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Abstract

Cutinases are powerful hydrolases that can cleave ester bonds of polyesters such as 

poly(ethyleneterephthalate) (PET), opening up new options for enzymatic routes for polymer 

recycling and surface modification reactions. Cutinase from Apsergillus oryzae (AoC) is 

promising owing to the presence of an extended groove near the catalytic triad which is important 

for the orientation of polymeric chains. However, the catalytic efficiency of AoC on rigid 

polymers like PET is limited by its low thermostability; as it is essential to work at or over the 

glass transition temperature (Tg) of PET i.e. 70 °C. Consequently, in this study we worked 

towards the thermostabilization of AoC. Use of Rosetta computational protein design software in 

conjunction with rational design led to a 6 °C improvement in the thermal unfolding temperature 

(Tm) and a 10-fold increase in the half-life of the enzyme activity at 60 °C. Surprisingly, 

thermostabilization did not improve the rate or temperature optimum of enzyme activity. Three 

notable findings are presented as steps toward designing more thermophilic cutinase: (a) surface 

salt bridge optimization produced enthalpic stabilization, (b) mutations to proline reduced the 

entropy loss upon folding and (c) the lack of a correlative increase in the temperature optimum of 

catalytic activity with thermodynamic stability suggests that the active site is locally denatured at a 

temperature below the Tm of the global structure.
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Introduction

Enzyme catalysts provide “green” routes for chemical synthesis and modification reactions 

that avoid chemically intensive processes such as those requiring high temperature-pressure, 

protection-deprotection steps, and which generate toxic by-products (1, 2). Exciting 

opportunities exist to develop enzyme-catalyzed routes that enable polymer surface 

modification as well as polymer recycling. Polymer recycling generally requires 

energetically and chemically intense methods (e.g. mechanical, thermal and chemical 

recycling) 3,4. Similarly, surface modification of polymers often requires costly and 

specialize reagents and equipment (e.g. plasma modification as well as harsh reaction 

conditions 5–7. In contrast, inherent advantages of enzymatic surface chemistry includes 

specificity, reduced energy consumption, reactions in aqueous media and which occur 

exclusively at material surfaces since proteins are immiscible with most polymeric 

materials 8. Avoiding degradation well below the surface of polymeric materials avoids 

losses in mechanical properties. Furthermore, enzymatic material hydrolysis can continue 

from the surface, creating new surfaces that eventually lead to complete hydrolysis of a 

polymeric material (see examples below).

Cutinases are esterases produced by various phytopathogenic organisms to breakdown cutin, 

the biopolyester coating found on leaves and fruit 9 They also are powerful hydrolases that 

can cleave ester bonds of aliphatic polyesters such as poly(ε-caprolactone), PCL 10, 

poly(butylene succinate), PBS 11 and poly(3-hydroxybutyric acid, P3BH 12. In addition, 

cutinases catalyze the hydrolysis of relatively rigid aliphatic-aromatic polyesters such as 

poly(ethylene terephthalate), PET 13–16. This opens new options for recycling PET that is 

used as a packaging material in a wide range of bottles and containers that hold products 

such as beverages, detergents and cosmetics. Indeed, PET products have a high recycling 

value 17. Furthermore, cutinases can be used for surface modification of polyesters including 

PET to increase surface hydrophilicity (17, 18). In addition, cutinases hydrolyze ester side 

chains. Important examples include cutinase catalyzed deacetylation of polyvinyl acetate 

that can used for enzymatic removal of adhesives from paper during repulping 20, cellulose 

acetate deacetylation to improve the cellulose acetate fiber hydrophilicity for dyeing 21 or 

for its complete degradation by combining cutinases with cellulases 22.

Cutinases from several microbial sources have been identified and characterized for their 

activity on polymeric substrates e.g. Fusarium solani pisi (FsC) 23, Aspergillus niger 24, 

Aspergillus oryzae (AoC) 10, Pseudozyma Antarctica 11, Thielavia terrestris 12, 

Thermobifida fusca 25, Thermobifida alba 26 among others. However, for practical 

applications, the stability and catalytic efficiency of cutinases must be improved. Recently, 

Chen et al. reviewed strategies employed to engineer cutinase for improved activity on 

different substrates 27. Frequently reoccurring optimization rationales are as follows: i) 

create more accessible space for the active site 13, ii) increase the hydrophobicity near the 

active site 28 and iii) improve substrate binding 29.

Cutinase activity for polyester hydrolysis is highly dependent on whether the enzyme is 

functioning below or above the substrate glass transition temperature, Tg (the temperature at 

which the mobility of chains increases such that amorphous materials become more rubber-
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like), and the degree of crystallinity of semi-crystalline polymers. Enzymatic hydrolysis 

below Tg (or in locally crystalline domains) is generally slower because of decreased chain 

mobility and, therefore, poorer access of enzyme active sites to labile groups 30–32. Wild 

type cutinases have evolved to act on cutin, an amorphous polymer that has a fairly low Tg 

(e.g 22-25 °C for tomato fruit cutin depending on the age after anthesis) 33. However, 

aliphatic-aromatic copolyester such as poly(butylene terephthalate), PBT, and PET have Tg 

values of about 66 and 75 °C, respectively, that are well above that of cutin. Most of the 

known cutinases are stable from 45-50 °C with the exception of a few produced by 

thermophilic microorganisms, which are stable in the range of 55-70 °C e.g. H. insolens 

(Tm=63 °C) 34, T. fusca (Tm =70 °C) 35, T. Alba (Tm =60 °C) (25, 35) and a mesophilic 

fungi A. oryzae (Tm = 62 °C) 10. Recently a cutinase identified from leaf branch compost 

using a metagenomics approach was reported to be highly thermostable with the Tm of 83 

°C, however the enzyme suffers lower kinetic stability at higher temperature (t1/2 of 40 

minutes at 70 °C) at the same time loses activity at temperatures higher than 50 °C 36. Given 

the commercial importance of catalysis at or exceeding Tg for polymers such as PBT and 

PET to allow efficient surface modification and mild recycling to monomers, this paper is 

focused on thermostabilization of the cutinase from Aspergillus oryzae (AoC).

Thus far, the majority of studies to improve cutinase performance have been focused on 

enhancing activity. The following summarizes published research on cutinase 

thermostabilization. Chin et al. achieved a 2.5 fold increase in the half-life of Glomerella 

cingulata cutinase at 50 °C with a single mutation (N177D). They also reported an increase 

in the activity optimum temperature 37. Kawai et al. reported an increase in the Tm by 

approximately 4 °C (to final Tm of 59 °C) of a putative cutinase from Saccharomonospora 

viridis AHK190 by a single mutation (S226P-proline insertion) 38. While these studies using 

rational design strategies are promising, higher degrees of thermostabilization are desired as 

discussed above using PET recycling as a prominent example.

Thermostabilization strategies include random mutagenesis 39 and directed evolution 40. 

However rational design, as an optimization strategy, ideally saves significant experimental 

time 41 and can make use of multiple stabilization mechanisms observed in naturally 

evolved thermostable proteins 42. The software platform Rosetta has been a central tool for 

computer aided rational protein design (42, 43), and has been used in isolation and as a 

component of larger pipelines to improve bothenzyme activity and protein 

thermostability45–49

The cutinase from Aspergillus oryzae (AoC) was shown to have better activity on longer 

chain-length aliphatic ester substrates owing to its extended hydrophobic groove near the 

active site. The enzyme has also shown good thermostability (Tm of 62 °C at pH 8) owing to 

a third disulfide bond 10. In this work, we used a rational design approach to further improve 

the thermostability of AoC with the goal of enhancing activity towards polymeric substrates. 

We used a fixed backbone design protocol to identify sets of variants for experimental 

testing, which yielded two improved variants. The mutations in the better variants were 

combined or retained for the next set of the designs. After two stages of designing an overall 

6 °C improvement in the Tm and 10 fold increase in the t1/2 at 60 °C was obtained. However, 

surprisingly, this did not result in an improvement in the enzyme activity optimum 
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temperature. Furthermore, the enzyme activity was lower than the wild-type. The results 

were rationalized to gain insight into the structure-activity and stability relationships of the 

cutinases.

Materials and Methods

Chemicals

Substrate 4-nitrophenyl butyrate (pNPB) and salts monosodium phosphate and disodium 

phosphate were purchased from Sigama Aldrich. Zeocine was purchased from Invitrogen. 

All the media components used 10 were also procured from Sigma Aldrich. The polymeric 

substrates PCL (Tone grade 787, Mw = 80 000,) was purchased from Dow Corning. 

Polybutylene succinate adipate (PBSA) (Bionelle 3001MD, Mn=23,300,) was a kind gift 

from Showa Denko. The polymeric films were prepared by compression molding the 

crystallinity of the films was determined using Differential scanning calorimetric analysis 

and was found to be 50-55% and 30-35% for PCL and PBSA respectively.

Design of variants

The crystal structure of wt-AoC (PDB code - 3GBS) was used for the rational design. We 

sought to identify primarily local ‘cliques’ of mutations that may confer thermostabilization, 

and which could later be recombined in future rounds should they prove to have stabilizing 

effects. Rosetta3 was used to generate 32 fixed backbone redesigns 44. During the design 

simulation, key active site residues, disulfides, and prolines were held fixed in the native 

rotamer conformation (namely residues 37, 113, 63, 76, 177, 184, 181, 194, 126, 90, 36, 39, 

51, 60, 81, 88, 93, 116, 169, 192, and 193). Additionally, several surface arginines (162, 82, 

and 65) were only allowed to change to alternate rotamer conformations. All other positions 

were allowed to mutate to any type other than cysteine and histidine. See supplemental 

material for the Rosetta command line used for the design of the variants. The designed 

sequences were analyzed for favorable cliques of mutations via visual inspection and 

sequence comparison to cutinases from Aspergillus flavus and Neosartorya fischeri (as 

exemplars to identify conserved residues). We selected 9 variants for experimental 

evaluation (Table I). The number of mutated residues for each AoC variant in the initial 

round of 9 constructs ranged from 2-7. After analysis of the first set of variants, a second set 

was designed. In two of these new variants (10 and 11) the mutations of the two best 

variants from the first round (3 and 5) were combined (variant 11 added one additional 

presumed stabilizing mutation). In the other new variant (12), residues near the mutations of 

the variants 3 were redesigned with Rosetta.

Gene synthesis and transformation—The wt-AoC and variants were heterologously 

expressed in Pichia pastoris using the strong methanol-induced AOX I promoter. The 

variant genes were synthesized using site directed mutagenesis with optimized codon usage 

at DNA2.0. The protein was expressed with the Saccharomycec cerevisiae alpha factor tag 

on the N terminal for extra- cellular secretion and the six histidine tag on the C-terminus for 

ease of purification using affinity chromatography. The gene was cloned in PJ912 express 

vector with Pichia pastoris AOX I promoter homologous sequence. Multiple copies of the 

vector were generated in E.coli DH10α cells. The vector was purified and subsequently 
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linearized using the Sac I restriction enzyme which has the site at the AOX I promoter 

homologous sequence of the plasmid. The linearized plasmid was then transformed into 

electro-competent Pichia cells by electroporation. The selection of the transformants was 

performed on a YPD agar plate with 1mg/ml zeocine. The best expressing colony was 

picked from 10 prominent colonies on YPD Zeocine 1mg/ml plates based on a small scale 

expression test. Where, the transformants were grown in 96 well plates at 1 ml scale and the 

protein secreted upon induction was analyzed using Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS PAGE) analysis of concentrated cell free supernatant.

Protein expression and purification—The bulk production of proteins was performed 

using a DASGIP (Germany) parallel fermentation system where 4 proteins can be produced 

simultaneously at the scale of 0.5-1L. Protein expression and purification was performed 

using a previously published protocol 10 with slight modification. During fermentations, 

dissolved oxygen was maintained at 30% during the feeding of 50% glycerol by varying the 

feed rate apart from the agitation cascade control. Protein purification was performed by 

metal ion affinity chromatography using a Poros MC20 column (Life technologies) with a 

GE AKTA Pure FPLC system (GE AKTA Pure 25) at 4 °C. It is essential to perform the 

purification at cold temperatures (4-15 °C). SDS PAGE analysis of the purified proteins was 

performed to confirm their purity.

Protein analysis

The protein concentrations of wt-AoC and variants used for various analyses were 

determined using a standard Bicinchonic acid assay (BCA) analysis. The standard curve was 

prepared using pure wt-AoC.

Enzyme activity measurements

PNPB hydrolysis assay—A standard p-nitrophenyl butyrate (PNPB) hydrolysis assay 

was used to determine esterase activity. The assay was performed at 3ml scale in a 3.5ml 

cuvette in Molecular devices Spectrophotometer M2. The assay was initiated by addition of 

75 μl PNPB solution (40mM in methanol) to the diluted enzyme solution (5-10nM) in 20 

mM phosphate buffer pH 8 containing 1% glycerol. The absorbance at 405 nm was 

monitored for 1.5 min. One unit of enzyme activity was determined as one μM of PNP (p-

nitrophenol) formed per min per ml enzyme solution using 0.00127 M-1 as the extinction 

coefficient determined experimentally under assay conditions.

Polymer hydrolysis assay—Cutinase activity for polyester hydrolysis was assayed 

using a pH-stat apparatus (Titrando 842, Metrohm) equipped with Tiamo 1.1 software. All 

reactions were performed in the assay buffer (0.5 mM Tris solution with 10% glycerol). The 

assay was performed on polymeric substrates in film form, cut into squares (0.5 × 0.5 cm). 

A total film surface area of 2 cm2/mL was transferred into 7.5 ml assay buffer and 40 °C. 

The hydrolysis was initiated by the addition of enzyme solution to the final concentration of 

100nM. Polyester hydrolysis leads to a decrease in pH owing to release of the acid. The pH 

was maintained at a desired value by automated addition of 100 mM NaOH. Control 

experiments (without enzyme) were performed to determine background chemical 

hydrolysis which was subtracted from total hydrolysis in the presence of enzyme. The 
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polyester hydrolysis activity was calculated as the micromoles of NaOH per hour per unit 

reaction volume from the rate of addition of the NaOH. The variants were compared based 

on their activity for PCL hydrolysis (Table II) and PCL was also used to determine the pH 

optimum of variant and wt-AoC (Fig. S2- Supplemental material). To determine the 

temperature optimum, the assay was carried out at varying temperature and polybutylene 

succinate adipate (PBSA) was used as the substrate exactly as was described above for 

assays with PCL (Fig 6).

Kinetic stability studies

The kinetic stability analysis of wt-AoC and AoC variants was performed using residual 

activity analysis. Protein solution (1 μM) in 20mM phosphate buffer pH 8 was incubated at 

60 and 65 °C in an Eppendorf thermomixer with constant shaking at 300 rpm. Sample 

aliquots were withdrawn from incubations at specific time intervals, rapidly cooled on ice 

for 5 min and then kept at room temperature for 10 min before activity measurements were 

recorded using the PNPB assay. The data obtained were fit to first order deactivation 

kinetics and the half-life times were determined (Except for variant 5 and 10 where the two 

step deactivation pathway was observed and the half life time was reported as the 

approximate time when the 50% of the enzyme activity is lost)

Circular dichorism (CD) measurements

CD spectra were recorded using a JASCO J-815 Spectropolarimeter equipped with a Jasco 

Peltier-type temperature controller. The secondary structure and thermostability comparison 

of the variants was performed at pH 8 (20mM phosphate buffer) using 10 μM protein 

solutions. The data for wavelength scans were collected at 1nm intervals from 190-250nM. 

The temperature scan was performed at 1 °C/min from 20-75 °C. Observed ellipticities were 

fit to the Gibbs equation with a linear baseline correction, giving Tm, enthalpy, and entropy 

of folding. At 1 °C/min heating rate the equilibrium at each temperature would be rapidly 

attained. However thermal unfolding is reversible if cooled quickly after heating, but not if 

misfolding or aggregation occurs upon longer incubation. Hence these data cannot be 

considered to be at equilibrium. Instead, the resulting fit parameters should be interpreted 

qualitatively.

Denaturation with urea

Protein solutions (10 μM) were prepared in pH 8 phosphate buffer containing varying 

concentrations of urea (0M- 8M) and incubated for 24 hours at 25 °C. After incubations, the 

CD wavelength scan was performed from 240-200nm. The averaged ellipticity at 222nm 

(CD222) was plotted against urea concentration to track the folded to unfolded transition. 

The fraction unfolded (U) was calculated as U = [CD222(x) - CD222(0M)]/[CD222(8M) - 

CD222(0M)], where x is the urea concentration.

The value of U was fit to a two-state or three-state model assuming a linear relationship 

between urea concentration and the free energy of folding. That is, the fraction unfolded U 

was fit to ef/(1 + ef), where f = (ΔG0 - m[urea])/RT, giving the equilibrium free energy of 

folding in pure water ΔG0, and the equilibrium m-value. A three state fit was used if the data 

deviated significantly from the best two-state fit. For a three state fit, U was fit to Aef/(1 + 
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ef) + (1-A)ef/(1 + ef), with three additional parameters including the relative amplitude of the 

two transitions. Explanations are proposed for the presence or absence of a second transition 

at low urea concentration.50

Results and Discussions

First set of variants

Design—The crystal structure of AoC (PDB id 3GBS) was subject to fixed backbone 

redesign with Rosetta3 as described in the methods section. From this analysis, 9 variants, 

mostly containing local cliques of mutations, were selected and experimentally screened for 

thermostabilization effects [Table I & Fig. 1a,1b]. The 9 variants can be divided to various 

strategies of stabilization. For example, Variant 1 (V150I, I136V) explores small changes in 

hydrophobic amino acids to improve core repacking. Variants 2, 3, 8, and 9 all introduce 

surface salt bridges. In addition, Variant 2 also replaces a native glycine with a negatively 

charged glutamate residue. Indeed, surface salt bridge formation is a proven strategy for 

thermostabilization 51. Variant 4 introduces two new tryptophan residues to enhance 

hydrophobic contacts. Variants 5, 6, and 7 introduce relatively rigid proline residues. Proline 

insertion is a well-established approach towards protein thermostabilization aimed at 

decreasing the unfolding entropy 52.

Thermostability analysis of first round designs

Comparative thermostability of wt-AoC with the variants was analyzed by CD thermal scans 

to determine Tm (unfolding temperature), a measure of the thermodynamic stability. 

However, owing to the irreversible nature of the thermal unfolding of wt-AoC and variants 

Tm referred in this study is an apparent Tm. Concurrently, the half-life time (t1/2) or time for 

loss of 50% activity at 60 °C was determined as a measure of the kinetic stability. 

Successful expression in Pichia pastoris of 8 of the 9 AoC variants, designed by Rosetta for 

increased thermal stability, was achieved in volumetric yields ranging from 400 to 600 mg/l.

Thermostability analysis revealed significant improvement for three variants. Specifically, 

Variant 2, 3 and 5 showed an improvement in Tm of 0.7, 3.4 and 1.7 °C, respectively. 

Furthermore, Variants 3 and 5 showed increased half-life at 60 °C relative to the wt-AoC of 

approximately 3 and 2-fold, respectively. A decrease in thermostability relative to the wild-

type enzyme was observed for Variants 6, 7 and 9, whereas, the remaining variants did not 

show a significant change in thermostability (Table II). Detailed structural analysis coupled 

with the thermodynamic analysis of the protein unfolding data was performed to rationalize 

the results of the first stage variants.

Variant 1 was the only variant which directly altered packing of the hydrophobic core 

(V150I, I136V). These substitutions are conservative, constituting an exchange of a 

methylene unit between adjacent residues. They did not provide any improvement in 

stability.

Variant 2 introduces a pair of salt bridges (between L26D and D30R, G28E and K67R) 

which are > 20 Å from the catalytic site. The more modest effect of these mutations on 

thermostability may be due to the proximity of this clique to the N-terminus (L26 is the most 
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N-terminal residue resolved in 3GBS). If this region is more flexible, the formation of salt 

bridges there may be less effective for thermostabilization.

Variant 3 introduces a surface charged cluster (A102D, Q105R, G106E) to a location that is 

distant from the active site (A102 is > 20 Å from the catalytic His) (Fig. 1c). Of the 4 

variants that introduce new surface charge networks (2, 3, 8, and 9), three (2, 3, and 8) had 

improved stability relative to wt-AoC (Variant 8 showed an increased kinetic stability). 

These results suggest surface charge modulations are a productive optimization strategy to 

explore more deeply. Stability of variant 3 is also supported by G106E, which removes an 

unfavorable glycine from the middle of a helix. Because variant 3 incorporated ionizable 

residues, its pH sensitivity was determined and compared to wt-AoC. However, both for 

activity and stability, the corresponding pH optima for variant 3 and wt-AoC were identical 

within error [Fig S1, Supplemental Material].

Variant 4 (Q110W, K114W), designed for improved hydrophobic contacts, did not express. 

In retrospect, the two mutations (Q110W, K114W) alter a sequence pattern for a helix cap 

motif 53 and, in doing so, may have interfered with folding leading to difficulties in 

secretion. Similarly, the secretion of the variant (G82A, A85F, V184I, A185L, L189F) of 

Fusarium solani cutinase (FsC), designed to improve hydrophobic contacts, was found to be 

affected in Saccharomyces cerevisiae 54. This enzyme was retained in the endoplasmic 

reticulum whereas wt-FsC was secreted.

Variant 5 introduces two new prolines and two compensating mutations to alleviate steric 

clashes. The mutations are not proximal to the active site. Proline mutations contribute to 

themostabilization by decreasing the entropy lost upon folding (Table II), Furthermore, 

enhanced thermostabilization results by introducing new hydrophobic interactions between 

140P, 143V and 139L (Fig 1d). However, A166P and S166P were also responsible for the 

loss of one backbone hydrogen bond each, leading to a decreased enthalpy of folding.

Variant 6 introduces two sequential prolines that result in a net loss of stability and activity. 

This is attributed to the loss of one backbone hydrogen bond and deleterious steric clashes 

with Y197.

Variant 7, in which a single proline mutation (R46P) was introduced, has a Tm that is 3 °C 

below that of wt-AoC. The position of this proline mutation is at the N-terminal base of a 

loop with the amino acid sequence RASTE that is adjacent to the catalytic triad. Although 

Rosetta finds a proline to be highly favorable given the residue's crystallographic backbone 

conformation, it appears that the energetic contribution of the R46 side chain in coordinating 

four backbone oxygens was underestimated.

Variant 8 has 7 mutations, the largest number of amino acid substitutions in the first design 

set (Table I). Furthermore, mutations in this variant include those close to the active site 

(A178E is within 7 Å of the catalytic His). The clique also includes the Y176F mutation that 

affects the boundary of the hydrophobic core. Given the large number of alterations relative 

to the wt-AoC, rationalizing the contributions of all individual interactions with the 

experiential data is challenging.
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Variant 9 introduced salt bridges that destabilize the protein. The introduction of surface 

hydrophobicity at D89L may have led to poor folding kinetics. The mutation was intended 

to pack against T84R and compensate for the loss of the native hydrogen bond between T84 

and D89. Additionally, the introduction of A99E and A100S creates a helix N-cap sequence 

pattern that would extend the helix by one residue, but this is incompatible with the native 

structure 55.

Thermostability analysis of second round designs

Based on the results of the first set of designs, substitutions in Variants 3 and 5 were deemed 

most promising and worthy of further examination. Three new variants were designed 

including the combination variant of Variant 5 and 3; Variant 10 (Fig 2). Given the spacing 

of substitutions in Variant 5 and 3, we expected the energetic changes to be additive. Variant 

11 differs from Variant 10 by one extra mutation, K137E, which was incorporated to 

stabilize the positive charge cluster in that region (Fig 2). To create Variant 12 (Fig 2), 

Rosetta simulations were run to design clusters of residues around the mutations of Variant 

3. Of the nine selected residues (97, 98, 99, 101, 107, 109, 110, 135, 139), Rosetta identified 

4 stabilizing mutations: Q98N, A99D, E109Q and Q110L. Q110L was rejected since a 

leucine on the enzyme surface would stabilize the unfolded state. The mutation Q98N 

removes a methylene's worth of hydrophobic surface area. An aspartic acid in place of 

alanine at 99 (A99D) was predicted to form a stabilizing salt bridge with R82. E109Q was 

predicted to interact with Q105R and G106E. Furthermore, Q109 is conserved in A. Flavous 

cutinase.

Analysis by CD temperature scans revealed an improvement in the thermostability of 

Variants 10 and 11 relative to the wt-AoC by 5.7 and 6.0 °C, respectively. In contrast to 

these modest improvements, the kinetic stability of Variants 10 and Variant 11 at 60 °C 

revealed large improvements. While the t1/2 at 60 °C for wt-AoC is 4.6 h, Variant 10 and 11 

have t1/2 values that exceed 40 h (Fig 3 and 4, Table II). At 65 °C, wt-AoC has a t1/2 of 10 

min and is nearly 100% unfolded in 25 min. In contrast, at 65 °C, variants 10 and 11 have 

t1/2 values of 4 and 5 h, respectively. The higher stabilities of Variants 10 and 11 relative to 

3 and 5 confirmed the additive effect of stabilization introduced for individual mutations in 

Variant 3 and 5. Variant 10 has the same low folding entropy as Variant 5, and the free 

energy of folding falls in between that of Variants 3 and 5 as is expected for an additive 

effect. Variant 11 has a slightly higher folding entropy but also a higher enthalpy, probably 

due to the formation of a network of salt bridges. The melting temperature of Variant 11 is 

not significantly different from that of Variant 10. However, the deactivation kinetics 

analysis of Variant 10 and 11 at 60 °C showed important differences. Variant 10 has a two 

phase deactivation profile (Fig 4) while Variant 11 fits a single phase. The two phase 

deactivation was also observed for Variant 5 but wasn't clear owing to the faster 

deactivation. The two phase deactivation may be attributed to the relatively fast formation of 

a partially unfolded state that retains a lower level of activity, or to aggregation as explained 

by Baptista et al in case of wt-FsC. However, formation of the hypothesized intermediate 

partially unfolded state or aggregate was apparently rescued by the mutation K137E in 

Variant 11. K137E, as explained earlier, was designed to stabilize positive charge, which 

accumulated by the combination of mutations in Variants 3 and 5. The observed rescue by 
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this single mutation in Variant 11 points towards the significance of the region in thermal 

unfolding.

Variant 12 was found to be the thermodynamically most stable variant, improving on wt-

AoC by 6.7 kJ/mol. The thermodynamic stabilization can be attributed to the formation of a 

salt bridge network along the central 97-116 helix. Removal of one glycine, combined with 

the addition of longer side chains, resulted in no net change in the entropy of folding. 

However, Variant 12, which has a Tm 1.4 °C higher than Variant 3, has a t1/2 at 60 °C of 

11.2 h, 2.9 h less than Variant 3, showing the important contribution of lower the folding 

entropy towards longer half-life. While Variant 12 is more stable at 25 °C, Variants 10 and 

11, with proline mutations that decrease the entropy loss upon folding, are more stable at 60 

°C. The G106E mutation was intended to decrease the entropy loss on folding. This decrease 

in folding entropy was observed in Variant 3, but this effect was lost in Variant 12.

Stabilization against urea denaturation

Thermal stabilization may lead to increased stabilization against urea denaturation and/or 

chemical denaturation. Thermal stabilization depends more on the entropy of folding, while 

stability to chemical denaturation depends more on the enthalpic contributions and the 

amount of buried surface area 50. The stabilities of wt AoC and Variants 3, 5, 10 and 11 

were further evaluated by the equilibrium urea denaturation (24 h incubation) experiment. 

Unlike thermal denaturation urea denaturation was found to be completely reversible for wt-

AoC and variants studied, based on the retention of the total activity upon dialysis to remove 

urea (Data not shown). The fraction unfolded was determined by CD at points ranging from 

0 to 8M urea, and these were fit to 2 or 3-state equilbrium models, depending on the data. 

The deviation of the 1 h and 24 h (equilibrium) measurements was viewed as a crude 

assessment of kinetic stability. The equilibrium m-value of folding, a measure of exposed 

surface area in the unfolded state, was obtained from the fits. As expected, no significant 

change in the m-value was observed, signifying that the mutations did not affect the 

structure of the unfolded state.

Variant 3 is more resistant to urea than wt-AoC, but Variant 5 is significantly less resistant. 

This is surprising since Variant 5 is more thermostable than the wt-AoC. However, the 

lower resistance of Variant 5 to urea is consistent with the enthalpically destabilizing effect 

of the two proline substitutions and the concomitant loss of hydrogen bonds. The additive 

effect towards thermostabilization observed upon combining mutations in Variants 3 and 5 

wasn't observed in case of urea denaturation for Variants 10 and 11. Both Variant 10 and 

Variant 11 were found to have similar resistance as Variant 3 against urea denaturation i.e 

3.5-4M urea.

For Variants 5, 10 and wt-AoC, the unfolding traces were best fit to a 3-state model, with 

some observed unfolding at lower concentrations of urea. Variant 3 clearly fit a 2-state 

model, implying a locally increased resistance to urea. Variant 11, with one additional 

mutation, lost the early unfolding state but did not affect the main unfolding transition. The 

structural nature of the low-urea state is not clear, but that unfolding step must involve the 

region around the K137E mutation, which is the only difference between Variants 10 and 

11.K137E introduces a partially-buried salt-bridge between E137 and R157, which crosses 
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the deep active site cleft. The early loss of structure, and perhaps the loss of activity at 

temperatures below the melting point, may be due to the localized unfolding of the active 

site region, approximately residues 154-194.

AoC structure-activity relationships

Activity analysis of the variants in comparison with the wt-AOC—The activity of 

variants were evaluated on soluble (PNPB) and insoluble (poly[ε-caprolactone], PCL) 

substrates. The first set of variants was designed by Rosetta keeping the active site residues 

fixed. Nevertheless, the activities of this variant set showed large fluctuations. For example, 

by the PNPB assay, the activity of Variant 7 and 9 decreased by 80 and 60% relative to wt-

AoC (Table II). In contrast, the activity of Variant 3 was nearly identical to wt-AoC. 

Furthermore, inspection of CD wavelength scans for the variant set shows only small 

variations in the corresponding spectra [Fig SI 1 Supplemental material]. Hence, AoC 

activity was highly sensitive to minor changes in protein structure that, based on CD, did not 

cause major changes in protein conformation. In addition to PNPB activity, Table II also 

lists AoC variant activities for PCL hydrolysis. Even though the two substrates used to 

determine activity are extraordinarily different, generally, the magnitude of activity loss for 

variants was similar for both assays. The largest deviation in activity loss for the two assays 

was observed for Variant 2 (79 vs 27%).

In an attempt to explain how certain variants had larger effects on enzyme activity, 

correlation between the distance from the active site and the decrease in activity was 

investigated. Hydrophobic core amino acid substitutions (V150I, I136V), located about ∼18 

Å from the catalytic triad, result in about a 20% decrease in both PNPB and PCL hydrolytic 

activity. Variant 2 (L26D, G28E, D30R, K67R) includes building in new surface salt bridges 

(between E28 and R67 and between R30, D34, and D26) that are distant from the active site 

(about 20 Å). The mutations built into Variant 2, result in a small decrease in PNPB 

hydrolysis (about 20%) but PCL hydrolysis activity decreased by about 70%. The 

discrepancy between Variant 2 activity losses for the soluble and insoluble substrates is 

likely explained by loss of the surface hydrophobic L26 that can affect enzyme adsorption to 

the substrate. For both substrates, the activity of Variant 3 was within experimental error of 

wt-AoC. Furthermore, for Variant 3 in which a charged mutation was introduced, there was 

no observed effect on the pH-activity relationship relative to wt-AoC (Fig S2 Supplemental 

material). This potential effect was considered since charged mutations can alter the 

protonation state at the active site.

Variant 5 (N133A, S140P, E161T, A166P) displays ∼20-30% decrease in both PNBP and 

PCL activity indicating that the mutations introduced did not substantially alter enzyme 

adsorption to PCL. However, P155 and T161 introduced in Variant 5 may reduce favorable 

modes of protein flexibility as these residues reside in a loop (residues 157-171) that abuts 

the ‘binding loop’ (approximately residues 180-190) which forms one lip of the hydrophobic 

groove just C-terminal to the catalytic His194. The amino acid substitutions introduced into 

Variant 6 (A178P, V179P) are highly detrimental to enzyme activity (50% and 75% loss for 

PNPB and PCL, respectively). These two mutations that reside at the N-terminal base of the 
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binding loop must cause a change in loop structure or dynamics that is harmful to enzyme 

activity.

Variant 7 (R46P) showed a remarkable decrease (∼80%) in enzyme activity. Thus, while 

Rosetta predicts that the introduction of P at 46 is favorable given the residue's 

crystallographic backbone conformation, mutation to a proline may alter important dynamic 

motions or induce a subtle conformational shift of the loop that causes reduced activity. 

Furthermore, R46P was recommended along with the compensating mutation of Y83D by 

Rosetta. However, the native Y83 was retained in the mutant as it was considered to provide 

key hydrophobic packing contacts but this may have caused steric clashes between P46 and 

Y83 leading to loss of activity. Also, the mutation of R46, which is in close proximity to the 

active site and in coordination with four backbone oxygen's, would create a hole in the 

region perturbing enzyme activity.

Variant 8 (K174R, Y176F, A178E, D200R, G202E, D203E, D206R) explores the effects of 

several mutations across a large surface patch of AoC. The relatively small (10-20%) 

reduction in activity for both substrates suggests that substitutions within this surface region 

have little influence on either active site confirmation or binding to hydrophobic surfaces. 

Large losses in PNPB (∼70%) and PCL (∼90%) activities for Variant 9 (T84R, D86L, 

A99E, A100S) are attributed to adverse changes to the ‘helical flap’ (approximately residues 

80-87) that pairs with the binding loop to enclose the active site.

Comparison of variants in Table II provides insight into how changes in activity of first 

round Variants are manifested in second stage variant designs. Variant 10 combines amino 

acid substitutions in Variant 3 and 5. If the decreases in activity found for Variant 10 results 

from the additive contributions of Variant 3 and 5, the decrease in activity for PNPB and 

PCL hydrolysis would both be about 30% relative to wt-AoC. Indeed, Variant 10 losses 

about 35 and 32% activity that, within experimental error, is consistent with this simplistic 

model. Variant 11, which is identical to Variant 10 except for one additional change 

(K137E), shows a small decrease in PCL and PNPB hydrolysis activity relative to Variant 

10. However, Variant 11 has about an order of magnitude decrease in hydrolytic activity for 

polybutylene succinate adipate (PBSA) (Fig 6). This decrease can be attributed to loss of a 

critical interaction with the substrate, which could be a requirement for productive binding 

or the orientation of the enzyme to PBSA. Variant 12 showed activity similar to Variant 3 as 

it retained mutations in 3 and, the new variations were in the same region as that of 3.

Temperature optima

Thermophilic enzymes are known to be active at higher temperature but, often, their specific 

activity is comparable with that of their mesophilic counterparts at the respective optimum 

temperatures 56. While thermostabilization is governed by the rigidity of the structure, 

molecular flexibility is essential for both substrate binding and catalysis 57. Hence, 

thermostabilization often leads to loss of activity at lower temperature but, increased 

activities can be realized by its retained activity at elevated temperatures. Hence, the 

influence of thermostabilization of Variants 3, 5, 10, 11 and wt-AoC on the temperature at 

which optimal activity is observed was investigated (Fig 6). PNPB and PCL hydrolysis 

assays could not be used to explore hydrolytic activity at temperatures above 55 °C. This is 

Shirke et al. Page 12

Proteins. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



due to high background activity caused by chemical hydrolysis of PNPB at elevated 

temperatures and the fact that PCL undergoes a melting transition (Tm) at about 55 °C which 

will influence activity measurements below and above this temperature. To determine the 

activity as a function of temperature from 25 to 70 °C, film of polybutylene succinate, 

PBSA, was selected since, within this temperature range, PBSA does not undergo either a 

glass (Tg) or melting transition (Tm for PBSA is 90 °C). The optimum temperature for wt-

AoC activityis 50 °C, which is just below the onset of protein unfolding based on the CD 

analysis. This explains why an increase in the reaction temperature to 55 °C and above 

results in a precipitous decrease in PBSA hydrolytic activity. Variants with enhanced 

thermostability relative to wt-AoC were expected to show increased activity to 

correspondingly higher temperatures. Based on CD thermal scans, Variants 3, 10 and 11 

were expected to have higher temperature optimum activity values in the range of 55 to 60 

°C. However, temperature optima for Variants 3, 10 and 11 did not significantly differ from 

that of wt-AoC. This behavior may be due to that, as the temperature is increased above 50 

°C, small structural changes occur near the active site that result in reduced activity. 

However, these changes in structure at the active site are not reflected in CD spectra. This is 

explained by that the mutations improved the stability of wt-AoC at locations that are 

sufficiently distant from the active site such that CD spectra show that the overall structure 

of the protein is stabilized. Similar observations are reported for the LCC where the 

difference between the thermal unfolding temperature and the optimum temperature for 

activity is remarkably high i.e 36 °C which was again explained based on the lower active 

site stability as compared to the global structural stability 36.

Conclusions

Computational protein design coupled with intuitive rationalization was used to improve 

AoC stability without loss of enzyme activity. Through this work, important insights were 

obtained about AoC structure-stability relationships. Notably, surface charge modifications 

or formation of salt bridges (Variant 3) and Proline insertions (variant 5) at the right location 

are promising strategies which should be further investigated in order to increase AoC's 

thermostability. The known stabilization mechanisms, i.e enthalpic stabilization for former 

and entropic stabilization for latter, were consistent with the case of AoC. The entropic 

stabilization in the case of variant 5 was achieved at the cost of breaking the hydrogen bond 

contributing to the enthalpy. This effect becomes evident with urea denaturation analysis, 

indicating that such experiments can be useful to detect enthalpic losses associated with 

mutations to proline, even if the overall effect is thermostabilization.

The loss of enzyme activity at temperatures well below the thermal unfolding temperatures 

of both Wt-AoC and the improved variants confirmed the early loss of active site structure 

during thermal unfolding. In these studies, mutations near the active site were avoided, 

assuming implications on activity. However, considering the lowered stability of the active 

site region, mutations in these regions should be considered for future designs. Further 

intuitive rationalization should also be pursued, incorporating the predicted effects of these 

mutations on the activity. The activity analysis of the variants designed for 

thermostabilization revealed the remarkable effect of a small number of mutations on the 

activity regardless of their position with respect to the active site. Our rationalization of 
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these results to understand the possible indirect effects of these mutations will be useful for 

future designing efforts. Insight gained into the structure and property relationships of AoC 

will also be useful in the design of other cutinase homologues (such as FsC and HiC), as 

they have high sequence and structural similarities to AoC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
AoC variants used in this study. a) and b), two views of AoC showing mutations of Variant 

1 (white), 2 (purple), 4 (salmon), 6 (magenta), 7 (red), 8 (orange), and 9 (pale green). The 

backbone is colored from cyan N-terminius to yellow C-terminus and the catalytic triad side 

chains are shown as large sticks. c) Variant 3 surface salt bridge network formation are 

shown by backbone color. d) Variant 4 proline insertion and the hydrophobic patch formed 

by (P140, L139, V143- surface rendered green for hydrophobicity)
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Figure 2. 
Aspergillus oryzae cutinase second stage designs, Variant 11- combination variant of 

Variant 5 (residues in green) and Variant 3 (residues in red) with an extra mutation of 

K137E (in yellow) as compared to Variant 10. K137E stabilizing positive charge cluster 

formed by native residues R157, R138 in peach, Variant 12 – residues in brown are 

mutations in addition to those derived from Variant 3. Residues in grey represent the active 

site.
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Figure 3. 
CD temperature scans at 222 nm for variants with higher thermostability than wt-AoC. 

Continuous lines represent fitted data.
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Figure 4. 
Kinetic stability analysis at 60 °C for variants with higher thermostability than wt-AoC. 

Continuous lines represent fitted data
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Figure 5. 
Fraction unfolded was measured by CD at varying concentrations of urea after 24 h 

equilibration at room temperature. For Variants 3 and 11, data were fit to a two-state 

equilibrium model. For wt-AoC and Variants 5 and 10, data were fit to a three-state 

equilibrium model. Continuous lines represent fitted data
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Figure 6. 
Analysis of the optimum temperature for PBSA hydrolytic activity for variants with higher 

thermostability than wt-AoC. Data were fit to the Arrhenius equation and two-state thermal 

equilibrium. There are no significant differences in the temperatures of inactivation or the 

temperature of optimum activity. Continuous lines represent fitted data.
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Table I
AoC Variants studied: Mutations and the predicated rationale for thermostabilization

Variant Mutation Rationale

First stage variants designed using Rosetta

1 V150I, I136V Minor core repacking

2 L26D, G28E, D30R, K67R, Replace a glycine, add surface salt bridges

3 A102D, Q105R, G106E Replace a mid-helix glycine, add surface salt bridges

4 Q110W, K114W Add hydrophobic contacts

5 N133A, S140P, E161T, A166P Add two prolines, shorter side chains

6 A178P, V179P Add consecutive prolines

7 R46P Add one proline

8 K174R, Y176F, A178E, D200R, G202E, D203E, D206R Surface salt bridge network

9 T84R, D86L, A99E, A100S Surface salt bridge network

Second stage designs

10 A102D, Q105R, G106E, N133A, S140P, E161T, A166P Variant 3 plus Variant 5

11 A102D, Q105R, G106E, N133A, S140P, E161T, A166P, 
K137E

Variant 10 plus charge stabilization

12 A102D, Q105R, G106E, Q98N, A99D, E109Q Variant 3 plus new salt bridges involving A99D. Q98N removes one 
methylene of non-polar
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