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With the increasing production of polyethylene terephthalate (PET) plastic products, the problem of PET waste
has become a serious threat to ecosystem. PET enzymatic biodegradation, due to its environmental friendliness
and sustainability, has gradually attracted attention. As a multifunctional hydrolase, cutinase (EC 3.1.1.74) can
not only degrade fatty acid esters, soluble synthetic esters, and emulsified triglycerides, but also exhibit potential
for PET degradation. In order to enhance the PET degradation activity of cutinase, we functionally screened
several PET binding domains, e.g. carbohydrate binding module, anchor peptide, and hydrophobin, that promote
the absorption of enzyme to PET substrate, selected Dermaseptin SI (DSI) and fused it onto the N-terminus of
Thermobifida fusca cutinase mutant D204C/E253C (Tfuc2), and finally achieved the PET degradation rate up to
57.9% at 70 ◦ C for 96 h, which was 22.7-fold of that of Tfuc2 itself. These results indicate that the fusion of PET
binding domain is a promising strategy to enhance PET enzymatic degradation.

1. Introduction
Polyethylene terephthalate (PET) is a kind of petroleum based
plastic, which is densely polymerized by terephthalic acid (TPA) and
ethylene glycol (EG) through ester bond [1]. With excellent properties
such as thermoplasticity, stability, durability, and transparency, PET has
been widely used in polyester fiber textile, food packaging and other
fields [2]. The global annual yield of PET, as a common plastic in the
world, is up to 70 million tons [3], and the total amount of its waste is
also increasing year by year. However, PET has stable chemical prop
erties and can migrate in the atmosphere, water and land environment.
PET wastes are difficult to digest and absorb after being ingested by
organisms, and even seriously threat human health and safety through
the food chain [4].
Currently, the main methods to deal with those plastic wastes are
landfill, incineration and recycling [5]. However, landfilling takes up
land resources, which is time-consuming and environmental-unfriendly;
incineration will produce toxic gases as well as dust, resulting in sec
ondary pollution; and recycling can not meet the demand of blowout
growth of PET materials. Therefore, PET biodegradation has gradually
become a research hotspot due to its environmental friendly

characteristics. Microorganisms that can degrade PET waste mainly
include fungi such as Fusarium solani [6], Fusarium oxysporum [6],
Candida antarctica [7], Humicola insulens [7], Penicillium citrinum [8],
Cladosporium cladosporioides [9], Melanocarpus albomyces [10], and
bacteria such as Ideonella sakaiensis [11], Pseudomonas mendocina [12],
Comamonas testosterone [13], Bacillus subtilis [14], Thermobifida fusca
[15,16], etc. The enzyme produced by the strains catalyzes the hydro
lysis of the ester bond in the molecular chain of PET polyester fiber to
produce intermediate products bis-(2-hydroxyethyl) terephthalate
(BHET) and 2-hydroxyethyl methyl terephthalate (MHET), and continue
to hydrolyze into ethylene glycol (EG) and 1,4-dicarboxybenzene (TPA).
At present, the reported PET degrading enzymes belong to the car
boxylic hydrolase subfamily (EC 3.1.1), mainly including cutinase (EC
3.1.1.74) [15], PETase (EC 3.1.1.101) [11], lipase (EC 3.1.1.3) [7],
serine esterase (EC 3.1.1.56, EC 3.1.1.12) [17], and carboxylesterase (EC
3.1.1.1) [16], among which cutinase and PETase are the most widely
studied. PETase was isolated from Idoella sakaiensis in 2016, which can
hydrolyze PET at the moderate temperature [11]. However, the poor
thermostability of PETase greatly limits the biodegradation application
effect of PET. In contrast, cutinase generally degrades PET at high
temperature (50–70 ◦ C), at which the crystallinity of PET decreases and
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the structure of PET becomes amorphous and loose, which is conducive
to enzymatic degradation [12,18–20].
Cutinase belongs to α/β hydrolase family, and the original research
found that it can degrade cutin into fatty acid monomer [21]. The
subsequent researches demonstrate that cutinase is a multifunctional
enzyme, which can degrade soluble ester, insoluble triglyceride and
PET. In 2008, the cutinase-coding gene from Thermoifida fusca was
discovered, representing identified cutinase (Tfuc) from bacteria [15,
22]. Tfuc mutant D204C/E253C, defined as Tfuc2, was designed and
exhibited enhanced thermostability and PET degradation efficiency
compared to Tfuc [23]. Müller et al. reported that cutinase from T. fusca
DSM43793 can hydrolyze PET with low crystallinity (lcPET, crystal
linity 10%), and the loss of weight on lcPET film can be 54.2% after 21
days reaction at 55 ◦ C [24]. Then et al. found that cutinase TFH,
TfU_0882 and Tfcut2, derived from different T. fusca, could degrade
lcPET films up to 12.9%, 5.0% and 16.3%, respectively, after 48 h [25].
Ronkvist et al. demonstrated that H. inosoles cutinase (HiC) can make
amorphous lcPET lose weight by 97.0% at 70 ◦ C for 96 h, while F. solani
cutinase (FsC) can only lose weight of the same material by 5.0% after
96 h at 40 ◦ C [12]. Tournier et al. obtained the mutant ICCG with high
thermostability by transforming leaf-branch compost cutinase (LCC),
and the TPA yield from lcPET at 72 ◦ C could reach 16.7 g L h− 1 [26].
Protein engineering studies on binding domains, such as carbohy
drate binding module (CBM) [27], hydrophobic protein [28], and an
chor peptides [29], revealed that these domains can promote the
enzymes to bind to the specific surface, thus enhancing the performance
of enzyme. Zhang et al. [27] found that the construction of TfuC-CenA
fusion protein using carbohydrate binding module CenA can enhance
the PET binding ability of cutinase by 1.4–1.7 times and the PET
degradation efficiency by 1.5 times. Ribitsch et al. [28] discovered that
fungal derived hydrophobic proteins HFBs (HFB4 and HFB7) can
significantly enhance the effective adsorption and degradation activity
of Tfcut1 on the surface of PET film. Islam and others have carried out
in-depth research on the anchoring peptide. The fusion protein con
structed by the anchoring peptide Tachystain A2 (TA2) and the cutinase
tcur1278 from Thermomonas curvata can improve the polyurethane
degradation efficiency by 6.6 times [29]. Bacillus anthracis CBM
(BaCBM2) was identified to possess a high affinity towards PET [30].
Dermaseptin SI (DSI) was proved the ability to immobilize phenolic acid
decarboxylase (PAD) to PET surface [31].
Herein, PET binding abilities of different binding domains among
BaCBM2, HFB4, HFB7, DSI, and TA2 were determined, then DSI with the
strongest PET binding ability was fused to Tfuc2, and finally PET
biodegradation experimental results by the Tfuc2 and fusion protein
DSI-Tfuc2 were compared. These results demonstrated that DSI-Tfuc2
promoted enzymatic degradation of PET.

from Bao Bioengineering Co., Ltd. (Dalian, China). DNA marker and 10
×DNA Loading Buffer were from Takara Bio Co., Ltd (Tianjin, China).
The DNA recovery kits, PCR product purification kits, and Plasmid
extraction kits were purchased from Tiangen Biochemical Technology
Co., Ltd. (Shanghai, China). GelRed DNA dye was from OBS Co., Ltd.
(Beijing, China). Dpn І was from New England Biolabs (Beijing) Ltd.
(Beijing, China). SDS-PAGE kit was from Beyotime Co., Ltd. (Shanghai,
China). TPA, MHET, BHET, p-Nitrophenylbutyrate (pNPB), p-Nitro
phenol (pNP) were from Sigma-Aldrich Co., Ltd. (Shanghai, China). PET
film was purchased from Goodfellow GmbH (Bad Nauheim, Germany).
All the other chemicals and reagents with analytical grade, without
special instructions, were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).
2.1.3. Medium and buffer
LB liquid media (g L− 1): Tryptone 10.0, Yeast extract 5.0, NaCl 10.0.
LB solid media (g L− 1): Tryptone 10.0, Yeast extract 5.0, NaCl 10.0, agar
15.0. TB liquid media (g L− 1): Tryptone 10.0, Yeast extract 24.0, glyc
erol 5.0, K2HPO4.3 H2O 16.4, KH2PO4 2.3. Phosphate buffer (g L− 1):
K2HPO4 17.4, KH2PO4 13.6, pH was adjusted to 8.0. Lysis buffer (g L− 1):
Tris-HCl 6.1, NaCl 29.2, Imidazole 0.7, pH 8.0. Wash buffer A (g L− 1):
Tris-HCl 6.1, NaCl 29.2, Imidazole 0.7, pH 8.0. Elution buffer (g L− 1):
Tris-HCl 6.1, NaCl 29.2, Imidazole 68.1, pH 8.0.
2.2. Methods
2.2.1. Construction and expression of PET binding domain-eGFP fusion
proteins
The genes encoding binding domains with linkers were amplified,
respectively. The primer sequences were listed in Table S1. The PCR
procedure was followed: 72 ◦ C 5 min; 98 ◦ C 2 min; 98 ◦ C 10 s, 55 ◦ C 30 s,
72 ◦ C 30 s, 35 cycles; 72 ◦ C 10 min, and finally kept at 4 ◦ C. The PCR
product was purified. Then the recombinant plasmids of respective
binding domain-eGFP fusion proteins were constructed by MEGAprimer
PCR of WHOle Plasmid (MEGAWHOP) [32]. pET-20b (+)-egfp was uti
lized as MEGAWHOP template and the purified gene fragments was used
as MEGAprimer. The MEGAWHOP procedure was followed: 72 ◦ C 5 min,
98 ◦ C 2 min; 98 ◦ C 30 s, 55 ◦ C 30 s, 72 ◦ C 3 min, 25 cycles; 72 ◦ C 10 min,
and kept at 4 ◦ C. The product was incubated with Dpn І at 37 ◦ C for 2 h,
and the final MEGAWHOP product was directly transformed into E. coli
JM 109 by heat shock method and the recombinant plasmids were
finally confirmed by sequencing, respectively.
A total of 20 μL preserved E. coli BL21 (DE3) with respective re
combinant plasmids glycerin stock liquid was inoculated to 10 mL LB
seed medium containing corresponding antibiotics, and was cultured at
37 ◦ C, 200 rpm for 8 h. Then 2.5 mL of above seed liquid was transferred
to 50 mL TB media, main culture at 37 ◦ C and 200 rpm for 2 h, and
followed by induction by 0.4 mM isopropyl-β-D-galactoside (IPTG) for
24 h. The protein concentration was determined by Bradford method.

2. Materials and methods
2.1. Materials

2.2.2. Characterization of PET binding ability of binding domains
Firstly, the binding domain-eGFP was incubated with 1 × 1 cm PET
film at 25 ◦ C for 1 h, respectively. Then, the PET film was washed with
100 mM phosphate buffer (pH 8.0) at 25 ◦ C for 5 min, which repeated
for 3 times, and washed with 0.3 mM linear alkylbenzene sulfonic acid
(LAS). Finally, the treated PET film was transferred on the glass slide
surface, the cover glass was gently covered and fixed, and was observed
by laser confocal fluorescence microscope (LCFM) (TCS Sp8, Leica
Microsystems, Germany) using standard GFP mode (excitation 488 nm,
emission 500–600 nm, argon laser intensity 20%, Gain 800). The
transmitted images were obtained by PMT trans detector.

2.1.1. Strains and plasmids
Escherichia coli JM 109, E. coli BL21 (DE3), pET-24a (+)-tfuc2, and
pET-20b (+)-egfp were preserved in our laboratory. The genes encoding
BaCBM2 (NCBI accession No. MK349005) with linker1 AAAAAAAAAA,
HFB4 (NCBI accession No. XP_006964739.1) with linker2
PPGGNRGTTTTRRPATTTGSSPGP, HFB7 (NCBI accession No.
AJF36076.1) with linker2 PPGGNRGTTTTRRPATTTGSSPGP, DSI
(GLWSTIKQKGKEAAIAAAKAAGQAALGAL) with linker3 (GGGGS)3
[31], and TA2 (YSRCQLQGFNCVVRSYGLPTIPCCRGLTCRSYFPG
STYGRCQRY) with linker4 AEAAKEAAKEAAKA [29] were synthesized
by Tianlin Biotechnology Co., Ltd. (Wuxi, China), respectively.

2.2.3. Construction, expression and purification of DSI-Tfuc2 fusion
protein
The gene encoding DSI with linker was amplified using primer DSITfuc2-F: TCGGGTGGTGGCGGGAGCATGGCCAACCCTTATGAG, DSI-

2.1.2. Regents
Yeast extract and Tryptone were purchased from Oxoid Co., Ltd
(Basingstoke, UK), DNA polymerase Primer STAR® HS was purchased
2
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Tfuc2-R: GTTAGCAGCCGGATCTCAGTGGTGGTGGTG. And recombi
nant plasmid of DSI-eGFP was constructed by MEGAWHOP and
confirmed by sequencing. Then the recombinant plasmid was trans
formed into E. coli BL21 (DE3). After expression, the cells were centri
fuged at 7741 g and 4 ◦ C for 20 min to collect cells. The cell pellet was resuspended in lysis buffer and crushed by high-pressure homogenizer.
And finally, DSI-Tfuc2 was purified by Ni-affinity chromatography.

no residual fluorescence on the PET film after eGFP, the negative control
group, was incubated with PET film (Fig. 1f). The DSI-eGFP exhibited
the highest remaining fluorescent signal, indicating the most amount
adsorbed to PET film, followed by BaCBM2-eGFP, BaCBM2, HFB4,
HFB7, and TA2.

2.2.4. Activity measurement of Tfuc2 and DSI-Tfuc2 on pNPB
The enzyme activity was determined at 60 ◦ C. 1440 μL 100 mM
phosphate buffer (pH 8.0), 30 μL enzyme solution (protein concentra
tion 20.0–40.0 mg L− 1) and 30 μL 50 mM pNPB were added into 2 mL
cuvette. The absorbance value was recorded at 405 nm, and the for
mation rate of pNP was calculated. The definition of enzyme activity is:
the amount of enzyme required to hydrolyze pNPB to 1 μmol pNP per
minute was one enzyme activity unit (U).

PET plastics have higher flexibility and are more easily degraded by
enzyme above the glass transition temperature (about 65 ◦ C), so it is
very important to improve the heat resistance of the degradation
enzyme. The fusion of DSI with thermal stable cutinase can further
improve the effect of the PET biodegradation. Therefore, DSI was fused
with Tfuc2 to construct DSI-Tfuc2 fusion protein. After expression and
purification, Tfuc2 and DSI-Tfuc2 were checked and the result of SDSPAGE analysis is shown in Fig. 2. The molecular weights of Tfuc2 and
DSI-Tfuc2 were about 29.3 kDa and 33.0 kDa, respectively, which was
consistent with SDS-PAGE result.

3.2. Construction, expression and purification of DSI-Tfuc2 fusion protein

2.2.5. Determination of optimal pH of Tfuc2 and DSI-Tfuc2
Buffers with different pH values were prepared and preheated at
60 ◦ C for 10 min. The enzyme activity in the range of pH 6.0–9.5,
respectively, was determined. In the process of analysis, the highest
enzyme activity was set as 100%, which was used as the standard to
calculate the relative enzyme activities at different pH conditions.

3.3. Biochemical properties of Tfuc2 and DSI-Tfuc2
In the process of enzyme catalytic reaction, temperature has a sig
nificant effect on its catalytic efficiency. The enzyme activity of Tfuc2/
DSI-Tfuc2 was determined at 30–100 ◦ C using pNPB as substrate. Ac
cording to Fig. 3a, the optimal temperature of Tfuc2/DSI-Tfuc2 was
80 ◦ C.
The optimal pH of Tfu2 and DSI-Tfu2 is shown in Fig. 3b. The
optimal pH of Tfuc2 and DSI-Tfuc2 was 8.0, and both of them can
maintain more than 60% activity between pH 7.0 and 8.5. The relative
activity of DSI-Tfuc2 at pH 8.0–9.0 was higher than that of Tfuc2, which
was more suitable for PET degradation under alkaline conditions.
The glass transition temperature of PET is about 65 ◦ C, but the
crystallization rate of PET will increase at 80 ◦ C, which is not conducive
to degradation [33]. Comprehensive consideration, the subsequent
degradation reaction temperature was set at 70 ◦ C. The enzyme solution
was placed in 70 ◦ C constant temperature water bath, and the enzyme
activity was measured at intervals. The enzyme activity of 0 d was set as
100%. The half-life of DSI-Tfuc2 was 24 h longer than that of Tfuc2 at
70 ◦ C (Fig. 3d).

2.2.6. Determination of optimal temperature and thermostability of Tfuc2
and DSI-Tfuc2
The enzyme solution was diluted with 100 mM phosphate buffer (pH
8.0), and then the enzyme activities of Tfuc2 and DSI-Tfuc2 were
measured in the range of 30–100 ◦ C, respectively. In the analysis pro
cess, the highest enzyme activity was set as 100%, and the relative
enzyme activities at different temperatures were calculated.
For the thermostability determination, the diluted Tfuc2 and DSITfuc2 were incubated at constant temperature water bath at 60 ◦ C and
70 ◦ C, respectively. The enzyme activity of 0 h was defined as 100%, and
the residual enzyme activities were determined.
2.2.7. PET biodegradation by Tfuc2 and DSI-Tfuc2
The PET film was incubated with 0.1% (w v− 1) SDS solution at 50 ◦ C
for 30 min, then washed with water at 50 ◦ C for 5 min and ethanol at
50 ◦ C for 5 min, and finally dried at 50 ◦ C. The pretreated PET film was
cut into small pieces, frozen in liquid nitrogen, and crushed into granules
by wall breaker to generate PET amorphous particles. A total of 2 mL
enzyme solution (protein concentration 7.0 μM) was added into the glass
tube containing 20.0 mg PET amorphous particles, and the reaction was
carried out in a water bath shaker at 70 ◦ C for 96 h.
A total of 1 mL of the reaction solution was centrifuged at 12,396 g
for 10 min, the supernatant was retained, diluted with ddH2O, and
filtered with 0.22 μM membrane. Then the biodegradation products
were detected and analyzed by High Performance Liquid Chromatog
raphy (HPLC). Chromatographic conditions: Agilent 1200 HPLC, Agilent
automatic injector, column 4.6 × 250 mm, 5 µm Athena c18-wp, Agilent
UV detector, the mobile phase was 65% (v v− 1) 1% acetic acid solution
and 35% methanol solution, the column temperature was set at 30 ◦ C,
the flow rate was 0.5 mL min− 1.

3.4. PET degradation by Tfuc2 and DSI-Tfuc2
PET amorphous particles were degraded with Tfuc2 and DSI-Tfuc2,
respectively, the degradation rate of PET amorphous membrane parti
cles degraded by DSI-Tfuc2 was 57.9%, which was 22.7-fold of that of
Tfuc2 at 70 ◦ C (Fig. 4). The result demonstrated that DSI can enhance
the binding ability of fused enzyme molecules to PET and promote the
PET degradation rate.
As a water-soluble and thermostable peptide [34], DSI could enhance
the binding capacity of protein onto the PET surface and lead to higher
catalytic efficiency compared to Tfuc2 itself, which was proved by
DSI-eGFP binding experiment and PET biodegradation experiment. The
proportion of hydrophobic nonpolar amino acids in different binding
domains: DSI (68.9%), HFB7 (61.3%), HFB4 (60.4%), BaCBM2 (45.8%),
and TA2 (36.4%), which implies that the high proportion of hydro
phobic nonpolar amino acids in DSI may lead to strong binding ability to
hydrophobic PET surface. Meanwhile, the isoelectric point (PI) of Tfuc2
and DSI-Tfuc2 is calculated by using ProtParam [35]: the pI of Tfuc2 and
DSI-Tfuc2 is predicted to be 6.9 and 8.3, respectively. This indicates that
Tfuc2 is negatively charged and DSI-Tfuc2 is positively charged when
the pH value of working buffer is 8.0. From the PET structure analysis,
PET is polycondensated from TPA and EG, and its degradation will in
crease the content of carboxyl groups, which makes the product with
negative charges. Therefore, DSI-Tfuc2 with positive charges was
enriched on the surface of PET through electrostatic interaction, which
promoting the absorption besides hydrophobic interaction. And similar

3. Results and discussion
3.1. Functional characterization of PET binding domains
Based on the previous study, five genes encoding binding domains,
BaCBM2 [30], HFB4 [28], HFB7 [28], DSI [31], and TA2 [29], were
fused with gene encoding eGFP by MEGAWHOP, respectively. And these
fusion proteins were illustrated in Fig. S1.
The binding ability of different binding domains was characterized.
LCFM was used to observe the adsorption capacity of binding domainseGFP on PET film. According to the microscopy results, there was almost
3
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Fig. 1. Binding of eGFP-binding domains with PET film. (a) BaCBM2-eGFP, (b) HFB4-eGFP, (c) HFB7-eGFP, (d) DSI-eGFP, (e) eGFP-TA2, (f) eGFP. The above eGFPbinding domains (60,000 RFU) was incubated with 1 × 1 cm PET film at 25 ◦ C for 1 h, respectively. Then, the PET film was washed with phosphate buffer (100 mM,
pH 8.0, 25 ◦ C, 5 min) for 3 times, and finally washed with LAS (0.3 mM, 25 ◦ C, 5 min) to remove unbound proteins. LCFM (TCS Sp8, Leica Microsystems, Germany)
was used to observe the treated PET film using standard GFP mode (excitation 488 nm, emission 500–600 nm, argon laser intensity 20%, Gain 800).

results are also presented in previous literatures [36,37]. Furthermore,
fusion of DSI with Tfuc2 could actually achieve oriented immobilization
of protein instead of random absorption of Tfuc2, which also promotes
the PET degradation efficiency. The advantages of oriented immobili
zation have been repeatedly confirmed [38–40]. It is the above
comprehensive effects that make DSI-Tfuc2 show a higher PET degra
dation rate than Tfuc2.
4. Conclusion
An urgent environmental issue is the pollution with PET, which
greatly threatens ecosystem and human health. As a promising PET
degradation method, biodegradation increasingly receives attention.
Anchor peptide DSI significantly accelerated Tfuc2 degradation towards
PET, which provided powerful technical support for PET
biodegradation.
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Fig. 2. SDS-PAGE analysis of Tfuc2 and DSI-Tfuc2. M: marker, 1: Tfuc2, 2: DSITfuc2. After expression and purification, Tfuc2 and DSI-Tfuc2 were analyzed by
SDS-PAGE to check the purity.
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Fig. 3. Enzymatic characterization of Tfuc2 and DSI-Tfuc2. (a) The optimal pH of Tfuc2 (solid square) and DSI-Tfuc2 (hollow square), (b) The optimal temperature of
Tfuc2 (solid square) and DSI-Tfuc2 (hollow square), and thermostability of Tfuc2 (solid square) and DSI-Tfuc2 (hollow square) at 60 ◦ C (c) and 70 ◦ C (d),
respectively. All of the measurements were performed in triplicate.
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