence having at least 70% or 80%,
90%, 95%, 99% or 100% sequence identity to SEQ ID NO: 1. Preferably, the PETase enzyme comprises SEQ ID NO.1 with at least
four mutations. The invention also refers to a composition and to a method for decomposing plastics.

[Continued on next page]



WO 2025/012799 A1 TWAID 080000 0 A 0

LU,LV,MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  with sequence listing part of description (Rule 5.2(a))

— in black and white; the international application as filed

contained color or greyscale and is available for download
Jfrom PATENTSCOPE



WO 2025/012799

10

15

20

25

Thermostable engineered enzyme

FIELD OF THE INVENTION
The present invention relates to a novel plastic degrading enzyme and a

plastic decomposition method using the same.

STATE OF THE ART

PET (Polyethylene terephthalate) is a type of thermoplastic made by
polymerization of TPA (terephthalic acid) and EG (ethylene glycol). PET
has high transparency and excellent thermal insulation properties, so it is a
polymer material commonly used in electric wire coverings, household
goods, toys, and packaging materials, and is particularly widely used in the
manufacture of bottles. However, since PET has a chemical structure that
is not easily decomposed in nature, environmental pollution caused by the
accumulation of PET in ecosystems including soil, rivers, and oceans is
recognized as a serious social problem. In particular, the bioaccumulation
problem caused by microplastics can adversely affect human health, so
the need for recycling or environmentally friendly decomposition of PET is
gradually increasing.

However, when PET is recycled industrially, the recycling rate is not high
due to poor quality and high cost, and when PET is decomposed through
physical and chemical methods, endocrine-disrupting chemicals such as
dioxins can be produced, which is a secondary problem. There is a
problem that occurs.

In 1977, Tokiwa and Suzuki proposed the idea of using enzymes to
degrade polymeric materials. Indeed, enzymes work in mild conditions and
can replace hazardous chemicals (a concept known as green chemistry).
Since then, many PET-degrading enzymes from various microorganisms

have been discovered and characterized, which has also led to the
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implementation of a series of strategies for enhancing their catalytic
properties. Despite the availabilty of many suitable enzymes, their
practical use for PET degradation is limited, mostly due to their low
thermal stability. Indeed, the enzymatic degradation of PET by PETases
does improve at high temperatures, where PET crystallinity is reduced.
Hence, the design of a PETase with enhanced thermal stability is
particularly relevant to the development of enzymatic PET-degrading

strategies.

SUMMARY OF THE INVENTION

The first aspect of the invention relates to an engineered PETase enzyme.
In one embodiment, the engineered PETase enzyme comprises an amino
acid sequence having at least 70% or 80%, 90%, 95%, 99% or 100%
sequence identity to SEQ ID NO: 1.

Preferably, the PETase enzyme comprising SEQ ID NO.1 with at least four
mutations, also referred as amino acid substitutions. In one embodiment,
said SEQ ID NO.1 comprises at least four mutations selected from:
S241D, S36D, Q40R, S48D, S57K, S145R, A209R, N276D, N278K and
Q293K.

A second aspect of the present invention refers to a composition for
decomposing plastics.

The composition for decomposing plastic comprises the engineered
PETase enzyme comprises an amino acid sequence having at least 70%
or 80%, 90%, 95%, 99% or 100% sequence identity to SEQ ID NO: 2
and/or the engineered PETase enzyme comprises an amino acid
sequence having at least 70% or 80%, 90%, 95%, 99% or 100%
sequence identity to SEQ ID NO: 3.

Another aspect of the present invention provides a method for
decomposing plastics.

The method for decomposing plastics includes treating the plastics with

the composition for decomposing plastics of the present invention.
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The plastic may be MHET, BHET, PET, or the like, or derivatives thereof.

BRIEF DESCRIPTION OF THE FIGURES

The Figures show a comparison of PET-depolymerization over time for
C09, C08 and ICCG (40 nM, 80 °C, pH 8). Means % s.d (n=2) are shown.
Figure 1 shows TPA production over time;

Figure 2 shows TPA production at 4h and 144h. *P<0.05; **P<0.01 (one-
side unpaired Welch'’s t-test); and

Figure 3 shows enzyme specific activity at the different time points.

DETAILED DESCRIPTION OF THE INVENTION

The first aspect of the invention relates to an engineered PETase enzyme.
The term “PETase” or “polyethylene terephthalate hydrolases” refer to a
class of hydrolases that have the property of catalysing the cleavage of
PET (polyethylene terephthalate) into mono (2-hydroxyethyl) terephthalic
acid.

In one embodiment, there is provided an engineered thermostable
PETase enzyme with a melting temperature (Tm) comprised between
80°C and 100°C, preferably, comprised between 82 and 98°C, that is
higher than wild type enzyme. The engineered PETase enzyme may be
active at higher temperatures (80-90 °C) enabling more efficient
degradation of substrates. The thermostable PETase enzyme may also
have longer shelf life at ambient temperatures.

In one embodiment, the PETase enzyme has improved thermal stability.
In one embodiment, the engineered PETase enzyme comprises an amino
acid sequence having at least 70% or 80%, 90%, 95%, 99% or 100%
sequence identity to SEQ ID NO: 1.

Preferably, the PETase enzyme comprises SEQ ID NO.1 with at least four
mutations, also referred as amino acid substitutions. In one embodiment,
said SEQ ID NO.1 comprises at least four mutations selected from:
S241D, S36D, Q40R, S48D, S57K, S145R, A209R, N276D, N278K and
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Q293K. In other words, the enzyme comprises SEQ ID NO. 1 with at least
four mutations in the above-identified positions.

In some embodiments, SEQ ID NO.1 comprises at least five mutations
selected from: S241D, S36D, Q40R, S48D, S57K, S145R, A209R, N276D,
N278K and Q293K. Preferably, SEQ ID NO.1 comprises at least six
mutations selected from: S241D, S36D, Q40R, S48D, S57K, S145R,
A209R, N276D, N278K and Q293K.

In some embodiments, SEQ ID NO.1 comprises at least seven mutations
selected from: S241D, S36D, Q40R, S48D, S57K, S145R, A209R, N276D,
N278K and Q293K. Preferably, SEQ ID NO. 1 comprises the mutations:
S48D, S57K, S145R, A209R, S241D, N276D, N278K, Q293K.

In one embodiment, the engineered PETase enzyme comprises an amino
acid sequence having at least 70% or 80%, 90%, 95%, 99% or 100%
sequence identity to SEQ ID NO: 2.

In a preferred embodiment, the PETase enzyme consists of SEQ ID NO.2.
Preferably, SEQ ID NO. 1 comprises the mutations: S36D, Q40R, S48D,
S57K, S145R, A209R, N276D, N278K, Q293K.

In one embodiment, the engineered PETase enzyme comprises an amino
acid sequence having at least 70% or 80%, 90%, 95%, 99% or 100%
sequence identity to SEQ ID NO: 3.

In a preferred embodiment, the PETase enzyme consists of SEQ ID NO.3.

SEQ MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQ ICCG

ID NO. | SNPYQRGPNPTRSALTADGPFSVATYTVSRLSVSGF enzyme -—

1 GGGVIYYPTGTSLTFGGIAMSPGYTADASSLAWLGR Amino
RLASHGFVVLVINTNSRFDGPDSRASQLSAALNYLR acids
TSSPSAVRARLDANRLAVAGHSMGGGGTLRIAEQN sequence

PSLKAAVPLTPWHTDKTFNTSVPVLIVGAEADTVAPVS
QHAIPFYQNLPSTTPKVYVELCNASHIAPNSNNAAISVY
TISWMKLVWWDNDTRYRQFLCNVNDPALCDFRTNNRH
cQ
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SEQ | MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQS | C08
D NPYQRGPNPTRDALTADGPFKVATYTVSRLSVSGFGG | enzyme
NO. 2 | GVIYYPTGTSLTFGGIAMSPGYTADASSLAWLGRRLAS | Amino
HGFVVLVINTNSRFDGPDSRASQLSAALNYLRTRSPSA | 4cids
VRARLDANRLAVAGHSMGGGGTLRIAEQNPSLKAAVP | sequence
LTPWHTDKTFNTSVPVLIVGAERDTVAPVSQHAIPFYQ
NLPSTTPKVYVELCNADHIAPNSNNAAISVY TISWMKLW
VDNDTRYRQFLCDVKDPALCDFRTNNRHCK

SEQ | MDGVLWRVRTAALMAALLALAAWALVWASPSVEAQDN | C09
D PYRRGPNPTRDALTADGPFKVATYTVSRLSVSGFGGGV | enzyme
NO. 3 | IYYPTGTSLTFGGIAMSPGYTADASSLAWLGRRLASHGF | Amino
VVLVINTNSRFDGPDSRASQLSAALNYLRTRSPSAVRAR | 4cids
LDANRLAVAGHSMGGGGTLRIAEQNPSLKAAVPLTPWH | sequence
TDKTFNTSVPVLIVGAERDTVAPVSQHAIPFYQNLPSTTP
KVYVELCNASHIAPNSNNAAISVY TISWMKLWVDNDTRY
RQFLCDVKDPALCDFRTNNRHCK

Another aspect of the present invention provides a composition for
decomposing plastics.

The composition for decomposing plastic comprises at least one PTease
enzyme as detailed disclosed above. Preferably, the composition
comprises the engineered PETase enzyme comprises an amino acid
sequence having at least 70% or 80%, 90%, 95%, 99% or 100%
sequence identity to SEQ ID NO: 2 and/or the engineered PETase
enzyme comprises an amino acid sequence having at least 70% or 80%,
90%, 95%, 99% or 100% sequence identity to SEQ ID NO: 3.

In a preferred embodiment, the composition comprises the engineered
PETase enzyme consisting of SEQ ID NO: 2 and/or the engineered
PETase enzyme consisting of SEQ ID NO: 3.

The plastic may be Mono-(2-hydroxyethyl)terephthalic acid (MHET) and
Bis-(2-hydroxyethyhterephthalic acid (BHET), and PET, or the like, or a
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derivative thereof. In some embodiments, the composition for
decomposing plastics of the present invention comprises at least one ion
selected from the group consisting of Ni2+, Fe2+, Co2+, Cu2+, Mg2+,
Mn2+, K+, Zn2+ and EDTA, preferably at a concentration of 10 mM or less
in the composition of the present invention.

Another aspect of the present invention provides a method for
decomposing plastics.

The method for decomposing plastics includes treating the plastics with
the enzyme and/or with the composition for decomposing plastics of the
present invention.

Preferably, the plastic is selected from: MHET, BHET, PET, or the like, or
derivatives thereof.

The step of treating the composition on the plastic may be carried out
under the conditions of pH 7.5 to pH 10.5. Specifically, the pH may be in
the range of pH 7.0 to pH 10.5, 7.5 to pH 10.0, or 7.5 to pH 9.0. The
plastic degrading enzyme of the present invention can exhibit a higher
activity in the above pH range, thereby exhibiting an activity of 80% or
more of the maximum activity.

Preferably, the enzyme is used in a concentration comprised between 20

and 60 nM, more preferably comprised between 30 and 50 nM.

Example

Enzyme stability

To this end, the Applicant focused on the so-called leaf-branch compost
cutinase (LCC), a naturally occurring PETase that has been reported to
outperform all other known PET-degrading enzymes and presents a
melting temperature (Tm) of 84.7°C. This enzyme has been previously
engineered by Tournier et al. (Nature, 2020), leading to the ICCG variant
with a reported Tm of 94.5°C (88.9°C in our own assessment). Starting
from this ICCG variant, different enzyme design strategies have been

applied to engineer new enzyme mutants. This led to two variants of the
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other PETase currently known.

Enzyme Melting temperature [Tm, °C] Improvement
LCC (Wild type) 84.7 -
ICCG (Tournier et al.) 94.5 (reported)* +9.8*
88.9 (our assessment)* +4.2*
CO08 (this work) 82.2 -
CQ9 (this work) 96.8 +12.1

*The estimation of Tm is sensitive fo the experimental setup and
conditions, which could explain the difference between the reported Tm
and the Tm defermined by us. For proper comparison, we assessed the
Tm of ICCG using the same setup that we used for the measurement of
the Tm of our engineered enzymes.

Enzyme activity

Terephthalic acid (TPA) is one of the major degradation product of the
activity of the enzymes on PET. This compound can be detected by bulk
UV spectrophotometry allowing a precise quantification of product
formation. Sample were harvested at multiple time points and analysed by
ultra-high-performance  liquid chromatography UHPLC for the
quantification of TPA production. An enzyme concentration of 40 nM has
been used to evaluate the PET degradation activity of the different
mutants. The experiments were carried at 80°C and were monitored for 6
days (144h). For the selected mutants (i.e., CO9 and C08) the mean value
of TPA concentration at the different time points is significantly higher for
the mutated enzymes than for ICCG (Figure 1 and 2). In particular, the
specific activity of C09 is much higher than the ICCG gold standard and,
although it degrades over time, the mutant retains higher activity up until
day 6 (144h, Figure 3).
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CLAIMS
1. An engineered PETase enzyme comprising SEQ ID NO.1 or a
composition comprising it, wherein SEQ ID NO. 1 comprises at least four
mutations selected from: S241D, S36D, Q40R, S48D, S57K, S145R,
A209R, N276D, N278K and Q293K.

2. The enzyme according to claim 1, wherein SEQ ID NO.1 comprises at
least five mutations selected from: S241D, S36D, Q40R, S48D, S57K,
S145R, A209R, N276D, N278K and Q293K.

3. The enzyme according to claim 1 or 2, wherein SEQ ID NO.1 comprises
at least six mutations selected from: S241D, S36D, Q40R, S48D, S57K,
S145R, A209R, N276D, N278K and Q293K.

4. The enzyme according to anyone of claims 1-3, wherein SEQ ID NO.1
comprises at least seven mutations selected from: S241D, S36D, Q40R,
S48D, S57K, S145R, A209R, N276D, N278K and Q293K.

5. The enzyme according to anyone of claims 1-4, wherein SEQ ID NO. 1
comprises the mutations: S48D, S57K, S145R, A209R, S241D, N276D,
N278K, Q293K.

6. The enzyme according to claim 5, consisting of SEQ ID NO.2.

7. The enzyme according to anyone of claims 1-4, wherein SEQ ID NO. 1
comprises the mutations: S36D, Q40R, S48D, S57K, S145R, A209R,
N276D, N278K, Q293K.

8. The enzyme according to claim 7 consisting of SEQ ID NO.3.

9. A method for decomposing plastics comprises at least one step of

PCT/1B2024/056641



10

WO 2025/012799 PCT/IB2024/056641

treating the plastics with the enzyme and/or with the composition
according to anyone of claims 1-8.

10. The method according to claim 9, wherein the plastic is selected from:
MHET, BHET, PET, preferably is PET.

11. The method according to claim 9, or 10 wherein the enzyme is used in
a concentration comprised between 20 and 60 nM, preferably comprised
between 30 and 50 nM.
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