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Poly(ethylene terep ate) hydrolase (PETase) from Ideonella sakaiensis 201-F6 was expressed and purified
from Escherichia coli ydrolyze poly(ethylene terephthalate) (PET) fibers waste for its monomers recycling
Hydrolysis carried out at pH 8 and 30 °C was found to be the optimal condition based on measuredyflonomer
mono( 2-hydroxyethyl) terephthalate (MHET) and terephthalic acid (TPA) concentrations after 24 h reaction.
The intermediate product bis(2-hydroxyethyl) terephthalate (BHET) was a good substrate for PETase because
BHET released from PET hydrolysis was efficiently converted into MHET. Only a trace amount of MHET could

m:hsc;bin be further hydrolyzed to TPA. Class | hydrophobins RolA from Aspergillus oryzae and HGFI from Grifola frondosa
PETase were expressed and purified from E. coli to pretreat PET surface for accelerating PETase hydrolysis against PET.
PET recycling The weight loss of hydrolyzed PET increased from approximately 18% to 34% after hydrophobins pretreatment.
The releases of TPA and MHET from HGFl-pretreated PET were enhanced 48% and 62%, respectively. The selectiv-

ity (TPA/MHET ratio) of the hydrolysis reaction was approximately 0.5. @
© 2021 Elsevier BV. All rights reserved.
1. Introduction chemical methods generally involve energy-intensive processes and

Global production of poly(ethylene terephthalate) ( PET) was about
50 million metric tons annually [1] and it has been used in various in-
dustries such as packaging, textile, films, and containers [2-4]. PET
recycling has become an important issue due to the public awareness
of sustainable development of our society. As the most widespread syn-
thetic fiber, PET fiber had a market share of around 51.5% from total
global fiber production of 55.1 million metric tons in 2018 [5]. Most of
the PET fibers produced are used by textile industry for the preparation
of fabrics because of its desirable properties such as high strength, elas-
ticity, durability, and extreme resistance to chemicals. Besides, PET fab-
rics also have benefits over natural fiber fabrics in less wrinkles,
shrinking, abrasion, fast-drying, and lower cost [6,7].

Traditional methods for recycling waste PET are essentially
downcycling processes. For example, PET drink bottles are re-melted
to make lower grade containers or polyester fabrics because the
recycling processes involve harsh chemical and physicochemical condi-
tions usually induce degradation of its macromolecular structures that

negatively affect the properties of the recycled PET. Transforming
back into its monomers terephthalic acid (TPA) and ethylene glycol
(EG) for repolymerization is an attractive altemata PET upcycling
method. Several chemical methods for PET upcycling such as glycolysis,
methanolysis, and aminolysis have been developed [8]. However, these
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generate additi@@gl pollutants. In recent times, enzymatic monomer
recycling of PET has gained great attention in industries due to its eco-
friendly and mild reaction conditions [7,9,10]. Various hydrolases,
such as esterase, lipase, cutinase, and poly(ethylene terephthalate) hy-
drolase ( PETase ) have demonstrated PET hydrolysis activity at different
extents [11-13]. Among these enzymes, only cutinase and PETase are
considered to have potential industrial applications due to their rela-
tively higher PET hydrolysis activity.

Cutinase, discovered more than 40 years ago from fungi responsible
for plant pathologies attacks and hydrolyzes cutin which is a complex
hydrophobic waxy polyester covers aerial surface of plants. Only re-
cently, cutinases from various strains were found to be potential PET hy-
drolysis enzymes [11]. [t has been reported that the access of active site
of cutinase and binding of cutinase to the insoluble PET are the main re-
action rate-limiting factors [7,14] because mutations on cutinase to en-
large the active site area was demonstrated can increase its PET
hydrolysis rate. Several genetic modification studies on cutinase struc-
ture have shown improved catalytic activities and thermostability
[15-18]. In addition, employing additives such as synthetic surfactant
[19] and natural surfactant hydrophobin [20] in cutinase hydrolysis sys-
tems to accelerate PET hydrolysis kinetic have been reported. These ad-
ditives could transform the hydrophobic surface of PET substrate into
hydrophilic which facilitates the contact and binding of cutinase to the
PET surface.

In contrast, PETase is a quite newly discovered enzyme by Yoshida
et al. [21] in 2016 from gram-negative Ideonella sakaiensis 201-F6,
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with unusual ability to utilize PET as substrate for growth [15,16,22].
PETase is a high PET-specificity hydrolase can effectively degrade PET
at moderate conditions and has also evolved to degrade crystalline
PET. It exhibits more open active-site cleft than that of cutinases leads
to its capability on degrading other semiaromatic polyesters but not al-
iphatic polyesters [23]. Several PETase variants prepared by site-direct
mutagenesis of its active sites have shown to improve its PET-
degrading activity [24].

High crystallinity and hydrophobicity of PET were reported to limit
its enzymatic degradation [3,17,18,25]. Since PETase is capable to hy-
drolyze crystalline PET, in this study, we purified wild type PETase of
Ideonella sakaiensis expressed in Escherichia coli to hydrolyze semi-
crystalline PET fiber and high-crystalline PET bottle for the monomers
recycling of PET. Cationic surfactant and amphiphilic hydrophobins
pretreatment on PET surfaces have shown to be degraded by cutinase
at a much faster rate. The enhanced degradation rates were explained
based on the increased enzymes affinity toward PET surface resulted
from the interactions with surface bonded cationic surfactant and
hydrophobins [19,20]. Hydrophobins are amphiphilic proteins consist
of eight cysteine residues and can self-assemble on hydrophilic-
hydrophobic interfaces then reversing the su te surface properties
|26-28]. These surface-active fungal proteins are classified into class [
and class Il according to their hydropathy patterns [29,30]. Class |
hydrophobins have characteristics of rodlet structure and insoluble
formation which can only be dissociated in strong acid, while the
film formed by class Il hydrophobins are soluble in mild conditions
such as ethanol or sodium dodecyl sulfate (SD5) [31,32]. The effect
of class | hydrophobin on accelerating PET fibers waste degradation
by PETase has never been reported yet. In this work, class [
hydrophs RolA from Aspergillus oryzae and HGFl from Grifola
frondosa were expressed in E. coli and purified for pretreating PET to

study their ?ct on accelerating PETase hydrolysis for recycling PET
monomers terephthalic acid (TPA) and mono(2-hydroxyethyl)
terephthalate { MHET ).

2. Materials and methods
2.1. Materials and chemicals

PET fiber was kindly provided by Lealea Enterprise (Taipei, Taiwan)
and high-crystallinity PET was obtained from drinking water bottle. Sur-
face area of the PET fibers and PET bottle powder v@nalyzed using
surface area and pore size analyzer ( BEL Japan, Inc.). crystallinity of
PET substrates was analyzed using X-Ray Diffraction (XRD) (D2 phaser,
Bruker, Germany). Acetonitrile of HPLC grade was obtained from
Merck. p-Nitrophenol (pNP) and p-nitrophenyl acetate | pNPA) were
obtained from Sigma-Aldrich (USA) and Alfa Aesar (Massachusetts,
USA), respectively. All other reagents used were analytical grade
available from Acros, Merck, and Sigma-Aldrich.

2.2, Plasmids, strains, and media

Plasmid pET-21b( +) carrying PETase from Ideonella sakaiensis 201-
F6 (Genbank GAP38373.1) was transformed into host E. coli SoluBL21
for the expression as described in our previous study [33]. Class [
hydrophobins RolA from Aspergillus oryzae (Genbank XM_001824829.
3) and HGFI from Grifola frondosa ( Genbank EF486307.1) were con-
structed into plasmids pET-24a-rola and pET-24a-hgfl, respectively
and expressed in E. coli SoluBL21. E. coli DH5a and SoluBL21 competent
cells (Yeastern Biotech, Taiwan) were used for cloning and expression,
respectively.

2.3, Expression and purification of proteins

A single colony of each recombinant E. coli clone was grown in 3 mL
of Luria Bertani (LB) broth consisted of 50 mg/mL kanamycin for the
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expression of hydrophobins and 50 mg/mL ampicillin for the PETase,
incubated overnight at| °C with shaking at 200 rpm. Each pre-
culture was poured into 50 mL of fresh LB and incubated at 3758 until
the absorbance of the cultures (Agon) reached -0.7. The protein
expression was induced by adding 05 mM Isopropyl-beta-D-
thiogalactopyranoside (IPTG) at 22 °C for 16 erial pellets were re-
covered using centrifugation at 6000 =g 4 °C for 15 min, washed twice
with double-distilled water (ddH,0), and dispersed in lysis buffer.
E coli cells pellet was disrupted by ultrasonicator for 15 min (10 s on
pulse and 20 s off pulse). After centrifugation, the soluble fraction
of PETase was purified by immobilized metal-chelated affinity chro-
matography (IMAC) under non-denaturing conditions as described
in our previous work [33]. While the insoluble fractions of the
crude extract of expressed hydrophobins were dissolved with
1.5 mL of denaturing solution containing guanidine-HCl 6 M and
kept at 4 °C overnight. The solubilized proteins were purified by
IMAC under denaturing conditions and the eluted proteins were
washed with PBS buffer using ultrafiltration spin column (10 kDa)
for 5 times to remove denaturant as shown in the purification scheme
(Fig. 51). SD5-PAGE analysis was used to estimate the molecular weight
of all sample fractions. The concentration of purified proteins was mea-
sured using Bradford protein assay.

24. PETase activity assay

pNPA was used to analyze esterase activity of the purified recombi-
nant PETase. The hydrolysis of pNPA releases pNF, which can be mea-
sured spectrophotometrically at 410 nm. PETase concentration of
1.5uM and pNPA concentrations of 0.05 to 1.5 mM were used to deter-
mine the reaction kinetic parameters at 30 "C and pH 8.

25, Surface tension and water contact angle (WCA) measurement

Surface tensions of hydrophobin solutions were measured using in-
terfacial tensiometer (OCA 15EC, Japan) based on pendant drop
method. The images of performed liguid drops of hydrophobins
(50 pg/mL) dissolved in ddH,0 were recorded. WCA analysis was per-
formed on hydrophobic PET fiber and PET bottle powder surfaces by
measuring contact angle using Goniometer Model 1005B (Sindatek In-
struments Co., Ltd, T. n). Each substrate was coated with 50 pL of
0.5 M hycmmbins and incubated at 30 °C overnight. Then the sur-
faces were rinsed twice with distilled water and dried under a stream
of nitrogen. The measurements were carried out in triplicate on differ-
ent locations on the surface of substrates.

26. Enzymatic hydrolysis of PET

Befol enzymatic hydrolysis, all PET substrates were cleaned by
rinsing with 1% sodium dodecyl sulfate (5DS), followed by ethanol
(70 v/v%) and distilled water, then dried at 50 °C for 1 day. To study
the effect of hydrophobin on PET hydrolysis, the cleaned PET substrates
of 3 mg were mixed in 200 pL phosphate buffer containing 20 pM of
hydrophobins at 30 °C for 3 h. PETase enzyme solutions prepared in
50 mM phosphate buffer (NazHPO,4/NaH2PO4) were then loaded for
PET hydrolysis. The effect of hydrolysis pH (phosphate buffer 6.5-9.5),
temperature (20-50 °C), and PETase enzyme loading amount
(1-25 ppm) on PET hydrolysis were carried out in orbital shaker at
200 rpm for 24 h. Then, the hydrolyzed products in the supernatants
were mzed using high-performance liguid chromatography
(HPLC). Weight loss of PET substrates after 5 days hydrolysis was deter-
mined by measuring the weight of solid residue collected by centrifuga-
tion and washed with copious distilled water and dried at 50 °C for

ay. The morphology of untreated and treated PET fiber samples
was analyzed by field emission scanning electron microscope (SEM)
(JSM-6500F, JEOL, Japan).
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2.7. HPLC analysis

PET hydrolysis products were separated usinggimadzu 10A HPLC
System equipped with UV-Vis detector (SPD-10A) and ODS hypersil
C18 column {Ther@cientiﬁc'”). An isocratic mobile phase consisting
of 70% water, 20% acetonitrile, and 10% formic acid (v/v) was used at a

rate of 1 mL/min. The concentrations of hydr ed products

ET, MHET, and TPA) were detected at 254 nm and calculated from
the areas of the adsorption peaks using calibration curves establi
from TPA and BHET standard solutions. The retention time of
MHET, and BHET was about 4.4, 5.0, and 5.9 min, respectively {Fig. 52).
The MHET standard solutions were prepared by hydrolyzing BHET stan-
dard solution using PETase. As shown in Fig. 53, at the end of reaction
most of BHET was converted into MHET, only appreciable amount of
TPA was produced. Based on the amount of BHET consumed and TPA
generated, MHET concentration in the standard solution was determined.

2.8 Statistical analysis

All the samples for hydrolysis were performed in triplicate. Sigma
Plot 12.5 ( Systat Softwar ., USA) was used to determine error bars
using standard deviation method.

3. Results and discussion
3.1. Expression and purification of recombinant proteins

As reported in our previous work [33], PETase was expressed as a
soluble protein after 16 h IPTG induction at 22 °C cultivation. After
IMAC purification, an apparent band with a molecular weight of
~30 kDa was observed. This band was considered as purified PETase
and demonstrated high activity against pNPA. The purified PETase
showed K, of 36 umol ' L and k., of 1.01 s~ ! using pNPA as substrate.

Hydrophobin RolA from Aspergillus oryzae and HGFI from Grifola
frondosa were successfully expressed in E coli soluBL21. As shown in
Fig. 54, HGFl was expressed after 16 h IPTG induction at 22 *C asan in-
soluble protein with a molecular weight of ~ 14 kDa. Both RolA and HGFI
belong to class | hydrophobins that were known to have very unigue
characteristics such as the formation of insoluble form, amyloid fibrils,
and fibrillar rodlets [34]. As a consequence, the insoluble expressed
RolA and HGFl in E coli were not unexpected. The process for purifica-
tion of insoluble hydrophobins is shown in Fig. 51. The insoluble fraction
of disrupted cells suspension was solubilized in 6 M guanidine hydro-
chloride overnight. After clarified by centrifugation, the supernatant
was Ioaﬂnto an IMAC resin column for hydrophobins purification
because a bxHis tag was constructed to fuse at C-terminal of their
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sequence. As shown in Fig. 55, an apparent band of RolA and HGFI
could be observed at ~11 and ~14 kDa, respectively that corresponding
well with their putative size based on their gene sequences. Approxi-
mately, 1.5 mg RolA and 2.2 mg HGFI were purified from 50 mL of re-
combinant E. coli cultures.

32. Properties of expressed hydrophobins

Since one main characteristic of hydrophobins is its surface-active
ability to reduce surface tension of agueous solution, the effect of
expressed hydrophobins on reducing water surface tension was
checked to ensure the recovery of their function from denatured insol-
uble form. Pure water has a surface tension of 70 mN/m, as shown in
Fig. 1, hydrophobin RolA and HGFI could significantly reduce surface
tension of water to 28.75 mN/m and 24.89 mN/m, respectively which
is quite close to what obtained in our previous work with native
hydrophobin RolA (31.78 mN/m) [33]. Evidently, the surface-active
function of the expressed hydrophobins could be mostly recovered
from IMAC purification of the solubilized hydrophobins.

The surface-active function of the expressed hydrophobins on wet-
ting the surfaces of PET fiber and PET powder from drinking bottle
was also studied. Water contact angle of RolA and HGFI treated sub-
strate surfaces was measured. As shown in Fig. 2, WCA of pristine PET
fiber was 95.22 4 2°, while PET powder was 107.89 + 6°. Apparently,
both of these two PET substrates possess a hydrophobic surface. After
RolA and HGFI pretreatment, the contact angle on PET fiber surface sig-
nificantly decreased to 24.79 4 3" and 18.68 4 3", respectively. The
contact angle on PET powder surface decreased to 30.61 4+ 4° and
23.22 4 5°, respectively. The significant contact angle decrease after
hydrophobin pretreatment indicates that both hydrophobins can
effectively transform the hydrophobic surface of PET into hydrophilic
due to the amphiphilic property of hydrophobins. In other words,
hydrophobin will self-assemble on PET surface to have its hydrophobic
portion intimately contact with pristine PET surface and expose its
hydrophilic portion [35].

33. PET hydrolysis by PETase

The activity of IMAC purified PETase for hydrolyzing PET to release
water-soluble monomers was investigated using PET fiber and PET bot-
tle powder as substrates. By hydrolyzing PET with PETase, MHET, TPA,
and BHET will be produced as shown in Fig. 3. HPLC analysis of the hy-
drolysis product shows that baseline separation could be achieved for
these monomers with TPA appeared first followed by MHET and BHET
(Fig. 52). MHET standard was obtained by hydrolyzing BHET with
PETase. As shown in Fig. 56, MHET peak was generated from BHET

(a)

(b) (c)

Fig. 1. Surface tension measurements using pendant drop method. (a) Pendant droplet of pure water, (b) 50 uM HGH, () 50 uM RolA in water.

1
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Fig. 2. Water contact angle (WCA) of [a) untreated PET fiber, (b) RolA-treated PET fiber, (c) HGFI-treated PET fiber, (d) untreated PET powder, (e] RolA-treated PET powder, () HGFI-

treated PET powder.

after 30 min reaction with PETase. A small but apparent TPA peak was
observed after 1 h. After 7 h reaction, BHET was nearly consumed and
only appreciable TPA increase was observed. Evidently, PETase can ef-
fectively hydrolyze BHET into MHET but further hydrolyzing MHET
into TPA is very inefficient.

PET fiber was first hydrolyzed by 5 ppm PETase at pH 8 for 24 h with
temperature ranging from 20 to 50 °C. As shown in Fig. 4A, a significant
amount of TPA and MHET were released during the reaction. In contrast,
only a trace amount of BHET could be detected. BHET should be ever pro-
duced in the PET hydrolysis process based on mechanism reported by Joo
et al. [36] but it was further hydrolyzed into MHET as shown in Fig. S6.
Also demonstrated in Fig. 56, MHET still can be hydrolyzed by PETase
into TPA but at very slow rate, the significant amount of TPA observed
was mostly resulted from terminal digestion of the TPA-terminal PET
fragments, one of two fragments generated at the nick generation step
as proposed by Joo et al. [36]. As a consequence, only MHET, TPA, and
EG will be accumulated in PETase degradation process after 24 h. TPA

and MHET concentrations of 1.56 4+ 0.01 mM and 4.03 4 0.06 mM
were obtained at 30°C, respectively. At temperature over 35 °C, a gradual
decrease in concentration occurred. This indicates that the PETase
started to deactivate at temperature higher than 30 °C because PETase
is originated from a mesophilic bacterium, Ideonella sakaiensis. Its stabil-
ity cannot be extended to a higher temperature [24,37]. Therefore, 30 °C
was selected for further study on PET hydrolysis using PETase.
Phosphate buffer of 50 mM with different pH (6.5-9.5) was
employed for PET hydrolysis using 5 ppm PETase at 30 °C for 24 h. As
shown in Fig. 4B, TPA and MHET concentration reaches highest level
of 1.66 4+ 0.03 mM and 4.13 4 0.01 mM at pH 8, only appreciable
BHET could be detected. Liu et al. also reported the highest activity
PETase was obtained at pH 8 [38]. MHET concentration is approximately
2.5 fold higher than that of TPA (TPA/MHET ratio of 0.4) after 24 h. The
higher MHET fraction in the monomers product is because MHET can be
released not only from the HE-terminal PET fragments generated from
initial nicking step but also from the other hydrolysis product BHET,

o
oo Oy PET

I

PETase

I I

MHET

- R N o~ _AOM

€——— PETase

Ha

Fig. 3. PETase catalyzed PET hydrolysis products (solid line: major reaction, dotted line: minor reaction).
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hydrolysis by PETase for 24 h.

(MHET),, and 2-HE{MHET ). On the other hand, TPA can only release
from TPA-terminal PET fragments and (MHET); according to the Joo's
model [36].
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It is interesting to be noted that ratio of TPA to MHET increased with
the amount of PETase loaded for PET degradation. As shown in Fig. 4C,
5.18 4 0.06 mM TPA and 8.82 + 0.12 mM MHET {TPA/MHET ratio of
0.6) were obtained at 20 ppm of PETase. It is not clear why TPA fraction
will increase with PETase loading amount. Based on Joo's model [36],
the number of nicks generated in the PET degradation process will in-
crease with the amount of PETase loaded. With increased amount of
TPA- and HE-terminal PET fragments, probably, PETase activity for re-
leasing terminal TPA is more effectively enhanced as compared with
its activity for generating MHET related intermediates from HE-
terminal fragments. In other words, TPA releasing activity of PETase is
more concentration dependent than its MHET releasing activity.

34. Effect of hydrophobin on PET hydrolysis

PETase is reported to have a higher PET degradation rate as com-
pared with other PET degradation enzymes, probably due to its hydro-
phobic affinity toward PET via the flat hydrophobic surface found in
its substrate binding cleft [ 36]. The feasibility of using hydrophobins
pretreatment to enhance PET degradation by PETase was studied. PET
fiber with and without hydrophobin pretreatment were incubated
with PETase at 30 °C using protein loading of 20 ppm and pH 8. As
shown in Fig. 5, TPA and MHET concentrations were the main monomer

—8— PETaseonly A
a4 —CO— PETase+Rold
—%— PETase + HOFI
z
—
=
2
=
=
=
@
=
=
1
-
=
=1
1 2 3 4 5
Day
164 —* PETase only B
O— PETase+ RolA
—%¥— PETase + HGFI
-
g
=
£
E
|
]
g
S 8
[~
=
48
2 T T T
1 2 3 4 5

Day

Eg 5. Concentration of (A) TPA and (B) MHET released upon PET fiber hydrolysis by
PETase and hydrophobins-treated PET. The enzymatic reactions were performed at
30 °C pH 8 and enzyme loading of 20 ppm.
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products and increased near-linearly with time during first 4 days. Both
monomers concentrations significantly increased when PET substrates
were pretreated either with hydrophobins RolA or HGFL These two
hydrophobins pretreatment only resulted in appreciable difference in
stimulating monomers releasing from PET hydrolysis. After 5 days reac-
tion, TPA concentration achieved a 48% increase from 5.17 + 0.17 mM
to 7.60 + 0.2 mM, whereas MHET reached a 62% enhancement from
9.12 4+ 0,12 mM to 14.65 £ 0.15 mM. MHET release seems to be maore
effectively stimulated by hydrophobin HGFI pretreatment that leads to
the reduction of TPA to MHET ratio from 0.56 to 0.51 (Table 52). In
other words, the presence of hydrophobin on surface may interfere
the digestion of TPA-terminal fragments for TPA releasing and resulted
in a reduced TPA to MHET ratio.

Simultaneous addition of hydrophobins with PETase, however, did
not yield significant enhancement (data not shown). This indicates
that hydrophobins need a longer time to well assemble on PET surface.
Without well-assembled hydrophobins on the surface of PET, the affin-
ity binding of PETase to PET would not be enhanced to stimulate the hy-
drolysis process. Previous results of PET degradation by cutinase with
class Il hydrophobin have been reported by Espino-Rammer et al. [39].
In their work, hydrophobin was added simultaneously with cutinase
and hydrophobin was considered as a surfactant that interacted with
cutinase so that its conformation will be changed that leaded to a max-
imal 2.5 fold higher extent of stimulation. The binding of surfactant to
cutinase [40] and stimulation effects of surfactant on cutinase PET hy-
drolysis [41] have also been reported, respectively. In this work, we
did not observe stimulation effect when hydrophobins were added si-
multaneously with PETase for hydrolysis. Approximately, a stimulation
extent of 1.5 fold was observed for the hydrophobins treated PET hy-
drolysis by PETase. Evidently, the stimulation mechanism of class [
hydrophobins with PETase is different from class Il hydrophobins
with cutinase on PET hydrolysis. The stimulation effect of class |
hydrophobins was interpreu based on the discussion described
by Takahashi et al. [42] that a reduction of the surface tensions be-
tween PET substrate and PETase due to the self-ass@®bled and
bounded hydrophobins. PETase would then accumulate at the interface
between PET surface and the water phase and thus exhibit increased
activities on the substrates. In other words, PETase concentration will
be enhanced at the more hydrophilic hydrophobin modified PET
surface.

As shown in Fig. 6A, the semi-crystalline PET fiber was significantly
degraded ( 12.4%) within 1 day, then the degradation rate gradually de-
creased and reached a maximum weight loss of 18.4%. In contrast, deg-
radation of PET fiber was enhanced by hydrophobin RolA and HGFL
pretreatment and maximum weight loss of 31.4% and 34.6% were
achieved after 5 days. As a comparison, high-crystalline PET powder
from drinking bottle was also degraded with PETase under the same
conditions as for PET fiber. As shown in Fig. 6B, the weight loss of PET
powder significantly increased in 1st day then the weight loss rate grad-
ually decreased and reached the maximum value of 17.3% which is sim-
ilar to our previously reported [33]. A maximum weight loss of 27.6%
could be achieved after pretreatment with hydrophobin RolA, while
the HGFI showed a maximum weight loss of 29.2%. PET fiber showed
the higher degradation by PETase is probably due toits lower crystallin-
ity. Crystallinity is one of important factors affecting the enzymatic hy-
drolysis, lower crystallinity increases the movement of polymer chains
and increases the accessibility of enzyme on substrates [3]. As shown
in Fig. 57 and Table 51, PET fiber hasa lower crystallinity (38.8%) as com-
pared to PET bottle powder (64.8%). Evidently, the lower crystallinity fa-
cilitated the hydrolysis of PET by PETase. Although the surface area of
PET powder was higher than PET fiber, the surface area has a minor ef-
fect on hydrolysis compared to the crystallinity of PET. SEM images of
HGFl-pretreated PET fiber samples before and after PETase enzyme
attacked are shown in Fig. 7. Evidently, PETase enzyme caused apparent
roughening and cracks on the semi-crystalline PET surface after 5 days
degradation. XRD of the samples shows that the crystallinity of PETase
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Fig. 6. Weight loss of hydropobins treated (A) PET fiber (B) PET powder during 5 days of
hydrolysis by PETase,

degraded PET fiber increased that indicates the crystalline fraction of
PET were not susceptible to enzymatic attacks.

4. Conclusions

In this work, we have successfully expressed and purified class [
hydrophobins RolA (~11 kDa) and HGFI (~14 kDa) in Escherichia coli.
The surface-active proteins could enhance PETase hydrolysis of semi-
crystalline PET fiber and high-crystalline PET bottle. We investigated
the optimal conditions of hydrolysis reaction at 30 °C, pH 8 using PETase
enzyme loading of 20 ppm showed the highest biodegradability perfor-
mance on PET fiber due to its preference to attack the substrates at
amorphous regions. Moreover, the surface modification of PET fiber
with recombinant HGFI achieved the highest TPA and MHET products
and the weight loss of up to 34.56% after 5 days hydrolysis. Our findings
suggest that the interaction of self-assembled class | hydrophobins and
hydrophobic PET is an important step toward enhancing the hydrolysis
rate of PET fiber recycling.

CRediT authorship contribution statement

Nathania Puspitasari: Methodology, Investigation, Software, Valida-
tion, Visualization, Data Curation, Writing - Original draft




“’usplmsmri, S.-L Tsai and C-K Lee

A

1 journal of Biological Macromolecules 176 (2021) 157-164

Inter

Fig. 7. SEM images of PET fiber surface after 5 days PETase hydrolysis (A) untreated PET fiber, (B) HCFI-pretreated PET fiber at 600x, (C) RolA-pretreated PET fiber at 600, (D) HGFI-

pretreated PET fiber at 50003, (E) HGH-treated foll

d by PETase hydrol

Shen-Long Tsai: Conceptualization, Writing - Reviewing & editing,
Supervision

Cheng-Kang Lee: Conceptualization, Methodology, Writing -
Reviewing & editing, Supervision.

gpendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2021.02.026.

References

[1] AM.d Castro, A. Carniel, D. Stahelin, LS. Chinelatto junior, H.d A Honorato, SM.C de
Menezes, High-fold improvement of assorted post-consumer poly(ethylene tere-
phthalate) (PET) packages hydrolysis using Humicola insolens cutinase as a single
biocatalyst, Process Biochem. 81 (2019) 85-91.

[2] F Kawai, T. Kawase, T. Shiono, H. Urakawa, . Sukigara, C. Tu, M. Yamamoto, Enzy-
matic hydrophilization of polyester fabrics using a recombinant cutinase cut 190
and their surface characterization, |. Fiber Sci. Technol. 73 (1) (2017 8-18.

[3] F. Kawai, T. Kawabata, M. Oda, Current knowledge on enzymatic PET degradation

and its possible application to waste stream management and other fields, Appl.

Microbiol, Biotechnol 103 (11) (2019) 4253-4268.

K. A H M, K. S, G. D, Review on plastic wastes in marine environment - biodegra-

dation and biotechnological solutions, Mar. Pollut. Bull. 150 (2020, 110733,.

Textile exchange, preferred fiber & materials market report 2019, http://store.

textileexchange.org 2019, { Accessed 23 July 2020).

X Wang, D. Lu, L). Jonsson, F. Hong, Preparation of a PET-hydrolyzing lipase from As-

pergillus oryzae by the addition of bis(2-hydroxyethyl) terephthalate to the culture me-

dium and enzymatic modification of PET fabrics, Eng. Life Sci. 8 (3) (2008) 268-276.

M. Kanelli, 5. Vasilakos, E. Nikolaivits, 5. Ladas, P. Christakopoulos, E. Topakas, Sur-

face modification of poly(ethylene terephthalate) (PET) fibers by a cutinase from

Fusarium oxysporum, Process Biochem. 50 (11) (2015) 1885-18092.

[8] V. Sinha, M.R. Patel, |.V. Patel, Pet waste management by chemical recycling: a re-
view, |. Polym. Environ. 18 (1) (2008) 8-25.

[9] PJ.Baker, C. Poultney, Z. Liu, R. Gross, K. Montclare, ldentification and comparison

of cutinases for synthetic polyester degradation, Appl. Microbiol. Biotechnol. 93 (1)

(2012) 229-240.

F. Kawai, T. Kawabata, M. Oda, Current state and perspectives related to the polyeth-

vlene terephthalate hydrolases available for biorecycling, ACS Sustain, Chem. Eng. 8

(24) (2020) 8894-8008.

T. Sooksai, W. Bankeeree, U. Sangwatanaroj, P. Lotrakul, H Punnapayak, 5.

Prasongsuk, Production of cutinase from Fusarium falciforme and its application

for hydrophilicity improvement of polyethylene terephthalate fabric, 3 Biotech. 9

(11) (2019) 389,

[4]
5

6]

171

[10]

mj

163

is at 600, and (F) HC A-treated followed by PETase hydrolysis at 5000 magnifications.

[12] E Herrero Acero, D. Ribitsch, C. Steinkellner, K. Gruber, K. Greimel, 1. Eiteljoerg, E.
Trotscha, R Wei, W. Zimmermann, M. Zinn, A. Cavaco-Paulo, G. Freddi, H. Schwab,
G. Guebitz, Enzymatic surface hydrolysis of PET: effect of structural diversity on ki-
netic properties of cutinases from Thermobifida, Macromolecules 44 (12) (2011)
4632-4640.

[13] A. Carniel, E. Valoni, J. Nicomedes, A.d.C. Gomes, AM.d. Castro, Lipase from Candida
antarctica [ CALB) and cutinase from Humicoln insolens act synergistically for PET hy-
drolysis to terephthalic acid, Process Biochem. 59 (2017) 84-90.

[14] M. Tamizifar, C. Sun, Control of surface radical graft polymerization on polyester fi-
bers by using Hansen solubility parameters as a measurement of the affinity of
chemicals to materials, RSC Adv. 7 (22) (2017) 13299-13303.

[15] Z. Chen, Y. Wang, Y. Cheng, X Wang, 5. Tong, H. Yang, Z Wang, Efficient biodegra-
dation of highly crystallized polyethylene terephthalate through cell surface display
of bacterial PETase, Sci. Total Environ. 709 (2020), 136138,

[16] X. Han, W. Liw, |.W. Huang, J. Ma, ¥. Zheng, T.P. Ko, L Xu, Y.5 Cheng, CC. Chen, RT.
Guo, Structural insight into catalytic mechanism of PET hydrolase, Nat Commun. 8
(1) (2017), 2106.

[17] R-]. Miiller, H. Schrader, J. Profe, K. Dresler, W.-D. Deckwer, Enzymatic degradation
of poly(ethylene terephthalate): rapid hydrolyse using a hydrolase from T fusca,
Macromol. Rapid Commun. 26 (17) (2005) 1400-1405.

[18] AM. Ronkvist, W. Xie, W. Lu, RA. Gross, Cutinase-catalyzed hydrolysis of poly(eth-

vlene terephthalate), Macromolecules 42 (14) (2009) 5128-5138.

M. Furukawa, N. Kawakami, A. Tomizawa, K. Miyvamoto, Efficient degradation of

poly(ethylene terephthalate) with Thermobifida fusca cutinase exhibiting improved

catalytic activity generated using mutagenesis and additive-based approaches, Sci.

Rep. 9(1) (2019), 16038.

D. Ribitsch, E. Herrero Acero, A Przylucka, 5 Zitzenbacher, A. Marold, C. Gamerith, R.

Tscheliessnig, A. Jungbauer, H. Rennhofer, H. Lichtenegger, H. Amenitsch, K

Bonazza, CF. Kubicek, 1.5, Druzhinina, G.M. Guebitz, Enhanced cutinase-catalyzed

hydrolysis of polyethylene terephthalate by covalent fusion to hydrophobins,

Appl. Environ. Microbiol. 81 (11) (2015) 3586-3502

5. Yoshida, K. Hiraga, T. Takehana, . Taniguchi, H. Yamaji, Y. Maeda, K. Toyohara, K.

Miyamoto, Y. Kimura, K. Oda, A bacterium that degrades and assimilates poly(ethyl-

ene terephthalate), Science 351 (6278) (2016) 1196-1199.

T. Fecker, P. Calaz-Davison, F. Engelberger, Y. Marui, M. Sotomayor, LP. Parra, CA.

Ramirez-Sarmiento, Active site flexibility as a hallmark for efficient PET degradation

by L sakaiensis PETase, Biophys. | 114 (6) (2018) 1302-1312.

H.P. Austin, M.D. Allen, B.S. Donchoe, N.A. Rorrer, FL. Kearns, R.L Silveira, BC.

Pollard, C. Dominick, R. Duman, K. El Omari, V. Mykhaylyk, A Wagner, W.E.

Michener, A, Amore, M.S. Skaf, M.E. Crowley, AW. Thorne, CW. Johnson, H.L

Woodcock, J.E. McGeehan, C.T. Beckham, Characterization and engineering of a

plastic-degrading aromatic polyesterase, Proc. Matl. Acad. Sci. UL 5. AL 115 (19)

(2018) E4350-E4357.

¥.Ma, M. Yao, B. Li, M. Ding, B.He, 5. Chen, X. Zhou, ¥. Yuan, Enhanced poly(ethylene

terephthalate) hydrolase activity by protein engineering, Engineering 4 (6) (2018)

B888-893.

(9]

[20]

[21]

122

[23]

[24]




N. Puspitasari, S.-L Tsai and C-K Lee

[25]

[26]

[27]

[28]

[29]

130]

131]

132]

133]

S. Jaiswal, B. Sharma, F. Shukla, Integrated approaches in microbial degradation of
plastics, Environ. Technol. Innov. (2020) 17.

Z. Wang, 5. Feng, Y. Huang, S. Li, H. Xu, X. Zhang, Y. Bai, M. Qiao, Expression and
characterization of a Grifola frondosa hydrophobin in Pichia pastoris, Protein Expr.
Purif. 72 (1) (2010) 19-25.

X Wang, | Mao, Y. Chen, D. Song, Z. Gao, X. Zhang, Y. Bai, P.E]. Saris, H. Feng, H. Xu,
M. Qiao, Design of antibacterial biointerfaces by surface modification of poly (epsi-
lon-caprolactone) with fusion protein containing hydrophobin and PA-1, Colloids
Surf B Bicinterfaces 151 (2017) 255-263.

D. Song, Z Gao, L Zhao, X. Wang, H. Xu, Y. Bai, X. Zhang, M.B. Linder, H. Feng, M.
Qiao, High-yield fermentation and a novel heat-precipitation purification method
for hydrophobin HGH from Grifola frondosa in Pichia pastoris, Protein Expr. Purif.
128 (2016) 22-28.

Z Wang, 5. Feng, Y. Huang, M. Qiao, B. Zhang, H. Xu, Prokaryotic expression, purifi-
cation, and polyclonal antibody production of a hydrophobin from Crifola frondosa,
Acta Biochim. Biophys. Sin. Shanghai 42 (6) (2010) 388-395.

B. Miu, B. Li, H. Wang, R. Guo, H. Xu, M. Qiao, W. Li, Investigation of the relationship
between the rodlet formation and Cys3-Cys4 loop of the HGH hydrophobin, Colloids
Surf B Bicinterfaces 150 (2017) 344-351.

W. L, Y. Gong, H. Xu, M. Qiao, B. Niu, ldentification properties of a recombinant class
I hydrophobin rHGFL Int. J. Biol. Macromol. 72 (2015) 658-663.

S. Longobardi, D. Picone, C. Ercole, R. Spadaceini, L De Stefano, I Rea, P. Giardina, En-
vironmental conditions modulate the switch among different states of the
hydrophobin Vmh2 from Pleurotus ostreatus, Biomacromolecules 13 (3) (2012)
743-750.

M. Puspitasari, S.L. Tsai, CK. Lee, Fungal hydrophobin RolA enhanced PETase hydro-
lysis of polyethylene terephthalate, Appl. Biochem. Biotechnol. (2020)https://doi.
org,/10.1007 /512010-020-03358-y.

[34] V.K. Morris, Q. Ren, L Macindoe, A H. Kwan, M. Byrne, M. Sunde, Recruitment

of class | hydrophobins to the air: water interface initiates a multi-step

135]

[36]

137]

[38]

139]

[40]

[41]

[42]

1 journal of Biological Macromolecules 176 (2021) 157-164

process of functional amyloid formation, ). Biol. Chem. 286 (18) (2011)
15955-15963.

V.C. Lo, Q. Ren, CL. Pham, V.K Morris, AH. Kwan, M. Sunde, Fungal hydrophobin
proteins produce self-assembling protein films with diverse structure and chemical
stability, Nanomaterials (Basel) 4 (3) (2014) 827-843.

S. Joo, 1). Cho, H. Seo, HF. Son, HY. Sagong, TJ. Shin, 8.Y. Choi, 8.Y. Lee, KJ. Kim,
Structural insight into molecular mechanism of poly( ethylene terephthal ate) degra-
dation, Mat. Commun. 9 (1) (2018), 382

H. Seo, 5. Kim, HF. Son, HY. Sagong, S. Joo, KJ. Kim, Production of extracellular
PETase from Ideonella sokaiensis using sec-dependent signal peptides in E coli,
Biochem. Biophys. Res. Commun. 508 (1) (2019) 250-255.

C. Liu, C Shi, 5 Zhu, . Wei, C.C Yin, Structural and functional characterization of
polvethylene terephthalate hydrolase from Ideonella sakaiensis, Biochem. Biophys.
Res. Commun. 508 (1) (2019) 280-294,

L Espino-Rammer, D. Ribitsch, A. Przylucka, A, Marold, K.). Greimel, E. Herrero
Acero, GM. Guebitz, CP. Kubicek, LS. Druzhinina, Two novel class Il hydrophobins
from Trichoderma spp. stimulate enzymatic hydrolysis of poly(ethylene terephthal-
ate) when expressed as fusion proteins, Appl. Environ. Microbiol. 79 (14) (2013)
4230-4238.

AD. Nielsen, L Arleth, P. Westh, Analysis of protein-surfactant interactions—a titra-
tion calorimetric and fluorescence spectroscopic investigation of interactions be-
tween Humicola insolens cutinase and an anionic surfactant, Biochim. Biophys.
Acta 1752 (2] (2005) 124-132.

A Eberl, 5. Heumann, R. Kotek, F. Kaufmann, 5. Mitsche, A. Cavaco-Paulo, G.M.
Cubitz, Enzymatic hydrolysis of FTT polymers and oligomers, |. Biotechnol. 135
(1) (2008) 45-51.

T. Takahashi, H. Maeda, 5. Yoneda, 5. Ohtaki, Y. Yamagata, F. Hasegawa, K. Comi, T.
Makajima, K. Abe, The fungal hydrophobin RolA recruits polyesterase and laterally
moves on hydrophobic surfaces, Mol. Microbiol. 57 (6) (2005) 1780-1796.




Class | hydrophobins pretreatment stimulates PETase for
monomers recycling of waste PETs

ORIGINALITY REPORT

9.

SIMILARI

/% Su

TY INDEX INTERNET SOURCES PUBLICATIONS

2%

STUDENT PAPERS

PRIMARY S

OURCES

.

www.pure.ed.ac.uk

Internet Source

T

o

WWW.nature.com

Internet Source

(K

e

Submitted to Oklahoma State University

Student Paper

T

pallvaliagl <1
e e <Tw
H Et?rgeliesﬂgéorbit.dtu.dk <1 o
[neprnsercom <1
E Seongjoon Joo, In Jin Cho, Hogyun Seo, <1 o

Hyeoncheol Francis Son et al. "Structural
insight into molecular mechanism of



poly(ethylene terephthalate) degradation”,
Nature Communications, 2018

Publication

n Submitted to Universitas Katolik Widya <1 o
Mandala ’

Student Paper

Caroline Gamerith, Barbara Zartl, Alessandro <1 o
Pellis, Frédérique Guillamot et al. "Enzymatic ’
recovery of polyester building blocks from
polymer blends", Process Biochemistry, 2017
Publication

llaria Sorrentino, Marika Gargano, Annarita <1 o
Ricciardelli, Ermengilda Parrilli et al. ’
"Development of anti-bacterial surfaces using
a hydrophobin chimeric protein",
International Journal of Biological
Macromolecules, 2020
Publication

Kun Chen, Minggin Quan, Xiaoyan Dong, <1 y
Qinghong Shi, Yan Sun. "Low modification of ’
PETase enhances its activity toward degrading
PET: Effect of conjugate monomer property",
Biochemical Engineering Journal, 2021
Publication

Fusako Kawai, Takeshi Kawabata, Masayuki <1 o

Oda. "Current State and Perspectives Related
to the Polyethylene Terephthalate Hydrolases



Available for Biorecycling", ACS Sustainable
Chemistry & Engineering, 2020

Publication

Setyawati, M.I.. "Expressing Vitreoscilla <1
o : %
hemoglobin in statically cultured Acetobacter
xylinum with reduced O"2 tension maximizes
bacterial cellulose pellicle production”, Journal
of Biotechnology, 20071015
Publication
Submitted to University of Warwick
Student Paper y <1 %
Takumi Tanaka, Mayumi Nakayama, Toru
L . . <l%
Takahashi, Kei Nanatani, Youhei Yamagata,
Keietsu Abe. "Analysis of the ionic interaction
between the hydrophobin RodA and two
cutinases of Aspergillus nidulans obtained via
an Aspergillus oryzae expression system",
Applied Microbiology and Biotechnology, 2016
Publication
Yang, P.F.. "Purification of recombinant <1 o

hyaluronan lyase of Streptococcus pyogenes
bacteriophage H4489A expressed in
Escherichia coli and its application for the
specific determination of hyaluronan
concentration", Carbohydrate Polymers,
20060725

Publication

pub.epsilon.slu.se



Internet Source

<1 %
www.freepatentsonline.com
Internet Source p <1 %
www.mdpi.com
InternetSourcep <1 %
Submitted to Taylor's Education Grou
Student Paper y p <1 %
Xiangxiang Wang, Jiwei Mao, Yiming Chen, <'I y
Dongmin Song et al. "Design of antibacterial ’
biointerfaces by surface modification of poly
(e-caprolactone) with fusion protein
containing hydrophobin and PA-1", Colloids
and Surfaces B: Biointerfaces, 2017
Publication
apei.tu.chiba-u.j
Inth)rnetSource Jp <1 %
ﬁgrengﬂcrey—europe.onl|neI|brary.W|Iey.com <1 o
escholarship.or
Internet Source p g <1 %
Charles Q. Yang, Randall R. Bresee, William G. <1 o

Fateley. "Studies of Chemically Modified
Poly(Ethylene Terephthalate) Fibers by FT-IR
Photoacoustic Spectroscopy and X-Ray



Photoelectron Spectroscopy", Applied
Spectroscopy, 2016

Publication

Wu, J.M.. "Combined use of GAP and AOXT
- <l
promoter to enhance the expression of
human granulocyte-macrophage colony-
stimulating factor in Pichia pastoris", Enzyme
and Microbial Technology, 20030910

Publication

Exclude quotes On Exclude matches <10 words

Exclude bibliography On



