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ABSTRACT: Cutinases are polyester hydrolases that show a
remarkable capability to hydrolyze polyethylene terephthalate
(PET) to its monomeric units. This revelation has stimulated
research aimed at developing sustainable and green cutinasecatalyzed PET recycling methods. Leaf and branch compost
cutinase (LCC) is particularly suited toward these ends given
its relatively high PET hydrolysis activity and thermostability.
Any practical enzymatic PET recycling application will require
that the protein have kinetic stability at or above the PET glass
transition temperature (Tg, i.e., 70 °C). This paper elucidates
the thermodynamics and kinetics of LCC conformational and
colloidal stability. Aggregation emerged as a major contributor
that reduces LCC kinetic stability. In its native state, LCC is prone to aggregation owing to electrostatic interactions. Further,
with increasing temperature, perturbation of LCC’s tertiary structure and corresponding exposure of hydrophobic domains leads
to rapid aggregation. Glycosylation was employed in an attempt to impede LCC aggregation. Owing to the presence of three
putative N-glycosylation sites, expression of native LCC in Pichia pastoris resulted in the production of glycosylated LCC (LCCG). LCC-G showed improved stability to native state aggregation while increasing the temperature for thermal induced
aggregation by 10 °C. Furthermore, stabilization against thermal aggregation resulted in improved catalytic PET hydrolysis both
at its optimum temperature and concentration.

C

of the enzyme is not known, it is of bacterial origin based on its
signiﬁcant sequence identity with several bacterial cutinases (e.g.,
52% with Thermobif ida alba cutinase, TbC;11 46% identity with
Thermobif ida f usca cutinase, TfC).10 The authors subsequently
reported LCC’s crystal structure and characterized its structural
stability and PET hydrolysis activity. LCC is highly thermostable
with a Tm of 86 °C, which, in the presence of 20 mM CaCl2,
increases by an additional 12 °C.11 This is the highest cutinase
thermostability thus far reported.
Despite its high thermodynamic stability (Tm 86 °C), LCC
displays a surprisingly low kinetic stability. Sulaiman and coworkers found the enzyme has half-lives of just 40 and 7 min at 70
and 80 °C, respectively.5,11 However, the authors did not further
investigate the gap between LCC thermodynamic and kinetic
stability. This is a crucial problem that must be understood and
rectiﬁed for practical applications such as PET recycling. With

utinase catalyzed hydrolysis of polyethylene terephthalate
(PET) is a promising enzymatic route for green and
sustainable recycling processes.1−6 A commercially viable
enzyme for PET recycling will require both high catalytic
turnover and kinetic stability at temperatures above PET’s glass
transition (Tg, i.e., 70 °C), at which point chain mobility is
increased in the amorphous phase allowing improved access to
ester links between repeat units.6,7 Among the several cutinases
characterized for PET hydrolysis (e.g., Fusarium solani cutinase
(FsC),8 Humicola insolens cutinase (HiC),6,9 Thermobif ida f usca
cutinase (TfC)10), Leaf and branch compost cutinase (LCC)5,11
may be the most promising given that the wild-type already
provides both high PET catalytic activity and thermostability.
Recently, Yoshida et al. reported a comparative activity analysis
of LCC, TfC and a newly identiﬁed enzyme PETase.3 LCC
outperformed both cutinases due in part to its structural stability
at higher temperatures.11 However, PETase was most active for
PET hydrolysis at room temperature.3
Sulaiman et al. discovered LCC through a metagenomic screen
of DNA from leaf and branch compost.5 Although the native host
© 2018 American Chemical Society
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of thermal aggregation and, correspondingly, a 5-fold increase in
AoC’s kinetic stability at its Tm.37 In another report,42 the
introduction of an N-Linked glycosylation site in FsC
signiﬁcantly increased enzyme secretion by the heterologous
expression systems S. cerevisiae or P. pastoris.42 Bacterial cutinases
lack glycosylation when expressed by its natural host or
heterologously expressed in bacterial cells (e.g., E. coli).
However, glycosylation can be introduced by introduction of
glycosylation site in the protein sequence followed by
heterologous expression in eukaryotic expression systems. Nlinked glycosylation is a preferred choice for engineering due to
(i) better control over site speciﬁcity and (ii) capability of
common eukaryotic expression systems (e.g., P. pastoris and S.
cerevisea) to carry out N-linked glycosylation.
In this study, we interrogate LCC’s kinetic stability and
subsequent impact it has on PET hydrolysis. We probe global
conformational stability through circular dichroism (CD) and
ﬂuorescence analysis, aggregation behavior with dynamic light
scattering (DLS), and catalytic stability thorough residual activity
analysis and temperature optimum screening. In brief we found
that LCC tends to aggregate in the native state due to ionic
interactions, which can be mitigated with the addition of salt.
However, at elevated temperatures, aggregation is driven by
perturbation of protein tertiary structure, which is the primary
reason for LCC’s low kinetic stability. We examined the eﬀects of
glycosylation on LCC expressed in P. pastoris to address this
problem. Glycosylation improved resistance to aggregation even
at high temperature conditions leading to a 10 °C increase in the
thermal aggregation point and signiﬁcant increase in kinetic
stability. Glycosylation primarily inhibited aggregation and had
very little eﬀect on LCC conformational stability. The kinetic
stabilization provided by LCC glycosylation was found to have a
positive impact on PET hydrolysis activity at high temperatures
and enzyme concentrations.

this in mind, we conducted a preliminary thermal deactivation
analysis revealing that LCC displays a high aggregation
propensity, a primary contributor to its thermal deactivation.
Aggregation is a colloidal property arising when solute−solute
(protein−protein) interactions are strong relative to solute−
solvent (protein−solvent) interactions.12,13 These interactions
are generally dominated by electrostatic14,15 or hydrophobic
attractions.16,17 Proteins in their native form often display a
surface, which, at low concentration and ambient conditions
(native conditions), has a low propensity for aggregation.
However, higher protein concentrations (such as those used
for storage) may promote aggregation and lead to formulation
challenges.18 Furthermore, harsh reaction conditions (e.g., pH,
chemical, temperatures, agitation) can induce conformational
and protonation changes leading to aggregation at lower
concentrations.19−23 Strategies to inhibit aggregation involve
both colloidal and conformational stabilization of the protein.
The most common solutions include: (i) protein engineering to
improve conformational stability,24 (ii) protein engineering to
inhibit protein aggregation, 16,25,26 (iii) use of chemical
additives,27,28 and (iv) chemical modiﬁcation of the protein
(e.g., PEGylation, HESylation, etc.).29−31 However, protein
engineering may be time-consuming when a remedy to the
problem is not obvious from modeling. Addition of chemical
additives may be economically prohibitive. Finally, selective
chemical modiﬁcations are often diﬃcult and may lead to a
distribution of protein populations with diﬀering stability/
activity.
Glycosylation site engineering can provide a practical solution
against thermal aggregation. Glycosylation is a covalent attachment of an oligosaccharide to the protein carried out as a posttranslational modiﬁcation by eukaryotes.32 Glycosylation can
impede aggregation by improving protein conformational
stability33,34 or by imposing steric constraints that inhibit
protein−protein interactions.35−37 Stabilization by glycosylation
will be a function of the number of glycosylation sites and their
location(s).33,38,39 There are two primary classes of natural
glycosylation: (1) O-linked glycosylation which occurs at the side
chain oxygen of serine (Ser) or threonine (Thr) and (2) Nlinked glycosylation which occurs at the side chain nitrogen of an
asparagine (Asn) found in the sequence Asn-X-Ser/Thr where X
is any amino acid but proline.
The majority of cutinases identiﬁed and characterized thus far
are of fungal (e.g., FsC, HiC, etc.) and bacterial (e.g., TfC, LCC)
origin. Fungi possess an ability to perform both O-linked and Nlinked glycosylation of proteins provided the presence of
glycosylation sites. FsC, secreted by the phytopathogenic fungus
Fusarium Solano pisi, was identiﬁed as a glycoprotein containing
4.5−5% by weight of carbohydrates (glycans).40 The glycosylation observed for FsC, produced by its natural host, is Olinked as FsC’s sequence lack N-glycosylation site. Several
studies have reported cutinase glycosylation when the enzyme
was produced by its natural host or by heterologous expression in
Pichia pastoris/Saccharomyces cerevisiae. However, reports on the
inﬂuence of glycosylation on cutinase expression, catalytic
activity and stability are few in number. Recently, our group
reported the role of glycosylation on Thiellavia terrestris cutinase
(TtC) activity and stability.37,41 For TtC, glycosylation
completely inhibited its thermally induced aggregation which,
for TtC-NG, is observed at high temperatures.41 Furthermore,
introduction by glycosylation site engineering of one glycosylation site into the fungal cutinase from Aspergillus oryzae
(AoC, nonglycosylated in nature) resulted in complete inhibition

■

MATERIALS AND METHODS
Materials. Salts (Tris, sodium chloride, dibasic and
monobasic potassium phosphate) and media components
(Luria−Bertani broth [LB], yeast extract, peptone, tryptone,
glycerol, and others) and isopropyl β-D-1-thiogalactopyranoside
(IPTG) were procured from Sigma. Guanidinium chloride
(GdmCl) of molecular biology grade and kanamycin were
purchased from Amersham. Zeocine was obtained from
Invitrogen. Plasmid vector PET28 and PJ912 were obtained
from Genewiz and DNA 2.0, respectively. Amorphous PET ﬁlms
(lcPET with crystallinity ∼7%) were purchased from Goodfellows USA (ES301445). Bis-hydroxyethyl terephthalate
(BHET) and para-nitrophenyl butyrate (PNPB) were obtained
from Sigma.
Protein Expression and Puriﬁcation. Expression and
Puriﬁcation of LCC-NG. In the context of this study, for clarity,
bacterial LCC expressed in E. coli is designated as nonglycosylated LCC (LCC-NG). LCC-NG was produced using
E. coli BL21 DE3 strain by adapting a literature protocol that
described the expression of T. f usca cutinase.43 Brieﬂy, The LCC
gene codon optimized for E. coli expression was cloned in PET28
plasmid vector with kanamycin resistance, which was then
transformed into the chemically competent E. coli BL21 DE3
cells following a standard transformation protocol published
elsewhere.44 The positive transformants were selected on LB
agar plate containing 50 μg/mL kanamycin. The positive
transformants were then transferred to fresh culture plates for
expression of LCC-NG.
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dialysis into 20 mM Tris pH 8 buﬀer. The pure protein was
stored in the same buﬀer in the refrigerator for up to 3−4 weeks.
LCC-G variants [N239G, N266Q, and N197Q] were synthesized using identical methods as described above for LCC-G. The
LCC-G codon optimized sequence and primers used for LCC-G
mutant synthesis by site directed mutagenesis are described in
the Supporting Information.
Protein Sample Preparation and Concentration Measurement. Dialysis was used for preparation of protein solutions in
desired buﬀers. Postdialysis, the protein solutions were ﬁltered
through 0.5 μm ﬁlters. Protein concentration was measured by
the standard bicinchonic acid assay (BCA) method with bovine
serum albumin (BSA) as the standard followed by dilution to the
desired concentration.
Circular Dichroism (CD) Analysis. Circular dichroism was
performed using a JASCO J-815 spectropolarimeter coupled
with a Peltier-type temperature controller. LCC-G or LCC-NG
solutions (10 μM) were prepared in 10 mM Tris pH 8 buﬀer. CD
wavelength scans were performed from 260 to 180 nm
wavelength at a scanning rate of 50 nm/min. The CD thermal
unfolding scan was performed from 20 to 90 °C at the scan rate of
1 °C/min and the ellipticity at 222 nm was monitored as a
function of temperature. The fraction of the unfolded protein
was then plotted as a function of temperature where Tm is the
temperature at which 50% of the protein is unfolded.
Protein unfolding by GdmCl was determined with 10 μM
protein solutions in 10 mM Tris buﬀer pH 8 containing diﬀerent
concentrations of GdmCl (1 to 6 M). These solutions were
freshly prepared by 10× dilution of a 100 μM protein solution in
solutions containing predetermined concentrations of GdmCl.
Protein-GdmCl solutions were incubated at 25 °C for a suﬃcient
time (48 h) to achieve equilibrium between folded and unfolded
states. The protein-GdmCl solutions were then subjected to CD
wavelength scans. The average ellipticity from 220 to 224 nm for
each GdmCl concentration was recorded. The GdmCl unfolding
data was ﬁt to U = ef/(1 + ef) where f = (ΔG − m[GdmCl])/RT
to determine equilibrium free energy of folding in pure water ΔG
and m-value.46 Further, the kinetics of GdmCl unfolding was
studied by incubating freshly prepared wt-LCC and LCC-G
solutions in 5 M GdmCl (10 μM protein concentrations in pH 8
Tris buﬀer) at 50 °C in the CD cuvette with constant monitoring
of CD ellipticity at 222 nm. The transition in ellipticities at 222
nm as a function of the time was the ﬁtted to eq 1 to determine
the apparent rate constant k of unfolding.11

The fermentative production of LCC-NG was performed at a
1 L scale in 2.8 L baﬄed ﬂasks in the shaker incubator. Seed
culture was grown by transforming a single colony of wt-LCC
positive E. coli strain from fresh agar plate to 100 mL LB medium
contain 50 μg/mL kanamycin in a 500 mL ﬂask and incubating at
37 °C and 250 rpm overnight. The production media was
composed of terriﬁc broth (12 g/L yeast extract, 24 g/L tryptone,
4.3 g/L KH2PO4 and 16 g/L K2HPO4) containing 50 μg/mL
kanamycin. Production was started by aseptically transferring the
seed culture to 1 L of production medium in 2.8 L baﬄed shake
ﬂasks. Cells were grown for 5 h at 37 °C and 250 rpm in the
shaker incubator until the cell density reached ∼2 absorbance
units. Protein expression was then induced by addition of IPTG
such that its ﬁnal concentration is 1 mM. The fermentation was
then continued for another 24 h. Bacterial cutinases when
expressed in E. coli, are transferred (>90%) from the cytoplasm to
the culture medium without a need of signal peptide. This
phenomenon is attributed to the phospholipid hydrolysis activity
of the enzyme which leads to membrane permeation without cell
lysis.45
At the end of the fermentation, the culture was centrifuged at
5000g for 30 min at 4 °C. The resulting cell pellet was discarded
whereas the cell free supernatant was subjected to ammonium
sulfate precipitation by adding ammonium sulfate to 80%
saturation at 25 °C. The precipitate was pelleted down by
centrifugation. The precipitate pellet was then solubilized in the
loading buﬀer for aﬃnity puriﬁcation using a POROS
immobilized metal aﬃnity chromatography (IMAC) column.
The loading buﬀer was composed of 20 mM Tris pH 8 with 25
mM imidazole and 200 mM NaCl. Elution was performed using
20 mM Tris pH 8 with 300 mM imidazole and 200 mM NaCl.
Guanidinium chloride (GdmCl), ﬁnal concentration 1 M, was
added to the elution fraction followed by concentration by
approximately 10-fold using Amicon Ultra 3 kDa centrifugal
ﬁlters. Subsequently, the protein solution was polished by a size
exclusion chromatography (SEC) step. SEC puriﬁcation was
performed using a GE Superose 75 column (23.5 mL).
Concentrated protein solution (1 mL) was ﬁltered using a 0.5
μm centrifugal ﬁlter and then loaded on to the SEC column with
the help of capillary loop. The SEC buﬀer was composed of 25
mM tris pH 8.0 containing 200 mM sodium chloride and 1 M
GdmCl. Puriﬁcation was carried out at the ﬂow rate of 0.5 mL/
min. The puriﬁed protein fraction was then extensively dialyzed
using 25 mm tris buﬀer pH 8 containing 200 mM NaCl to
remove GdmCl. The resulting protein solution in the same buﬀer
was stored in a refrigerator (5 °C).
Expression and Puriﬁcation of LCC-G. LCC-G was produced
using a P. pastoris expression system. The LCC gene was codon
optimized and synthesized at DNA2.0 for expression in P.
pastoris. Integration of the LCC-G gene in P. pastoris, subsequent
LCC-G fermentative production and puriﬁcation was performed
following published methods used by our group for the
heterologous expression of fungal cutinases.37,41 However,
puriﬁcation of LCC-G required an additional anion exchange
chromatography step. The elution pool of the preliminary
capture of LCC-G using IMAC chromatography was further
puriﬁed using a DEAE Sepharose resin in ﬂow through mode.
The diethyl amino ethyl (DEAE) Sepharose column was preequilibrated with 2 0 mM Tris pH 8 followed by protein loading
(up to 30 g/L). A chase step with 20 mM Tris pH 8 buﬀer
containing 100 mM NaCl was used to recover weekly bound
protein. Flow through and the chase fractions were pooled
together and concentrated ∼5−6-times before subsequent

A ( t ) − A (∞ ) =

∑ A ekt

(1)

Fluorescence Analysis. Intrinsic tryptophan ﬂuorescence
was measured on a Spex Fluorolog Tau-3 (Horiba) ﬂuorimeter.
For protein solutions (2 μM in 10 mM Tris pH 8), excitation was
at 295 nm and the emission was recorded from 320 to 350 nM.
Slit widths of 2 and 3 nm were used for excitation and emission,
respectively. For each wavelength scan of a protein solution, a
blank buﬀer scan was recorded and then subtracted from the
corresponding protein scan. The wavelength of the highest
ﬂuorescence emission intensity is denoted as the λmax. For
thermal transition analyses, the protein solution temperature in
the ﬂuorescence measuring cuvette was increased at steps of 5 °C
with subsequent 3 min incubations at each temperature. The λmax
was then plotted as a function of temperature. The t-Tm (melting
point/unfolding temperature for the protein tertiary structure), a
measure of protein tertiary structure stability, was determined as
the midpoint of the thermal transition.
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Dynamic Light Scattering (DLS) Analysis. DLS analyses were
performed using a Malvern Zetasizer ZSP90. Thermal scans of 10
μM protein solutions were run from 25 to 90 °C at steps of 5 °C
with subsequent 3 min incubations at each temperature. The
scattered light intensity was measured as a function of
temperature. The onset of aggregation, indicated by an abrupt
increase in scattered light intensity, is denoted as the aggregation
point (Tagg). Furthermore, LCC-G aggregation kinetics was
determined by incubation of the protein at both 75 and 80 °C
while determining scattered light intensity as a function of time.
Kinetic Stability Analysis. The kinetic stability of LCC-G and
LCC-NG at predetermined solution concentration and temperature was determined by measuring the rate of irreversible
enzyme activity loss based on PNPB hydrolysis assay.47
Speciﬁcally, 1−10 μM protein solutions in 50 mM HEPES
buﬀer pH 8 was incubated in an Eppendorf thermomixer at
varying temperatures (40−95 °C) for 1 h followed by
determination of residual activity. The residual activity was
then plotted as a function of temperature. Ta50/t60 (temperature
at which enzyme loses 50% of the activity in 60 min) was then
noted from the graph as a preliminary measure of the kinetic
stability. Based on the Ta50/t60 values for further evaluation of
kinetic stability, the half-life times (t1/2) of the enzyme at 70, 75,
and 80 °C were determined at predetermined concertation using
residual activity analysis at varying time point upon incubation.
PET Hydrolysis Activity Measurement. PET hydrolysis
activity was measured using the pH stat based assay previously
published by our group.6 Brieﬂy, lcPET ﬁlms, cut into 0.5 × 0.5
cm2 pieces, were suspended in 7.5 mL of assay buﬀer (0.5 mM
Tris). The lcPET ﬁlm concentration was varied from 2 to 6 cm2/
mL. Enzyme-ﬁlm incubations were performed using a Mettler
Toledo pH stat to control pH by known quantities of base in
response to acid formation (e.g., ester bond hydrolysis).
Incubations were magnetically stirred and the temperature was
controlled by an external water bath. The substrate solution was
ﬁrst equilibrated for 5 min at the desired reaction temperature
and pH. The reaction was then initiated by addition of the
enzyme solution at a predetermined concentration (0.015−2
μM). As the reaction progresses, the pH decreases due to
cleavage of ester groups that liberate carboxylic acid moieties.
The pH stat responds to pH decrease by the automated addition
(titration) of dilute sodium hydroxide solution. The enzyme
activity was measured as the μmoles of sodium hydroxide added
per mL·h of the reaction. The assay was also performed at
diﬀerent temperatures and the reaction rate was plotted as a
function of temperature to determine the optimum temperature
for enzyme-catalyzed PET hydrolysis.
PET Film Degradation Analysis. lcPET ﬁlm (1 cm × 1 cm)
was incubated with 3 mL of 1 μM enzyme solution (LCC-G or
LCC-NG) in 500 mM HEPES buﬀer (pH 8, 70 °C, 100 rpm
incubator shaker). At 24 and 48 h of incubation, ﬁlms were
washed extensively with distilled water and dried in a vacuum
oven at 50 °C to remove residual moisture. The dried ﬁlms were
then weighed to determine the percent of weight loss.
Bis Hydroxyethyl Terephthalate (BHET) Hydrolysis Activity
Analysis. The BHET hydrolysis assay was performed in
Eppendorf tubes that contained 100 nM enzyme (LCC-G or
LCC-NG) and 0.5 mg/mL BHET (substrate saturation
concentration of the 100 nM enzyme solution) in 500 mM
HEPES buﬀer. Eppendorf tubes containing the reaction mixture
were placed in an Eppendorf thermomixer that was maintained
with agitation (500 rpm) at a predetermined temperature. After 1
h, the reaction was quenched by adding a 2-fold excess of 500

mM pH 2.5 phosphate buﬀer containing 20% DMSO. The
resulting solution was then centrifuged at >20,000g for 10 min.
Subsequently, HPLC analysis using an Agilent HPLC ﬁt with a
Zorbax C-18 column was performed to quantitate formation of
terephthalic acid (TA). The mobile phase for HPLC runs
consisted of 20% v/v acetonitrile and 0.1% v/v formic acid in
Milli-Q water. No-enzyme control experiments were performed
for each reaction condition and low level chemical hydrolysis that
occurred was subtracted from that due to enzyme-catalyzed
hydrolysis. The enzyme activity is given as the millimoles of TA
formed per unit time (h) and per milligram of enzyme. Results at
diﬀerent temperatures were used to determine the temperature
optimum for the reaction.

■

RESULTS
Expression and Puriﬁcation of LCC-NG and LCC-G.
Transformed E. coli BL21 DE3 cells were fermented at a 1 L scale
in 2.8 L baﬄed ﬂasks in a shaker incubator. After cell removal by
centrifugation, nonglycosylated wt-LCC (LCC-NG) was
puriﬁed in three steps that consisted of ammonium sulfate
precipitation, immobilized metal aﬃnity chromatography
(IMAC) and size exclusion chromatography (SEC). The puriﬁed
product yield was ∼20 mg/L of the grown culture, where the
largest loss in product (50−60%) occurred during SEC.
Impurities removed during SEC consisted primarily of high
molecular weight LCC-NG aggregates (data not shown). Note
that 200 mM NaCl used in IMAC and dialysis buﬀer is essential
to mitigate protein aggregation/precipitation that was observed
(even at 4 °C - 25 °C) after solubilization of the ammonium
sulfate precipitation pellet. When working with high concentrations (>10 mg/L) of LCC-NG, such as in the SEC
equilibration buﬀer, the strong solubilizing agent 1 M GdmCl
was used. In contrast, 200−300 mg/L of glycosylated LCC
(LCC-G) was produced by heterologous expression in P. pastoris
via an optimized protocol we developed for fungal cutinase
expression.47 However, IMAC puriﬁed LCC-G had a green color.
The extracellular media from the P. pastoris cell culture is green
colored owing to AOX crystalloid formation;48 this green color in
the case of LCC-G was found to be bind to protein necessitating
additional puriﬁcation. Anion exchange chromatography (AEX)
in ﬂow through mode successfully removed the green colored
impurity. However, the AEX step resulted in 50−60% yield loss
primarily due to removal of LCC-G that was tightly bound to the
green impurity. Consequently, pure (green impurity free) LCCG produced at 110−165 mg/L. Future fermentation optimizations include minimizing production of such green species.
Analysis of puriﬁed LCC-G by SDS PAGE followed by
glycopeptide staining conﬁrmed that LCC was indeed
glycosylated (Supporting Information Figure S1). Figure 1
shows the location of the three putative glycosylation sites at
N197, N239, and N266 (shown in magenta). Three LCC
variants (i) N197Q, N266Q to conﬁrm the presence of
glycosylation at N239, (ii) N197Q, N239G to conﬁrm the
presence of glycosylation at N266, and (iii) N239G, N266Q to
conﬁrm the presence of glycosylation at N197 were designed
(see the Supporting Information) and produced in a similar way
as that of LCC-G. Indeed, SDS PAGE analysis and glycopeptide
staining of these variants conﬁrmed the presence of glycosylation
at each of these three sites. (Figure S1).
Circular Dichroism Analysis. CD thermal scans (10 μM
protein in 10 mM Tris pH 8 buﬀer) analyzed the unfolding
temperatures of LCC-NG and LCC-G (Figure 2A). The Tm of
LCC-NG is 83 °C, which is slightly lower than the reported value
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Table 1. Thermodynamic and Kinetic Constants for LCC-NG
and LCC-G Calculated from the Equilibrium GdmCl
Unfolding and Unfolding Kinetics Analysis
protein

Cm
(M)

m (kJ mol−1 M−1)

ΔG
(kJ mol−1)

ΔΔG
(kJ mol−1)

Ki*
(min−1)

LCC-NG
LCC-G

3.8
4.1

−6.0
−6.4

22.6
26.0

0
−3.4

0.0012
0.025

Figure 1. Location of glycosylation sites (shown in magenta) and their
relative proximity to LCC’s active site (green).

of 86 °C.11 During the LCC-NG CD thermal scan, visible
aggregates appeared in the cuvette, a likely consequence of
protein unfolding. In contrast, during the CD thermal scan of
LCC-G, no thermal transitions occurred up to the instrument
temperature limit (95 °C). Furthermore, during this scan, no
visible aggregates were observed in the CD cuvette.
The relative stability of LCC-NG and LCC-G was assessed by
comparative GdmCl unfolding. At room temperature, by 36 h,
equilibration of LCC-NG and LCC-G unfolding was reached
(data not shown). Hence, LCC-NG and LCC-G were incubated
at diﬀerent GdmCl concentrations for 48 h before CD analysis of
secondary structure. LCC-G showed marginally higher stability
against GdmCl unfolding (Figure 2B and Table 1). Further,
LCC-G also had higher stability at 50 °C in the presence of 5 M
GdmCl. That is, LCC-G undergoes thermal unfolding
approximately two times slower than LCC-NG (see Figure 3).
Table 1 lists the kinetics constants for both LCC-NG and LCC-G
unfolding.
Fluorescence Analysis. Intrinsic tryptophan ﬂuorescence
emission monitors changes in protein tertiary structure as a
function of a perturbation such as temperature. When buried,
tryptophan residues generally display emission maxima (λmax)

Figure 3. Eﬀect of glycosylation on the unfolding kinetics of LCC-NG
and LCC-G (10 μm protein concentration, 5 M GdmCl in 10 mM Tris
pH 8 at 50 °C).

around 330 nm; which shifts to longer wavelength (>340 nm)
upon solvent exposure. Thus, a λmax shift with increased
temperature indicates a change in local tryptophan environment.49 Fluorescence analysis (Figure 4) of thermal unfolding
for LCC-NG and LCC-G protein solutions (2 μM in 10 mM Tris
pH 8) reveals that the thermal stability of LCC-G is slightly
higher (t-Tm of 77 and 75 °C for LCC-G and LCC-NG,
respectively). In contrast to the CD thermal scan (up to 95 °C),
LCC-NG aggregation was not visually observed in the cuvette.
This diﬀerence is attributed to the lower protein concentration
(2 μM vs 10 μM) used for ﬂuorescence analysis.
Aggregation Analysis. Scattered light intensity was
monitored as it passed through a DLS cuvette to gain further
insights on LCC-G and LCC-NG thermal induced aggregation.

Figure 2. CD analysis of (a) thermal-induced unfolding and (b) GdmCl-induced unfolding (continuous lines indicate ﬁtted data). Studies were
performed for LCC-NG and LCC-G at 10 μM protein concentrations in 10 mM tris buﬀer pH 8).
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they are likely at the nanoscale and/or involve a small population
of the protein molecules.
Kinetic Stability Analysis. Residual activity is a measure of
irreversible enzyme activity loss. When measured as a function of
time, residual activity measurements provide insights into
inactivation kinetics. Residual activity measurements for 1 μM
solutions (50 mM HEPES buﬀer, pH 8) of LCC-G and LCC-NG
after 60 min incubations were performed at diﬀerent temperatures. Both LCC-NG and LCC-G showed good kinetic stability,
retaining >85% activity at temperatures up to 75 °C for one h.
However, at 80 °C, LCC-G and LCC-NG retained 85% and 50%
activity, respectively (Figure 6). Furthermore, at 85 °C, LCC-G
and LCC-NG retained 10% and no activity, respectively.

Figure 4. Fluorescence analysis temperature scans to identify thermalinduced unfolding of LCC-NG and LCC-G (2 μM protein in 10 mM tris
buﬀer pH 8).

Plots of scattered light intensity as a function of temperature as
well as time at ﬁxed temperatures are displayed in Figure 5A and
B, respectively. Inspection of Figure 5A shows scattered light
increases at the aggregation temperatures (Tagg) of 80 and 70 °C
for LCC-G and LCC-NG, respectively. The magnitude of change
in light scattering at Tagg is much greater for LCC-NG. These
results are consistent with the observation that visible aggregates
form and eventually settle to the bottom of the cuvette for LCCNG but not LCC-G during CD thermal scans up to 95 °C.
Subsequently, scattered light intensity was used to study the
eﬀect of incubation time on LCC-G aggregation at 75 and 80 °C
(Figure 5B). At both temperatures, an increase in light intensity
is observed with increased incubation time conﬁrming that LCCG also forms aggregates. Relative to 75 °C, incubation at 80 °C
results in a more rapid increase in scattered light. Nevertheless,
aggregates formed by LCC-G are not observed visually indicating

Figure 6. Residual activity analysis of LCC-NG and LCC-G (1 μM
protein in 50 mM HEPES buﬀer pH 8) upon incubation for an hour at
predetermined temperatures.

We further determined the t1/2 of 1 μM LCC-NG and LCC-G
solutions (50 mM HEPES buﬀer, pH 8) at 70 °C, 75 °C, and 80
°C (Table 2). Both LCC-NG and LCC-G have high stabilities at
70 and 75 °C. However, at 80 °C, LCC-G is 3 times more stable
than its nonglycosylated counterpart. For both LCC-G and
LCC-NG, increase in their concentrations from 1 to 10 μM at 70
°C resulted in substantial decreases in t1/2 values (Table 2).

Figure 5. DLS analysis of LCC-G and LCC-NG (10 μM protein in 10 mM tris buﬀer pH 8): (a) thermal-induced aggregation analysis and (b) kinetics of
the thermal-induced aggregation of LCC-G at 75 and 80 °C.
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Table 2. Kinetic Stability of LCC-NG and LCC-G to
Determine Half-Life Time (t1/2) Values at 70, 75, and 80 °C
t1/2 (h)
T (°C)

enzyme concn (μM)

LCC-NG

LCC-G

70
75
80
70

1
1
1
10

∼51
∼35
1.1
∼24

∼60
∼50
3.2
∼35

Nevertheless, under these latter conditions, t1/2 for LCC-G is
∼1.5-times greater than that for LCC-NG.
Temperature Optimum for the Enzyme Activity.
Measurement of the optimal PET hydrolysis temperatures for
both LCC-NG and LCC-G was by pH stat (Figure 7). The
temperature optimum for both LCC-NG and LCC-G was 75 °C
on lcPET (Figure 7B). However, at higher temperatures (from
65 to 80 °C), LCC-G had signiﬁcantly higher activity. Indeed, at
70 and 75 °C, LCC-G was 1.6- and 1.2-fold more active,
respectively (Figure 7A).
The solid-state properties of PET change as one approaches
the glass transition temperature, Tg (about 70 °C). To better
isolate the extent that solid-state transitions have on the observed
diﬀerences between LCC-NG and LCC-G, we measured activity
on the water-soluble substrate bis-hydroxyethyl terephthalate
(BHET) (Figure 7B). The temperature−activity proﬁles for both
LCC-NG and LCC-G on BHET showed: (i) identical activity
over the full temperature range and (ii) a temperature optimum
of 50 °C.
PET Hydrolysis Kinetics. Since enzymatic hydrolysis of PET
requires that the enzyme adsorb from the aqueous medium to the
substrate, we adopted a kinetic model developed by Scandola and
co-workers that accounts for enzyme−substrate heterogeneity.50
Activity was measured at 70 °C (as a compromise between the
optimal temperatures for enzyme activity and kinetic stability)
with increasing enzyme concentrations over constant substrate
concentration. For LCC-NG, lcPET hydrolysis activity increased
with increasing enzyme concentration until a plateau was reached
at 0.5 μM (Figure 8). The plateau is attributed to enzyme

Figure 8. PET hydrolysis activity of LCC-NG and LCC-G at
predetermined enzyme concentrations (70 °C in 5 mM tris buﬀer,
pH 8 and 2 cm2/mL substrate concentration).

saturation of substrate surfaces. Further increase in LCC-NG
concertation resulted in decreased activity. In contrast, LCC-G
hydrolysis of lcPET as a function of enzyme concentration
reveals a conventional heterogeneous kinetics proﬁle in which
lcPET hydrolysis activity plateaued at 0.5 μM LCC-G and
remained constant with further increase in the enzyme
concentration. Activities of LCC-NG and LCC-G are similar
up to 0.25 μM enzyme concentration. However, above 0.25 μM,
LCC-G showed signiﬁcantly higher lcPET hydrolysis activity
(Figure 8).
PET Film Degradation Analysis. Both LCC-NG and LCCG showed very good PET hydrolysis activity with complete
degradation of 1 cm2 lcPET ﬁlm (1 cm x 1 cm and 250 μm thick)
in 3 mL of 1 μM enzyme solution (70 °C, pH 8). After 24 and 48
h of incubation, both LCC-NG and LCC catalyzed the formation
of water-soluble products such that PET ﬁlms underwent about

Figure 7. Inﬂuence of temperature on LCC-NG and LCC-G activity for (a) PET hydrolysis measures using a pH stat (1 μM enzyme in 5 mM tris buﬀer,
pH 8 and 6 cm2/mL substrate concentration) and (b) bis-hydroxyethyl terephthalate (BHET) hydrolysis (100 nM enzyme in 500 mM HEPES buﬀer
pH 8 with 0.5 mg/mL BHET).
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25% and nearly complete ∼95% weight loss, respectively. Taking
thickness of lcPET ﬁlms (250 μM) into account complete weight
loss in 48 h represents degradation rate of 60 μm per day (per
ﬁlm side) with an enzyme coverage of 0.085 per square
centimeter.

eﬀect of glycosylation on tertiary structure stability (t-Tm) as
measured by ﬂuorescence. However, glycosylation did have a
large eﬀect on thermal unfolding kinetics, which occurs twotimes slower for LCC-G (see Figure 3 and Table 1). These
observations imply that glycosylation provides signiﬁcant
secondary structure kinetic stabilization.
Active Site Stability. Loss of enzyme activity can arise from
disruptions to the global conformation or local active site
structure. While unfolding experiments provide insights into the
global conformational stability, the optimum enzyme activity
temperature is a measure of active site stability. Previously,
Sulaiman et al. reported a large gap (∼36 °C) between LCC-NG
active site and global stability (Topt= 50 °C and Tm = 86 °C,
respectively). One of the three LCC glycosylation sites (N239) is
close to the active site (9 Å to D210, Figure 1), which may
stabilize the structure of neighboring enzyme regions. The
optimum temperature of LCC-NG for BHET hydrolysis is
consistent with that reported by Sulaiman et al. and glycosylation
was not found to stabilize the active site for BHET hydrolysis
(Figure 7A). However, solution phase (homogeneous catalysis)
temperature−activity proﬁles observed here are diﬀerent than
that reported by Sulaiman et al., who observed a sharp optimum
at 50 °C for PNPB hydrolysis. That is, while we found the BHET
hydrolysis optimum for LCC-NG and LCC-G is also at 50 °C,
activity for both LCC-NG and LCC-G gradually decreases with
increasing temperature to 70 °C, where ∼80−85% of LCC’s
activity is retained. Generally, both Topt values for PNPB and
BHET hydrolysis activities would be considered good indicators
of active site stability. However, the diﬀerences in PNPB and
BHET temperature−activity proﬁles indicate that binding of the
latter stabilizes the active site.
BHET docked to the active site of LCC shows potential
aromatic stacking interactions between the substrate and F243
which may contribute to the stabilizing eﬀect of BHET (Figure
S3). Moreover, mere binding of polymeric chains near the active
site can provide a stabilizing eﬀect. Sulaiman et al. have reported
LCC-NG active-site stabilization by polyethylene glycol (PEG)
and hypothesized that PEG binding near the active site imparts
local stability, which was supported by computational modeling.11
Stabilization against Thermal Aggregation. LCC-NG’s
high propensity for aggregation is evident by its precipitation
from solution during various stages of puriﬁcation, even at 4−25
°C. However, precipitation is mitigated by addition of 0.1 to 1 M
NaCl (depending upon the protein concentration) in
puriﬁcation buﬀers. Salt inhibition of aggregation indicates that
ionic interactions contribute to aggregation events. Indeed, LCC
presents a highly charged surface, with several positively and
negatively charged patches (Figure S4). In contrast, glycosylation
of LCC resulted in a large decrease in its propensity to aggregate,
which may be due to steric constraints that inhibit charge−charge
interactions.
Thermal aggregation analysis revealed that LCC-NG has a
high propensity for aggregation above 70 °C (Figure 5A). This is
attributed to partial disruption of LCC-NG’s tertiary structure
that enhances hydrophobic interactions. Further evidence that
LC-NG thermal-induced aggregation is driven by hydrophobic
interactions is that, addition of up to 1 M salt did not inﬂuence
LCC-NG aggregation at 70 °C (data not shown).
The Tagg for LCC-G is 10 °C above that of LCC-NG (Figure
5A). Furthermore, LCC-G Tagg is ∼5 °C higher than the onset
temperature of tertiary structure loss measured by ﬂuorescence
analysis (∼75 °C, Figure 4). Thus, for LCC-G, aggregation is

■

DISCUSSION
Eﬀect of Glycosylation on the Conformational Stability
of LCC. Global Conformational Stability. CD thermal
unfolding scans of LCC-NG and LCC-G (Figure 2A)
demonstrate that glycosylation markedly improves LCC thermostability. Although the Tm for LCC-G could not be determined
due to instrument limitations, the lack of an unfolding transition
up to 95 °C indicates that LCC-G’s Tm is more than 12 °C above
that of LCC-NG. However, the extent of LCC stabilization
mediated by glycosylation reported here is signiﬁcantly higher
than previous reports for other enzymes, e.g., cutinases,37
phytases,35,51 peroxidases,52,53 lipases,54 etc., which indicate up to
1 °C - 4 °C increases in Tm by glyosylation. Increases in Tm by
glycosylation have been attributed to (i) enthalpic stabilization, in
which the native state is stabilized by interactions of glycans with
surrounding amino acids (e.g hydrogen bonding),55 and (ii)
entropic stabilization, where the glycosylated proteins native state
is entropically favored.33
We measured stability in the presence of GdmCl to probe the
mechanism of LCC stabilization by glycosylation. Surprisingly,
glycosylation only conferred modest improvements against
GdmCl denaturation (Figure 2B). Thermostabilization often
correlates with stability against GdmCl unfolding;56 hence, the
large deference between stabilization by glycosylation against
thermal and GdmCl unfolding seems anomalous or hints that
thermal and GdmCl unfolding of LCC have signiﬁcantly
diﬀerent mechanisms, requiring more detailed investigation
(vide infra). Further, we probed the eﬀect of LCC glycosylation
on thermostability and tertiary structure by intrinsic tryptophan
ﬂuorescence analysis. Unlike thermal unfolding monitored by
CD, a clear thermal-induced transition was observed for both
variants, with LCC-G having a marginally higher unfolding
temperature (Figure 4). These observations are consistent with
the modest thermodynamic stabilization provided by glycosylation against GdmCl-mediated unfolding. However, the
ﬂuorescence thermal scan indicates that LCC-NG’s tertiary
structure unfolding temperature (t-Tm) is ∼8 °C lower than the
CD thermal scan measured Tm (75 °C vs 83 °C). Similarly, LCCG′s tertiary structure unfolding temperature (t-Tm) measured by
a ﬂuorescence thermal scan is 77 °C whereas the CD Tm is >95
°C. These observations are consistent with a unfolding
mechanism where loss of tertiary structure begins at the
ﬂuorescence determined unfolding temperature. This partial
loss of tertiary structure exposes hydrophobic side chains that can
contribute to aggregation. It then follows that LCC-NG
aggregation, observed visually in the CD cuvette, results in
tertiary structure loss as observed by CD. In contrast, LCC-G did
not show visible thermal aggregation even above t-Tm (77 °C).
CD thermal scans were performed in the presence of 2 M
GdmCl to eliminate eﬀects of thermal aggregation in LCC-G vs
LCC-NG secondary structure stability comparisons (Figure S2).
GdmCl provided a 2-fold advantage: (i) inhibition of LCC-NG
thermal-induced aggregation and (ii) the denaturation activity of
GdmCl brought the thermal transition of LCC-G within the
temperature limit of the CD instrument. Under these conditions,
glycosylation was found to have only a modest (2 °C) stabilizing
eﬀect on the secondary structure, which is consistent with the
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Figure 9. Schematic of LCC-NG and LCC-G thermal inactivation.

conformational changes of LCC-NG is substantially mitigated in
case of LCC-G (based on thermal aggregation analysis). LCC-G
dsisplays 10 °C higher aggregation point as compared to its
nonglycosylated counterpart.
Eﬀect of the Glycosylation on the Catalytic Performance.
An important metric that will inﬂuence the eﬀectiveness of an
enzyme for PET biocatalytic recycling is stability at or above
PET’s Tg (70 °C). Sulaiman et al. reported that, at 70 °C, the t1/2
of 2 μM LCC-NG is 40 min.5 In contrast, results reported show
that, at 70 °C, the t1/2 of LCC-NG is ∼52 and 24 h at 1 μM and 10
μM concentrations, respectively. Note that we used 50 mM
HEPES buﬀer pH 8 for this study (to ensure pH stability at
higher temperature) where Sulaiman et al. used 50 mM Tris pH 8
(pH is <8 at 70 °C for the same buﬀer). For further comparison,
we adopted the buﬀer conditions used by Sulaiman et al. At 70 °C
under these conditions we ﬁnd that LCC-NG has signiﬁcantly
higher kinetic stability (t1/2 = 40 h) than that reported by
Sulaiman et al. (t1/2 = 40 min). The reasons for the lower kinetic
stability of LCC-NG reported by Sulaiman et al. are unclear.
LCC, which has 3 putative N-glycosylation sites, was expressed
in P. pastoris to further improve LCC’s kinetic stability. The
resulting glycosylated protein, LCC-G, has higher kinetic
stability than LCC-NG (∼1.5-times at 75 °C and about 3-fold
at 80 °C, see Table 2). This improvement in LCC’s kinetic
stability enhances LCC’s PET hydrolysis activity. Indeed,
comparative analysis of PET hydrolysis activity by LCC-G and
LCC-NG at 70 °C, 75 and 80 °C showed that LCC-G has
signiﬁcantly higher activity (Figure 7A). Furthermore, at
concentrations above 0.25 μM, the lcPET hydrolysis activity of
LCC-G is signiﬁcantly higher than LCC-NG (Figure 8). Indeed,
this decrease in LCC-NG activity at concentrations above 0.25
μM is due to thermal-induced aggregation that increases in
propensity at relatively higher concentrations. For LCC-G,
thermal-induced aggregation at 70 °C in this concentration range
is largely inhibited by glycosylation. A long-term lcPET ﬁlm
degradation study at 70 °C (500 mM HEPES, pH 8) with LCCNG and LCC-G both resulted in ∼25% and ∼95% weight loss at
24 and 48 h, respectively. The retention of LCC-NG enzyme
activity during this long-term study may be due to the high buﬀer
concentration (500 mM) that negates potential pH decreases
due to release of acid moieties of terephthalic acid. Indeed LCCNG aggregation is inhibited at high salt concentration. Further
studies will be needed to better understand the relative
performance of LCC-G and LCC-NG performance for PET
hydrolysis under realistic process conditions.

inhibited after partial tertiary structure loss. Inhibition of
irreversible aggregation by glycosylation shifts the equilibrium
between native and unfolded states toward the native state,
resulting in protein kinetic stabilization.35,37 Indeed, this
stabilization against thermal aggregation results in increased
kinetic stability at higher temperatures and enzyme concentrations (Table 1). These observations are consistent with our
previous reports of AoC stabilization by glycosylation.37
However, for AoC, the introduction of a single glycosylation at
a rationally selected site results in full aggregation inhibition. In
contrast, LCC-G has three glycosylation sites and shows the
formation of soluble aggregates (albeit at 10 °C higher than its
nonglycosylated counterpart). Since LCC’s three glycosylation
sites are ﬁxed by its native sequence, glycosylation site
engineering may be an avenue for further improvements.
DLS thermal scans were recorded for designed LCC-G
variants glycosylated at only one location to determine individual
contributions of each glycosylation site to the 10 °C improvement in Tagg, (see Supporting Information Figure S5). We found
that glycosylation at N266 and N197 primarily contributes to the
stabilization against thermal aggregation whereas glycosylation at
N239 had only a negligible eﬀect. Interestingly, glycosylation at
either N266 or N197 is suﬃcient to provide stabilization against
thermal aggregation. These observations, taken together with our
previous report on AoC stabilization, indicate that a single
glycosylation site, especially one well positioned, can provide
robust stabilization against thermal-induced aggregation.
Although stabilized by glycosylation, the aggregation observed
with LCC-G at or above its Tagg like LCC-NG can be attributed
to partial disruption of LCC-NG’s tertiary structure that
enhances hydrophobic interactions.
Inactivation Pathway for LCC-G and LCC-NG. Based on CD,
ﬂuorescence, and Topt analysis, an inactivation mechanism for
LCC-NG and LCC-G inactivation mechanism is proposed in
Figure 9. Both variants display a similar thermal inactivation
pathway where LCC-G has higher stability due to glycosylation
that provides conformational and colloidal stabilization. In
summary, LCC-NG exhibits native state aggregation, attributed
to ionic interactions. However, native state LCC aggregation may
be mitigated by salt or by glycosylation. Thermal inactivation of
both LCC-NG and LCC-G follows local unfolding (based on
Topt) which is then followed by loss of tertiary structure (based
on t-Tm) and then secondary structure (based on CD Tm).
Glycosylation was found to moderately stabilize the thermal
transition of both tertiary and the secondary structure of LCC
(based on ﬂuorescence and CD thermal scans). However,
glycosylation does not have any eﬀect on active site stabilization.
Further the major stabilizing eﬀect of glycosylation is visible at
higher temperature where the rapid aggregation induced by the
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CONCLUSIONS

Wt-LCC (LCC-NG) displays high global conformational
stability based on Tm values determined by CD and ﬂuorescence
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thermal scans (83 and 75 °C, respectively). However, LCC-NG
is highly prone to aggregation. Indeed, electrostatic interactions
resulted in its precipitation even at room temperature and low
concentrations (10−20 μM). Hence, the puriﬁcation and storage
of LCC-NG requires use of salts at concentrations that vary with
protein concentration. Further, eﬃcient PET hydrolysis requires
LCC-NG to be active at or above 70 °C, which is very close to the
onset tertiary structure loss. At this temperature, LCC undergoes
rapid aggregation which is a function of its concentration. This
behavior imposes limitations on its practical applications such as
for catalysis of PET hydrolysis.
LCC’s bacterial origin results in its nonglycosylated native
state. However, biosynthesis of glycosylated LCC inhibits LCC
thermal-induced aggregation. Consequently, glycosylated LCC
(LCC-G) enables facile puriﬁcation and high concentration
storage without salt. Further, the onset of thermal induced
aggregation temperature for LCC-G is 10 °C higher than LCCNG. Moreover, the rate of aggregation for LCC-G was found to
be slow compared to the rapid aggregation of LCC-NG at or
above 70 °C. Stabilization of LCC by glycosylation also enables
an improvement in the catalytic performance of LCC for PET
hydrolysis. That is, LCC-G is signiﬁcantly more active than LCCNG at higher temperature (above 65 °C) while retaining activity
at higher concentrations relative to its nonglycosylated counterpart. Hence, glycosylation of LCC is a powerful stabilization
strategy that can be applied to other aggregation prone proteins
regardless of their bacterial origin.
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