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One of the most promising PET-hydrolysing enzyme, IsPETase, originates from ‘plastic-consuming’
bacteria Ideonella sakaiensis and operates at moderate temperatures (30-40 °C) in aqueous environ-
ment, showing far higher hydrolysing efficiency than several cutinases. Accordingly, the development
of proper recombinant expression system providing facile access to the isolated/purified IsPETase is
also of high interest. In our aim to produce active recombinant /sPETase, the unsuccessful expression
registered by employing several reported expression systems, directed us towards the optimization/
development of a facile/accessible recombinant expression system suitable for /sPETase production.
Testing several plasmid constructs, providing different N- or C-terminal affinity tags for the expression
of full-length or truncated (residues 28-290) IsPETase and various E. coli expression hosts, revealed
several non-reported issues hindering the recombinant expression of /sPETase. After optimization of
the construct and expression host, the use of N-terminal His-tag and Rosetta-gami B expression host
provided recombinant /sPETase in high purity and titer-yield. The thermal denaturation profile and
PET-hydrolysing activity of the obtained IsPETase agree with the reported data, supporting proper
folding of the purified protein. The results support that the in vivo folding process of [sPETase might
be differently affected among the different E. coli host strains, moreover, underline the importance of
the proper selection of the cloning strategy for the successful expression of the ZsPETase.
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Introduction

Since several decades, polyethylene terephthalate (PET),
the polymerization product of ethylene glycol (EG) and
terephthalate (TPA), is one of the most produced and most
widely used plastics in the world and thus accumulates in the
environment at a staggering rate (W. COURTENE-JONES
& al. [1]; L. NIZZETTO & al. [2]; C. E. ENYOH & al.
[3]; C. L. WALLER & al. [4]; R. H. WARING & al. [5]; E.
S. GRUBER & al. [6]; K. RAGAERTA & al. [7]). Plastic
particles can be detected in both marine and terrestrial eco-
systems, from surface waters to deep-sea sediments, on the
shorelines of every continent, in soils and freshwater, even
in the polar regions, but are also present in the air (W. CO-
URTENE-JONES & al. [1]; L. NIZZETTO& al. [2]; C. E.
ENYOH & al. [3]; C. L. WALLER & al. [4]). Moreover,
plastic particles ingested by animals, enter the food chain
and accumulate in the organisms (W. COURTENE-JONES
& al. [1]; R. H. WARING & al. [5]), with more recent stud-
ies revealing their toxic effects (E. S. GRUBER & al. [6]),
however their long-term biological effect mainly remains
unexplored.

Recycling PET is one of the solutions for reducing plas-
tic pollution, which is already taking place at various rates
worldwide. However, the classic, thermomechanical PET re-
cycling, leads to a loss of the polymer's mechanical proper-
ties, while the chemical degradation/recycling requires harsh
conditions, consumes large amount of energy and generates
toxic secondary pollutants (K. RAGAERTA & al. [7]). In
2005, the possibility of enzymatic hydrolysis of PET films
was firstly reported (R. J. MULLER & al. [8]), followed by
further significant efforts to provide an industrially feasible
and efficient, eco-friendly, biocatalytic PET degradation
method (H. F. SON & al. (2020) [9]; H. P. AUSTIN & al.
[10]; Y. MA & al. [11]; H. Y. SAGONG & al. [12]; R. WEI
& al. [13]; F. KAWAI & al. (2019) [14]). One of the main
obstacles remained the inaccessibility of the amorphous do-
mains of the PET polymer for the enzymatic attack, due to
the high glass transition temperature (around 75 °C) of PET,
thus the biocatalytic degradation efficiency being affected by
the different crystallinity degree among the different type of
PET pollutants (R. WEI & al. [13]). In this context enzyme
variants with improved stability under severe conditions,
such as high temperature and presence of swelling agents,
are highly desirable (F. KAWAI & al. (2019) [14]), reflect-
ing current research directions in enzymatic PET degrada-
tion (F. KAWAI & al. (2020) [15]). Among the enzymes
possessing PET-degrading activity, hydrolases such as cuti-
nases (T. BRUECKNER & al. [16a]; E. H. ACERO & al.
[16b]; F. KAWALI & al. (2017) [16¢]), lipases (M. A. M. E.

VERTOMMEN & al. [17]) and PETases (I. TANIGUCHI
& al. [18]) have been reported. One of the most promising
PET-hydrolysing enzyme, IsPETase, derives from ‘plastic-
consuming’ bacteria Ideonella sakaiensis (S. YOSHIDA
& al. [19]) and operates in aqueous environment with far
higher PET-hydrolysing efficiency at moderate temperatu-
res (30-40 °C) than cutinases from Humicola insolens (HiC)
and from Thermobifida fusca (TfCutl and 7fCut2), hydrola-
ses from Thermobifida fusca (TjjfH) or lipase from Candida
antarctica (S.JOO & al. [20]; H. F. SON & al. (2019) [21]).
Since, in order to carry out the PET-degradation, IsPETase
needs to be secreted extracellularly or to be used as isolated
enzyme biocatalyst, the development of proper recombinant
expression system providing facile access to the isolated/pu-
rified ZsPETase is also of high interest.

In our aim to produce active recombinant /sPETase and
the unsuccessful set-up of several reported expression sys-
tems (H. F. SON & al. (2020) [9]; H. P. AUSTIN & al.
[10]; S. JOO & al. [20]; H. F. SON & al. (2019) [21]; G. J.
PALM & al. [22]; C. LIU & al. [23]; V. TOURNIER & al.
[24]; E. Z. L. ZHONG-JOHNSON & al. [25]) directed us
towards the optimization and development of facile/acces-
sible recombinant expression system suitable for the produc-
tion of the PET-degrading enzyme.

Materials and methods

Materials and instrumentation

Tris(hydroxymethyl)aminomethane (TRIS) was pur-
chased from Sigma-Aldrich (USA). The Bradford reagent
for protein concentration determinations was purchased
from VWR (USA). Technical grade solvents were dried
and/or freshly distilled prior to use, while HPLC-grade
solvents were purchased from Promochem LGC Standards
(Germany). The PET film (product nr. GF25214475-1-
EA), bis-(2-hydroxyethyl) terephthalate (BHET) was pur-
chased from Sigma-Aldrich. Terephthalic acid (TPA) was
purchased from Alfa Aesar, while mono-(2-hydroxyethyl)
terephthalic acid (MHET) was synthesized by previously
reported procedure (G. J. PALM & al. [22]). For PCR am-
plifications Phusion High Fidelity DNA Polymerase (2 U/
pL) from Thermo Fisher Scientific was used and a 96-well
Eppendorf Mastercycler ProS equipment. Plasmid extrac-
tion was performed using GenElute Plasmid Miniprep Kit
(Sigma-Aldrich), while the DNA isolation from agarose
gel was accomplished using QIAquick Gel Extraction Kit
(Qiagen). The T4 DNA Ligase was purchased from Jena
Bioscience. Desalting steps from the protein purification
procedure were performed using an AKTA purifier FPLC
(GE Healthcare/Amersham Biosciences) and HiTrap De-
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salting columns (Cytiva). UV-Vis measurements were
performed on an Agilent 8453 UV-vis spectrophotometer
and/or BioTek Epoch 2 microplate reader, using 96-well
UV-Microtiter microplates. Enzymatic PET-hydrolysis
reactions were carried out in an Eppendorf ThermoMixer
C, while HPLC analysis of the reaction samples was con-
ducted on Agilent 1200 instrument. The melting curves of
the recombinant proteins were measured using a Bio-Rad
CFX 96 Real-Time System and SYPRO Orange Protein
Gel Stain (Invitrogen).

Molecular cloning

Cloning the synthetic full-length ispetase gene
into pET-15b and pET-21a(+) vectors

The codon-optimized synthetic gene encoding the /s-
PETase, designed with Ncol, Ndel and Xhol restriction
sites (Table S1), was synthesized by Invitrogen and provid-
ed in pMA cloning vector. For subcloning into pET-21a(+)
expression vector with a C-terminal His6-tag, the synthetic
gene was PCR-amplified without the Stop codon, while
for subcloning into pET-15b restriction digestion was em-
ployed (the targeted and obtained constructs are presented
in Tables S2). Accordingly, the amplified gene or the pMA
vector harbouring the synthetic gene and empty pET-21a(+)
or pET-15b expression vector, respectively, were digested
with Ndel and Xhol restriction enzymes for 2 h at 37 °C.
The obtained DNA fragments were separated via agarose
gel electrophoresis, the DNA bands corresponding to the
insert and the recipient plasmid backbone being extracted
from the gel and purified. The ligation of the purified DNA
fragments was performed for 1 h at 22 °C using T4 DNA li-
gase, followed by transformation into E. coli TOP10 com-
petent cells. The obtained colonies were screened for their
insert-content using colony PCR. The plasmid DNA of pos-
itive colony/colonies was extracted, and further restriction
digestion confirmed the presence of insert gene (Fig. S1).
The final construct was transformed into different expres-
sion hosts (e.g. E. coli BL21-Gold (DE3), Rosetta (DE3)
pLysS, ArcticExpress (DE3), Rosetta-gami B (DE3)) via
heat shock/electroporation for further expression.

Molecular cloning of truncated IsPETase (28-290) gene
into pET-21a(+) and pET-15b vectors

The first 81 nucleotides corresponding to the signal
peptide from the IsPETase sequence (residues 1-27) were
removed by PCR-amplification using as template DNA the
full-length ZsPETase encoding synthetic gene and the cor-
respondingly designed primers from Table S3. The PCR
protocol consisted of initial denaturation at 98 °C for 30 s,
followed by 30 amplification cycles, each of them involv-

ing denaturation at 98 °C for 10 s, annealing at 57 °C for
30 s and extension at 72 °C for 30 s; followed by a final
extension step at 72 °C for 10 minutes. The cloning of the
truncated ispetase gene into pET-21a(+) expression vector
was performed using the procedure described for the full-
length gene.

For the subcloning of the truncated gene into pET-15b
vector the optimized synthetic gene (see section 2.2.3) was
similarly amplified via PCR using the primers (Table S6)
allowing Stop codon reinsertion at the 3’-end of the gene.
The employed PCR protocol included initial denaturation at
98 °C for 30 s, followed by 30 amplification cycles, each of
them consisting of denaturation at 98 °C for 10 s, annealing
at 57 °C for 30 s and extension at 72 °C for 30 s; followed by
a final extension step at 72 °C for 10 minutes. The cloning
of the optimized ispetase(28-290) variant into pET-21a(+)
expression vector was performed using the procedure de-
scribed for full-length gene.

Site-directed mutagenesis for sequence optimization

To remove additional ORFs from the codon-optimized
synthetic gene encoding /sPETase, site-directed mutagene-
sis was performed using megaprimers (Table S4). The PCR
protocol consisted of initial denaturation at 98 °C for 30 s,
followed by 5 megaprimer amplification cycles (denatur-
ation at 98 °C for 10 s, annealing at 68 °C for 30 s, extension
at 72 °C for 2 minutes), followed by 25 cycles for plasmid
amplification (denaturation at 98 °C for 30 s and extension
at 72 °C for 4 minutes) and a final extension step at 72 °C for
10 minutes. The PCR reaction products were digested with
Dpnl restriction enzyme at 37 °C for 1 h to remove the DNA
template. 5 uL from the digested product was transformed
into E. coli XL1-Blue chemically competent cells via heat
shock. The plasmids isolated from the bacterial colonies
were sequenced (Biomi Ltd., G6d6l1l6) in order to confirm

the presence of the mutations.

Transformations into different E. coli hosts

The plasmids (pET-21a(+) or pET-15b) harbouring the
gene encoding the full-length or truncated /sPETase(28-290)
were transformed into E. coli Rosetta (DE3) pLysS chemi-
cally competent cells via heat shock and into E. coli BL21-
Gold (DE3) electrocompetent cells by electroporation. The
plasmids (pET-21a(+) or pET-15b) harbouring the gene en-
coding the truncated /sPETase(28-290) were transformed
into E. coli ArcticExpress (DE3) host cells via heat shock
following the recommendation from the producer. The plas-
mids (pET-21a(+) or pET-15b) harbouring the improved
variant of the gene encoding for truncated /sPETase(28-290)
were transformed into E. coli Rosetta-gami B (DE3) cells
via heat shock, following the producer’s guidelines.
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Protein expression and isolation

Expression and isolation using E. coli Rosetta (DE3)
pLysS host cells

The recombinant E. coli strains harbouring the differ-
ent /sPETase encoding plasmid constructs were grown
overnight at 37 °C, in 5 mL Luria-Bertani (LB) medium
supplemented with carbenicillin and chloramphenicol.
Then, 4 x 0.5 L LB medium was inoculated with 2% (v/v)
of the prepared overnight culture and incubated at 37 °C,
220 rpm until OD,, = 0.6-0.7 was reached, at which point
induction with 0.5 mM (or 1, 1.5 mM) of IPTG was per-
formed, followed by overnight incubation at 20 °C (or, 18,
16 °C), at 180 rpm (or 160 rpm). The cells were harvested
by centrifugation at 3000 x g for 25 min at 4 °C, followed
by resuspension of the cell pellet in lysis buffer (20 mM
Tris.HCI, 100 mM NaCl, pH 7.0) and cell disruption by
sonication. The cell debris was discarded by centrifugation
at 10000 x g for 25 min at 4 °C and the /sPETase was puri-
fied from the cytosolic fraction by gravitational Ni-NTA af-
finity chromatography. After washing with low salt buffer
(50 mM HEPES, 30 mM KCI, pH 7.5) and high salt buffer
(50 mM HEPES, 300 mM KCI, pH 7.5), the non-specifi-
cally bound proteins were removed with 25 mM imidazole
containing buffer (20 mM Tris. HCL, 100 mM NaCl, pH
7.0), followed by the elution of His-tagged proteins with
300 mM imidazole (20 mM Tris.HCI, 100 mM NaCl, pH
7.0). The degree of protein expression and the purity of
the obtained fraction was investigated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Fig. S2, Fig. S3) and/or Western blot using Mouse anti-
His antibody and Rabbit anti-mouse secondary antibody
(Invitrogen).
Expression and isolation using E. coli BL21 Gold (DE3)
host cells

The cell culture preparations for the recombinant E.
coli BL21-Gold (DE3) strains harbouring the different
IsPETase encoding plasmid constructs were performed
under similar conditions as described in section 2.4.1,
while the protein isolation protocol via Ni-NTA chroma-
tography followed the previously reported procedures (H.
F. SON & al. (2020) [9]; H. F. SON & al. (2019) [21).
The eluted protein fraction was subjected to desalting via
FPLC, using HiTrap Desalting columns (with Sephadex
G-25 resin) and Tris-buffer (20 mM Tris.HCI, 300 mM
NaCl, pH 8.0) as mobile phase. The degree of protein ex-
pression and the purity of the obtained fraction was in-
vestigated by SDS-PAGE (Fig. S11), while the protein
concentration was determined spectrophotometrically via
Bradford method.

Expression and isolation using E. coli ArcticExpress
(DE3) as host

In case of pET-21a(+) construct containing the improved
gene encoding the truncated /sPETase, the effect of different
cell growth conditions on the protein expression level has
been determined in a multi-factorial experiment (Table S5).
Accordingly, in each case 0.5 L LB medium was inoculated
with 2% (v/v) overnight culture and the cells were cultivated
at 37 °C, 200 rpm until OD; of 0.6-0.7 followed by in-
duction with different IPTG concentrations (Table S5) and
overnight incubation at 16 °C or 20 °C and 200 rpm. The
cells were harvested by centrifugation at 13000 x g for 10
min at 4 °C and suspended in Tris buffer (20 mM Tris.HCI,
100 mM NaCl, pH 7.0), followed by denaturation with SDS-
PAGE sample buffer. In case of investigating the autoinduc-
tion system ZYM auto inducible medium (F. W. STUDIER
[26]) was employed and cell growth was performed by over-
night incubation at 16 °C or 20 °C, at 200 rpm. The degree of
protein expression, within the samples taken from the differ-
ent phases of cell growth, was investigated by SDS-PAGE
and Western blot techniques.

Expression and isolation using E. coli Rosetta-gami B
(DE3) host cells

The expression and isolation of the recombinant protein
was accomplished as described in the previously reported
procedures (H. F. SON & al. (2020) [9]; H. F. SON & al.
(2019) [21]). The desalting step was carried out as described
above.

In case of the truncated /sPETase(28-290) encoding the
improved gene/pET-21a(+) construct a similar multi-facto-
rial experiment was carried out as noted above, excepting
that the incubation of the cell culture was performed at 20
°C and 25 °C respectively. The degree of protein expression
and the purity of the obtained fraction was investigated by
SDS-PAGE (Fig. S10) and Western blot technique, while
the protein concentration was determined using the Brad-
ford method.

PET-hydrolysis reaction

PET-hydrolysis reactions were performed as previously
reported (H. F. SON & al. (2020) [9]; S. JOO & al. [20]; H.
F. SON & al. (2019) [21]) with slight modifications, using
10 mg of commercial PET film (Sigma-Aldrich) as substrate.
The film was soaked in 1 mL of pH 9.0 glycine/NaOH buffer
containing 500 nM of isolated /sPETase. The reaction mix-
ture was incubated at 45 °C (and/or 30 °C) for 20 h. Samples
of 100 pL were removed from the reaction mixture, and in
case of UV-activity assay, were analysed directly, while in
case of HPLC activity assessments, the reaction samples
were quenched by adding an equal volume of acetonitrile,
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vortexed and centrifuged (17000 x g, 3 minutes), followed
by acidification of the supernatant and filtering through a 0.2
uM nylon membrane.

Activity assessment by HPLC

The employed procedure was similar to previously re-
ported methods (H. F. SON & al. (2020) [9]; S. JOO &
al. [20]; H. F. SON & al. (2019) [21]; C. LIU & al. [23]),
using an Agilent 1200 HPLC system, equipped with DAAD
detector. The samples, retrieved from the biocatalytic PET-
hydrolysis reactions, were injected onto a Phenomenex Luna
C8(2) column (150x4.6 mm; 5 um), eluted with a flow rate
of 1.0 mL/min at 20 °C using a linear gradient elution of
the mobile phase consisting of (A) 0.1% formic acid solu-
tion and (B) acetonitrile, with varied composition of 15%
(B) to 27.5% (B) over 10 minutes elution time, monitoring
the product elution at 240 nm. All experiments were per-
formed in triplicate. TPA, MHET, and BHET (the total TPA)
content of the reaction samples, and implicitly the enzyme
activity, was determined based on calibration curves using
the authentic standard of TPA and BHET (Sigma-Aldrich)
and synthesized MHET.

Enzyme activity assessment via UV-Vis
spectroscopy

The PET-hydrolysis reaction was analysed using the
previously described bulk absorbance method (E. Z. L.
ZHONG-JOHNSON & al. [25]). UV-absorbance spectra
(Fig. S12) were determined for all three PET-hydrolysis
products (TPA, MHET and BHET) using their 0.1 mM solu-
tions in glycine/NaOH pH 9.0 buffer. Based on this, 235 nm
was selected as wavelength for UV-activity measurements
(Fig. 2B), since at this wavelength the absorbance of the
three compounds show the closest magnitude. Further, the
extinction coefficients at 235 nm within the glycine/NaOH
pH 9.0 buffer were determined for each hydrolysis product
separately, the results resembling the reported values (E. Z.
L. ZHONG-JOHNSON & al. [25]). Using the average ex-
tinction coefficient, the total product (TPA content) of the
samples from the PET-hydrolysis reaction could be deter-
mined through A, measurements.

Melting temperature (T, ) assessments

The thermostability measurements were performed us-
ing differential scanning fluorimetry (DSF). The protein
solutions at a concentration of 5-10 uM were mixed with
SYPRO Orange dye and glycine/NaOH (pH 9.0) buffer to
a final volume of 50 pL. The 5000x stock of the SYPRO
Orange dye solution was diluted to 200x with glycine/NaOH
(pH 9.0) buffer, then 5 pL of the diluted colorant was added
to each sample. The obtained protein samples were loaded

into a white-clear-Hard Shell 96-well PCR plate (Bio-Rad),
followed by sealing the plate with optically clear Microseal
B sealing tape (Bio-Rad). The melting curve of the samples
were then measured using the FAM and ROX channels of a
Bio-Rad CFX96 system, with 450-490 and 560-590 excita-
tion and 510-530 and 610-650 emission filters, respectively.
The samples were heated on a temperature range from 20
°C to 95 °C, while the melting temperature was determined
from the peaks of the first derivatives of the melting curve.

Results and discussion

For the production of recombinant /sPETase various
plasmid constructs, including the full-length ispetase gene
encoding 290 amino acids with an additional polyhistidine-
tag and different types of E. coli as expression host cells
have been reported (Table 1) (H. P. AUSTIN & al. [10]; E.
ERICKSON & al. [31]). On the other hand, in several works
(H. F. SON & al. (2020) [9]; S. JOO & al. [20]; H. F. SON
& al. (2019) [21]; G. J. PALM & al. [22]; C. L1U & al. [23];
V. TOURNIER & al. [24]; E. Z. L. ZHONG-JOHNSON
& al. [25]) the expression of [sPETase enzyme was perfor-
med from the truncated ispetase gene (amino acid residues
28-290), lacking the signal sequence (amino acid residues
1-27) (Table 1).

Accordingly, we targeted the expression and purifica-
tion of both the full-length or truncated ispetase genes. The
nucleotide sequence of IsPETase (Genbank: GAP38373.1)
was codon optimized and the synthetic gene (Table S1)
was used for cloning as full-length or truncated version into
pET-15b vector (Fig. S1), providing an N-terminal His-tag.
Expression in different E. coli host strains, Rosetta (DE3)
pLysS, BL21-Gold (DE3), proved to be unsuccessful, no de-
tectable (SDS-PAGE, Western-blot) /sPETase levels being
registered. The expression of recombinant /[sPETase with
N-terminal His-tag (Fig. S1) and protein purification by af-
finity chromatography revealed low protein yields (~1-2 mg
from 1 L culture) and no protein band at the expected size
of IsPETase (~30.1 kDa for full-length version and ~27.7
kDa for truncated /sPETase) (Fig. S2). Optimization of the
expression parameters, such as testing the effect of different
incubation temperatures (20 °C, 18 °C and 16 °C) (Fig. S3)
and the effect of IPTG concentration (0.1, 0.5 and 1 mM)
was also performed, however no expression of IsPETase
had been observed. The Western blot analysis revealed the
presence of His-tagged proteins with molecular weights <25
kDa within the induced cells, suggesting possible proteoly-
sis of the targeted protein, while no protein bands were de-
tected within the fractions resulted from protein purification
(Fig. S4).
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Table 1. Reported recombinant expression systems for the production of IsPETase.

IsPETase

Specific activity

E i E i E
Entry  encoding xpression Affinity tag xpression nz.yfne (mg_,.  /h/ Reference
vector host activity TPAq
gene mg, )
N-terminal . 8.6 uM TPA
- - eq ~
1 truncated pET-15b His -tag Rosetta gami-B 24 h 0.095 H.F. SON & al. [9, 21]
C-terminal
H. P. AUSTIN & al.
2 full-length  pET-21b(+) (modified) C41(DE3) [a] - [10] a
SxHis-tag
3 truncated pET-30a  not mentioned BL21 (DE3) [a] - X. MENG & al. [27]
N-terminal . 3 mg/L TPA
4 truncated pET-15b . Rosetta gami-B ) i ~0.027 S.JOO & al. [20]
His-tag in 18 h
C-terminal  ArcticExpress
5 t ted ET-21b b - LI 1. [23
runcate p His,-tag (DE3) [b] C.LIU & al. [23]
truncated . 0.7 (0.9)
ET-28b(+ C-t 1 P. WAGNER-EGEA &
6 (*Trx- (pET 5 2bE+;) Hfsmi;na Rosetta-gami 2 mgTPAcq/h/ 0.7 (0.9) al. [28]
IsPETase) P 518 mg, e, '
C-terminal
7 truncated  pET-21b(+) H:“;“ga Shuffle T7 [a] - G.J. PALM &al. [22]
C-terminal E.Z.L.
8 truncated  pET-21a(+) . T7 Express [b] - ZHONG-JOHNSON &
His -tag
° al. [25]
SP C-terminal ~2.5 mg/L/24 h
LamB, _ + - ~0. ) .
IsPETaseH* pET-22b(+) His,-tag 200 nM 0.017 H. SEO & al. [29]
pET32a ' BL21 trxB
11 full length not mentioned (DE3) (P. [c] - C. CHEN & al. [30]
(pPICZaA) .
pastoris X33)
PET-21b(+) ) 1.2 mM
-t 1 E. ERICKSON L.
12 full-length CHiemlma C41(DE3) aromatic ~0.28 C[ 3%0 &a
Sotag product in 24 h
C-terminal 10?2 /h/ V. TOURNIER & al.
13 truncated  pET-21b(+) erminal - po1 (DE3) Mrracy ~0.01 a
His -tag me, [24]

[a] The activity of the IsPETase not mentioned in conversional units, [b] only kinetic measurements performed towards napthyl ester polymers, [c]

reaction volume (for activity deduction) not stated.

* ispetase gene with a thioredoxin fusion domain (Trx) at the N-termini.

** Jeader sequence replaced with sec-dependent maltoporin signal peptide in order to produce extracellularly the ZsPETase.

Further, the truncated version of the IsPETase encod-
ing gene was subcloned into pET-21a(+) using restriction
sites Ndel and Xhol (Fig. S5 and Table S3), providing a
C-terminal His-tag to the recombinant protein, however suc-
cessful expression of IsPETase was not achieved, no protein
band at the expected size could be observed by SDS-PAGE
and Western-blot analysis (Fig. S6, Fig. S7). Additionally,
to exclude protein folding issues we tested the expression of
the truncated gene in E. coli ArcticExpress (DE3) host-cells,
derived from BL21-Gold (DE3), featuring chaperonins
Cpn60 and Cpnl0 that facilitate proper folding also at low
temperatures, strain previously being reported as success-
ful host for IsPETase production (C. LIU & al. [23]). Since
again /sPETase production was not detectable (Fig. S8), the
synthetic gene, codon optimized by Invitrogen, was further
optimized via the removal of the secondary open reading
frame through site-directed mutagenesis (Fig. S9, Table S4),
maintaining the encoded /sPETase sequence unaltered. The

obtained plasmid harbouring the truncated version of the
improved IsPETase in pET-21a(+), was transformed into E.
coli ArcticExpress (DE3) and Rosetta-gami B (DE3) cells,
the later also known to enhance the expression of genes with
rare codons and also to facilitate proper disulphide bond for-
mation within the protein-folding process (H. F. SON & al.
(2020) [9]; S. JOO & al. [20]; H. F. SON & al. (2019) [21];
P. WAGNER-EGEA & al. [28]). Within these two hosts the
production of IsPETase was attempted, varying the expres-
sion conditions (Table S5), such as medium type, induction
and cell-growth temperature. Despite the multi-factorial ex-
perimental set-up, the expression of the desired protein was
found to be unsuccessful.

In the final successful attempt, the use of an N-ter-
minal His-tag for the truncated, improved gene sequence
was considered. Accordingly, we subcloned the truncated,
overlapping ORF-lacking ispetase gene into the pET-15b
vector, then transformed the construct into both E. coli
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Figure 1. SDS-PAGE analysis of the isolation of mutant ZsPETase(28-290)-pET-15b using as host E. coli A) Rosetta-gami
B(DE3) cells (M-protein ladder, 1-eluted fraction (300 mM imidazole), 2-washing with 30 mM imidazole, 3-second flow-
through, 4-eluted protein after desalting) and B) BL21 Gold (DE3) cells (M-protein ladder, 1-eluted protein after desalting,
2- second flow-through, 3-washing with 30 mM imidazole). C) Melting temperature measurement of the obtained /sPETase

enzyme via differential scanning fluorimetry (DSF) (by plotting the negative first derivative of the fluorescence vs the
temperature).
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Figure 2. PET degrading activity of the produced recombinant /sPETase. A) Reaction scheme for the enzymatic PET
film degradation. B) Overlay UV absorbance spectra of terephthalic acid (TPA), mono-(2-hydroxyethyl) terephthalic acid
(MHET) and bis-(2-hydroxyethyl) terephthalate (BHET). C) Overlay of the HPLC chromatograms of 7) the separation of
TPA (1* peak), MHET (2" peak) and BHET (3" peak) during the measurements within standard curve assessment (blue) and
ii) of sample from the enzymatic PET hydrolysis reaction (after 24-hour reaction time) (orange).

BL21-Gold (DE3) and Rosetta-gami B (DE3) expression ly, using Rosetta-gami B as host /sPETase have been ob-
hosts. In both cases, the SDS-PAGE analysis revealed the  tained in high purity (>95% - estimated from SDS-PAGE
expression of a ~29 kDa protein, present also within the  — Fig. 1A) and titer yields of (2.5 mg/L ferment), while in
fraction eluted from the affinity chromatography (Fig. case of expression in E. coli BL21-Gold (DE3) host cells
1A, Fig. 1B, see also Fig. S10 and Fig. S11). Interesting-  significantly lower expression yields (1.5 mg/L ferment)
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and lower protein purity have been obtained (Fig. 1B).
These results strengthen that the formation of the two dis-
ulphide-bonds Cys203-Cys239 and Cys289-C273 found
within the crystal structures of IsPETase monomers (PDB
ID: 5XJH) are essential within protein expression in E.
coli host. Since Rosetta-gami B host cells with mutations
in both the thioredoxin reductase (##xB) and glutathione
reductase (gor) genes, enhanced disulphide bond forma-
tion in the E. coli cytoplasm, it also promoted the proper
folding and expression of /sPETase. Notable, that in our
case the same truncated gene version cloned with a C-
terminal His6-tag in the pET-21a(+) vector repeatedly
resulted in unsuccessful protein expression even in Ro-
setta-gami B, despite successful expression of similar C-
terminal His6-tagged IsPETase encoding truncated genes
in pET-21a(+) constructs being reported, albeit in other,
disulphide bridge formation favouring, T7 Shuffle or T7
express E. coli hosts (G. J. PALM & al. [22]; E. Z. L.
ZHONG-JOHNSON & al. [25]). The proximity of the C-
terminal disulphide-bridge forming C289, and the disul-
phide bridge forming capability of Rosetta-gami B strains
seems of high importance for protein folding/stability, re-
flected in the more facile expression of N-terminal tagged
IsPETase.

Our results underline the importance of the selection/
optimization of the cloning strategy, revealing several non-
reported issues hindering the recombinant expression of Is-
PETase. Apparently, the reported data suggest that PETase
activity is not affected by the different N- or C-terminal posi-
tioning of the His-tag, however their in vivo folding process
might be differently affected in the employed E. coli hosts,
improperly folded ZsPETase being exposed to protease deg-
radation, as supported by our results.

The thermal stability assessment of the purified IsPETase
revealed a melting temperature of 46.2°C, (Fig. 1C), in
agreement with reported values (H. F. SON & al. (2020) [9];
H. P. AUSTIN & al. [10]; S. JOO & al. [20]; H. F. SON &
al. (2019) [21]; C. LIU & al. [23]; E. Z. L. ZHONG-JOHN-
SON & al. [25]). The activity of the obtained ZsPETase was
investigated within the hydrolysis reaction of PET film (Fig.
2) using previously reported HPLC (H. F. SON & al. (2020)
[9]; S. JOO & al. [20]; H. F. SON & al. (2019) [21]; V.
TOURNIER & al. [24]) and UV-spectroscopy (E. Z. L.
ZHONG-JOHNSON & al. [25]) methods.

During the analytical scale PET film degradation, we
monitored the formation of the three possible products
with terephthalic acid (TPA) content, bis-(2-hydroxyethyl)
terephthalate (BHET), mono-(2-hydroxyethyl) terephtha-
late (MHET) and TPA (Fig. 2A), from which the global
TPA quantity produced upon PET-hydrolysis could be ob-

tained. During the UV-spectroscopy based PETase-activi-
ty measurements the molar absorptivity for each reaction
product, BHET, MHET, TPA was determined (Fig. S12),
using, as previously reported (E. Z. L. ZHONG-JOHN-
SON & al. [25]), the medium molar absorptivity, for
products concentration assessments from UV-absorbance
measurements at 235 nm. Further, the PETase activ-
ity measurements were also performed by employing
HPLC procedures (H. F. SON & al. (2020) [9]; S. JOO
& al. [20]; H. F. SON & al. (2019) [21]; V. TOURNIER
& al. [24]), that upon adaptation provided baseline sepa-
ration of the three TPA unit containing PET-hydrolysis
product, TPA, MHET, BHET (Fig. 2C), while calibration
using their authentic standard solutions provided quanti-
fication of the total TPA content of the samples extracted
from enzymatic reactions (Fig. 2C).

Accordingly, the PET-hydrolysing activity of the pro-
duced IsPETase at 45 °C was 0.08 mg TPA produced / mg
enzyme / 1 h reaction time with the UV-assay, while HPLC
measurements revealed activity of 0.02 mg TPA produced /
mg enzyme / | h reaction time, both values being in accor-
dance with reported activity values (H. F. SON & al. (2020)
[9]; S. JOO & al. [20]; H. F. SON & al. (2019) [21]; V.
TOURNIER & al. [24]; H. SEO & al. [29]) and support that
the optimized expression system is suitable for the facile
production of /sPETase.

Conclusions

Within the present study we targeted the recombinant
expression of the leading PET-degrading enzyme, /sPETase.
Employing several reported expression systems, provid-
ing different N- or C-terminal affinity tags and various E.
coli expression hosts, we registered unsuccessful sPETase
expressions. Construct and expression host optimizations
revealed that the N-terminal His-tag and Rosetta-gami B
expression host provided /sPETase in high yield and pu-
rity. The thermal denaturation profile and PET-hydrolysing
activity of the isolated /sPETase was in agreement with re-
ported data, supporting its proper fold. The results, while
revealing several non-reported issues hindering the recom-
binant expression of IsPETase, suggest that the in vivo fold-
ing process of IsPETase might be differently affected among
the different E. coli hosts. The revealed issues/solutions un-
derline the importance of the selection/optimization of the
cloning strategy for the successful recombinant expression
of the IsPETase.
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