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Abstract

Keywords

Is
bacteria Ideonella sakaiensis and operates -

IsPETase is 
also of high interest. IsPETase, the unsuccessful expression 

IsPETase production. 

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 IsPETase. After optimization of 
the construct and expression host, the use of N-terminal His-tag and Rosetta-gami B expression host 
provided recombinant Is
PET-hydrolysing activity of the obtained Is

in vivo folding process of IsPETase might 
E. coli host strains, moreover, underline the importance of 

the proper selection of the cloning strategy for the successful expression of the IsPETase. 
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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 

environment at a staggering rate (
& al. [1]; al. [2]; al. 
[3]; C. L. WALLER & al. al. [5]; E. 
S. GRUBER & al. [6]; K. RAGAERTA & al. [7]). Plastic 
particles can be detected in both marine and terrestrial eco-

in the polar regions, but are also present in the air ( -
al. [1]; al. [2]; C. E. 

al. [3]; C. L. WALLER & al. [4]). Moreover, 
plastic particles ingested by animals, enter the food chain 
and accumulate in the organisms (
& al. [1]; al. [5]), -

E. S. GRUBER & al. [6]), 

unexplored.
Recycling PET is one of the solutions for reducing plas-

-
cycling, leads to a loss of the polymer`s mechanical proper-

conditions, consumes large amount of energy and generates 
toxic secondary pollutants (K. RAGAERTA & al. [7]

R. & al. [8]

method (H. & al. & al. 
& al. & al.

& al. & al. (2019) [14]
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, 

PET pollutants ( & al. [13]

are highly desirable ( & al. (2019) [14] -
ing current research directions in enzymatic PET degrada-
tion ( & al. (2020) [15]). Among the enzymes 
possessing PET-degrading activity, hydrolases such as cuti-
nases (T. BRUECKNER & al. [16a & al. 
[16b & al. (2017) [16c]), lipases (M. A. M. E. 

 & al. [17]) and PETases (  
& al. [18]
PET-hydrolysing enzyme, IsPETase, derives from ‘plastic-

Ideonella sakaiensis (
& al. [19]) and operates 

-
res (30-40 °C) than cutinases from Humicola insolens (HiC) 
and from  (TfCut1 and TfCut2), hydrola-
ses from  (TjjfH) or lipase from Candida 
antarctica ( & al. & 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 

-
IsPETase is also of high interest.

IsPETase and 
the unsuccessful set-up of several reported expression sys-
tems ( & al. & al. 

& al. & al. (2019) 
PALM & al. & al. & al. 

& al. [25]) directed us 
-

sible recombinant expression system suitable for the produc-
tion of the PET-degrading enzyme.

Materials and methods

Materials and instrumentation
-

chased from Sigma-Aldrich (USA). The Bradford reagent 

-
-

reported procedure ( & al. [22]). For PCR am-

-

-
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performed on an Agilent 8453 UV-vis spectrophotometer 

UV-Microtiter microplates. Enzymatic PET-hydrolysis 

-
ducted on Agilent 1200 instrument. The melting curves of 

Molecular cloning

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

The codon-optimized synthetic gene encoding the Is-

sites (Table S1 -
ed in pMA cloning vector. For subcloning into pET-21a(+) 

-
ployed (the targeted and obtained constructs are presented 
in Tables S2
vector harbouring the synthetic gene and empty pET-21a(+) 

gel electrophoresis, the DNA bands corresponding to the 
insert and the recipient plasmid backbone being extracted 

-
E. coli -

insert-content using colony PCR. The plasmid DNA of pos-

Fig. S1). 
-

sion hosts (e.g. E. coli BL21-Gold (DE3), Rosetta (DE3) 
pLysS, ArcticExpress (DE3), Rosetta-gami B (DE3)) via 

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

peptide from the Is

full-length IsPETase 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, 

-

ing denaturation at 98 °C for 10 s, annealing at 57 °C for 

extension step at 72 °C for 10 minutes. The cloning of the 
truncated gene into pET-21a(+) expression vector 

length gene.
For the subcloning of the truncated gene into pET-15b 

vector the optimized synthetic gene (see section 2.2.3
Table S6) 

The employed PCR protocol included initial denaturation at 

them consisting of denaturation at 98 °C for 10 s, annealing 

of the optimized  variant into pET-21a(+) 
-

scribed for full-length gene.

Site-directed mutagenesis for sequence optimization 

synthetic gene encoding IsPETase, site-directed mutagene-
Table S4). The PCR 

protocol consisted of initial denaturation at 98 °C for 30 s, 
-

ation at 98 °C for 10 s, annealing at 68 °C for 30 s, extension 

into E. coli
shock. The plasmids isolated from the bacterial colonies 

the presence of the mutations.

Transformations into di erent E. coli hosts
The plasmids (pET-21a(+) or pET-15b) harbouring the 

gene encoding the full-length or truncated IsPETase(28-290) 
 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 Is
into E. coli ArcticExpress (DE3) host cells via heat shock 

-
mids (pET-21a(+) or pET-15b) harbouring the improved 
variant of the gene encoding for truncated IsPETase(28-290) 

E. coli Rosetta-gami B (DE3) cells 
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Protein expression and isolation

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

The recombinant E. coli -
ent Is
overnight at 37 °C, in 5 mL Luria-Bertani (LB) medium 

of the prepared overnight culture and incubated at 37 °C, 

600

-

by centrifugation at 3000 x g

Tris.HCl, 100 mM NaCl, pH 7.0) and cell disruption by 

at 10000 x g for 25 min at 4 °C and the Is -
-

-

300 mM imidazole (20 mM Tris.HCl, 100 mM NaCl, pH 
7.0). The degree of protein expression and the purity of 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
(Fig. S2, Fig. S3
His antibody and Rabbit anti-mouse secondary antibody 

Expression and isolation using E. coli BL21 Gold (DE3) 
host cells

The cell culture preparations for the recombinant E. 
coli
Is
under similar conditions as described in section 2.4.1, 

-
H. 

& al. & al. (2019) [21). 

NaCl, pH 8.0) as mobile phase. The degree of protein ex-
-

vestigated by SDS-PAGE (Fig. S11

Bradford method.

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

gene encoding the truncated Is

been determined in a multi-factorial experiment (Table S5). 

600 -
Table S5) and 

overnight incubation at 16 °C or 20 °C and 200 rpm. The 
g for 10 

-

[26] -
night incubation at 16 °C or 20 °C, at 200 rpm. The degree of 

-

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

The expression and isolation of the recombinant protein 

procedures ( & al. & al. 
(2019) [21]
above.

IsPETase(28-290) encoding the 
-

°C and 25 °C respectively. The degree of protein expression 

SDS-PAGE (Fig. S10
-

ford method.

PET-hydrolysis reaction 

reported ( & al. & al. [20]; H. 
& al. (2019) [21]) 

containing 500 nM of isolated IsPETase. The reaction mix-

case of HPLC activity assessments, the reaction samples 
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vortexed and centrifuged (17000 x g

Activity assessment by HPLC
-

ported methods ( & al. (2020) & 
al. & al. (2019) & al. [23]), 

detector. The samples, retrieved from the biocatalytic PET-

the mobile phase consisting of (A) 0.1% formic acid solu-

(B) to 27.5% (B) over 10 minutes elution time, monitoring 
-

formed in triplicate. TPA, MHET, and BHET (the total TPA) 
content of the reaction samples, and implicitly the enzyme 

the authentic standard of TPA and BHET (Sigma-Aldrich) 
and synthesized MHET.

Enzyme activity assessment via UV-Vis 
spectroscopy

previously described bulk absorbance method (E. Z. L. 
& al. [25]). UV-absorbance spectra 

(Fig. S12
products (TPA, MHET and BHET) using their 0.1 mM solu-

(Fig. 2B

separately, the results resembling the reported values (E. Z. 
& al. [25]). Using the average ex-

samples from the PET-hydrolysis reaction could be deter-
mined through A235 measurements.

Melting temperature (TM) assessments
-

B sealing tape (Bio-Rad). The melting curve of the samples 

-

Results and discussion
For the production of recombinant IsPETase various 

plasmid constructs, including the full-length  gene 

E. coli as expression host cells 
have been reported (Table 1

( & al. (2020) & al. 
& al. (2019) & al. & al. [23]; 

& al.
& al. [25]) the expression of Is -
med from the truncated  gene (amino acid residues 

1-27) (Table 1). 
-

tion of both the full-length or truncated  genes. The 
IsPETase (Genbank: GAP38373.1) 

Table S1) 

pET-15b vector (Fig. S1), providing an N-terminal His-tag. 
E. coli host strains, Rosetta (DE3) 

pLysS, BL21-Gold (DE3), proved to be unsuccessful, no de-
tectable (SDS-PAGE, Western-blot) IsPETase levels being 
registered. The expression of recombinant Is
N-terminal His-tag (Fig. S1 -

from 1 L culture) and no protein band at the expected size 
of Is
kDa for truncated IsPETase) (Fig. S2

incubation temperatures (20 °C, 18 °C and 16 °C) (Fig. S3) 

IsPETase 
had been observed. The Western blot analysis revealed the 

-
-

(Fig. S4).
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Further, the truncated version of the IsPETase encod-
ing 

Fig. S5 and Table S3), providing a 
-

cessful expression of Is
band at the expected size could be observed by SDS-PAGE 
and Western-blot analysis (Fig. S6, Fig. S7). Additionally, 

the truncated gene in E. coli ArcticExpress (DE3) host-cells, 
derived from BL21-Gold (DE3), featuring chaperonins 

temperatures, strain previously being reported as success-
ful host for IsPETase production (  & al. [23]). Since 
again Is Fig. S8), the 

optimized via the removal of the secondary open reading 
frame through site-directed mutagenesis (Fig. S9, Table S4), 
maintaining the encoded Is

obtained plasmid harbouring the truncated version of the 
improved Is E. 
coli ArcticExpress (DE3) and Rosetta-gami B (DE3) cells, 

rare codons and also to facilitate proper disulphide bond for-
& al. 

& al. & al. (2019) [21]; 
P. WAGNER-EGEA & al. [28]
production of Is -
sion conditions (Table S5), such as medium type, induction 

-

found to be unsuccessful.
N-ter-

gene into the pET-15b 
vector, then transformed the construct into both E. coli 

Table 1. Reported recombinant expression systems for the production of IsPETase.

Entry
IsPETase 
encoding 

gene

Expression 
vector

A nity tag
Expression 

host
Enzyme 
activity

Speci c activity 
(mgTPAeq/h/
mgIsPETase)

Reference

1 truncated pET-15b
N-terminal 

His6-tag
Rosetta gami-B

 
in 24 h

 & al. [9, 21]

2 full-length pET-21b(+)
C-terminal 

5xHis-tag
C41(DE3) [a] -

& al. 
[10]

3 truncated pET-30a not mentioned BL21 (DE3) [a] -  & al. [27]

4 truncated pET-15b
N-terminal 

His6-tag
Rosetta gami-B

 
in 18 h

 & al. [20]

5 truncated pET-21b
C-terminal 

His6-tag
ArcticExpress 

(DE3)
[b] -  & al. [23]

6
truncated 

(*Trx-
IsPETase)

pET-28b(+) 
(pET-32b(+))

C-terminal 
His6-tag

Rosetta-gami 2
0.7 (0.9) 

mg
mgIsPETase

0.7 (0.9)
P. WAGNER-EGEA & 

al. [28]

7 truncated pET-21b(+)
C-terminal 

His6-tag
 T7 [a] -  & al. [22]

8 truncated pET-21a(+)
C-terminal 

His6-tag
T7 Express [b] -

E. Z. L. 
 & 

al. [25]

9
SPLamB.

IsPETase**
pET-22b(+)

C-terminal 
His6-tag

-
200 nM

 & al. [29]

11 full length
pET32a 

not mentioned
BL21 trxB 
(DE3) (P. [c] - C. CHEN & al. [30]

12 full-length
pET-21b(+)

C-terminal 
His6-tag

C41(DE3)
1.2 mM 
aromatic 

product in 24 h

 & al. 
[31]

13 truncated pET-21b(+)
C-terminal 

His6-tag
BL21 (DE3)

10-2 mg
mgIsPETase

 & al. 
[24]

[a] The activity of the IsPETase not mentioned in conversional units, [b] only k

reaction volume (for activity deduction) not stated.
* 
** sec-dependent maltoporin signal peptide in order to produce extracellularly the IsPETase.
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BL21-Gold (DE3) and Rosetta-gami B (DE3) expression 

Fig. 
1A, Fig. 1B, see also Fig. S10 and Fig. S11 -

ly, using Rosetta-gami B as host IsPETase have been ob-

– Fig. 1A
case of expression in E. coli BL21-Gold (DE3) host cells 

Figure 1. SDS-PAGE analysis of the isolation of mutant IsPETase(28-290)-pET-15b using as host E. coli A) Rosetta-gami 

through, 4-eluted protein after desalting) and B) BL21 Gold (DE3) cells (M-protein ladder, 1-eluted protein after desalting, 
 C) Melting temperature measurement of the obtained IsPETase 

temperature).

Figure 2. PET degrading activity of the produced recombinant IsPETase. A) Reaction scheme for the enzymatic PET 
B)

(MHET) and bis-(2-hydroxyethyl) terephthalate (BHET). C) i) the separation of 
TPA (1st peak), MHET (2nd peak) and BHET (3rd

 of sample from the enzymatic PET hydrolysis reaction (after 24-hour reaction time) (orange).
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Fig. 1B). 
-

ulphide-bonds Cys203-Cys239 and Cys289-C273 found 
IsPETase monomers (PDB 

E. 
coli
in both the thioredoxin reductase (trxB) and glutathione 
reductase (gor) genes, enhanced disulphide bond forma-
tion in the E. coli cytoplasm, it also promoted the proper 
folding and expression of IsPETase. Notable, that in our 

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, 

express E. coli hosts ( & al. [22]; E. Z. L. 
& al. [25]). The proximity of the C-

terminal disulphide-bridge forming C289, and the disul-
phide bridge forming capability of Rosetta-gami B strains 

-
N-terminal tagged 

IsPETase. 

optimization of the cloning strategy, revealing several non-
reported issues hindering the recombinant expression of Is-
PETase. Apparently, the reported data suggest that PETase 

-
in vivo folding process 

E. coli hosts, 
improperly folded IsPETase being exposed to protease deg-
radation, as supported by our results. 

IsPETase 
revealed a melting temperature of 46.2°C, (Fig. 1C), in 

& al. (2020) [9]; 
& al. & al. & 

al. (2019) & al. -
& al. [25]). The activity of the obtained Is

Fig. 
2) using previously reported HPLC ( & al. (2020) 

& al. & al. (2019) [21]; V. 
& al. [24]) and UV-spectroscopy (E. Z. L. 

& al. [25]) methods. 

monitored the formation of the three possible products 

terephthalate (BHET), mono-(2-hydroxyethyl) terephtha-
late (MHET) and TPA (Fig. 2A

-

tained. During the UV-spectroscopy based PETase-activi-
ty measurements the molar absorptivity for each reaction 

Fig. S12), 
using, as previously reported ( -

& al. [25]), the medium molar absorptivity, for 
products concentration assessments from UV-absorbance 
measurements at 235 nm. Further, the PETase activ-

HPLC procedures ( & al. (2020)
& al. & al. (2019) 
& al. [24]), that upon adaptation provided baseline sepa-
ration of the three TPA unit containing PET-hydrolysis 
product, TPA, MHET, BHET (Fig. 2C

-

from enzymatic reactions (Fig. 2C). 
Accordingly, the PET-hydrolysing activity of the pro-

duced Is

-
& al. (2020) 

& al. & al. (2019) [21]; V. 
& al. & al. [29]) and support that 

the optimized expression system is suitable for the facile 
production of IsPETase.

Conclusions

expression of the leading PET-degrading enzyme, IsPETase. 
Employing several reported expression systems, provid-

E. 
coli IsPETase 
expressions. Construct and expression host optimizations 
revealed that the N-terminal His-tag and Rosetta-gami B 
expression host provided IsPETase in high yield and pu-

activity of the isolated Is -

revealing several non-reported issues hindering the recom-
binant expression of IsPETase, suggest that the in vivo fold-
ing process of Is

E. coli -

cloning strategy for the successful recombinant expression 
of the IsPETase.
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