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Introduction
ABSTRACT: Cutinase thermostability is important so that the
enzymes can function above the glass transition of what are often rigid
polymer substrates. A detailed thermal inactivation analysis was
performed for two well-characterized cutinases, Aspergillus oryzae
Cutinase (AoC) and Thiellavia terrestris Cutinase (TtC). Both AoC and
TtC are prone to thermal aggregation upon unfolding at high
temperature, which was found to be a major reason for irreversible loss
of enzyme activity. Our study demonstrates that glycosylation stabilizes
TtC expressed in Pichia pastoris by inhibiting its thermal aggregation.
Based on the comparative thermal inactivation analyses of nonglycosylated AoC, glycosylated (TtC-G), and non-glycosylated TtC (TtCNG), a uniﬁed model for thermal inactivation is proposed that accounts
for thermal aggregation and may be applicable to other cutinase
homologues. Inspired by glycosylated TtC, we successfully employed
glycosylation site engineering to inhibit AoC thermal aggregation.
Indeed, the inhibition of thermal aggregation by AoC glycosylation was
greater than that achieved by conventional use of trehalose under a
typical condition. Collectively, this study demonstrates the excellent
potential of implementing glycosylation site engineering for thermal
aggregation inhibition, which is one of the most common reasons for
the irreversible thermal inactivation of cutinases and many proteins.
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The industrial application of enzymes is often limited due to low
stability under relevant reaction conditions. In this context, stability is
deﬁned by resistance to denaturation or loss of activity caused by
stresses such as temperature, pressure, and exposure to chemical
denaturants. These stressors may lead to protein unfolding,
degradation, chemical modiﬁcation, and aggregation resulting in
the loss of enzyme activity (Bennion and Daggett, 2003; CarrionVazquez et al., 1999; Chi et al., 2003; Fagain, 1995; Fields, 2001;
Hayakawa et al., 1996; Shortle, 1996). Protein stability in aqueous
solutions is governed by complex interactions among amino acid side
chains, backbones, as well as solvent molecules (Matthews, 1993; Pace,
1992; Robertson and Murphy, 1997; Timasheff, 1993). Many of these
interactions are highly sensitive to environmental conditions such
as pH, temperature, and ionic strength (Otzen, 2002; Somero, 1995;
Yang and Honig, 1993). Enzyme thermostability is frequently desirable,
as more productive reaction kinetics are generally favored at high
temperatures (Leskovac, 2003; Sizer, 2006). Thermostabililty is often
deﬁned by an enzyme’s thermal unfolding temperature, however, in the
context of industrial applications, the kinetic stability, as given by the
half-life of the active enzyme under suitable reaction conditions, is also
very important (Polizzi et al., 2007; Sanchez-Ruiz, 2010).
Protein engineering has proven effective at improving protein
stability, where stabilization is mainly achieved by: (i) decreasing
the relative entropic difference between the folded protein and the
unfolded ensemble (entropic stabilization); (ii) lowering the relative
energy of the folded state (enthalphic stabilization); and (iii)
inhibition of aggregation (Mozhaev, 1993; Yang et al., 2015). A
number of wild type thermophilic proteins exploit these
stabilization strategies by virtue of several structural features
such as the presence of prolines in loop regions, disulﬁde bonds,
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and surface salt bridges (Fields, 2001; Querol et al., 1996; Vieille and
Zeikus, 2001). Glycosylation is another feature of eukaryotic
proteins that frequently contributes to stability (FonsecaMaldonado et al., 2013; Shental-Bechor and Levy, 2008; Wang
et al., 1996). The mechanism of stabilization by glycosylation could
be either entropic (DeKoster and Robertson, 1997; Imperiali and
O’Connor, 1999), enthalpic (Shental-Bechor and Levy, 2008),
inhibition of aggregation (Høiberg-Nielsen et al., 2006, 2009), or by
a combination of these mechanisms.
Apart from these protein engineering strategies, chemical additives
have proven to be useful for thermostabilization. Several additives,
primarily polyols and sugars, have shown to produce signiﬁcant
improvements in the kinetic stability of enzymes at both storage and
reaction conditions (Arakawa and Timasheff, 1982, 1985; Kaushik and
Bhat, 1998). These additives primarily function by the excluded
volume effect, lowering water activity, and thereby inhibiting enzyme
aggregation (Arakawa and Timasheff, 1985; Baynes and Trout, 2004;
Devi and Rao, 1998; Gouda et al., 2003; Jain and Roy, 2009).
Cutinases are esterases of signiﬁcant industrial importance due to
their ability to hydrolyze a wide range of synthetic polyesters such as
polycaprolactone (PCL), polyethylene terephthalate (PET), polybutylene succinate (PBS) (Baker et al., 2012; Chen et al., 2013; Pio and
Macedo, 2009). These biotransformations can be used for polyester
surface modiﬁcations (Eberl et al., 2009; G€ubitz and Paulo, 2003; Lee
and Song, 2010; Vertommen et al., 2005; Zhang et al., 2012) and may
provide mild routes for the recycling of commodity polyesters to their
corresponding monomers (Barth et al., 2015; Wei et al., 2013).
Cutinases have also shown utility in small molecule ester synthesis
(De Barros et al., 2009, 2012) and transesteriﬁcation reactions
(Badenes et al., 2010; Carvalho et al., 2000; Kazenwadel et al., 2012).
An in-depth understanding of the inactivation mechanism
provides guidelines for protein engineering strategies to improve
stability (Mozhaev, 1993). Thermal inactivation of a number of
proteins, including Fusarium solani cutianse (FsC) at pH 9, is
described by the Lumry–Eyring mechanism (Lumry and Eyring,
1954; Sanchez-Ruiz, 1992) (Scheme 1) where: N is the native state,
U is the reversibly unfolded state, I is the irreversibly unfolded
state, and Aggirrev is the irreversibly aggregated state.

Scheme 2.

its active site which allows polymer substrates better catalytic access
(Liu et al., 2009). Also, the cutinase from Thiellavia terrestris (TtC)
is notable for its ability to retain stability and activity in acidic
media, which is desirable as the pH of the reaction medium during
polyester hydrolysis tends to decrease with the continual generation
of acidic reaction products (Yang et al., 2013). We previously
explained that the differences in pH stability of AoC and TtC is
based on contributions of surface charge interactions to the free
energy of unfolding (Shirke et al., 2016). Apart from differences in
the pH stability, AoC and TtC differ in terms of the presence of
glycosylation. TtC has two putative N-linked glycosylation sites
(Asn-Xxx-Ser/Thr where Xxx could be any amino acid but Pro)
which is the common post translational modiﬁcation for
eukaryotes; AoC do not have any N- linked glycosylation sites.
This paper provides a detailed analysis of AoC and TtC thermal
inactivation in a comparative manner. The relatively high sequence
identity (56%) of AoC and TtC along with differences in their pH
stability and presence of glycosylation provides an opportunity to
gain insights into the protein sequence/structure features
contributing to inactivation pathways. The analyses were performed
at the respective optimum pH values. Thermal aggregation was
found to play a major role in the inactivation of AoC and
nonglycosylated TtC (TtC-NG). The glycosylated TtC (TtC-G) on the
other hand was found to be very stable against thermal aggregation.
Taking a lesson from TtC-G, the glycosylation site engineering was
investigated as a strategy for stabilization of AoC against thermal
aggregation in comparison to stabilization by trehalose.

Materials and Methods
Scheme 1.

Materials and Methods are placed in the supplementary
information.

Results and Discussions
The ﬁrst step is reversible unfolding followed by an irreversible
inactivation. The irreversible inactivation step is mainly caused by
either irreversible unfolding, aggregation, or chemical modiﬁcations at higher temperatures (Lumry and Eyring, 1954). Amongst
cutinases, the thermal inactivation mechanism of FsC was studied
in detail by Baptista et al. (2003). At pH 4.5, the enzyme was
reported to undergo thermal unfolding to the reversibly unfolded
state U followed by two parallel irreversible steps: thermal
aggregation (Aggirrev) or irreversible unfolding (I) (Scheme 2).
The cutinase from Aspergillus oryzae (AoC) is a promising
enzyme for polyester hydrolysis, owing to an extended groove near
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Thermal Inactivation of Apergillus oryzae Cutinase (AoC)
Thermal inactivation of AoC was analyzed by residual activity for
functional changes, DLS for aggregate formation and CD for
conformational changes. The apparent Tm, determined by the
midpoint of the thermal transition measured by a CD thermal scan,
was used to analyze thermal inactivation. Analysis at Tm provides
information about both the reversibility of inactivation upon cooling
and the fate of the unfolded state after extended incubation (e.g.,
aggregation or irreversible unfolding). For this analysis with AoC, pH
8 was chosen as it is the optimum pH for both activity and stability

(Baker et al., 2012). At pH 8, the Tm for AoC from a CD temperature
scan is 61 C (Fig. S1). The LCMS analysis of intact AoC both before
and after thermal inactivation analysis excluded any possible role of
chemical modiﬁcations such as deamidation and oxidation reactions
contributing to thermal inactivation (data not shown).
Residual activity analysis provides information on the kinetics of
thermal inactivation. Upon incubation at 61 C (apparent Tm), AoC
undergoes thermal inactivation in a concentration dependent
manner (Fig. 1A). Interestingly, at higher protein concentrations
(50, 75, and 90 mM), the loss of residual activity follows a two-step
thermal inactivation where a rapid decay occurs during the initial
incubation period (1–1.5 h) followed by a slow inactivation upon
further incubation (Figs. 1A and S2). A similar two step thermal
deactivation has been reported for FsC which occurs even at 10 mM
enzyme concentration (Baptista et al., 2003). The authors attributed
this two-step behavior to the possible role of aggregation in addition
to the irreversible thermal unfolding. In particular, they proposed
that the initial rapid inactivation is caused by the concentrationdependent thermal aggregation (Baptista et al., 2003). To further
investigate the role of thermal aggregation in AoC inactivation, a
DLS analysis was performed.
Indeed, DLS analysis revealed that incubation at 61 C (apparent
Tm) results in aggregation. AoC at all concentrations tested was
found to ﬁrst undergo rapid association to form agglomerates of
varying size, depending on protein concentration (Fig. 1B). These
aggregates were found to be soluble and also dissociable upon
cooling, as determined by the reduction in intensity of scattered
light, and are designated as Aggrev (Table SI). However, reduction in
the intensity of scattered light does not conclusively show that total
recovery to the monomeric state occurs as it is difﬁcult for DLS to
distinguish protein in monomeric form from other small multimeric states. Although, the differences in the scattered light
intensity after cooling from Aggrev for different concentrations
indicates incomplete recovery of the monomeric species (Table SI).
For more conclusive data, size exclusion chromatography (SEC)
analysis was performed. Indeed, compared to the control samples,
SEC analysis after incubation at the Tm and subsequent cooling
revealed the presence of some high molecular weight aggregates
(Fig. S3). Albeit, this analysis cannot be used to quantitatively
describe the possible dissociation of aggregates due to dilution
during the SEC analysis. Upon further incubation of the protein
after rapid association at Tm (see above), the formation of large
insoluble aggregates is revealed by sudden increases in size by DLS
(Fig. 1B). In fact, at higher concentrations (50 mM), the formation
of larger aggregates is evident by visual inspection. These
aggregates remained insoluble even after cooling, and, therefore,
are referred to as irreversible aggregates (Aggirrev). The formation of
irreversible aggregates is likely initiated by certain threshold
concentration and size of Aggrev. Indeed, irreversible aggregate
formation occurred at different times depending on the protein
concentration (e.g., 0.75 h for 90 mM, 1.75 h for 50 mM, and
3.0 h for 1n0mM) (Fig. 1B).
Protein aggregation usually occurs after unfolding, when the
more hydrophobic surface area is exposed (Yan et al., 2003). At
temperatures signiﬁcantly lower than that necessary for the onset of
unfolding (i.e., <40 C), AoC did not show any aggregation for more
than 24 h (data not shown). In contrast, at temperatures above the

Figure 1. Thermostability analysis of wt-AoC at 61 C (apparent Tm) as a function of
protein concentration: (A) residual activity analysis; (B) thermal aggregation analysis using
DLS where the arrows indicate the onset of irreversible aggregation; and (C) residual
secondary structure analysis by CD. Continuous lines are used to guide the eyes.
Tm, the content of unfolded species exceeds 50% and, correspondingly, the rate of the aggregation is very high which, in turn, leads to
rapid loss of enzyme activity (Fig. S4 A and B). Thus, in the case of
AoC, thermal unfolding was found to contribute to protein
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aggregation which then leads to irreversible inactivation upon
formation of irreversible aggregates.
However, the argument that irreversible inactivation occurs
solely based on thermal aggregation is not supported by the loss of
enzyme activity under conditions at which no irreversible
aggregates have been formed (Fig. 1A and B). This indicates the
possibility that alternative inactivation pathway occurs concurrently
with thermal aggregation. Indeed, Baptista et al. (2003) reported a
parallel inactivation proﬁle for FsC at pH 4.5 where the protein
undergoes irreversible inactivation by irreversible thermal unfolding concurrently with irreversible thermal aggregation. To probe the
irreversible loss of the AoC structure as function of time at
61 C (apparent Tm), analysis of the secondary structure was
performed by CD (Fig. 1C). The analysis revealed a consistent loss of
secondary structure with incubation time, which follows a similar
trend to that of residual activity (Fig. 1A and C). During the late
stages of incubations, the observed loss of CD signals may be
attributed not only to thermal unfolding but also a decrease in
soluble protein concentration resulting from irreversible aggregation (Benjwal et al., 2006). Thus, in order to accurately evaluate the
protein concentration dependency of irreversible thermal unfolding, we only considered inactivation data before formation of
irreversible aggregates.
Unlike previous studies on FsC (Baptista et al., 2003), the loss of
AoC secondary structure is concentration dependent. The
concentration dependence of thermal unfolding also explains the
concentration dependence of residual activity prior to formation of
Aggirrev (Fig. 1A). The concentration dependent loss of enzyme
activity before the formation of irreversible aggregates can also be
explained by the concentration effect on the reversibility of Aggrev.
As discussed earlier, Aggrev did not completely dissociate to the
monomeric state and larger extents of dissociation occurred at
lower protein concentrations (Table SI). Thus, it is likely that the
reversibility is further lowered with relatively large Aggrev formed at
higher concentrations resulting in the lower activity recovery upon
cooling.
In summary, Scheme 3 below was formulated to capture the
above aspects of AoC’s thermal inactivation pathways:

Thermal Inactivation of Thiellavia terrestris Cutinase
Thiellavia terrestris cutinase (TtC) is a fungal enzyme and, owing to
the presence of two glycosylation sites (N195 and N123), it naturally
exists in a glycosylated form (TtC-G) (Shirke et al., 2016). To
evaluate the role of glycosylation on TtC-G thermostability,
comparative thermal inactivation analyses of TtC-G and TtC-NG
were performed. TtC-G and TtC-NG were successfully expressed in
Pichia pastoris and Escherichia coli, respectively. As we previously
reported, analysis of CD and intrinsic tryptophan ﬂuorescence
spectra led us to conclude that TtC-G and TtC-NG display similar
secondary and tertiary structures (Shirke et al., 2016).
Thermal inactivation analysis of TtC-G and TtC-NG was performed
similarly to AoC from residual activity, DLS and CD studies. For TtC,
these experiments were performed at pH 5 since it is the optimum pH
for TtC activity and stability (Yang et al., 2013). Figure 2 displays CD
temperature scans to determine the Tm. Interestingly, TtC-G thermal
unfolding occurs in two distinct steps. In the ﬁrst step that occurs from
25 to 58 C, the native protein slowly unfolds to an intermediate state.
Thereafter, from 58 to 70 C, the second step occurs where TtC-G
undergoes a transition to the ﬁnal unfolded state. The midpoint of the
second transition at 67  0.5 C was taken as the apparent Tm. The
similar two step thermal transition has been reported in case of
ribonuclease s where the ﬁrst step was considered as the pretransitional change (Stelea and Keiderling, 2002). In contrast to TtC-G
the CD thermal scan of TtC-NG has a single sharp transition and the
corresponding apparent Tm is 64  0.25 C. The glycosylation
contributes to slight but signiﬁcant (2–3 C) increase in the temperature
of thermal unfolding which is consistent with the literature which
suggests improvements in Tm caused by glycosylation are generally in
the range of 1–6 C (Høiberg-Nielsen et al., 2006; Shental-Bechor and
Levy, 2008; Sola et al., 2006; Tams and Welinder, 1998, 2001).

Scheme 3.
where, N is the native state, U is the reversibly unfolded state,
Aggrev is reversible aggregates, Aggirrev is irreversible aggregates,
and I is the irreversibly unfolded state. Upon incubation at Tm, a
fraction of protein molecules undergoes irreversible thermal
unfolding while, in parallel, the rest follows the aggregation
pathway. While thermal unfolding can be concentrationdependent, thermal aggregation is likely to follow a higher order
process given the consideration of the size of aggregates shown in
Figure 1B.
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Figure 2.

CD temperature scans to analyze TtC-G and TtC-NG thermal unfolding.

The residual activity analysis of TtC-NG revealed that incubation
at 64 C (apparent Tm) results in rapid loss in enzyme activity with
half-life times of 0.25, 0.18, and 0.16 h for protein concentrations of
10, 25, and 50 mM, respectively (Fig. 3A, Table SII). This rapid loss
of activity was found to result from prompt irreversible aggregation
that brings about precipitation. Indeed, the formation of precipitate
was evident from visual observations at all assessed protein
concentrations. It was difﬁcult to obtain information on aggregate
size since extensive aggregation causes low soluble protein
concentrations. Hence, in order to obtain aggregation kinetic
data, the intensity of scattered light was used (Fig. 3B). These higher
rates of thermal induced aggregation are consistent with the rapid
loss of enzyme activity (Fig. 3A and B). These results implicate that,
for TtC, thermal aggregation is the primary deactivation
mechanism. We believe that unfolding of TtC-NG is the primary
cause of thermal aggregation as aggregation becomes prevalent at
the onset of thermal unfolding at 60 C (Figs. S5 and S6). Where
aggregation occurs at higher rates with increasing temperature
(Fig. S5), it is negligible at temperatures below the onset of thermal
unfolding. This is evident from scattered light intensity that
remained unchanged at 40 C for incubations beyond 24 h (data not
shown). Rapid irreversible aggregation and corresponding light
scattering prevented the evaluation by CD of secondary structure
loss kinetics.
The thermal inactivation of TtC-NG follows the pathway
described in Scheme 4 where the native protein (N) ﬁrst undergoes
thermal unfolding (U) followed by formation of irreversible
aggregates (Aggirrev). As observed for AoC (Scheme 3), I or Aggrev
forms of TtC-NG may exist, however, the rapid formation by TtCNG of Aggirrev makes it difﬁcult to track these species. LC-MS
analysis shows that TtC chains remain intact during the incubations
under the conditions used for the above analysis excluding the

Scheme 4.

Figure 3.

potential role of chemical degradation reactions in thermal
inactivation (data not shown).
Further, the potential effects of glycosylation on TtC thermostabilization were studied (Fig. 4A–C). Surprisingly, the DLS
temperature scan of TtC-G showed no transitions in the intensity of
the scattered light even up to 85 C (max temperature tested) where
a clear transition to form aggregated species is observed for TtC-NG
that begins at the onset of unfolding (Fig. S6). Furthermore, the DLS
analysis of TtC-G at varying concentrations and temperatures
revealed a high resistance to thermal aggregation. The protein
retains its monomeric state throughout its thermal deactivation at
67 C (Fig. 4B). Indeed, the experimental hydrodynamic radius
determined by DLS at 25 C and 25 mM is 4.2  0.7 nm whereas the
theoretical hydrodynamic radius of monomeric TtC-NG is 2-3 nm.
Previous work has shown that the slightly larger hydrodynamic
radius for TtC-G relative to TtC-NG may be due to glycosylation
(Zhong and Somers, 2012). Furthermore, the SEC analysis of TtC-G
samples incubated 4 h at 50 mM protein concentration and the
apparent Tm conﬁrmed that high molecular weight species did not
form (Fig. S7).
Previous studies reported that protein glycosylation can increase
protein solubility and inhibit thermal aggregation (Sola and
Griebenow, 2010). However, it is exceptional for glycosylation to
cause complete inhibition of thermal aggregation throughout TtC
thermal deactivation. This may be due to glycosylation occurring at
the optimal locations and extent. Multiple studies are available
demonstrating the signiﬁcance of both protein sequence and
location of glycosylation site on the stabilization by glycosylation
(Ellis et al., 2012; Fonseca-Maldonado et al., 2013). In particular, a
systematic study conducted by Sola et al. (2006) demonstrated that
glycosylation results in inhibition of protein–protein interactions by
steric constrains. We believe that the high resistance of TtC-G to
thermal aggregation is due to a similar stabilizing effect at an
effective location in the protein sequence.
Consistent with stabilization against thermal aggregation, the
residual activity analyses of TtC-G, performed at 67 C (apparent
Tm), revealed a signiﬁcantly higher kinetic stability relative to
TtC-NG (Figs. 3A and 4A). The half-life time for thermal
inactivation of TtC-G is 13–15 times longer than TtC-NG at

Analysis for TtC-NG at 64 C with varying concentration of (A) residual activity analysis; and (B) aggregation kinetics. Continuous lines are used to guide the eyes.
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Figure 4. Thermal inactivation analysis of TtC-G at 67 C (apparent Tm): (A)
residual activity; (B) aggregation kinetics using DLS; and (C) residual secondary
structure using CD. Continuous lines are used to guide the eyes.

25–50 mM when measured at their respective Tms (67 and 64 C)
(Table SII). The apparent Tms were chosen for the incubation to
be consistent with the equal amount of the native state (50% at
the Tm). It should be noted that higher incubation temperature
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used for TtC-G should be kinetically more destabilizing, further
supporting substantial stabilizing effects of glycosylation. The
absence of aggregation for TtC-G also results in a similar rate of
thermal inactivation at different concentrations (Fig. 4). Similar
improvements in kinetic stability have been reported by
glycosylation of proteins from other families (e.g., phytase
(Høiberg-Nielsen et al., 2006), chymotrypsin (Sola et al., 2006),
peroxidases (Tams and Welinder, 1998, 2001), etc).
In the absence of aggregation, irreversible thermal inactivation of
TtC-G is likely due to irreversible alteration of the monomeric state’s
conformation. Indeed, the loss of secondary structure determined
by CD, upon incubation at Tm, showed the loss of secondary
structure (Fig. 4C). The secondary structure change is not as
signiﬁcant as the loss of activity. However, small structural changes
can attribute to large losses in activity. Furthermore, CD analysis is
limiting in terms of detecting minute structural changes that can
lead to activity loss (Fig. 4A and C). Similar thermal denaturation to
the inactive unfolded state with the residual structure has been
reported in case of glycosylated glucose oxidase (Zoldak et al.,
2004). The thermal inactivation of TtC-G, as determined by residual
activity analysis, undergoes a two-step process where the initial
drop in activity to 60–70% occurs rapidly (<1 h) and, thereafter, as
the incubation time is extended, thermal deactivation occurs at a
slower rate reaching 30–40% residual activity at 6 h. This residual
activity proﬁle is independent of the TtC-G concentrations tested
(10, 50, and 90 mM) (Fig. 4A). The observed two-step TtC-G
deactivation may be due to “kinetic entrapment” that can occur by
rapid cooling. To test for this, 100 mL aliquots of protein solutions
were withdrawn from incubations and immediately quenched in
ice. In the case of shallow kinetic entrapment, the native state can be
recovered upon prolonged incubation on ice after rapid cooling
(Koutsopoulos et al., 2007; Rodriguez-Larrea et al., 2007). However,
for TtC-G, prolonged incubation on ice did not lead to further
recovery of enzyme activity, indicating that deep kinetic entrapment
occurred. In other words, under these experimental conditions,
TtC-G cannot fold back to the native state leaving a majority of the
protein in a kinetically trapped state (referred to as the P state). The
presence of glycans could force this trapping since this phenomenon
was not observed for non-glycosylated TtC. This state (P) may be
similar to the partially unfolded form of TtC-G that was observed in
the CD thermal scan (Fig. 2).
To avoid kinetic trapping, cooling was also performed slowly,
in a step wise manner (5 C steps with 10 min incubations at
each step). Indeed, recovery of enzyme activity by this slow
stepwise approach was signiﬁcantly higher than by rapid
cooling. For example, after 30 min incubations of 10 mM TtC-G
at Tm, the residual activity was 64% after rapid cooling relative
to 86% after stepwise cooling. In this case, the 14% activity loss
may be due to an irreversibly inactivated state I. The residual
activity analysis performed by such a stepwise cooling revealed
a simple one step thermal inactivation of TtC-G at 10 mM
concentration (Fig. 5). No such cooling method-dependent
differences were detected with AoC, suggesting that kinetic
trapping did not play a role in AoC thermal inactivation (data
not shown). Like AoC and TtC-NG, LC-MS analysis showed TtCG’s loss in residual activity during incubations at 67 C is not
due to chemical degradation (data not shown).

Figure 5. Residual activity analysis of TtC-G at 10 mM with slow (5 C steps with 10 min incubations at each step) and fast (immediately quenched in ice) cooling from the
apparent Tm at 67 C (continuous lines are used to guide the eyes).

The above analysis of TtC-G thermal inactivation is captured in
Scheme 5 where thermal unfolding of the native protein (N) occurs
through a partially unfolded intermediate state (P) to the completely
unfolded state (U) which, depending on the temperature and the
incubation time, results in formation of the irreversibly unfolded
state (I). It is intriguing to consider that the stabilization of TtC by
glycosylation, which effectively inhibited thermal aggregation, may
be a generally applicable strategy for cutinase thermostabilization.

Scheme 5.
Unified Model for Cutinases
Based on the data reported in this study and publications on FsC
(Baptista et al., 2003), aggregation seeded by thermal unfolding was
found to play an important role in cutinase thermal inactivation. We
propose that inactivation of the cutinase homologues AoC, TtC, and
FsC can be represented by a uniﬁed model (Fig. 6). However,
amongst these cutinases, variations are seen in the dominant
inactivation pathways. Figure 6 summarizes thermal deactivation
pathways of AoC, TtC, and FsC. Interestingly, the largest deviation
from the uniﬁed model was not caused by variations in cutinase
amino acid sequence, but, instead, by glycosylation of TtC.

Thermostabilizaton of AoC by Glycosylation Site
Engineering
Inspired by the example of TtC-G, glycosylation site engineering of
AoC was studied. Also, the stability of glycosylated AoC was
compared to the stabilization that can be achieved by simply adding
trehalose to AoC. Indeed, the addition of sugars and other additives
have frequently been used to inhibit thermal aggregation (SolaPenna and Meyer-Fernandes, 1998). Strategies for determining sites
at which glycans are best introduced to stabilize the corresponding
protein have targeted protein positions such as loop regions
(Shental-Bechor and Levy, 2009) and hydrophobic patches (Sagt
et al., 2000). Herein, the high sequence homology of AoC and TtC
(56%) was exploited to guide the positioning of glycans for AoC. TtC
has two glycosylation sites, N195 and N127, the corresponding
locations on AoC are L185 and D117. Between these two locations,
L185 was selected owing to the higher sequence similarity between
AoC and TtC-G in the vicinity of L185 as compared to D117 (See
Fig. S8A). Moreover, a single mutation (L185N) is sufﬁcient to
build a consensus sequence (Asn-Gly-Thr) for glycosylation. The
desired mutation was introduced by site directed mutagenesis. The
glycosylation site variant of AoC (AoC-G) was successfully
expressed in Pichia pastoris and the presence of glycosylation
was conﬁrmed by SDS PAGE analysis coupled with glycopeptide
staining (Fig. S9).
Preliminary characterization of AoC-G hydrolysis activity was
performed using poly(e-caprolactone), PCL, as the substrate.
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Figure 6.

Proposed kinetic models of cutinase thermal inactivation.

Additional characterizations of AoC-G were performed by CD
wavelength and temperature scans and a DLS thermal scan followed
by residual activity analysis at the apparent Tm. Unfortunately, AoC-G
was found to be less active than wt-AoC. The catalytic efﬁciency of
AoC-G (K  kcat) is 75% that of wt-AoC (See Table SI 3). The CD
secondary structure analysis revealed no signiﬁcant differences
between wt-AoC and AoC-G (Fig. S10). Thus the observed activity
loss may be due to steric effects given the proximity of the introduced
glycan to the active site (Shirke et al., 2016) (see Fig. S8A and B).
Furthermore, the CD temperature scan of AoC-G revealed that its
apparent Tm is similar to that of wt-AoC (Tm ¼ 61 C) (Fig. 7A).
Moreover, the thermal unfolding proﬁles of wt-AoC and AoC-G from
CD temperature scans are similar in contrast to large differences
between those of TtC-G and TtC-NG (Figs. 2 and 7A). This
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Figure 7. Comparative thermostability of 10 mM wt-AoC and AoC-G solutions in
20 mM phosphate buffer (pH 8) in the presence and absence of 1 M trehalose: (A) CD
temperature scan; (B) DLS temperature scan; and (C) residual activity analysis at
respective apparent Tm (continuous lines are used to guide the eyes).
dissimilarity between TtC-G and AoC-G may be due to the presence
of two glycosylation sites in the former versus only one in later.
Moreover, AoC and TtC display signiﬁcant sequence variation (44%)
which may also contribute to this dissimilarity.

Among the most evident effects of glycosylation, the DLS
temperature scan of 10 mM AoC-G revealed no transition when
heated well above its Tm. In contrast, the onset of thermal
aggregation of wt-AoC begins at the start of thermal unfolding
based on the CD temperature scan (Fig. 7A and B). Hence,
glycosylation of AoC at one site resulted in the inhibition of thermal
aggregation. Indeed, this stabilization against aggregation resulted
in improved AoC-G kinetic stability, where the t1/2 for inactivation at
61 C is 4 times larger than that of wt-AoC (Fig. 7C). While
glycosylation of AoC was found to be a promising strategy to
increase the resistance of AoC against thermal aggregation, the
accompanying loss in enzyme activity is undesirable. However, we
expect that the loss in activity by glycosylation can be avoided by
rationally designing the glycosylation site (e.g., selecting locations
far from the active site).
The thermostabilization of AoC by use of chemical additives was
evaluated. Trehalose at 1 M is commonly used for protein
stabilization (Sola-Penna and Meyer-Fernandes, 1998). It is an
osmolyte with a complex mechanism of stabilization. Trehalose is
known to stabilize FsC by shifting the equilibrium between N and U
towards N, primarily due to excluded volume effects (Baptista et al.,
2008). The presence of 1 M trehalose resulted in a 6 C increase in
the Tm of FsC (Baptista et al., 2008). Figure 7A shows that addition
of 1 M trehalose results in a 3 C increase (61 to 64 C) in wt-AoC Tm.
This increase is also likely due to excluded volume effects.
Furthermore, 1 M trehalose increased the t1/2 for wt-AoC
inactivation from 1.7 (without trehalose) to 8 h, a 5 time
increase (Fig. 7C). The improved kinetic stability at 61 C with 1 M
trehalose is primarily due to retention of >90% of the proteins
native state at 61 C as opposed to 50% retention of native state
conformation in the absence of trehalose. Correspondingly, t1/2 for
wt-AoC at 64 C with trehalose and wt-AoC at 61 C without
trehalose are similar (2.5 and 1.7 h, respectively).
Thermal aggregation analysis of wt-AoC in presence of trehalose
shows a transition that occurs at (3–4 C) above that in the absence
of trehalose (Fig. 7B). This shift in the aggregation temperature
corresponds with the 3 C increase in the thermal unfolding
temperature by adding 1 M trehalose. This is consistent with the large
decrease in t1/2 for wt-AoC with 1 M trehalose by conducting the
thermostability analysis at 64 C as opposed to 61 C (Fig. 7C). In
other words, at 64 and 61 C, retention of the wt-AoC native state with
1 M trehalose is about 50 and 90%, respectively. Greater AoC
unfolding results in more rapid formation of irreversible aggregates
that decreases t1/2. Similar behavior was observed for wt-AoC (in the
absence of trehalose) but not AoC-G where thermal aggregation is
completely inhibited (Figs. 4B and 7B).
The results above demonstrate that the extent of AoC thermal
aggregation inhibition is greater when a mannose rich glycan is
covalently attached to AoC than when trehalose (1 M) is added to the
AoC solution. Previous work by others conﬁrms that covalent
attachment of sugars to proteins can lead to stabilization that is equal
to or exceeds that attained by use of sugar additives. The authors
attributed this effect to the ability of the covalently attached sugar to
more strongly inﬂuence the proteins microenvironment relative to
the high concentrations of sugars in protein solution (Swanwick et al.,
2005). Glycosylation by P. pastoris leads to covalent attachment of
hydrophilic mannose rich oligomers that consist of 25–50 units

(Bretthauer and Castellino, 1999). The interactions of a covalently
attached glycan with amino acid side chains of the protein was shown
to result in thermodynamic stabilization with improvement in Tm
(Barb et al., 2010; Culyba et al., 2011). However, the absence of an
enhancement in AoC-G’s Tm relative to the non-glycosylated form
indicates that such interactions that might provide thermodynamic
stabilization by glycosylation are small or non-existent. Thus, as
discussed above for TtC-G, stabilization against aggregation is likely
to be a result of inhibition of protein–protein interactions owing to
steric constraints imposed by the glycans. In contrast, trehalose
primarily stabilizes the proteins native state or results in excluded
volume effects which do not substantially inﬂuence protein–protein
interactions. Consequently, upon unfolding, protein–protein interactions lead to aggregation. Higher stabilizing effect of trehalose can
be expected at higher concentrations (>1 M that is used in this
study); which, based on the current analysis we believe will primarily
be further improvement in Tm rather than total inhibition of the
thermal aggregation.
Thus, for aggregation prone enzymes such as cutinases,
glycosylation is particularly useful to combat thermal aggregation
as compared to use of trehalose, however, different beneﬁts could be
gained from the later.

Conclusions
In this study, we describe a common thermal inactivation pathway
for fungal cutinase homologues. In general, thermal aggregation is a
dominating pathway for cutinase thermal inactivation that occurs
in parallel with thermal unfolding at higher temperatures (Tm).
Thus, inhibition of the thermal unfolding is crucial to cutinase
thermostabilization. Considering the small variation among
inactivation proﬁles of these homologues (AoC, TtC, and FsC), it
is likely that the common thermal inactivation pathway will also be
applicable to other homologues with signiﬁcant sequence identity
(>40%). Hence, this paper provides insights into strategies that can
be followed for related enzymes to improve their thermostability.
Glycosylation of TtC contributes to the total inhibition of its
thermal aggregation which resulted in 5–15 time (dependent on
protein concentration) improvements in the kinetic stability of TtC
at its apparent Tm. The lesson learned from the stability of TtC-G
was successfully applied for the thermostabilization of AoC.
Incorporation of just one glycosylation site designed based on the
sequence alignment with TtC was sufﬁcient to completely inhibit
thermal aggregation of AoC resulting in 4 time improvement in its
kinetic stability at its apparent Tm. Further, the glycosylation of
cutinases was more effective than use of the additive trehalose for
thermostabilization. The ability to circumvent the use of additives is
economically preferable.
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