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Abstract

Cut190 from Saccharomonospora viridis AHK190 (Cut190) is the only cutinase that exhibits inactive (Ca**-free) and active
(Ca**-bound) states, although other homologous cutinases always maintain the active states (Ca**-free and bound). The X-ray
crystallography of the S176A mutant of Cut190* (Cut190_S226P/R228S) showed that three Ca** ions were bound at sites 1-3 of
the mutant. We analyzed the roles of three Ca®* ions by mutation and concluded that they play different roles in Cut190* for
activation (sites 1 and 3) and structural and thermal stabilization (sites 2 and 3). Based on these analyses, we elucidated the
mechanism for the conformational change from the Ca®*-free inactive state to the Ca®*-bound active state, proposing the novel
Ca’* effect on structural dynamics of protein. The introduction of a disulfide bond at Asp250 and Glu296 in site 2 remarkably
increased the melting temperatures of the mutant enzymes by more than 20-30 °C (while Ca’*-bound) and 414 °C (while Ca**-
free), indicating that a disulfide bond mimics the Ca”* effect. Replacement of surface asparagine and glutamine with aspartic acid,
glutamic acid, or histidine increased the melting temperatures. Engineered mutant enzymes were evaluated by an increase in
melting temperatures and kinetic values, based on the hydrolysis of poly(butylene succinate-co-adipate) and microfiber poly-
ethylene terephthalate (PET). A combined mutation, Q138A/D250C-E296C/Q123H/N202H, resulted in the highest thermosta-
bility, leading to the maximum degradation of PET film (more than 30%; approximately threefold at 70 °C, compared with that of
Cut190* at 63 °C).
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Introduction

Aromatic polyesters are recalcitrant for enzymatic hydrolysis,
owing to their high glass transition temperatures (7). Aromatic
polyesters are primarily polyethylene terephthalate (PET) and
have a high T, which is approximately 75-80 °C in air, but

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00253-018-9374-x) contains supplementary
material, which is available to authorized users.

>4 Fusako Kawai
fkawai @kit.ac.jp

Graduate School of Life and Environmental Sciences, Kyoto
Prefectural University, 1-5 Hangi-cho, Shimogamo, Sakyo-ku,
Kyoto, Kyoto 606-8522, Japan

Research & Utilization Division, Japan Synchrotron Radiation
Research Institute, 1-1-1 Kouto, Sayo, Hyogo 679-5198, Japan

decreases to 60—65 °C in aqueous solution (Kawai et al. 2014).
At temperatures above T, even the brittle amorphous regions of
PET become flexible and more accessible to an enzymatic attack.
In fact, the enzymatic hydrolysis of PET film by cutinases has
been verified at temperatures higher than 60 °C, preferably >
65 °C (Kawai et al. 2014; Herrero Acero et al. 2011; Sulaiman
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et al. 2014). The effect of Ca®* on the thermal stability has been
shown with regard to several thermostable cutinases from acti-
nomycetes (Kawai et al. 2013, 2014; Sulaiman et al. 2014;
Thumarat et al. 2012; Miyakawa et al. 2015; Kitadokoro et al.
2012). We have analyzed the crystal structures of a mutant of
Cutl90 from Saccharomonospora viridis AHK 190
(Cut190_S226P) in the Ca’*-free (inactive form; PDB ID:
4WFI) and Ca®*-bound (active form; PDB IDs: 4WFJ and
4WFK) states, which were accompanied by dynamic conforma-
tional changes in the protein structure (Miyakawa et al. 2015).
Homologous cutinases such as Est119 (PDB IDs: 3VIS and
3WYN), Tf Cut2 (PDB IDs: 4CG1-3), LC-cutinase (PDB ID:
4EBO) and The_Cutl and Cut2 (PDB IDs: LUI and LUJ) main-
tained constant overall structures, either in the presence or ab-
sence of Ca®*. Therefore, only Cut190 displayed active (Ca**-
bound) (PDB IDs: 4WFJ and 4WFK) and inactive (Ca**-free)
(PDB ID: 4WFI) states, although the active state overlapped with
Est119 and the others (PDB IDs: 4EBO, 3VIS, 3WYN, 4CG1-3,
and SLUI-L) (Sulaiman et al. 2014; Kitadokoro et al. 2012;
Kawai et al. 2013; Roth et al. 2015; Ribitsch et al. 2017). Their
activities and thermal stabilities increased in the presence of Ca**
(Kawai et al. 2013, 2014; Sulaiman et al. 2014; Thumarat et al.
2012; Then et al. 2015; Miyakawa et al. 2015). Est119 main-
tained the same overall structure with or without Ca>* (PDB IDs:
3WYN, 3VIS). Cutinase 1 or 2 from Thermobifida cellulosilytica
(The_Cutl and The Cut2) and The Cut2 mutants, either bound
or not bound to Mg>" or Ca** (PDB IDs: 5LUI-5LUL), also
maintained the same overall structures. The Ca**-binding site
for thermal stabilization in 3WYN was different from the Ca®'-
binding site necessary for the activation of Cut190 (Miyakawa
et al. 2015). Very recently, we analyzed three Ca**-binding sites
of the mutant S176A of Cut190_S226P/R228S (Cut190%*) (PDB
ID: 5ZNO), based on molecular dynamics simulations to show
that the Ca®*-bound structure fluctuated less than the Ca**-free
structure (Numoto et al. 2018).

In this paper, we analyzed the roles of the Ca®* jons bound to
sites 1-3 of Cut190* and elucidated the conformational change
from the Ca**-free inactive state to the Ca**-bound active state.
We also replaced the surface glutamine and asparagine of
Cut190*, which are prone to deamidation, with glutamic acid,
aspartic acid, alanine, or histidine to improve the activity and
thermostability and finally constructed a robust mutant, which
achieved the best degradation rate of PET film at 70 °C.

Materials and methods

Materials

The poly(butylene succinate-co-adipate) (PBSA) suspension
(BIONOLLE™ EM-301; weight-average Mw = 1.0 x 10°) is

a product of Showa Denko K. K. (Tokyo, Japan). A 0.25-mm-
thick film of amorphous PET (PET-GF; crystallinity of 6.3%)
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was obtained from Goodfellows Cambridge, Ltd. (Tokyo,
Japan). The PET package (approximately 0.6 mm thick;
PET-S; crystallinity of 8.4%) for PC peripherals (Sanwa
Supply Inc., Okayama, Japan) was also used for degradation
tests, as the same material used in the previous report
(Sulaiman et al. 2014). APEXA 4027™ film was prepared
by heat-cast (approximately 40-pum thick) from APEXA
4027™ resin (Dupont, Co., Ltd., Tokyo, Japan) (Kawai
et al. 2017). Microfiber PET was prepared as follows: PET
pellets (Teijin Ltd., Osaka, Japan) were solved in 1,1,1,3,3,3-
hexafluore-2-propanol at 10 wt%, which was extruded from a
metallic nozzle (0.2 mm inner diameter) at a constant rate of
1.0 ul/min using a micro-feeder pump (Furue Science,
Kawaguchi, Saitama, Japan). The electospinning conditions
were set at the applied voltage of 10 kV using a high-voltage
supply device Model-600F (Pulse Electronics Engineering
Co., Ltd., Noda, Chiba, Japan) and at the distance of 20 cm
between the nozzle and the metal target. The diameter of ob-
tained microfiber was approximately 1-3 wm. The density of
microfiber was approximately 1.3 mg/cm?. The microfiber
PET is considered as approximately 100% amorphous state.
Bis(2-hydroxyethyl) terephthalate (BHET) is a product of
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Mono(2-
hydroxyethyl) terephthalate (MHET; CAS No. 1137-99-1)
was synthesized as described in the Supporting Information
(Scheme S1). All other chemicals were the highest grade
available through commercial routes.

Site-directed mutagenesis and expression
and purification of mutant enzymes

Site-directed mutagenesis was performed to introduce a spe-
cific mutation using a KOD plus a mutagenesis kit
(TOYOBO, Osaka, Japan) according to the manufacturer’s
instructions. Cut190* was used as the template enzyme in this
paper. The PCR products were obtained using pQES0OL-
Cut190* as the DNA template and specific primers for the
site-directed mutagenesis (Kawabata et al. 2017). The parental
PQESOL-Cut190* plasmid was removed via digestion with
Dpnl, and the PCR products were transformed directly into
Escherichia coli Rosetta-gami B (DE3) cells. Mutagenesis
results were verified by sequencing. Mutant enzymes were
expressed and purified under the same conditions as described
previously (Kawai et al. 2014). The SDS-PAGE analysis re-
vealed that the purities of the enzymes were greater than 90%.
The protein concentration was determined using a Bio-Rad
protein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA), with bovine serum albumin as a standard.

Enzymatic activity measurements

As described previously, Cut190* can act on both PBSA and
PET (Kawai et al. 2014) and results of 3D modeling of
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Cut190* in complexes with PET and PBSA models were al-
most identical (Kawabata et al. 2017), indicating the useful-
ness of PBSA for a conventional assay of Cutl90*. Actually
the enzyme reaction with PBSA followed general enzymatic
reaction curves, which were converted to kinetic values fol-
lowing Michaelis-Menten equation. The enzymatic activity
was quantitatively measured by monitoring the decrease in
the turbidity of a PBSA suspension at 600 nm (Kawai et al.
2014). For the PBSA assay, the reaction mixture included
PBSA, 50 mM Tris-HCI (pH 8.2), 2.5 mM Ca*, and an ap-
propriate quantity of Cut190* or its mutants (0.9-1.3 uM in
general), in a total volume of 2 ml. The reaction mixture was
incubated at 37 °C for 30 min, with gentle shaking in a water
bath. An absorbance of 1 at 600 nm corresponded to 0.25 mg
dry weight PBSA/ml and a decrease of 1 ODgq of the PBSA
suspension was calculated to correspond to 1.5 nkat (Kawai
et al. 2014). Kinetic values were calculated from Michaelis-
Menten plots. The value of an enzyme reaction at each PBSA
concentration was subtracted from the control value that did
not include the enzyme, and the net decrease in the ODggy was
subjected to the calculation described above. The measure-
ments were performed in duplicate or triplicate.

The enzyme activity was also measured with microfiber
amorphous PET. The reaction mixture contained Tris buffer
(pH 8.5), 100 pmol; CaCl,, 2.5 pmol; glycerol, 24%; enzyme,
2 nmol; and microfiber PET, approximately 2 mg (10.4 umol
as MHET unit) in a total volume of 1 ml, which was incubated
at 65 °C for 15 h with shaking. An aliquot of the supernatant
was withdrawn, diluted with 50 mM Tris buffer (pH 7.0), and
subjected to terephthalic acid (TPA) measurements by absor-
bance at 240 nm (¢ = 1.38 x 10%). Degradation products such
as BHET, MHET, and TPA were confirmed by high-
performance liquid chromatography (HPLC). The aliquots
of the reaction mixtures were withdrawn, filtered with
0.2 um pore size and subjected to a HPLC system LC-20AB
with a system controller SCL-10A (Shimadzu, Kyoto, Japan):
Analytical conditions were as follows: detection, 240 nm with
a Shimadzu UV-VIS detector SPD-10AV; column, TOSOH
TSK-GEL ODS-100S (4.6 x 150 mm, TOSOH, Tokyo,
Japan); eluent, a mixture of 0.3% formic acid/20%
acetonitrile/Milli-Q water; flow rate, 1.0 ml/min; temperature,
25 °C; injection volume, 200 nl. MHET, BHET, and TPA
were detectable at 1 uM.

Circular dichroism (CD) analysis and measurement
of melting temperature

CD measurements were obtained using a model J-725 Jasco
spectropolarimeter (JASCO Corp., Tokyo, Japan). The far-
UV CD spectra were obtained at 20 °C for protein concentra-
tions of 0.04 mg/ml in 10 mM Tris-HCI buffer (pH 8.0) in
quartz cells with path length of 10 mm. No serious change was
found with the spectra of all the mutants, suggesting that the

secondary structures of the enzymes were not changed by
mutation. Thermal denaturation curves were recorded in tem-
perature mode at 222 nm from 20 to 90 °C with a heating rate
of 1.0 °C/min. The analysis of the transition curves obtained
was performed on the basis of two-state transition model, as
described previously (Inaba et al. 2013) to determine melting
temperature (7,,).

Degradation tests of PET films

PET films were cut into a circle of approximately 6 mm ¢
(PET-GF and PET-S) or 1-cm® (APEXA 4027™) and incu-
bated in a 1-ml reaction mixture including 100 mM Tris-HCl
buffer (pH 8.2) or HEPES buffer (pH 8.5), 2.5 mM CaCl,,
24% glycerol, and approximately 2 uM Cut190* or its mu-
tants at different temperatures under shaking. Prior to the in-
cubation, PET films were incubated at indicated temperatures
for 1 h in a reaction mixture (750 w) that the enzyme was
omitted and cooled down to room temperature. Then the en-
zyme and the films were mixed at room temperature and kept
for 30 min and the incubation was started at indicated temper-
atures. An aliquot of the reaction mixture was withdrawn at
intervals and diluted with 25 mM Tris-HCI buffer (pH 7.0);
the absorbance of which was measured at 240 nm, as de-
scribed above with microfiber PET. The contribution of the
enzyme to the absorbance at 240 nm was negligible. After the
incubation, the films were withdrawn and washed with 0.2%
sodium carbonate and 0.1% nonionic surfactant (Brij 35) to
remove proteins before a final wash with 50% ethanol follow-
ing the method previously described (Silva et al. 2011). The
films were dried below 60 °C overnight prior to weight loss
and scanning electron microscope (SEM) measurements using
an S-300 N scanning electron microscope (Hitachi Ltd.,
Tokyo, Japan) (Kawai et al. 2014).

Amino acid sequence accession number

The amino acid sequence of Cut190 (304 amino acids including
the signal peptide sequence of 44 amino acids) was deposited to
the GenBank under the accession number of BA042836.1.

Results

Structural and functional analyses of Cut190* at three
Ca?*-binding sites

As found in PDB ID: 5ZNO, the amino acids involved in the
three Ca**-binding sites of Cut190* were identified at site 1
(Ser76, Ala78, and Phe81), site 2 (Glu220, Asp250, and
Glu296), and site 3 (Asp204 and Thr206), as shown in
Fig. la. We analyzed the role of Ca** at each site by mutating
amino acids involved in Ca** binding.

@ Springer
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Fig. 1 The crystal structure of
Cut190*S176A in complex with
Ca®* (PDB ID; 5ZNO). The
orange spheres indicate Ca>*
molecules. The side chains of
residues indicated are shown by
stick models. The figure was
generated by PyMOL. a Overall
structure. b The structure around
the second Ca®*-binding site. ¢
The structure around the third
Ca’*-binding site

Site 1 (Ser76, Ala78, and Phe81)

As previously described (Miyakawa et al. 2015), Ca** is in-
dispensable for the activation of Cut190. On the other hand,
CD measurements of Cut190* displayed the increased 7,
values with increased Ca®* concentrations (Fig. 2).
Therefore, it should be concluded that Ca®* plays different
roles in Cut190, that is, activation and thermal stabilization.
As described previously (Miyakawa et al. 2015), the Ser76-
Phe81 region of the 31-32 loop is relevant for the activation
of Cut190 by Ca”*. Ser76-Phe81 and Phel06 (oxyanion hole-
forming amino acid) are positioned differently in the Ca**-free
(PDB ID: 4WFI) and the Ca**-bound (PDB ID: 4WFK) states
of Cut190, although Arg70-Phe76 (corresponding to Ser76-
Phe81) and Tyr99 (corresponding to Phel06) are kept in the
same positions in the Ca**-free (PDB ID: 3VIS) and the Ca**-
bound (PDB ID: 3WYN) states of Est119 (Fig. S1). The sig-
nificant difference between Cut190 and the other cutinases is
the deficiency of one amino acid in the 31-32 loop of Cut190,
which corresponds to Gly72 and Gly38 of Est119 and
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Tc Cut2 (serine is at the same positions in Tf Cut2 and
LCC), respectively (Fig. S2). We introduced a serine between
Phe77 and Ala78 of Cut190* (78S) to increase the number of
amino acids in the 31-32 loop, which showed sufficient ac-
tivity even in the absence of Ca* (Table 1), although the
activity was still remarkably enhanced by Ca**. The expres-
sion of 78S reached a maximum 2 h after addition of isopropyl
[3-D-1-thiogalactopyranoside (IPTG), and the yield was less
than 10% of that of Cut190* incubated for 12—15 h after IPTG
addition. Longer incubation after IPTG addition resulted in a
decrease in the soluble expression and an increase in insoluble
expression, suggesting that the mutant (78S) was expressed as
an inappropriate protein structure.

Site 2 (Glu220, Asp250, and Glu296)

The amino acids involved in the second Ca**-binding site
(Glu220, Asp250, and Glu296; Fig. 1b) are conserved among
homologous cutinases (Fig. S2) and must be related to the ther-
mostability (Thumarat et al. 2012). Based on previous reports
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Fig. 2 Effect of Ca>* 75
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demonstrating that an engineered disulfide bridge mimics the
effect of calcium on proteases and a cutinase (Duerschmidt
et al. 2005; Then et al. 2016), we replaced Asp250 and
Glu296 with cysteines to introduce a disulfide bond (D250C-
E296C). D250C-E296C showed an increased 7}, value in the
Ca**-free state (Table 1), suggesting that an engineered disulfide
bridge at D250C-E296C also contributes to the thermal stabili-
zation, instead of Ca®" binding. As previously reported
(Kawabata et al. 2017), we generated two mutants of Cut190*
with significantly increased activities, Q138A and 1224A. To
intensify these mutants by the introduction of the disulfide bond,
we compared the abilities of both mutants to hydrolyze PET,
using microfiber PET, as shown in Table 2. Microfiber PET
was completely degraded to TPA by Q138A (Fig. S3). Q138A
showed a higher degradation rate than Cut190%*, but the degra-
dation rate of 1224A was lower than that of Cutl90*. These
results could be explained by the fact that the Q138A mutant
showed lower binding energies and larger binding surface areas
by modeling with PET, but the 1224A mutant showed similar
energies and slightly larger surface areas, compared with
Cut190* (Kawabata et al. 2017). Based on these results, we
constructed Q138A/D250C-E296C, which showed approxi-
mately the same 7}, value as D250C-E296C and a better k../
K, than that of D250C-E296C, as shown in Table 1. Further, we
replaced Glu220 of Q138A/D250C-E296C with arginine
(Q138A/D250C-E296C/E220R) and then Gly251 of Q138A/
D250C-E296C/E220R with aspartic acid to construct a salt
bridge between Arg220 and Asp251 (Q138A/D250C-E296C/
E220R-G251D). The three mutants with D250C-E296C had
no activity in the absence of Ca®*, that is, site 2 is unrelated to
activation. On the other hand, all of the mutants displayed 7},
values that increased by 20-23 °C (compared with Cut190* in
the absence of Ca®") and 4-10 °C (compared with Cut190* in
the presence of Ca™"). Except Q138A/D250C-E296C/E220R,
other mutants with D250C-E296C showed rather close T,
values with and without Ca®*. As Ca" is requisite to activation,
decrease of T;, values in the presence of Ca®* is unfavorable.
Taken together, Q138A/D250C-E296C was considered the best
mutant with regard to its activity and thermal stability.

Site 3 (Asp204, Thr206, and GIn209)

Ca®* was bound directly to Asp204 and Thr206 and indirectly
to GIn209 via water (Fig. 1¢); the binding of Ca”" at the third
site has not been reported to date. Glu184 is located close to
Asp204 (Fig. 1c). We constructed E184R, which was consid-
ered to form a salt bridge with Asp204 and might be efficient
for stabilization. E184R showed an increased k.,/K,,, but a
reduced T,, value, suggesting the inhibition of Ca** binding.
On the other hand, E184R unexpectedly showed sufficient
activity in the absence of Ca®* as well as S78 (Fig. 3).

Modification of the surface asparagine and glutamine

Glutamine and asparagine are known to be prone to
deamidation, leading to the instability of proteins (Kaneko
et al. 2005; Wright 1991). For the purpose of improving the
thermostability, we replaced the surface glutamines and aspar-
agines of Cutl90* with glutamates and asparatates, respec-
tively, or alanine. The kinetic properties of the mutants were
compared with those of Cut190*, as shown in Table 1. Q110A
resulted in no expression of the protein, although Q110E was
expressed normally and showed a slightly increased 7}, value.
N168D was expressed normally, but its kinetic values and T},
were approximately equal to those of Cut190*. On the other
hand, N168A exhibited expression that was approximately
half of the normal expression of Cut190*, whereas approxi-
mately half of the protein was expressed in insoluble forms.
Therefore, the replacement of Asn and Gln with Ala seemed
to be inappropriate. Q141E resulted in an increased Ty, value,
but Q138A/Q141E had a reduced T, value and k.,/Kp,.
QI110E, N133D, and Q209E had T, values that increased by
3-5 °C. Both GIn123 and Asn202 in Cut190 were replaced
with histidine in other cutinases (Fig. S2). Both Q123H and
N202H showed increased 7}, values by 2.7 and 6.5 °C, re-
spectively. Taken together with the results of the Ca** binding,
we finally constructed Q138A/D250C-E296C/Q123H/
N202H, which showed reasonable kinetic values and the
highest T}, values either with or without Ca?".

@ Springer
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Table 1 Expression levels, kinetic values, and 7},, values of Cut190* and its mutants
Enzyme Expression Kinetic values Tm (°C)
Km (HIM) Vmax kcat kc'dt/Km Caz+ Ca2+
(nkat/mg) s (mM Ysh 0mM 2.5 mM
Cut190* Normal 0.089 909 27 308 559 684
QI38A Normal 0.048 2140 64 1340 573 N.D.
Ca®*-binding site 1
78S Remarkably 0.12(0.030) 5040 (265) 151 (8.0) 1260 (268) 55.8  66.7
decreased
Ca®*-binding site 2
D250C-E296C Normal 0.15 1670 50 334 79.0 789
Q138A/D250C-E296C Normal 0.39 [5.7] 5000 [52] 150 [1.6] 385[0.279] 792 779
Q138A/D250C-E296C/E220R Normal 0.48 4990 150 313 783 723
Q138A/D250C-E296C/E220R-G251D Normal 0.18 2500 75 417 75.8 753
Q138A/D250C-E296C/Q123H/N202H Slightly 0.32 3330 100 313 857 82.6
decreased
Q138A/D250C-E296C/E220R-G251D/Q123H/N202H Normal 0.17 2000 60 353 79.8 80.4

Ca”*-binding site 3

E184R Normal
Modification of surface Gln and Asn
QI110E Normal
QI10A None
NI133D Normal
QI41E Normal
Ql41A None
QI38A/QI141E Normal
N168D Normal
N168A Remarkably
decreased
Q209E Normal
QI123H Normal
N202H Normal

0.17 (0.096) 2010 (1250) 60 (38) 353 (395) 539  64.1

0.070 909 27 390 59.4 N.D.
0.079 833 25 317 60.4 N.D.
0.11 1670 50 456 60.7 N.D.
0.045 625 19 427 579 N.D.
0.091 1000 30 330 56.0 N.D.
0.10 1430 43 430 56.0 N.D.
0.20 2510 75 377 58.6 N.D.
0.14 2030 61 435 58.6 N.D.
0.16 2000 60 375 62.4 N.D.

Kinetic values were measures using PBSA, as described in the “Materials and methods” section. Additionally, kinetic values of Q138A/D250C-E296C)
were measured using microfiber PET, which were shown in bracket. Kinetic values of S78 and E184R were also determined in the absence of Ca*",

which were shown in parenthesis. 7}, values were determined using CD
Comparison of PET hydrolysis by Cut190* mutants

We have already reported that Cut190* can degrade PET films
at 63 °C for 3 days; the weight losses calculated by the TPA
measurements were 10.9 + 1.5% for PET-GF and 26.2 +0.6%
for PET-S (Kawai et al. 2014). Here, we tested the degradation

Table 2 Comparison of degradation rates of microfiber PET by
Cut190* mutants

Enzyme Degradation rate® Amount of total products (mM)*
Cut190* 80.2 £ 4.55 125 +£0.72

Cut190*(Q138A) 104 + 7.00 162 +1.1

Cut190*(1224A) 449 +5.60 6.96 = 0.87

#Calculated as TPA from the absorbance at 254 nm

@ Springer

rates of two PET films and one modified PET film (APEXA
4027™) with Cut190* at different temperatures (Fig. 4). PET-
GF degradation increased with higher reaction temperatures
(50—65 °C), but PET-S degradation was maximal at 60 °C and
decreased at 65 °C. APEXA 4027™ was degraded at temper-
atures less than 55 °C.

QI138A/D250C-E296C displayed a Ty, value of 77.9 °C
without Ca®* (Table 1), suggesting an increase in the degra-
dation rate of PET-GF at temperatures higher than 63 °C,
which has been previously shown (Kawai et al. 2014). As
expected, the mutant showed a higher degradation rate of
PET-GF at 70 °C (Table 3). Apparent surface erosion was
observed by SEM (Fig. 5a). As weight loss of the enzyme-
treated film was approximately in accordance with the degra-
dation rate based on the absorbance at 240 nm, as found in a
previous report (Kawai et al. 2014), the degradation rate was
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Fig. 3 Activity of Cut190* and 180
its mutants with and without Ca**

Cutl90*

measured by the absorbance thereafter. Q138 A/D250C-
E296C/E220R-G251D showed the decreased degradation of
PET-GF at 70 °C, although its k.,/K,, on PBSA at 37 °C was
almost identical to that of QI38A/D250C-E296C.
Introduction of Q123H/N202H improved the degradation
rates of PET-GF by Q138A/D250C-E296C and Q138A/
D250C-E296C/E220R-G251D (Table 3 and Fig. 5b).
According to the increase of the degradation rate from 25%
at 70 °C by Cut190*(Q138A/D250C-E296C) to 34% at 70 °C
by Cut190*(Q138A/D250C-E296C/Q123H/N202H), the ap-
pearance of the film surface was dramatically changed with a
far uneven structure. To prevent product inhibition, the reac-
tion volumes were changed to 1.0-3.0 ml with the same en-
zyme concentration (2 uM), but the total amount of the deg-
radation products showed no significant differences.
Therefore, no product inhibition, up to approximately
15 mM (PET-GF; 70 °C), was suggested.

Discussion

X-ray crystallography of a mutant S176A of Cutl90*
displayed binding of three Ca®* ions at different sites (PDB
ID: 5ZNO), as shown in Fig. 1. The first Ca**-binding site is
the same as previously reported (Miyakawa et al. 2015). The
main reason for the inactive state (Ca>*-free) of Cut190* is
considered due to the deficiency of one amino acid in the
f1-f2 loop, compared with other homologous cutinases
maintaining the constant active state. Introduction of serine
between Phe77 and Ala78 of Cut190* led to sufficient activity
even in the absence of Ca®*, the activity of which was en-
hanced by the presence of Ca**. However, the expression
level of the mutant was only less than 10% of that of
Cut190*, indicating the inappropriate protein structure, as
found in some mutants relevant to substrate binding
(Kawabata et al. 2017). This has to be caused by replacement

CaCL, (mM) B0 5025 B25 W25

78S D250C -

E296C

E184R

of Arg76, which is conserved in other cutinases with serine in
Cut190*. Arginine must prevent Ca** binding at this site and
at the same time stabilize the 31-32 loop by a cation-7t inter-
action (stronger than a salt bridge) with Phe77, in which the
cationic side chain of arginine typically interacts with the cen-
ter of the electron-rich aromatic ring (Dougherty 1996, 2007)
(Fig. S4). Instead, Cut190 stabilizes the 1-B2 loop by Ca**
binding, which fixes the big a3 helix and pulls 32 and (34
sheets up, resulting in the open conformation of Phe106 in the
33-2 loop (Miyakawa et al. 2015).

The amino acids involved in the second Ca**-binding site
(Glu220, Asp250, and Glu296) are conserved among homol-
ogous cutinases (Fig. S2) and must be related to thermostabil-
ity (Thumarat et al. 2012). The mediation of thermostability
by Ca** has been reported with regard to thermophilic prote-
ase (Smith et al. 1999; Teplyakov et al. 1990). As Ca" pref-
erentially binds carboxylate and other oxygen ligands (most
likely to be located on the protein surface), Ca* is considered
to play a significant stabilizing role in proteins (Vieille and
Zeikus 2001). Q138A degraded microfiber PET better than
Cutl190* (Table 2), suggesting that Q138A might be better
as a template for further mutation. Actually Q138A/D250C-
E296C showed approximately the same 7}, value as D250C-
E296C and a better k.,/K,, than that of D250C-E296C.
Thermal stabilization effect by introduction of a disulfide
bridge between Asp250 and Glu296 is most probably due to
the fixing of flexible 37-a6 and «8-39 loops. There are many
reports on the increased thermal stability by introduction of a
disulfide bond, which is reasonable from the viewpoint of less
entropy in a protein unfolded state. The 7}, values of Cut190*
increased with Ca®* (0~25 mM), as shown in Fig. 2, but those
of the D250C-E296C mutants were almost constant with and
without Ca®*, suggesting that the introduced disulfide bond
mimic the Ca®* effect for thermostabilization.

The binding of Ca** at the third site has not been reported
so far. As Glul84 is located close to Asp204, E184R was
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Fig.4 Degradation of three types of PET films by Cut190*. a PET-GF. b
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considered to form a salt bridge with Asp204 and might be
efficient for stabilization. However, E184R showed a reduced
T,, value, suggesting the inhibition of Ca®* binding. Ca®*
binding at the third site must fix the long flexible 36-37 loop,
resulting in the fixing of the «5 helix, which reinforces the
Ca* effect at site 1 to fix the o3 helix. On the other hand,
E184R unexpectedly showed sufficient activity in the absence
of Ca®* as well as S78, as shown in Fig. 3. Glu184 was some-
what closer to Gly140 than to Asp204 (Fig. 1c). In other
homologous cutinases (Est119, Tc_Cut2, Tf Cut2, and
LCC), Arg exists at the same position as Glul84, and Glu
exists at the same position as Gly140, making a stronger salt
bridge (Fig. S2). A certain interaction between E184R and
Glul40 must fix the «5 (E184R) and «3 (Gly140) helices,
which should serve as an alternative to Ca** binding at site 1.
In conclusion, the differences in the first and third Ca>*-bind-
ing sites of Cut190 compared to other homologous cutinases
caused the inactive state of Cut190, which were compensated
by Ca®" binding that lead to the active state, whereas other
homologous cutinases maintained constant active states.

Glutamine and asparagine are known to be prone to
deamidation, leading to instability of proteins (Kaneko et al.
2005; Wright 1991). Q141E, N133D, Q110E, and Q209E had
T, values that increased by 35 °C, but N168D had approx-
imately the same T, value as Cut190*. Asn133 is involved in
the first Ca®* binding in Cut190 S26P (Miyakawa et al.
2015), but N133D showed no inhibition on the activity and
the slightly increased 7}, value. This is not surprising, as the
carbonyl group of the main chain of Asnl33 is involved in
Ca** binding in site 1. GIn110 (NH,) was suggested to interact
with Asp131 (COOH) in Ca’*-bound state (Miyakawa et al.
2015), but Q110E showed approximately the same kinetic
values and the rather increased 7}, value. In a mutant S176A
of Cut190*, GIn110 (CO in CONH,) seemed to interact with
Aspl131 (NH in a peptide bond), thereby intensifying Q110E-
Aspl31 interaction (PDB ID: 5ZNO). Both GIn123 and
Asn202 in Cutl90 were replaced with histidine in other
cutinases (Fig. S2). Both Q123H and N202H showed the in-
creased T, values by 2.7 °C and 6.5 °C, respectively. Q138A/
D250C-E296C/Q123H/N202H showed the highest 7}, values
either with or without Ca®*.

Degradation of PET-GF, PET-S, and Apexa 4027 films was
compared with Cutl90* at different temperatures (Fig. 4).
PET-GF degradation increased with higher reaction tempera-
tures (5065 °C), but PET-S degradation was maximal at
60 °C and decreased at 65 °C. APEXA 4027™ was degraded
at temperatures less than 55 °C. Introduced hydrolyzable res-
idues in APEXA 4027™ and some minor components in
PET-S (as PET packages are often molded in the presence of
additives) must have caused aging of the film at higher tem-
peratures, resulting in the decreased degradation. This result
contradicts the report of Sulaiman et al. (2014) that suggested
a higher degradation rate of PET-S at 70 °C than at 60 °C. On
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Table 3  Comparison of degradation rates of PET by mutants

Enzyme Temp. (°C)  PET film Degradation rate products (tmol/em?)* [(%)]°
Cut190* 50 APEXA 4027™  4.53+0.29 [5.90+0.33]

Cut190* 60 PET-S 46.9+1.6 [59.2+2.1]

Cut190* 65 PET-GF 12.3+1.2 [16.0+1.4]
Cut190*(Q138A/D250C-E296C) 70 PET-GF 19.2+1.9 [25.0£2.5]
Cut190*(Q138A/D250C-E296C/E220R-G251D) 70 PET-GF 11.8+1.8 [15.2+2.3]
Cut190*(Q138A/D250C-E296C/E220R-G251D/Q123H/N202H) 70 PET-GF 13.94+2.3 [18.0+3.0]
Cut190*(Q138A/D250C-E296C/Q123H/N202H) 70 PET-GF 28.6+2.3 [33.6+3.0]

Degradation rates were calculated from 3-day values of respective reactions

# Calculated as total amounts of TPA produced in reaction mixtures (each 1 mL)/both sides of films

® Calculated as the same 0.25-mm-thick film as PET-GF

the other hand, the higher degradation of PET-S at 60 °C than
that of PET-GF at 65 °C may be because of the orientation of
the polymer chains. It is noteworthy that degradation rate of
PET films is highly dependent on the purity of PET and ori-
entation of the polymer chains besides its crystallinity.
Therefore, the comparison of the degradation rates has to be
based on the standard film such as PET-GF that is commer-
cially available. The degradation of PET-GF (pure and amor-
phous PET) at 50 °C is low (approximately 5%), and the
degradation increased with increased temperatures (55, 60,
and 65 °C) to more than 30%.

PET hydrolases in general need to exhibit thermal stability
properties at > 65 °C (Wei and Zimmermann 2017). Recently,
the crystal structures of a cutinase-like enzyme, referred to as

Fig. 5 SEM photographs of PET- -Enzyme

GF films treated with
Cut190*(Q138A/D250C-E296C)
(a) and Cut190*(Q138A/D250C-
E296C/Q123H/N202H) (b).
Degradation rates of a and b are
26.6 and 36.1%, respectively

3,000x 3.33pm WD:11.8mm 10kY

3,000 388y WUEI5. Tmm TORY:

PETase from Ideonella sakaiensis (IsPETase) while working
at 30 °C (Yoshida et al. 2016) were solved (PDB IDs: 5G0 and
5XJH) (Han et al. 2017; Joo et al. 2018). However, the en-
zyme is apparently heat-labile with 7;,, values of lower than
50 °C, suggesting that the enzyme might not significantly
degrade the building blocks of PET, and actually, the degra-
dation rate of PET was less than 1% at 30 °C (only the surface
modification level) (Yoshida et al. 2016). Surface modifica-
tion of the PET film at temperatures lower than 7, has been
reported by various hydrolases (Zimmermann and Billig
2011), as the ends of the polymer chains protrude on the sur-
face of the PET film, as imaged in Fig. S5, which leads to the
release of hydrolytic products, such as BHET, MHET, and
TPA at low levels, such as less than 1%. Whether IsPETase

+Enzyme
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could reach the degradation rate corresponding to those of
thermostable PET hydrolases (Wei and Zimmermann 2017)
or not awaits further study.

Q138A/D250C-E296C showed a higher degradation rate of
PET-GF at 70 °C than at 63 °C, as previously reported
(Table 3). Q138A/D250C-E296C/E220R-G251D showed the
decreased degradation of PET-GF at 70 °C, although its k../K,,
on PBSA at 37 °C was almost identical to that of Q138A/
D250C-E296C. This result is most probably due to the sub-
strate recognition or 7, values of the two mutants.
Introduction of Q123H/N202H improved the degradation rates
of PET-GF by Q138A/D250C-E296C and Q138A/D250C-
E296C/E220R-G251D (Table 3). SEM observation of
enzyme-treated PET-GF films supported these results (Fig. 5).
The degradation rates of the Cut190* mutants are ranked next
to those of HiC from Thermomyces insolens and TfCut2 mu-
tants (Wei and Zimmermann 2017). No product inhibition by
Cut 190* is beneficial to its application and would be due to
Alal08, as glycine at this position is related to product inhibi-
tion, but the replacement of glycine with alanine releases the
product inhibition by MHET (Wei et al. 2016).

In conclusion, a PET hydrolase, Cut190%*, is an exception
among homologous cutinases as Cut190* can be converted
from a Ca’*-free inactive state to a Ca>*-bound active state, in
which three Ca®* ions can bind at three binding sites 1-3,
whereas other cutinases maintain constant active states, al-
though they showed increased activity with Ca®". We ana-
lyzed the functional roles of the three binding sites by muta-
tion: Site 1 is related to activation, site 2 is related to
thermostabilization, and site 3 is supplementally related to
activation and thermostabilization. A mutant, Q138A/
D250C-E296C/Q123H/N202H, showed the highest 7;,, value
and highest degradation of PET-GF by more than 30% at
70 °C with apparent surface erosion of the film.
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