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ABSTRACT: The crystal structure of metagenome-derived LC-cutinase with polyethylene
terephthalate (PET)-degrading activity was determined at 1.5 Å resolution. The structure
strongly resembles that of Thermobif ida alba cutinase. Ser165, Asp210, and His242 form the
catalytic triad. Thermal denaturation and guanidine hydrochloride (GdnHCl)-induced
unfolding of LC-cutinase were analyzed at pH 8.0 by circular dichroism spectroscopy. The
midpoint of the transition of the thermal denaturation curve, T1/2, and that of the GdnHCl-
induced unfolding curve, Cm, at 30 °C were 86.2 °C and 4.02 M, respectively. The free
energy change of unfolding in the absence of GdnHCl, ΔG(H2O), was 41.8 kJ mol−1 at 30
°C. LC-cutinase unfolded very slowly in GdnHCl with an unfolding rate, ku(H2O), of 3.28 ×
10−6 s−1 at 50 °C. These results indicate that LC-cutinase is a kinetically robust protein.
Nevertheless, the optimal temperature for the activity of LC-cutinase toward p-nitrophenyl
butyrate (50 °C) was considerably lower than the T1/2 value. It increased by 10 °C in the
presence of 1% polyethylene glycol (PEG) 1000. It also increased by at least 20 °C when
PET was used as a substrate. These results suggest that the active site is protected from a heat-induced local conformational
change by binding of PEG or PET. LC-cutinase contains one disulfide bond between Cys275 and Cys292. To examine whether
this disulfide bond contributes to the thermodynamic and kinetic stability of LC-cutinase, C275/292A-cutinase without this
disulfide bond was constructed. Thermal denaturation studies and equilibrium and kinetic studies of the GdnHCl-induced
unfolding of C275/292A-cutinase indicate that this disulfide bond contributes not only to the thermodynamic stability but also to
the kinetic stability of LC-cutinase.

Cutinase is an enzyme that hydrolyzes cutin, which is a
major component of plant cuticle.1 It can also hydrolyze

water-soluble esters, emulsified short- and long-chain triacyl-
glycerols, and synthetic polyesters, such as poly(ε-caprolac-
tone) (PCL) and polyethylene terephthalate (PET).2−4 It does
not undergo interfacial activation. Cutinase has been isolated
from a variety of fungi, such as Fusarium solani pisi, Aspergillus
oryzae, Humilica insolens, Monilinia f ructicola, and Pyrenopeziza
brassicae, several bacteria, such as Thermobif ida fusca and
Thermobif ida alba, and yeast Cryptococcus sp. S-2.5 The crystal
structures of cutinases from F. solani pisi,3 Glomerella cingulata,6

A. oryzae,7 T. alba,8 and Cryptococcus sp. S-29 have been
determined. According to these structures, cutinase has a
typical α/β-hydrolase fold with the catalytic triad consisting of
Ser, His, and Asp. It does not have a lid structure, which is
responsible for interfacial activation of lipase. Because of its
ability to hydrolyze a wide range of ester bonds and to catalyze
the esterification and transesterification reactions, cutinase has
been thought to be a promising enzyme for industrial uses in a
variety of fields, such as the textile industry, detergent
manufacturing, food processing, polymer chemistry, PET
recycling, and biofuel production.2−5,10 To meet the require-
ment of industrial applications, attempts to improve the

enzymatic properties, mainly activity, of cutinase have been
made.7,11−16 However, to engineer a cutinase variant with
higher activity and stability in a rational manner, a thorough
understanding of the structure−activity−stability relationships
of cutinase is necessary.
LC-cutinase is a cutinase homologue isolated from leaf-

branch compost by using a metagenomic approach.17 The
source organism of this enzyme remains to be identified.
However, it is presumably a thermophilic bacterium, because
the temperature of the compost from which this enzyme is
isolated is 67 °C and LC-cutinase shows higher degrees of
amino acid sequence similarity to thermophilic bacterial
cutinases than to fungal cutinases. For example, the amino
acid sequence of LC-cutinase is 56.8% identical to that of T.
fusca cutinase and 14.9% identical to that of F. solani pisi
cutinase, which represent bacterial and fungal cutinases,
respectively. LC-cutinase is a secretory protein and consists
of 258 amino acid residues (molecular mass of 28 kDa). It is
overproduced in Escherichia coli as a fusion protein with the
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pelB leader sequence and is purified from the extracellular
medium in a form with a piece of the pelB leader sequence at
the N-terminus. LC-cutinase is monomeric and hydrolyzes
various fatty acid monoesters most optimally at pH 8.5 and 50
°C. It also effectively hydrolyzes PCL and PET. Thus, LC-
cutinase serves as a good model for analyzing the structure−
activity−stability relationships of cutinase. However, its crystal
structure remains to be determined. Its thermodynamic and
kinetic stability also remains to be analyzed.
The melting temperatures, Tm, of F. solani pisi and A. oryzae

cutinases have been reported to be 56 and 59 °C, respectively.7

The free energy changes of unfolding in the absence of
GdnHCl, ΔG(H2O), of F. solani pisi and H. insolens cutinases
have been reported to be 47.0 and 49.4 kJ mol−1, respectively.18

The unfolding rates, ku(H2O), of F. solani pisi and H. insolens
cutinases have been reported to be 2.57 and 0.83 s−1,
respectively.18 However, none of the parameters characterizing
thermal denaturation and GdnHCl-induced unfolding of
bacterial cutinases has been reported.
In this study, we determined the crystal structure of LC-

cutinase and analyzed its stability. We showed that the structure
of LC-cutinase strongly resembles that of T. alba cutinase and
contains one disulfide bond between Cys275 and Cys292. We
also showed that LC-cutinase is a kinetically robust protein.
The temperature dependence of the activity of LC-cutinase in
the presence of PEG or that toward PET suggests that the
conformation of the active site is locally changed before the
protein is thermally denatured and the active site is protected
from this conformational change by binding of PEG or PET.
Construction of the LC-cutinase derivative (C275/292A-
cutinase) without the disulfide bond, followed by the analyses
of its stability, indicates that this disulfide bond contributes to
the thermodynamic and kinetic stability of LC-cutinase.

■ MATERIALS AND METHODS
Protein Preparation. The pET25b derivative for the

overproduction of C275/292A-cutinase was constructed with
the KOD plus mutagenesis kit (Toyobo, Osaka, Japan). The
pET25b derivative for overproduction of the pelB-LC-
cutinase[36−293] fusion protein17 was used as a template.
The primers for the polymerase chain reaction (PCR) were
designed such that both TGC codons for Cys275 and Cys292
are changed to GCC for Ala. PCR was performed using a
thermal cycler (Gene Amp PCR system 2400, Applied
Biosystems, Tokyo, Japan). All DNA oligomers were
synthesized by Hokkaido System Science (Sapporo, Japan).
The nucleotide sequence was confirmed with a Prism 3100
DNA sequencer (Applied Biosystems).
LC- and C275/292A-cutinases were overproduced in E. coli

BL21-CodonPlus (DE3)-RP as a fusion protein with the pelB
leader sequence and purified from the extracellular medium, as
described previously.17 The protein concentration was
determined from the UV absorption on the basis that the
absorbance of a 0.1% (1.0 mg mL−1) solution at 280 nm is 1.37.
This value was calculated by using ε values of 1526 M−1 cm−1

for tyrosine and 5225 M−1 cm−1 for tryptophan at 280 nm.19

Crystallization and Structure Determination. Crystal-
lization of LC-cutinase was conducted at 20 °C using a sitting
drop vapor diffusion method in a 96-well Corning CrystalEX
plate (Hampton Research, Aliso Viejo, CA). Drop solutions
were prepared by mixing 1 μL each of protein and reservoir
solutions and equilibrated against a 100 μL reservoir solution.
LC-cutinase was concentrated to approximately 11 mg mL−1

before crystallization. The crystallization conditions were
screened using Wizard III and IV (Emerald BioStructures,
Inc. & Emerald BioSystems, Bainbridge Island, WA). Crystals
of LC-cutinase appeared in the drops containing 20% (w/v)
polyethylene glycol (PEG) 3350 and 0.2 M sodium thiocyanate
after incubation for 2 weeks. These crystals belonged to space
group P212121, contained one protein molecule per asymmetric
unit, and had the following cell parameters: a = 40.91 Å, b =
71.08 Å, and c = 72.73 Å.
Diffraction data of LC-cutinase were collected at a wave-

length of 0.9 Å on beamline BL44XU at SPring-8. The data
were indexed, integrated, and scaled using the HKL2000
program suite.20 The structure was determined by the
molecular replacement method using MOLREP21 in the
CCP4 program suite.22 The crystal structure of Streptomyces
exfoliatus lipase at 1.9 Å resolution was used as a starting model.
Automated model building was conducted using ArpWarp.23

Structural refinement was conducted by using REFMAC24 of
the CCP4 program, and the model was corrected using
COOT.25 The statistics for data collection and refinement are
summarized in Table 1. The coordinates and structure factors
have been deposited in the Protein Data Bank (PDB) as entry
4EB0.

Table 1. Data Collection and Refinement Statistics of LC-
Cutinase

Data Collection
wavelength (Å) 0.9
space group P212121
cell parameters

a, b, c (Å) 40.91, 71.08, 72.73
α = β = γ (deg) 90.0

no. of molecules per asymmetric unit 1
resolution range (Å) 50.0−1.5 (1.53−1.5)a

no. of reflections measured 480881
no. of unique reflections 35110
completeness (%) 99.9 (100)a

Rmerge (%)
b 10.6 (41.9)a

average I/σ(I) 31.7 (4.1)a

Refinement
resolution limits (Å) 50.0−1.5
no. of atoms

protein 1962
water 315
SCN 12

Rwork (%)/Rfree (%)
c 15.7/18.6

rmsd from ideal values
bond lengths (Å) 0.007
bond angles (deg) 1.00

average B factor (Å2)
protein 15.5
water 27.1
SCN 23.6

Ramachandran plot statistics
most favored regions (%) 97.3
additional allowed regions (%) 2.7

aNumbers in parentheses are for the highest-resolution shell. bRmerge =
∑|Ihkl − ⟨Ihkl⟩|/∑Ihkl, where Ihkl is an intensity measurement for a
reflection with indices hkl and ⟨Ihkl⟩ is the mean intensity for multiply
recorded reflections. cRfree was calculated using 5% of the total
reflections chosen randomly and omitted from refinement.
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Circular Dichroism (CD) Spectroscopy. The far-UV
(200−260 nm) and near-UV (250−320 nm) CD spectra of the
protein were measured on a J-725 spectropolarimeter (Japan
Spectroscopic Co., Tokyo, Japan) at 20 °C. The protein was
dissolved in 10 mM Tris-HCl (pH 8.0). The protein
concentration and optical path length were 0.1 mg mL−1 and
2 mm for far-UV CD spectra and 1.0 mg mL−1 and 1 cm for
near-UV CD spectra, respectively. The mean residue ellipticity,
[θ], which has the units of degrees square centimeters per
decimole, was calculated by using an average amino acid
molecular mass of 110 Da.
Thermal Denaturation. Thermal denaturation curves of

the proteins were obtained by monitoring the change in CD
values at 222 nm as the temperature was increased. The
proteins were dissolved in 10 mM sodium phosphate (pH 8.0)
or the same buffer containing 10 mM dithiothreitol (DTT), 10
mM CaCl2, or 1% PEG 1000. The protein concentration and
optical path length were 0.1 mg mL−1 and 2 mm, respectively.
The rate of temperature increase was 1.0 °C min−1. The
temperature of the midpoint of the transition, T1/2, was

calculated by curve fitting of the resultant CD values versus
temperature data on the basis of a least-squares analysis.

Equilibrium Experiments for GdnHCl-Induced Unfold-
ing. GdnHCl-induced unfolding of the protein was analyzed by
monitoring the change in CD values at 222 nm, as described
previously.26 The protein concentration and optical path length
were 0.1 mg mL−1 and 2 mm, respectively. The protein was
incubated in 10 mM Tris-HCl (pH 8.0) containing various
concentrations of guanidine hydrochloride (GdnHCl) at 30 °C
for 48 h for LC-cutinase and 24 h for C275/292A-cutinase
prior to the measurement of the CD values. The GdnHCl-
induced unfolding curves were determined, and the nonlinear
least-squares analysis27 was used to fit the data to
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Figure 1. Stereoview of the crystal structure of LC-cutinase. (A) The entire structure of LC-cutinase is shown. Three active site residues (Ser165,
Asp210, and His242) are shown as green stick models, in which the oxygen and nitrogen atoms are colored red and blue, respectively. The disulfide
bond formed between Cys275 and Cys292 is also shown as a stick model, in which the sulfur atom is colored yellow. NT and CT represent the N-
and C-termini, respectively. (B) The structure of LC-cutinase around the active site is superimposed on that of T. alba cutinase (PDB entry 3VIS
chain A). The structures of LC-cutinase and T. alba cutinase are colored cyan and gray, respectively. The residues that form a hydrophobic patch on
the protein surface and three active site residues of LC-cutinase are shown as stick models (green ones for active site residues) with labels. The
corresponding residues of T. alba cutinase are also shown as stick models with labels in parentheses. In these stick models, the oxygen and nitrogen
atoms are colored red and blue, respectively. A part of the PEG molecule bound to T. alba cutinase is indicated by a dark gray stick model, in which
the oxygen atom is colored red.
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where y is the observed CD signal at a given concentration of
GdnHCl, [D] is the concentration of GdnHCl, bn

0 and bu
0 are

the CD signals for the native and unfolded states, respectively,
an and au are the slopes of the pretransition and posttransition
of the baseline, respectively, ΔG(H2O) is the Gibbs energy
change (ΔG) of unfolding in the absence of GdnHCl, m is the
slope of the linear correlation between ΔG and the GdnHCl
concentration, and Cm is the GdnHCl concentration at the
midpoint of the curve. The raw experimental data were directly
fit to eq 1 using SigmaPlot. Two replicates were measured for
each condition.
Kinetic Experiments Examining GdnHCl-Induced Un-

folding. The unfolding reactions of the proteins were
performed at 50 °C in 10 mM Tris-HCl (pH 8.0) and
followed by measurement of CD spectra at 222 nm, as
described previously.26 The unfolding reaction was initiated by
mixing the protein solution and GdnHCl solution, such that the
final protein and GdnHCl concentrations become 0.1 mg mL−1

and 5−6 M for LC-cutinase or 3−4 M for C275/292A-cutinase,
respectively. The kinetic data were analyzed using eq 3:

∑− ∞ = −A t A A( ) ( ) ei
k ti

(3)

where A(t) is the value of the CD signal at a given time t, A(∞)
is the value when no further change is observed, Ki is the
apparent rate constant of the ith kinetic phase, and Ai is the
amplitude of the ith phase. The GdnHCl concentration
dependence of the logarithms of the apparent rate constant
(kapp) for unfolding was also examined. The rate constant for
unfolding in the absence of GdnHCl [ku(H2O)] was calculated
by fitting to eq 4:

= +k k mln ln (H O) [D]app u 2 u (4)

where [D] is the concentration of GdnHCl and mu is the slope
of the linear correlation of ln ku with the GdnHCl
concentration.
Determination of Enzymatic Activity. The enzymatic

activity was determined at the temperature indicated in 10 mM
Tris-HCl (pH 8.0) containing 10% (v/v) acetonitrile and 0.5 or
2 mM p-nitrophenyl butyrate (pNP-butyrate), as described
previously.17 The amount of p-nitrophenol (pNP) released
from the substrate was determined from the absorption at 412
nm with an absorption coefficient of 14200 M−1 cm−1 with an
automatic spectrophotometer (model U2810 spectrophotom-
eter, Hitachi High-Technologies, Tokyo, Japan). One unit of
activity was defined as the amount of enzyme that produced 1
μmol of pNP/min. For determination of the kinetic parameters,
the substrate concentration was varied from 0.05 to 5 mM. The
enzymatic reaction followed Michaelis−Menten kinetics, and
the kinetic parameters were determined from the Lineweaver−
Burk plot.
Detection of PET-Degrading Activity. PET-degrading

activity was determined by measuring the weight loss of a PET
film, which was cut into a piece with values of length, width,
and thickness of approximately 5, 5, and 0.6 mm, respectively
(20−25 mg), after incubation with the enzyme in 100 mM
Tris-HCl (pH 8.0) at the indicated temperature, as described
previously.17 A PET film used as packaging containers of home
electronics, which was processed and molded from amorphous
PET, was obtained from Sanwa Supply Co., Ltd. (Okayama,
Japan).

■ RESULTS AND DISCUSSION

Crystal Structure of LC-Cutinase. The recombinant
protein of LC-cutinase was purified from the extracellular
medium of E. coli cells as QPAMAMD-LC-cutinase, in which a
seven-residue peptide, Gln-Pro-Ala-Met-Ala-Met-Asp, is at-
tached to the N-terminus of LC-cutinase[36−293], as reported
previously.17 This seven-residue peptide is mostly derived from
the pelB leader sequence, and LC-cutinase[36−293] represents
LC-cutinase without a putative N-terminal signal peptide
(Met1−Ala34) and Gln35. This protein will be simply
designated as LC-cutinase hereafter. LC-cutinase was screened
for crystallization conditions using the kits available from
commercial sources. Crystals suitable for X-ray crystallographic
analyses were obtained in 2 weeks.
The crystal structure of LC-cutinase was determined at 1.5 Å

resolution. The asymmetric unit of the crystal structure consists
of one molecule. The protein contains 258 of 265 residues, with
the seven N-terminal residues missing. Electron density for
these residues is not observed, probably because of structural
disorder. The LC-cutinase structure belongs to the α/β
hydrolase fold superfamily and consists of a nine-stranded β-
sheet and eight α-helices (Figure 1A). It closely resembles the
structures of T. alba cutinase (PDB entry 3VIS)28 and S.
exfoliatus lipase (PDB entry 1JFR).29 The rmsd between LC-
cutinase and T. alba cutinase is 0.77 Å for 255 Cα atoms, and
that between LC-cutinase and S. exfoliatus lipase is 1.01 Å for
252 Cα atoms. The LC-cutinase structure reveals that Ser165,
Asp210, and His242 form a catalytic triad. Ser165 within a
GXSXG motif (GHSMG for LC-cutinase and its homologues)
is located within a sharp turn, termed the nucleophilic elbow,30

between strand β5 and helix α5 (Figure S1 of the Supporting
Information). It also reveals that one disulfide bond is formed
between Cys275 and Cys292. This disulfide bond apparently
anchors the C-terminus to the loop between helix α8 and
strand β9 as does that of T. alba cutinase between Cys280 and
Cys298 (Figure S1 of the Supporting Information).
The structure of LC-cutinase around the active site is

compared with that of T. alba cutinase in Figure 1B. The T.
alba cutinase structure shows that Tyr99, Thr100, Leu129,
Met170, Trp194, Thr216, Ile217, and Phe248 form a
hydrophobic patch on the protein surface, to which a
polyethylene glycol (PEG) partially binds.28 Three active site
residues, Ser169, Asp215, and His247, are embedded in this
hydrophobic patch. The corresponding residues of LC-cutinase
are Tyr95, Thr96, Phe125, Met166, Trp190, Thr211, Val212,
and Phe243. These residues, as well as Ala97 and Tyr127,
which are replaced with Gly (Gly101) and Gln (Gln131),
respectively, in T. alba cutinase, apparently form a hydrophobic
patch. A long groove is extended from the catalytic pocket in
this hydrophobic patch, suggesting that this groove serves as a
binding site of an amphiphilic long-chain substrate, such as
PET. However, further structural studies will be necessary to
understand the substrate recognition mechanism of the
enzyme.

Thermal Stability of LC-Cutinase. Thermal denaturation
of LC-cutinase was analyzed at pH 8.0 by monitoring the
change in CD values at 222 nm. This pH was chosen, because
LC-cutinase exhibits nearly the highest activity at this pH.17

Thermal denaturation of LC-cutinase was irreversible under the
condition examined. However, the thermal denaturation curve
of this protein was reproducible unless the protein concen-
tration, the pH, and the rate of the temperature increase (scan
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rate) were significantly changed. The thermal denaturation
curve of LC-cutinase measured in 10 mM phosphate buffer
(pH 8.0) is shown in Figure 2. The midpoint of the transition

of this curve, T1/2, was 86.2 °C (Table 2). This value is higher
than the melting temperature (Tm) of T. alba cutinase, which
has been determined to be 60 °C by differential scanning
calorimetry,31 by approximately 26 °C.

The T. alba cutinase structure has been determined as a
dimer in the presence of PEG.28 PEG binds to the region near
the active site, such that two monomers share one PEG
molecule (Figure 1B). In contrast, the LC-cutinase structure
was determined as a monomer in the absence of PEG. The high
degree of similarity in the structure around the active site
between LC-cutinase and T. alba cutinase suggests that PEG
binds to LC-cutinase, as well. In addition, it has been reported
that T. alba cutinase is stabilized in the presence of calcium
ions.13,31 To examine whether LC-cutinase is stabilized by PEG
and calcium ions, the thermal stability of LC-cutinase was

analyzed in the presence of PEG or calcium ions. The thermal
denaturation curve of LC-cutinase measured in the presence of
1% PEG and that measured in the presence of 10 mM CaCl2
are shown in Figure 2. The T1/2 values of LC-cutinase
determined from these curves are summarized in Table 2. The
T1/2 value of LC-cutinase increases by 8.4 °C in the presence of
calcium ions and decreases by 3.0 °C in the presence of PEG,
indicating that calcium ions stabilize LC-cutinase and that PEG
destabilizes it. LC-cutinase is slightly destabilized in the
presence of PEG probably because of a change in protein
solvation, as reported for hen egg-white lysozyme.32

To analyze the stabilizing effect of calcium ions in a more
quantitative way, the thermal stability of LC-cutinase was
analyzed in the presence of various concentrations of CaCl2.
The thermal denaturation curves of LC-cutinase were shifted
parallel to that in the absence of calcium ions, such that the T1/2
value increases as the CaCl2 concentration increases up to 98
°C (data not shown). The dependence of the ΔT1/2 value,
which represents the difference between the T1/2 values of LC-
cutinase in the presence and absence of calcium ions, on the
CaCl2 concentration is shown in Figure 3. From the data shown

in this figure, the number and the dissociation constant of the
calcium ion(s) were determined to be 1.05 ± 0.03 and 2.50 ±
0.31 mM, respectively, by Scatchard analysis,33 on the
assumption that LC-cutinase exists in equilibrium between
calcium-bound and calcium-free forms and the fraction of the
calcium-bound form increases as the CaCl2 concentration
increases. These results suggest that LC-cutinase is stabilized by
a single calcium ion and its dissociation constant is 2.50 mM.
This dissociation constant is apparently lower than those for
binding of calcium ions to T. alba cutinase, because a
considerably high concentration of calcium ions (200 mM) is
required to maximize the stability of T. alba cutinase.13 T. alba
cutinase is stabilized by approximately 13 °C in the presence of
200 mM CaCl2.

31

The structures of LC-cutinase and T. alba cutinase deposited
in the PDB (entries 4EB0 and 3VIS, respectively) do not

Figure 2. Thermal denaturation curves of LC-cutinase and C275/
292A-cutinase. The thermal denaturation curves of LC-cutinase
obtained in the absence of DTT (thick solid line), in the absence of
DTT and presence of 10 mM CaCl2 (thick long dashed line), in the
absence of DTT and presence of 1% PEG (thick dotted line), and in
the presence of 10 mM DTT (thick dashed line) and those of C275/
292A-cutinase obtained in the absence of DTT (thin solid line) and in
the presence of 10 mM DTT (thin dashed line) are shown. The rate of
temperature increase was 1 °C/min. The lines represent optimal fits to
the data, which are only shown for LC-cutinase in the absence of DTT
as a representative (solid gray circles).

Table 2. T1/2 Values of LC-Cutinase and C275/292A-
Cutinase at pH 8.0

protein
[DTT]
(mM)

[CaCl2]
(mM)

PEG
(%) T1/2

a (°C)
ΔT1/2

b

(°C)

LC-cutinase 0 0 0 86.2 ± 0.2 −
10 0 0 73.9 ± 0.2 −12.3
0 10 0 94.6 ± 0.4 +8.4
0 0 1 83.2 ± 0.2 −3.0

C275/292A-
cutinase

0 0 0 70.6 ± 0.1 −15.6

10 0 0 72.6 ± 0.1 −13.6
aThe denaturation temperature (T1/2), which is the temperature of the
midpoint of the transition, was determined from the thermal
denaturation curves shown in Figure 2. bΔT1/2 = T1/2 determined −
86.2 °C.

Figure 3. Plot of ΔT1/2 as a function of the concentration of added
CaCl2. The T1/2 values were determined from the thermal
denaturation curves of LC-cutinase obtained in the presence and
absence of various concentrations of CaCl2, as described in Materials
and Methods. ΔT1/2 represents the difference in the T1/2 values of LC-
cutinase in the presence and absence of calcium ions (the T1/2 of LC-
cutinase in the presence of CaCl2 minus the T1/2 of LC-cutinase in the
absence of CaCl2). The line represents the optimal fit to the data.
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contain any calcium ions, because these structures were
determined in the absence of calcium ions. The structure of
T. alba cutinase in a calcium-bound form has recently been
determined by using the crystals soaked in a CaCl2 solution.

31

According to this structure, two calcium ions bind to the
protein. One of these calcium ions is apparently coordinated
with Asp243, Asp290, and Glu292, while the other is apparently
coordinated with Asp236 and the C-terminal carboxyl group.
Asp243 and Asp290 are conserved as Asp238 and Asp283,
respectively, in LC-cutinase (Figure S1 of the Supporting
Information). However, these residues are not located at a
distance that allows coordination of the calcium ion. The
distance between these residues is 11.1 Å, whereas that between
Asp243 and Asp290 of T. alba cutinase is 6.2 Å. In addition,
Glu292 is replaced with Arg (Arg286) in LC-cutinase (Figure
S1 of the Supporting Information). Likewise, Asp236 is
replaced with Pro (Pro231) in LC-cutinase (Figure S1 of the
Supporting Information). These results suggest that a single
calcium ion does not bind to the site, which corresponds to
either of the calcium binding sites of T. alba cutinase, but binds
to the unique site in LC-cutinase. Further structural and
mutational studies will be required to identify this site.
Equilibrium Unfolding of LC-Cutinase in GdnHCl.

Equilibrium unfolding of LC-cutinase in GdnHCl was analyzed
at 30 °C by monitoring the CD values at 222 nm. GdnHCl-
induced unfolding of this protein was fully reversible and
followed a two-state mechanism under the condition examined.
The protein unfolded by GdnHCl was fully refolded by
removal of GdnHCl by dialysis (data not shown). The
GdnHCl-induced unfolding curve of LC-cutinase is shown in
Figure 4. To obtain this curve, the protein was incubated in the

presence of various concentrations of GdnHCl for 2 days. This
curve was not obtained when the incubation time was short.
For example, LC-cutinase was not unfolded when it was
incubated in the presence of 6 M GdnHCl for 30 min and was
not fully unfolded when it was incubated in the presence of 5 M
GdnHCl for 18 h (Figure 4). The GdnHCl-induced unfolding

curve of LC-cutinase obtained after a 2 day incubation was not
significantly changed upon further incubation. This result
suggests that unfolding of LC-cutinases is slow, and it takes at
least 2 days for the unfolding reaction of LC-cutinase to reach
equilibrium. The Cm and ΔG(H2O) values of LC-cutinase were
4.02 M and 41.8 kJ mol−1, respectively (Table 3).
The Cm values of F. solani pisi and H. insolens cutinases for

GdnHCl-induced unfolding have been reported to be 1.35 and
1.94 M, respectively.18 These values are considerably lower
than that of LC-cutinase, suggesting that LC-cutinase is more
stable than these fungal cutinases. However, the ΔG(H2O)
values of these proteins (47−49 kJ mol−1) are rather higher
than that of LC-cutinase because of their high m values.

GdnHCl-Induced Unfolding Kinetics of LC-Cutinase.
The equilibrium studies of GdnHCl-induced unfolding of LC-
cutinases suggest that LC-cutinase unfolds very slowly. To
determine the unfolding rate of this protein, GdnHCl-induced
unfolding kinetics of this protein were analyzed at 50 °C by
monitoring the CD values at 222 nm. These analyses were
performed at 50 °C, instead of 30 °C, because unfolding of this
protein was too slow to be completed within several hours at 30
°C. All unfolding reactions gave monophasic kinetics. Typical
kinetic traces for unfolding of LC-cutinase are shown in Figure
5A. The dependence of the logarithm of the apparent rate
constant of unfolding, kapp, on the GdnHCl concentration is
shown in Figure 5B. From this dependence, the rate constant of
unfolding of LC-cutinase in the absence of GdnHCl, ku(H2O),
was calculated to be 3.28 × 10−6 s−1 (Table 3).
The unfolding rates of F. solani pisi and H. insolens cutinase

have been reported to be 2.57 and 0.829 s−1, respectively, at 25
°C.18 These unfolding rates are at least 6 orders of magnitude
higher than that of LC-cutinase, indicating that LC-cutinase is a
kinetically robust protein. However, LC-cutinase is still less
stable than hyperthermophilic archaeal proteins, which are
characterized by an extremely slow unfolding rate.34 For
example, the unfolding rate of LC-cutinase is 2 orders of
magnitude higher than that of RNase H2 from hyper-
thermophilic archaeon Thermococcus kodakarensis (5.0 × 10−8

s−1 at 50 °C).26

The refolding experiments were also performed at 30 °C
using LC-cutinase fully unfolded in the presence of 5 M
GdnHCl. However, this protein was not refolded by reducing
the GdnHCl concentration by dilution, and therefore, the
kinetic refolding curves of this protein were not obtained (data
not shown). This protein was kept soluble upon dilution but
was kept unfolded even after a 5 day incubation at 30 °C. In
contrast, this protein was fully refolded when the GdnHCl
concentration was reduced by dialysis, instead of dilution,
suggesting that this protein is refolded only when the GdnHCl
concentration is gradually decreased. This protein may be
trapped in an unfolded state when the GdnHCl concentration
is rapidly decreased.

Kinetic Parameters for the Activity of LC-Cutinase at
Various Temperatures. The temperature dependence of the
activity of LC-cutinase toward pNP-butyrate indicated that LC-
cutinase exhibited the highest activity at 50 °C (Figure 6A).
This result is consistent with that previously reported.17

However, LC-cutinase is not thermally denatured up to 75
°C (Figure 2). This means that the activity of LC-cutinase
decreases as the temperature increases beyond 50 °C, before
the protein is thermally denatured. To examine whether a
decrease in the activity at these temperatures is due to a
decrease in the substrate binding affinity or turnover number of

Figure 4. GdnHCl-induced unfolding curves of LC-cutinase and
C275/292A-cutinase at 30 °C. The apparent fraction of unfolded
protein is shown as a function of GdnHCl concentration. LC-cutinase
was incubated for 48 h (●), 18 h (×), and 30 min (△) at pH 8.0 and
30 °C prior to the measurement of the CD value at 222 nm. C275/
292A-cutinase (○) was incubated under the same condition for 24 h
prior to the measurement of the CD value at 222 nm. The lines
represent the fits to eq 1.
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this protein, the kinetic parameters for the activity of LC-
cutinase were determined at various temperatures using pNP-
butyrate as a substrate. At any substrate concentration and
temperature examined, the amount of the product increases in
proportion to the incubation time for at least 10 min (data not
shown). The Km values of LC-cutinase determined at 30, 50,
and 70 °C were similar with one another (0.21−0.24 mM),
whereas its kcat values determined at these temperatures varied
in proportion to its specific activities (Table 4). These results
indicate that a decrease in the activity of LC-cutinase at 60−70
°C as compared to the maximal value is not due to a decrease in
the substrate binding affinity but due to a decrease in the
turnover number. The steric configurations of the active site
residues are probably changed at these temperatures, such that
they are not optimal for activity. Thus, the activity of LC-
cutinase is reduced at 60−70 °C probably because of a heat-
induced local conformational change of the active site. A similar
finding that low concentrations of GdnHCl cause local
unfolding of the active site region and thereby cause a decrease
in enzymatic activity has been reported for F. solani pisi
cutinase.18 The optimal temperature for the activity of T. alba
cutinase, which is identical to that of LC-cutinase (50 °C),35 is
also lower than the stability of the overall structure, but by only
10 °C, suggesting that a heat-induced local conformational
change of the active site of T. alba cutinase is less significant
than that of LC-cutinase.
The Km and kcat values of other cutinases have been reported

to be 1.93 mM and 6.03 s−1 for T. alba cutinase at 30 °C,36 2.10
mM and 30.9 s−1 for T. fusca cutinase at 25 °C,37 0.51 mM and
742 s−1 for T. fusca cutinase at 60 °C,38 and 0.27 mM and 837
s−1 for F. solani pisi cutinase at 40 °C, respectively.38 The Km
and kcat values of LC-cutinase are 0.22 mM and 232 s−1 at 30
°C and 0.21 mM and 343 s−1 at 50 °C, respectively (Table 4).

These results indicate that both the substrate binding affinity
and turnover number of LC-cutinase are considerably higher
than those of T. alba and T. fusca cutinases at 30 °C, whereas
they are comparable to those of T. fusca and F. solani pisi
cutinases at 50 °C.

Protection of the Active Site from Heat-Induced Local
Conformational Changes by PEG and PET. The finding
that LC-cutinase is slightly destabilized in the presence of PEG
(Figure 2) suggests that PEG does not bind to the active site of
the protein or binding of PEG to the active site does not
increase the stability of the overall structure. To examine
whether the active site is protected from a heat-induced local
conformational change by PEG, the enzymatic activity of LC-
cutinase was determined in the presence of 1% PEG 1000 at
various temperatures. The temperature dependence of the
activity shows that the optimal temperature for activity of LC-
cutinase is shifted upward by 10 °C in the presence of PEG
(Figure 6B). The specific activities of LC-cutinase determined
in the presence of PEG at 10−50 °C are slightly higher than but
comparable to those determined in the absence of PEG. To
examine whether the specific activity of LC-cutinase increases
in the presence of PEG compared to that in the absence of PEG
at ≥60 °C due to an increase in the substrate binding affinity or
turnover number, the kinetic parameters of LC-cutinase were
determined in the presence of 1% PEG at 30, 50, and 70 °C.
The kinetic parameters of LC-cutinase determined in the
presence of PEG at 30 and 50 °C were comparable to those
determined in the absence of PEG at 30 and 50 °C, respectively
(Table 4). The Km value determined in the presence of PEG at
70 °C was also comparable to that determined in the absence of
PEG. However, the kcat value of LC-cutinase determined in the
presence of PEG at 70 °C is higher than that determined in the
absence of PEG by 50%, suggesting that the activity of LC-

Table 3. Thermodynamic Parameters at 30 °C and Kinetic Parameters at 50 °C for GdnHCl-Induced Unfolding of LC- and
C275/292A-Cutinases

protein Cm (M) mav
a (kJ mol−1 M−1) ΔG(H2O) (kJ mol−1) ΔΔG(H2O)

b (kJ mol−1) ku(H2O) (s
−1)

LC-cutinase 4.02 ± 0.03 10.4 41.8 ± 0.3 − (3.28 ± 0.60) × 10−6

C275/292A-cutinase 3.00 ± 0.10 10.4 31.2 ± 1.0 −10.6 (1.83 ± 0.14) × 10−5

aThe average of the m values of LC-cutinase (9.2 ± 1.4 kJ mol−1 M−1) and C275/292A-cutinase (11.7 ± 1.6 kJ mol−1 M−1). bΔΔG(H2O) =
ΔG(H2O)(C275/292A-cutinase) − ΔG(H2O)(LC-cutinase).

Figure 5. Unfolding kinetics of LC-cutinase and C275/292A-cutinase at 50 °C. (A) Kinetic traces of GdnHCl-induced unfolding of LC-cutinase to
final GdnHCl concentrations of 5.0 M (gray scatter) and 6.0 M (black scatter) are shown. The lines represent the fits of eq 3. (B) GdnHCl
concentration dependence of the apparent rate constant (kapp) of unfolding kinetics of LC-cutinase (●) and C275/292A-cutinase (○). The lines
represent the fits of eq 4.
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cutinase increases in the presence of PEG at ≥60 °C due to an
increase in the turnover number. These results suggest that
PEG binds to the region near the active site and partially
prevents a heat-induced conformational change in the active
site, because the optimal temperature for the activity of LC-
cutinase in the presence of PEG (60 °C) is still much lower
than its denaturation temperature (86.2 °C).

To examine whether the active site of LC-cutinase is
protected from a heat-induced local conformational change by a
long-chain substrate, as well, the activity of LC-cutinase toward
PET was analyzed by measuring the weight loss of a PET film
at various temperatures. The activity of LC-cutinase toward
PET increased as the temperature increased to 70 °C (Figure
6C), indicating that the optimal temperature for the activity of
LC-cutinase toward PET increases by at least 20 °C as
compared to that toward pNP-butyrate. These results suggest
that a heat-induced local conformational change in the active
site is well prevented by binding of a long-chain substrate.
However, we cannot exclude the possibility that the PET-
degrading activity of LC-cutinase decreases at 50 °C as
compared to that at 70 °C because of the inertness of the
substrate. The activity of LC-cutinase toward PET was not
analyzed at temperatures higher than 80 °C, because the surface
of a PET film used for the assay became turbid upon incubation
at these temperatures and could not be degraded by the
enzyme even at 50 °C.

Temperature Dependence of LC-Cutinase Activity in
the Presence of Calcium Ions. To examine whether binding
of calcium ion affects the enzymatic activity of LC-cutinase, the
temperature dependence of the activity of LC-cutinase was
analyzed in the presence of 10 mM CaCl2. The optimal
temperature for activity was slightly shifted upward by a few
degrees Celsius in the presence of calcium ions in proportion to

Figure 6. Temperature dependencies of enzymatic activities of LC-cutinase and C275/292A-cutinase. (A) The enzymatic activities of LC-cutinase
(●) and C275/292A-cutinase (○) were determined in 10 mM Tris-HCl (pH 8.0) containing 10% (v/v) acetonitrile and 0.5 mM pNP-butyrate at
the temperatures indicated. The enzymatic activities of LC-cutinase were also determined under the same condition in the presence of 10 mM CaCl2
at the temperatures indicated (△). (B) The enzymatic activities of LC-cutinase determined in 10 mM Tris-HCl (pH 8.0) containing 10% (v/v)
acetonitrile, 2 mM pNP-butyrate, and 1% PEG1000 at the temperatures indicated (□) are compared with those determined in the absence of
PEG1000 (●). (C) The PET-degrading activity of LC-cutinase was determined by incubating a PET film (20−25 mg) with LC-cutinase at pH 8.0 at
the temperatures indicated for 24 h and by comparing the weight of a PET film before and after incubation. The weight loss was plotted as a function
of temperature. The experiment was always performed in duplicate, and the average values are shown together with the error bars in all panels.

Table 4. Kinetic Parameters of LC-Cutinase and C275/
292A-Cutinasea

protein
temp
(°C)

PEG
(%) Km (mM) kcat (s

−1)
kcat/Km

(s−1 mM−1)

LC-cutinase 30 0 0.22 ± 0.03 232 ± 20 1050
30 1 0.27 ± 0.03 278 ± 9 1046
50 0 0.21 ± 0.00 343 ± 4 1630
50 1 0.27 ± 0.01 359 ± 22 1311
70 0 0.24 ± 0.01 213 ± 3 888
70 1 0.25 ± 0.15 318 ± 46 1295

C275/292A-
cutinase

30 0 0.25 ± 0.02 342 ± 25 1370

50 0 0.18 ± 0.01 196 ± 7 1090
70 0 0.19 ± 0.02 49 ± 3 258

aHydrolysis of pNP-butyrate by the enzyme was conducted at the
temperatures indicated under the conditions described in Materials
and Methods. Experiments were conducted at least twice, and the
average values are shown together with the errors.
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the stability (Figure 6A). However, the activities of LC-cutinase
at 30−50 °C in the presence of calcium ions were comparable
to those in the absence of calcium ions (Figure 6A). This result
is consistent with the previous result that the enzymatic activity
of LC-cutinase is not significantly changed in the presence of
either 10 mM CaCl2 or 10 mM EDTA.17 This result indicates
that calcium ion stabilizes the protein without significantly
affecting its activity. It has been reported that T. alba cutinase
does not require calcium ions for activity but requires them for
maximal activity.13 The activity of T. alba cutinase decreases by
47% in the presence of 0.5 mM EDTA and increases by 3−4-
fold in the presence of 300 mM CaCl2. The effect of calcium
ion on the LC-cutinase activity is different from that on the T.
alba cutinase activity, probably because the calcium binding site
of LC-cutinase is different from those of T. alba cutinase. The
activity of LC-cutinase was not analyzed at >10 mM CaCl2,
because its calcium binding site is almost fully saturated with
calcium ion in the presence of 10 mM CaCl2 (Figure 3).
Preparation of C275/292A-Cutinase. The single disulfide

bond formed between Cys275 and Cys292 of LC-cutinase,
which anchors the C-terminus to the central region, is
conserved in thermophilic bacterial cutinases but not in fungal
cutinases. The disulfide bond is one of the stabilizing factors of
the protein. Proteins are usually destabilized by the removal of a
native disulfide bond39−42 and stabilized by introduction of a
non-native disulfide bond.43−47 Therefore, the C-terminal
disulfide bond of bacterial cutinase is probably important for
protein stability. However, the disulfide bond does not always
show a stabilizing effect.8,48 To examine whether the disulfide
bond of LC-cutinase contributes to the thermodynamic and
kinetic stability of LC-cutinase, the double-mutant protein
C275/292A-cutinase, in which both Cys275 and Cys292 are
replaced with Ala, was constructed and purified. The purified
recombinant protein, in which a seven-residue peptide is
attached to C275/292A-cutinase[36−293], will be simply
designated as C275/292A-cutinase hereafter. The production
level and purification yield of C275/292A-cutinase were
comparable to those of LC-cutinase. The far-UV (Figure 7A)
and near-UV (Figure 7B) CD spectra of C275/292A-cutinase
were similar to those of LC-cutinase, suggesting that the
structure of LC-cutinase is not markedly changed by the
mutations.
Thermal Stability of C275/292A-Cutinase. To examine

whether removal of the disulfide bond affects the thermal
stability of LC-cutinase, the stability of C275/292A-cutinase

was analyzed at pH 8.0 as mentioned above for LC-cutinase.
The stability of LC- and C275/292A-cutinases was also
analyzed in the presence of 10 mM DTT. Thermal
denaturation of these proteins was irreversible under the
conditions examined. The resultant thermal denaturation
curves are shown in Figure 2. The T1/2 values determined
from these curves are summarized in Table 2. The T1/2 value of
C275/292A-cutinase measured in the absence of DTT is lower
than that of LC-cutinase by 15.6 °C, whereas the T1/2 value of
LC-cutinase measured in the presence of DTT is lower than
that measured in the absence of DTT by 12.3 °C. However, the
T1/2 value of C275/292A-cutinase measured in the presence of
DTT is higher than that measured in the absence of DTT by
2.0 °C, suggesting that the difference between the T1/2 values of
oxidized and reduced forms of LC-cutinase is 14.3 °C, instead
of 12.3 °C. The mechanism by which C275/292A-cutinase is
slightly stabilized in the presence of DTT remains to be
understood. These results indicate that LC-cutinase is
destabilized by approximately 15 °C, regardless of whether
the disulfide bond is removed by reduction or by double
mutations at Cys275 and Cys292. The T1/2 value of LC-
cutinase does not significantly decrease further in the presence
of higher concentrations of DTT, suggesting that the disulfide
bond of LC-cutinase is almost fully reduced in the presence of
10 mM DTT (data not shown).

Equilibrium Unfolding of C275/292A-Cutinase in
GdnHCl. To examine whether removal of the disulfide bond
affects equilibrium unfolding of LC-cutinase in GdnHCl,
GdnHCl-induced unfolding of C275/292A-cutinase was
analyzed at 30 °C as mentioned above for LC-cutinase.
GdnHCl-induced unfolding of this protein was fully reversible
and followed a two-state mechanism. The GdnHCl-induced
unfolding curve of C275/292A-cutinase is shown in Figure 4.
To obtain this curve, the protein was incubated in the presence
of various concentrations of GdnHCl for 1 day, instead of 2
days. This result suggests that C275/292A-cutinase unfolds
more rapidly than LC-cutinase, but it still takes at least 1 day for
the unfolding reaction of C275/292A-cutinase to reach
equilibrium. Thermodynamic parameters for GdnHCl-induced
unfolding of C275/292A-cutinase are summarized in Table 3.
The Cm and ΔG(H2O) values of C275/292A-cutinase are
lower than those of LC-cutinase by 1.02 M and 10.6 kJ mol−1,
respectively. We used the average of the m values of LC- and
C275/292A-cutinases for the calculation of the ΔG(H2O)
values of these proteins. If we use the m values of LC- and

Figure 7. CD spectra of LC-cutinase and C275/292A-cutinase. The far-UV (A) and near-UV (B) CD spectra of LC-cutinase () and C275/292A-
cutinase (---) are shown. These spectra were measured at 20 °C as described in Materials and Methods.
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C275/292A-cutinases, which were determined to be 9.2 and
11.7 kJ mol−1 M−1, respectively, for calculation of the
ΔG(H2O) values, the ΔG(H2O) value of C275/292A-cutinase
is lower than that of LC-cutinase by only 2.0 kJ mol−1. Despite
this observed difference, the results indicate that the
thermodynamic stability of LC-cutinase is significantly
decreased by removal of the disulfide bond.
The contribution of the disulfide bond to protein stability is

presumed to be mainly due to a loss of conformational entropy
in the unfolded state.49 This loss can be estimated using eq 5:

Δ = − − ⎜ ⎟
⎛
⎝

⎞
⎠S R n2.1

3
2

ln
(5)

where R is the gas constant and n is the number of the residues
in the loop forming the disulfide bond.39 Because n is 18 for the
disulfide bond of LC-cutinase (Cys275−Cys292), the ΔS value
at 30 °C (TΔS) for this disulfide bond is calculated to be −11.6
kJ mol−1. This means that the difference in the ΔG values
(ΔΔG) between the proteins with and without a disulfide bond
is 11.6 kJ mol−1, if the enthalpy change (ΔH) is negligible. This
value is comparable to the ΔΔG value (10.6 kJ mol−1) between
LC-cutinase and C275/292A-cutinase determined by the
GdnHCl-induced equilibrium unfolding studies.
GdnHCl-Induced Unfolding Kinetics of C275/292A-

Cutinase. The equilibrium studies of GdnHCl-induced
unfolding of C275/292A-cutinase suggest that the disulfide
bond at least partly contributes to the slow unfolding of LC-
cutinase. To determine the unfolding rate of C275/292A-
cutinase, the GdnHCl-induced unfolding kinetics of this protein
were analyzed at 50 °C as mentioned above for LC-cutinase. All
unfolding reactions gave monophasic kinetics. Typical kinetic
traces for unfolding of C275/292A-cutinase are shown in
Figure S2 of the Supporting Information. The dependence of
the kapp values on the GdnHCl concentration is shown in
Figure 5B. From this dependence, the ku(H2O) value of C275/
292A-cutinase was calculated to be 1.83 × 10−5 s−1 (Table 3).
Thus, the unfolding rate of C275/292A-cutinase is 1 order of
magnitude higher than that of LC-cutinase, indicating that the
disulfide bond of LC-cutinase contributes not only to the
thermodynamic stability but also to the kinetic stability of the
protein.
Temperature Dependence of the Activity of C275/

292A-Cutinase. To examine whether removal of the disulfide
bond affects the optimal temperature for the activity of LC-
cutinase, the temperature dependence of the activity of C275/
292A-cutinase was analyzed by using pNP-butyrate as a
substrate. C275/292A-cutinase exhibited its highest activity at
30 °C (Figure 6A). The activity of C275/292A-cutinase at 30
°C was comparable to that of LC-cutinase at 50 °C. These
results indicate that removal of the disulfide bond shifts the
optimal temperature for activity of LC-cutinase downward by
20 °C without significantly affecting the maximal activity.
Relationship between the Stability of the Active Site

and the Overall Structure. In this study, we showed that the
optimal temperature for the activity of LC-cutinase decreases
upon removal of the disulfide bond and increases upon binding
of a calcium ion to the protein in proportion to the stability of
the overall structure. This result suggests that the stability of the
local structure around the active site varies in proportion to the
stability of the overall structure. A similar relationship between
the stability of the active site and overall structure has also been
reported for Bacillus subtilis esterase and its mutants.50

However, an inverse relationship between these stabilities is

observed for LC-cutinase in the presence of PEG. This result
may suggest that PEG stabilizes the overall structure by binding
to the region near the active site, but this stabilization effect is
canceled by the destabilization effect of PEG for the overall
structure. Alternatively, PEG stabilizes the local structure
around the active site by binding to this region without
significantly affecting the stability of the overall structure. The
reason why binding of PEG to the region near the active site
stabilizes this region without significantly affecting the stability
of the overall structure remains to be understood.

Structural Features of Thermostable LC-Cutinase. LC-
cutinase is more stable than T. alba cutinase by approximately
26 °C. Proteins are stabilized by a combination of various
factors, such as an increased number of ion pairs (ion pair
networks),51 a reduced cavity volume,52 anchoring of the C-
terminal tail,53 increased interior hydrophobicity,54 an increased
number of proline residues in loop regions,55 and an increased
number of disulfide bonds.56 Comparison of these factors
between LC-cutinase and T. alba cutinase indicates that the
number of ion pairs and interior hydrophobicity of LC-cutinase
are higher than those of T. alba cutinase, although the
difference is not so significant (Table 5). The number of ion

pairs is eight for LC-cutinase and six for T. alba cutinase, and
only two of them are conserved in these proteins. The ratio of
interior apolar residues to total interior residues is 68% for LC-
cutinase and 62% for T. alba cutinase. In contrast, the number
of proline residues in loop regions of LC-cutinase (10) is
smaller than that of T. alba cutinase (11), and seven of them
are conserved in these proteins. Likewise, the disulfide bond of
LC-cutinase is conserved in T. alba cutinase, and this disulfide
bond anchors the C-termini of these proteins to the central
regions equally. Furthermore, no clear cavity exists in the LC-
cutinase and T. alba cutinase structures. These results suggest
that the difference in the number of ion pairs and interior
hydrophobicity may at least partly account for the difference in
stability between LC-cutinase and T. alba cutinase.

■ ASSOCIATED CONTENT
*S Supporting Information
Alignment of the amino acid sequences of LC-cutinase (LCC),
T. alba cutinase (TaC), and T. fusca cutinase (TfC) (Figure
S1) and unfolding kinetics of C275/292A-cutinase at 50 °C
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.

Table 5. Structural Features of LC-Cutinase and T. alba
Cutinase

LC-cutinase T. alba cutinase

no. of amino acids 259 263
Tm (°C) 86.2a 60b

optimal temp for activity (°C) 50c 50d

content of the residues (%)
buried polar 19.4 23.4
buried apolar 40.7 38.3
buried apolar/buried total 67.7 62.1

no. of ion pairs (≤4.0 Å) 8 6
no. of disulfide bonds 1 1
no. of Pro residues in the loop 10 11
aT1/2 value.

bData from ref 31. cData from ref 17. dData from ref 35.
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Coordinates for LC-cutinase were deposited as Protein Data
Bank entry 4EB0.
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