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ABSTRACT

Cutinase is a hydrolytic enzyme that can act on multifarious substrates and share some vital
catalytic properties of lipase and esterase. Because of its unique catalytic nature, it is being
considered as one of the industrially important enzymes. Some of the useful applications of
cutinase include hydrolysis of fats and oils, degradation of synthetic polymers like
polyethylene terephthalate, biodegradation and detoxification of fatty acid based toxins,
esterification and transesterification reactions. It has a potential to be an efficient biocatalyst
in the food industry for synthesis of flavors, petrochemical industry for synthesis of biodiesel
and preparation of house-hold detergents. This enzyme was first reported in fungus, F. solani
and mainly produced by phytopathogenic fungi, but there are several bacteria, which are
known to produce cutinase.

Thermobifida fusca is a rod shaped, thermophilic organism found in decaying organic matter
and is a major degrader of plant cell wall. The optimum growth temperature of Thermobifida
fusca is 55°C. The genus Thermobifida is comprised of two members, the other being
Thermobifida alba. Both members of the genus are acid fast, Gram-positive aerobic
organisms. It appears to degrade all major plant cell wall polymers except lignin and pectin
and can grow on most simple sugars and carboxylic acids. The organism produces several
industrially relevant extracellular enzymes including cutinase, glycoside hydrolases,
cellulases, xylanases etc. The extracellular enzymes of T. fusca have been studied extensively
because of their thermostability, activity in a broad pH range, and their resistivity to various

effector molecules such as, organic solvents and surfactants.
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ABSTRACT

In this study, two cutinase encoding genes, cutl (NCBI Acc. No. JN129499.1) and cut2
(NCBI Acc. No. JN129500.1) from T. fusca NRRL B-8184 were cloned into pET22b(+) and
expressed in E. coli BL21 (DE3) separately. Both the cutinases were purified to homogeneity
using C-terminal (His)e tag and Ni-NTA column. The sequencing of the cloned genes
revealed 960 and 906 bp length for cutl and cut2, respectively with 93% similarity in amino
acids among them. The homogeneity of the purified enzyme was investigated by SDS-PAGE.
The purified Cutl and Cut2 showed molecular weight of ~30 and ~29 kDa, respectively.
Cutin hydrolytic activity of the purified enzyme was confirmed by using cutin analog
substrate, p-NMSH, which showed 0.218 + 0.06 and 0.395 + 0.17 U mg* for Cutl and Cut2,
respectively. Purified Cutl and Cut2 showed specific activity of 542.5 + 2.7 and 643.4 + 3.4
U mg, respectively against pNPB. Further, cutinolytic activity of purified Cutl and Cut2 was
confirmed with substrate, tomato cutin.

Various physiochemical parameters (growth temperature, IPTG conc., and cell density for
induction) were optimized using Luria Bertani (LB) medium to achieve optimal production of
recombinant Cutl and Cut2. The optimum levels of growth temperature, IPTG and cell
density (Asoo Nm) were found to be 37°C, 0.1 mM and 0.75, respectively. At these optimum
conditions, the recombinant cutinase yield in LB medium was found to be 101 + 0.29 and 112
+ 0.20 U mL?, respectively for Cutl and Cut2 after 6 h post-induction. In the process, the
effect of (His)s tag on growth and production of recombinant cutinase was also carried out,
which showed no significant effect of (His)s tag on the growth and production.

Further, the development of medium to enhance the production of recombinant Cutl and Cut2
was carried out under optimum physiochemical conditions by screening of five different

commercially available media viz., LB, NB, M9, M9-ZB and TB. Among tested media, TB
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was found to be the best suited medium for growth and higher production of cutinase.
Furthermore, it was observed that addition of 2 mM MgSO4 and 1 mM NaCl in TB medium
(called MTB) increased the growth by 1.5-fold and cutinase production was around 1.1-fold
higher than TB and ~2.5-fold higher than LB medium. In addition, different substrates, i.e.
glucose and glycerol at different concentrations were also studied to evaluate the effect of
substrate on growth and production in the MTB medium, which showed superior growth and
production among the screened medium. Glucose was not found to be a suitable substrate for
higher production and showed considerable reduction in growth and production. Nevertheless,
glycerol at 4 mL L™ concentration showed highest cutinase yield for both Cutl and Cut2.
Assessment of effect of individual medium components of MTB on the production of
recombinant cutinase was studied using Taguchi’s design technique. According to Taguchi’s
three-level design matrix, 27 runs were performed with different combinations of medium
components at shake flask level and activity (U mL™) was considered as response to
statistically analyze the effect of medium components on cutinase production using the
statistical software package MINITAB. The results showed that tryptone and MgSO4 had
significant effect on the production of both Cutl and Cut2. These findings on the significance
of the individual parameters and their contribution on cutinase production was further
validated by ANOVA of the results which showed the R? of 99.23 and 99.02% of medium
components attributed to the production of Cutl and Cut2, respectively. Based on the effects
of each of the seven variables investigated in the study on recombinant cutinases production,
tryptone, 2 g L; yeast extract, 24 g L; glycerol, 4 mL L™; KH2PO4, 1.15 g L, KoHPO4,
12.54 g LY; MgSOQ4, 0.61 g L; and NaCl, 0.058 g L™ with medium pH 7.3 were determined
as optimal conditions for the maximum production of recombinant cutinase. At above
i
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combination of medium components, yield of 318 + 0.73 and 316 + 0.90 U mL™ for Cut1 and
Cut2, respectively was achieved, which was 1.2-fold higher as compared with un-optimized
condition (260 *+ 1.1 and 263 * 0.77 U mL™, respectively for Cutl and Cut2). This
experimental result was very close to the statistically predicted value of 319 and 315 U mL™?,
respectively for Cutl and Cut2. After optimization was done using Taguchi orthogonal
design, the overall production was found to be 11 fold higher than production in wild strain of
T. fusca. Furthermore, the cellular localization of expressed cutinase in E. coli was also
investigated in the optimized MTB medium. The result showed that 57 and 61% of Cutl and
Cut2, respectively localized in the periplasm and 28% of the recombinant protein was
localized in the cytoplasm. The extracellular secretion for Cutl and Cut2 was found to be only
15 and 11%, respectively.

The molecular mass determined by MALDI-TOF analysis for Cutl and Cut2 was found to be
30.1906 kDa and 29.6812 kDa, respectively. 2-D electrophoresis showed that isoelectric point
(pl) of Cutl and Cut2 was 7.7 and 7.5, respectively. Optimum pH of Cutl and Cut2 for the
hydrolysis of p-nitrophenyl butyrate was in the range of 7.0-8.5 with maximum activity at pH
8, and its optimum temperature was found to be 55°C. Studies on thermal stability showed
that both the cutinases are highly stable at 37°C, with retention of more than 60% relative
activity even after 150 h and more than 40% activity were retained after 40 h at 55°C.

The kinetic parameter for Cutl and Cut2 was investigated using pNPB, which showed highest
activity among the tested substrates. Km (in micromolar per liter) and kcat (in seconds) for Cutl
was found to be 131 + 9 and 178 * 8 and for Cut2 was found to be 89 + 17 and 253 + 11,

respectively. The results showed that Cut2 have the highest affinity towards pNPB. Cutl
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exhibited lesser catalytic efficiency with a Kea/Km of 1.35 st uM™; whereas, Cut2 showed
almost double catalytic efficiency, with keat/Km 0f 2.84 st uM 2.

The deactivation rate constants (kq ) and the half-life of cutinase were estimated at different
combinations of pH and temperature. The minimum values of kq observed for Cutl and Cut2
were 0.045 and 0.039 min~%, respectively. The combinations of pH and temperature at which
the above mentioned minimum deactivation rate constant was observed to be 8 and 45°C for
both Cutl and Cut2, respectively. The deactivation process was found to be faster at pH
below 7 and above 8 for both the cutinases. It was found that maximum half-life time of Cut2
was 17.59 h, showing that this enzyme is more stable than Cutl (15.3 h) at optimum
conditions of pH and temperature (pH 8 and 45°C, respectively). Thermodynamic parameters,
viz., change in enthalpy (AH*), entropy (AS*), free energy (AG*) and activation energy of
thermal deactivation of cutinase were also calculated in the temperature range from 45°C to
80°C at different pH (6.0-9.0). Enthalpy of Cutl and Cut2 increased as pH increased till pH 8.
However, there was a decrease in enthalpy of Cutl and Cut2 at pH 9. It was also observed
that the AH* value of Cut2 was ~1.5 fold higher than Cutl in the range of pH studied (pH 6-
9), which indicates that Cut2 is thermodynamically more stable than Cutl. Both the cutinases
showed negative entropy values, which was increased with increase in the pH.

Study on hydrolytic ability with different acyl chain length showed that both the cutinases had
increasing tendency till C4 acyl chain length. However, the catalytic efficiency decreased
with the increase in acyl chain from C4. Nevertheless, Cutl showed better catalytic ability
towards longer chains compared with Cut2. So, both Cutl and Cut2 exhibited very low levels
of activity against the long-chain substrate, p-nitrophenyl palmitate (C16) as compared with

the activity against pNPB at 50°C. Investigation on the effect of various effectors on the
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enzyme stability showed that both Cutl and Cut2 in general, showed excellent organic solvent
stability, with no drastic decreases in residual activity in most of the studied organic solvents
at 40% (v/v). Various surfactants showed no significant negative effect on stability of both the
cutinases. Both the cutinases showed slight enhancement in the activity in the presence of
mono cations, Na* and K* whereas, inhibitor EDTA showed no inhibitory effect on activity
and urea had less inhibitory effect.

The fluorescence and CD spectra of purified Cutl and Cut2 at different pH (pH 6-9) at 25°C
showed no considerable difference in the secondary structure. However, both the cutinases
showed emission maximum around 331 nm and no shift in emission spectra was observed at
any of the pH studied indicating that the blue shift in the emission spectra would be due to
inaccessible tryptophan residues. Quenching study with iodide further confirmed that all the
tryptophan residues are buried in hydrophobic pockets as there was no noticeable quenching
even at 1.5 M KI. CD spectroscopy revealed that both the cutinases are a-helix protein with
characteristic minima at 208 nm and 220 nm. Unfolding study with GdnHCI and urea was
carried out for both the cutinases. A loss of organized secondary structure in the presence of
GdnHCI was observed for both Cutl and Cut2. However, the pattern of unfolding was
different for Cutl and Cut2 with faster unfolding in case of Cutl compare to Cut2 at lower
GdnHCI concentration. Nevertheless, urea was found to be ineffective in denaturing both the
cutinases.

Homology modeling of the Cutl and Cut2 revealed that both the enzymes are a monomeric in
nature, folded into o/ domain. It consists of central stranded P sheet flanked by a helices.
This model also revealed a potential Ser-His-Asp catalytic triad in which the nucleophilic Ser

is located in a sharp turn called the “nucleophile elbow,” which is commonly observed in the

Vi
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a/B-hydrolases. The “oxyanion hole” is predicted to be formed by the backbone amides of
Met and Tyr (Met189 and Tyrl118 for Cutl and Metl71 and Tyr100 for Cut2). There is a
disulfide bond present in both Cutl (Cys299-Cys317) and Cut2 (Cys281-Cys299) in the C-
terminal region.

Immobilization studies of Cutl and Cut2 on different supports to enhance the stability and
activity was investigated. It was observed that both the cutinases showed enhancement in
thermal stability and activity when adsorbed on Zeolite and Celite-545. Covalent coupling to
chitosan beads also showed considerable increase in thermostability, reusability and storage
stability. Nevertheless, covalent coupling of Cutl and Cut2 to magnetic nanoparticles (MNPS)
showed drastic decrease in thermostability. There was also considerable decrease in activity
upon reuse and storage, indicating MNP not to be a suitable support for immobilization of
cutinase from T. fusca.

Short chain alkyl esters are well appreciated for fruity flavors they provide. These are mainly
applied to the fruit-flavored products like jam, jelly, beverages, wine and dairy. To evaluate
the industrial applicability and performance of cutinase during esterification and
transeseterification reactions, experiments were performed to assess the synthesis of
terpenoid, butyl and isopropyl esters using both free and immobilized cutinases. Recombinant
cutinase of T. fusca NRRL B-8184 was found to be active in catalyzing the synthesis of alkyl
esters in organic solvent (n-hexane). The optimal temperature for the enzyme catalyzed
synthesis was found to be 50°C for terpenoid, butyl and isopropyl esters. The maximum
conversion (%) during synthesis of isopropyl ester was obtained with Cut2, which showed
47% conversion as a free cutinase and the immobilization on Zeolite and Celite-545 increased
the conversion yield by 10 and 16%, respectively. However, Cutl showed lesser conversion

vii
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yield in comparison to Cut2 for isopropyl ester synthesis. The maximum conversion (%)
during synthesis of terpenoid (geraniol) ester was obtained for acetic acid (80%), butyric acid
(71%) and valeric acid (61%) with Cutl as biocatalyst, reflecting the increasing specificity of
the enzyme for short-chain length fatty acids. There was a nominal increase of 3-5%
conversion yield with Cutl upon immobilization on Zeolite, whereas the Cutl immobilized on
Celite-545 showed 6-10% increase in conversion, which is better than the performance of
Cutl immobilized on Zeolite. In comparison to Cutl, the conversion yield with Cut2 was
somewhat low for terpenoid ester synthesis. Cutl and Cut2 showed 89 and 66% conversion
respectively, for butyl butyrate synthesis when used as a free enzyme without any
immobilization. However, immobilization of Cutl (which showed better conversion rate in
comparison to Cut2) on Zeolite and Celite-545 showed only 4% increase in the conversion
yield. In general it was found that Celite-545 and zeolite are the best suited support for
immobilization, which showed considerable increase in catalytic efficiency for both the
cutinases. Nevertheless, chitosan immobilization was found to be inefficient in increasing the
catalytic efficiency for ester synthesis.

Experiments were also performed to evaluated the performance of cutinase as a catalyst for
transesterification to yield methyl, ethyl esters and lactate esters. However, though T. fusca
cutinase was found to be active in catalyzing the transesterification of tributyrin and lactic
acid, the ester yield was less than 35% for tributyrin and 20% for lactic acid, which makes it

unsuitable catalyst for long chain fatty acid based catalysis.

viii
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CHAPTER 1
INTRODUCTION

1.1 Generalities

Cutinase (3.1.1.74) is an enzyme whose name derives from their ability to degrade cutin
polymers of higher plant that is composed of hydroxy and epoxy fatty acid polyesters
(Carvalho et al., 1999; Purdy and Kolattukudy, 1975). Cutinase is a serine esterase that
belongs to a/p hydrolase family (Longhi et al., 1999). Crystallographic study of cutinases
from Fusarium solani (Martinez et al., 1992), Aspergillus oryzae (Liu et al., 2009),
Glomerella cingulate (Nyon et al., 2009) and Thermobifida alba (Kitadokoro et al., 2012)
revealed some common feature about its structure that they have serine in its catalytic site and
unlike most of the lipases where the catalytic site is buried under an amphipathic ‘lid like’
structure. The catalytic site of cutinases are solvent accessible and not buried under
amphipathic loop. The plant cuticle that acts as a protecting layer in plant, which prevents
desiccation as well as pathogen attack (Fett et al., 1992a) is composed of fatty acids usually of
n-C16 and n-C18. The very first step of infection in plants requires the enzymatic hydrolysis
of cutin. Besides cutin, cutinases are also able to hydrolyze several synthetic esters and show
activity on short- and long-chain fatty acid triacylglycerols. This feature of cutinase was not
observed in most of the lipases other than Candida antarctica lipase B (Longhi et al., 1996).
Activity of the lipases is greatly enhanced in the presence of a lipid—water interface, whereas
cutinases do not require any interfacial activation (Verger and Haas, 1976). On the other side,
esterases though do not require any interfacial activation and can act in aqueous media; they
can efficiently catalyze only short chain fatty acids (Longhi et al., 1999). Interestingly,
cutinases are active in both aqueous solution as well as water-lipid interface and can act on
both soluble and emulsified triglycerides (Verger and Haas, 1976). This feature of sharing
enzymatic capabilities of true esterase and true lipase makes cutinase unique.

In vitro, cutinases display hydrolytic activity towards a broad variety of esters, from soluble
synthetic esters to insoluble long-chain triglycerides (Carvalho et al., 1998; Dutta et al.,

2009). Therefore, cutinases have been evaluated as a potential catalyst in degradation of
1
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polymers such as PET (Acero et al., 2011; Baker et al., 2012; Heumann et al., 2006; Nimchua
et al., 2008; Oeser et al; 2010; Ronkvist et al., 2009; Vertommen et al., 2005; Zang et al.,
2013), cotton scouring (Degani et al., 2002), dairy industry for hydrolysis of milk fat, house
hold detergents, oleochemical industry, synthesis of structured triglycerides polymers and
surfactants (Dekoster et al., 1995), synthesis of short chain fatty acids (Dutta and Dasu,
2011), synthesis of ingredients for personal-care products, pharmaceuticals and agrochemicals
containing one or more chiral centers (Carvalho et al., 1998a; Melo et al., 2003). Some of
these processes are already implemented in industry (Carvalho et al., 1998a), while others are
still under evaluation at research level. Another interesting field of application of cutinase is
in esterification and transesterification reactions. At low water activities, transesterification of
fats and oils or stereo selective esterification of alcohols can be achieved using cutinase (De
Barros et al., 2009a; De Barros et al., 2009b; De Barros et al., 2010a; De Barros et al., 2010b;
Sarazin et al., 1995). The esters produced from short-chain fatty acids have applications as
flavoring agents in food industry. Although lipases can be used for the hydrolysis and
synthesis of esters, active in organic solvents and have wide substrate specificity, they still
have a number of shortcomings. The most important hurdle of lipases is their relatively large
size and instability under industrial process conditions. Cutinase has also found to be a potent
catalyst for transesterification. Transesterification is the reaction of fats or oils with an alcohol
to form esters and glycerol. Alcohol combines with the triglycerides to form glycerol and
esters. A catalyst is usually used to improve the reaction rate and yield. Methyl and ethyl
esters synthesized by transesterification can be used to enrich diesel fuels. For instance, the
transesterification (alcoholysis) reaction of butyl acetate with hexanol in organic media
(isooctane) has been evaluated using cutinase in several systems (Cunnah et al., 1996;
Carvalho et al., 1997a; Serralha et al., 1998). Reports are also available on methanolysis of
triolein catalyzed by cutinases (Badenes et al., 2010a; Badenes et al., 2010b; Badenes et al.,
2011a).

1.2 Cutinase producing microorganisms

In general, phyto-pathogenic microbial species are known to produce cutinase (Ferreira et al.,
2004; Fett et al.,, 1992a; Fett et al, 1999; Fett et al., 2000; Macedo and Pio, 2005).
Microorganisms capable of producing substantial quantities of enzymes have importance in

the industrial sector (Haki and Rakshit, 2003). Source dependent variation in
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physical/biochemical/molecular properties, such as optimum pH, temperature, metal ion
requirement, substrate specificity, inhibition pattern and molecular weight of cutinase
produced by microbial species has been well documented till date (Fett et al., 1992b; Lin and
Kolattukudy, 1978; Pio and Macedo, 2007; Rispoli and Shah, 2007). Furthermore, many
researchers are continuously involved in efforts to isolate and identify the microbial
biosystems producing enzymes suitable for industrial as well as commercial applications
directly and indirectly (Kumar and Takagi, 1999).

Though both bacterial and fungal sources are reported to produce cutinases, phytopathogenic
fungi are the first microorganism to be reported to produce cutinase (Purdy and Kolattukudy,
1975). Extensive studies have been done on the production, purification and characterization
of fungal cutinases (Koller and Parker, 1989; Purdy and Kolattukudy, 1975; Rispoli and Shah,
2007; Soliday and Kolattukudy, 1976; Trail and Koller, 1990; Trail and Koller, 1993; Wang
et al., 2000). In contrast, there are only few studies done so far on bacterial cutinases (Chen et
al., 2008, Chen et al., 2009; Dutta et al., 2013; Fett et al., 1992a; Fett et al., 1999; Sebastian and
Kolattukudy, 1988). Bacterial cutinases are different from fungal cutinase with respect to their
thermal and pH optima and stability. It has been observed by Sebastian et al., (1987) that
bacterial cutinase is stable even at 70°C, whereas fungal cutinases looses its activity at 45°C.
Thermobifida fusca (formerly known as Thermomonospora fusca) is an aerobic, moderately
thermophilic, filamentous soil bacterium that is a major degrader of plant cell walls in heated
organic materials, such as compost heaps, rotting hay, manure piles, or mushroom growth
medium (Bachmann et al., 1999). Its extracellular glycoside hydrolases (cellulases and
xylanases) have been studied extensively because of their thermostability, broad pH range (4
to 10), and high activity. It appears to degrade all major plant cell wall polymers except lignin
and pectin and can grow on most simple sugars and carboxylic acids. It belongs to the phylum
of Actinobacteria and was first isolated from decaying wood (Bellamy and Wilson, 1977).
Apart from cutinase, T. fusca has been the source organism for isolating and studying multiple
secreted cellulases and other carbohydrate-degrading enzymes (Ghangas and Wilson, 1988;
Hu and Wilson, 1988).

Recently, cutinase from Thermobifida fusca have been shown its superiority over other
cutinases in many aspects like thermostability, high activity in broad pH range, surfactant and

organic solvent tolerance, which could have great biotechnological promise in many industrial
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applications (Chen et al., 2008; Chen et al., 2010). Reportedly there are two genes having
cutinase activity in T. fusca with 93% homology among them (Chen et al., 2008; Chen et al.,
2010). Interestingly, despite the high level homology, they showed different biochemical
properties and substrate specificity (Chen et al., 2010). Hence, detailed study needed in the
case of T. fusca cutinases on biochemical and biophysical properties as well as ability to
catalyze various substrates.

1.3 Production of recombinant protein

In recent years, the recombinant proteins have been utilized as tools for cellular and molecular
biology with more and more applications in several fields become a commercial reality.
Efficient recombinant strategies for the production of recombinant proteins are gaining
increasing importance due to the benefits like higher production efficiencies and lower costs
of the final product, which are essential for obtaining a commercially viable process.

E. coli is one of the earliest and most widely used hosts for the production of heterologous
proteins (Demain and Vaishnav, 2009; Terpe, 2006). Some of the advantages with E. coli
system include rapid growth and expression, ease of culture, high product yields (Swartz,
1996) and cost effective downstream processing. Several commercial proteins are being
massively produced in E. coli system. This system is excellent for functional expression of
non-glycosylated proteins. Moreover, E. coli genetics are far better understood than those of
any other microorganism. Recent progress in the fundamental understanding of transcription,
translation, and protein folding in E. coli, together with the availability of improved genetic
tools, is making this bacterium more valuable than ever for the expression of complex

eukaryotic proteins (Demain and Vaishnav, 2009).
1.4 Statistical approach for optimization of process parameters for

enhanced production of cutinase
Optimization of production of any metabolite plays a vital role to study the technical and
economic feasibility of the process in the commercial level. It involves the study of a number
of physicochemical parameters, such as medium composition, pH, and temperature. In any
bioprocess, the improvement in productivity of any metabolite could be achieved through
manipulation of nutritional and physiochemical parameters. Statistical methodologies
involving optimization of interaction of several factors at a time are generally preferred over

traditional single factor at time optimization methods due to their several advantages (Dasu
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and Panda, 2000; Kumar et al., 2009) such as statistically designed experiments minimize the
error in determining the effect of parameters in an economical manner (Dasu and Panda,
2002; Sharma and Satyanarayana, 2006). Recently, the use of statistical approaches involving
Taguchi and response surface methodology has been widely used for media optimization and
for the understanding of interactions among various parameters using a minimum number of
experiments (Kalil et al., 2000; Taguchi, 1990). The Taguchi’s method has been used widely
in industrial process design, principally in developmental trials (Taguchi, 1990). The basic
principle of this method serves as screening filters, which examine the effects of many
process variables and identify those factors, which have major effects as process using a
single trial with a few experiments.

1.5 Purification and characterization of cutinase

Downstream processing of biomolecules obtained from fermentation broths is a fundamental
step in process biotechnology since it often represents the major manufacturing cost. The
economic viability of a biochemical process depends not only on improvements achieved in
the production but also on innovations and optimization of downstream processes (Haki and
Rakshit, 2003; Wheelwright, 1987). Though protein purification requires specific strategy for
purification depending on the nature of protein, various methods are employed to enrich or
purify a protein of interest from other proteins and components in a crude cell lysate or other
sample. Affinity chromatography has emerged as one of the most powerful methods among
all purification techniques, whereby the protein of interest is purified by virtue of its specific
binding properties to an immobilized ligand in a single step. Immobilized metal affinity
chromatography (IMAC) using (His)s tag is one of the popular affinity purification methods
used for purification of recombinant proteins. His-tag based purification has a clear advantage
over other methods in their relatively strong binding to immobilized metal ion affinity
chromatography (IMAC) resin and their small size, which commonly eliminates the need for
proteolytic removal.

After purification, characterization of the purified enzyme is very much necessary before it is
exploited commercially. The enzymatic hydrolysis depends on several physicochemical
factors. The proportion of substrate-to-enzyme, temperature of incubation, and pH influence
the rate of reaction to a large extent (Naidu and Panda, 2003). For any industrially important

enzyme, the stability in presence of organic solvent, surfactants, metal ions etc. needs to be
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evaluated. Biophysical characterization plays a vital role in an overall analytical strategy of
enzymes, augmenting biological and biochemical methods used for process and product
development of macromolecules. These techniques are critical for understanding the structure
and behavior of proteins under different stress conditions, and they are essential tools for
understanding enzyme-substrate binding behavior and conducting characterization studies for
product development.

1.6 Immobilization strategy to enhance the activity and stability of cutinase
At present enzyme technology is considered as a powerful alternative to conventional process
technology in various biotechnological and analytical fields. The benefits of biocatalyst over
chemical catalysts are many, these include its capability to achieve diverse chemical reactions
under mild environmental conditions with high efficiency and specificity, remarkably
efficient product conversion, low undesirable by-products and increased product yield. Such
features of biocatalyst have made them a key target of exploitation by many emerging
biotechnology and biopharmaceutical industries (D'Souza, 1999; Mateo, 2007; Zhang et al.,
2012). Regardless of all these advantages, the use of enzymes in industrial application has
been slowed down by various factors (Garcia-Galan et al., 2011), for instance, recovery of
soluble enzyme from the reaction mixture and their recycle in subsequent reactions. To make
use of enzyme economically feasible, recovery and reuse is vital (Garcia-Galan et al., 2011).
A comprehensive research in the field of enzyme technology has provided various approaches
to tackle such problems, among which enzyme immobilization technology is one, which
offers promising economic exploitation of even expensive enzymes in various industries like
bioprocessing, biopharmaceuticals, waste water treatment, development of biosensors, etc.
Several strategies are employed for immobilization and various factors influence the
performance of immobilized enzymes based on the properties of enzyme. Some of the popular
immobilization method includes adsorption or carrier-binding method, cross-linking or
covalent binding method, entrapment method and microencapsulation method (Datta et al.,
2012; Garcia-Galan et al., 2011; Mateo et al., 2007). However, the characteristics of the
support, reactive groups and immobilization conditions need to be carefully selected to be
able to achieve the maximum immobilization. Some of the successful immobilization
strategies employed to enhance the activity of cutinases from various sources (F. solani pisi,

F. roseum culmorum, C. gloeosporoides, F. roseum sambucinum and Pseudomonas spp.)
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involves adsorption on zeolite Y and polyamide Accurel PA6 (Serralha et al., 2004),
immobilized onto silica derivatives like, Biosil-NH> and Biosil —dextran-NH. (Goncalves et
al., 1999, Goncalves et al., 1996a) and microencapsulated in reversed micelles of surfactants
(Melo et al., 1995b).

1.7 Esterification and transesterification reactions catalyzed by cutinase
Short chain fatty acids esters are commonly used in the manufacturing of flavors and
fragrances because of their fruity odor. These esters are in high demand and are widely used
in the food, beverage, cosmetic, and pharmaceutical industries. Fatty acid esters of alcohols
are also of increasing economic interest in many industries involving a wide range of
applications; viz., bio-carburants, biosurfactants, biolubricants, solvents, hydraulic and drilling
fluids, dispersing agents, cosmetics (Dossat et al., 2002) and biodiesel (Xie and Ma, 2010).
Although flavor esters are currently produced by chemical synthesis, there is an increasing
inclination towards natural flavors, rather than chemically synthesized flavors. However, the
same flavor and fragrance esters prepared by enzymatic synthesis may be labeled as “natural”
(Gillies et al., 1987; Larios et al., 2004). Lipases and esterases are commonly used for the
enzymatic production of a wide range of ester products in non-conventional media.
Nevertheless, most of the lipases have higher affinity towards longer—chain length substrates,
and low molecular weight substrate may have some inhibitory effect on enzymes (Abbas and
Comeau, 2003; Hari-krishna and Karanth, 2002). In case of esterases, except few, most
esterases loss their reactivity when the acyl chain length of substrate is more than two
(Macarie and Baratti, 2000; Torres et al., 2009). Recently, cutinases (Cunnah et al., 1996; De
Barros et al., 2009a; De Barros et al., 2010a; Dutta and Dasu, 2011; Pinto-Sausa et al., 1994;
Sarazin et al., 1992; Sarazin et al., 1995; Sebastiao et al., 1993; Serralha et al., 2001) were
employed for the synthesis of some alkyl esters. Cutinases are believed to be a group of
hydrolytic enzyme intermediate between lipase and esterase, which are capable of
hydrolyzing various soluble esters as well as emulsified triacylglycerol. As the esterification
reaction is reversible, the enzymes can also be employed to catalyze the formation of alcohols
and fatty acids from esters. However, in aqueous solutions, the hydrolysis reaction is favored
over synthesis reaction as the equilibrium is strongly shifted towards the starting reagents and
esters cannot be synthesized. To overcome this difficulty, reaction media containing very

small amounts of water or comprised of organic solvents can be used to bring about a
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chemical equilibrium shift towards ester. Recently, few studies on the production of
methyl/ethyl ester of oil mixtures have also been carried out using cutinase from F. solani pisi
(Badenes et al., 2010a; Badenes et al., 2011).

1.8 Cutinase catalytic site

To date, five cutinase crystal structures had been resolved, this includes F. solani, A. oryzae,
G. cingulate, Cryptococcus and recently, T. alba (Kitadokoro et al., 2012; Kodama et al.,
2009; Liu et al., 2009; Longhi et al., 1997; Martinez et al., 1992; Nyon et al., 2009).

The overall structural studies of cutinase reviles that all the cutinases belong to the class of
serine esterases and to the super family of the a/p hydrolases in which the nucleophilic serine
is located at the center of an extremely sharp turn between a central $-strand surrounded by
a-helices. The consensus sequence G-X-S-X-G with active serine in the catalytic triad is seen
in all the cutinases. They have solvent exposed catalytic triad “Ser-Asp-His” and an oxyanion
binding site that stabilizes the transition state via hydrogen bonds with two main chain amide
groups (Nicolas et al., 1996). One to two disulfide bridges are seen in cutinase that helps to
the stabilization of the global molecular folding of cutinase. The binding of cutinase to
interfaces seems not to require a main-chain rearrangement, as in the case of lipases, but only
the reorientation of few lipophilic side chains.

1.9 Cutinase mechanism of action

Cutinases show catalytic machinery similar to those present in serine proteases. The catalytic
triad is a coordinated structure consisting of three essential amino acids: histidine, serine and
aspartic acid, which play an essential role in the cleaving ability of the cutinase.

The general catalytic mechanism is shown in the Fig. -. In brief, the reaction occurs as
follows. The substrate binds to the surface of the cutinase such that the scissile bond is
inserted into the active site of the enzyme, with the carbonyl carbon of this bond positioned
near the nucleophilic serine. The serine has an -OH group that is able to act as a nucleophile,
attacking the carbonyl carbon of the ester bond of the substrate. A pair of electrons on the
histidine nitrogen has the ability to accept the hydrogen from the serine -OH group, thus
coordinating the attack of the ester bond. The carboxyl group on the aspartic acid in turn
hydrogen bonds with the histidine, making the nitrogen atom mentioned above much more

electronegative. The reaction stabilization is also brought by additional amino acids, Met and
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Tyr (Bacterial cutinase) or Gly and Ser (Fungal cutinase) in the vicinity of the active site, by
formation of oxyanion hole.
1.10 Enzyme reaction Kinetics
Enzyme kinetics is the study of the chemical reactions that are catalysed by enzymes. In
enzyme Kinetics, the reaction rate is measured and the effects of varying the conditions of the
reaction is investigated. Studying an enzyme's Kinetics in this way can reveal the catalytic
mechanism of particular enzyme, its role in catalysis, how its activity is controlled, and how
an inhibitor might inhibit the enzyme.
Unlike uncatalysed chemical reactions, enzyme-catalysed reactions display saturation
Kinetics. For a given enzyme concentration and for relatively low substrate concentrations, the
reaction rate increases linearly with substrate concentration; the enzyme molecules are largely
free to catalyse the reaction, and increasing substrate concentration means an increasing rate
of enzyme catalysis. However, at relatively high substrate concentrations, the reaction rate
asymptotically approaches the theoretical maximum due to the fact that all the active sites of
enzyme are almost occupied and the reaction rate is determined by the intrinsic turnover rate
of the enzyme. The substrate concentration midway between these two limiting cases is
denoted by K.
Michaelis—Menten kinetics is one of best-known models of enzyme kinetics. The model takes
the form of an equation describing the rate of enzymatic reactions, by relating reaction rate (v)
to the concentration of a substrate (s). Its formula is given by,

V= (Vmax X [S])/(Km + [S])
Where, Vmax represents the maximum rate achieved by the system, at maximum (saturating)
substrate concentrations, s is the substrate, The Michaelis constant Ky is the substrate
concentration at which the reaction rate is half of Vmax. Biochemical reactions involving a
single substrate are often assumed to follow Michaelis-Menten kinetics.
However, multi-substrate reactions follow complex rate equations that describe how the
substrates bind and in what sequence. Depending on the substrates involved and the bilding of
substrates, it can be classified as, The Sequential Mechanism (Ordered Sequential Mechanism
and Random Sequential Mechanism) and the Non-sequential or ‘‘Ping-Pong’’ Mechanism.
Inhibitors are compounds that decrease the rate of an enzyme-catalyzed reaction. The study of

enzyme inhibition has enhanced our knowledge of specificity and the nature of functional
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groups at the active site. The activity of certain enzymes is regulated by a feedback
mechanism such that an end product inhibits the enzyme’s function in an initial stage of a
sequence of reactions. The action of an inhibitor on an enzyme can be described as either
reversible or irreversible. In reversible inhibition, an equilibrium exists between the enzyme
and the inhibitor. There are three important types of reversible inhibition: competitive
inhibition, noncompetitive inhibition, and uncompetitive inhibition. In irreversible inhibitions,
inhibition progressively increases with time. Complete inhibition results if the concentration
of the irreversible inhibitor exceeds that of the enzyme.

1.8 Objectives and scope

Cutinase (EC 3.1.1.74) is a carboxylic esterase belong to the superfamily of serine o/p
hydrolases that degrade cutin. Apart from cutin, its capabilities to act on many other
substrates like, synthetic short and long chain fatty acids, synthetic esters, polymers, cotton
scouring and degradation of toxic substances made it one of the potent commercial enzymes
in biotechnological applications like dairy, oleochemical industries, degradation of plastics,
synthesis of structured polymers, agro chemicals, synthesis of short chain aroma compound,
detergent industries etc. Though both fungal and bacterial species have been reported to
produce cutinase, very less reports are available on bacterial cutinases. Moreover, bacterial
cutinase shows several advantages over fungal cutinase such as, higher thermostability, better
resistance to rigorous reaction conditions and wide range of applicability.

Thermobifida fusca is an aerobic, moderately thermophilic, filamentous soil bacterium that is
a major degrader of plant cell walls in heated organic materials. T. fusca has been the source
organism for isolating and studying multiple secreted cellulases, carbohydrate degrading, and
other enzymes. The extracellular enzymes of T. fusca have been studied extensively because
of their thermostability, activity in a broad pH range, and their resistivity to various effector
molecules such as, organic solvents and surfactants. Nevertheless, cutinases from T. fusca has
not been explored exhaustively and no information is available on several aspects of cutinase
from T. fusca such as, biochemical, biophysical and structural properties of this enzyme and
their application potentials.

The present research focuses on understanding the importance of two homologous,
thermostable cutinases, Cutl and Cut2 from Thermobifida fusca. In the present study we have

shown that optimization of the medium components can substantially increase the production

TH-1214 KHEGDE 10



INTRODUCTION

of recombinant T. fusca cutinase (11 folds compare to wild type T. fusca). The key findings of
the present study also showed that T. fusca cutinases are active over a broad range of pH (6.8-
9.0) and temperature (40-80°C) with superior thermostability to cutinases from any other
sources reported. T. fusca cutinases are highly resistant to several organic solvents (viz.,
Acetone, Acetonitrile, Ethanol, and Tetrahydrofuran, n-Hexane) and surfactants (viz., Sodium
deoxycholate, Sodium taurodeoxycholate) which could have a potential application in
esterification and transesterification and detergent formulations. Further, biochemical,
biophysical and structural characterization of the homologous cutinases of T. fusca showed
that despite their highly homologous structure, they have different substrate specificity
towards short chain fatty acid synthetic esters (C2-Cs), different organic solvent and surfactant
tolerance level. Protein unfolding studies of the T. fusca cutinase revealed that both the
cutinases are stable at pH ranging from 6-9 at 25°C with no considerable change in the
secondary structure and found to be a-helix in nature and they are highly resistant to urea
induced unfolding. Unfolding study also revealed that Cut2 is more resistant to unfolding by
GdnHCI compare to Cutl due to the different surface electrostatic properties of these
enzymes. In the present study we have also attempted to enhance the stability and activity of
the T. fusca cutinase by various immobilization techniques. Chitosan, zeolite and Celite-545
was found to be an appropriate immaobilization support to enhance the activity and stability of
the cutinase in aqueous medium. However, only Zeolite and Celite-545 was found to be a
suitable support for the cutinase catalyzed reaction in organic media. The present study also
demonstrates that cutinase can be used as a catalyst for various esterification and
transesterification reactions to synthesize esters of geraniol, isopropanol, butyric acid etc.
Based on an extensive literature survey, industrial importance of cutinase and the need to
obtain new cutinase with better stability, activity and versatile applicability, the present
investigation was focused on the production of cutinases from T. fusca NRRL B-8184. In
order to evaluate the possible establishment of its potential applications in industries, the
following objectives have envisaged.

e Molecular cloning, expression and purification of cutinases from T. fusca.

e Production optimization of recombinant cutinases in E. coli system.

e Biochemical, biophysical and structural characterization of recombinant cutinases

from T. fusca.

TH-1214 KHEGDE 1



INTRODUCTION

e Study on increasing the stability and activity of cutinases by immobilization.
e Applications of cutinase.
o Esterification reactions catalyzed by cutinase.
o Transesterification reactions catalyzed by cutinase.
1.9 Organization of the thesis
The presentation of the work has been divided into five chapters. The current Chapter 1
presents a general introduction, objective and scope of the present work. While the literature
that supports the present work is presented in Chapter 2. Chapter 3 includes the details of
the materials and methods adopted in the present study. Details of the cloning, expression,
purification of cutinase, optimization of medium components in shake flask, characterization
and applications of cutinase from T. fusca NRRL B-8184 are presented in this chapter. It also
provides technical information about the analytical methods adopted in the present work.
Chapter 4 contains the results and discussion, where the results of recombinant cutinase
construction, purification, optimization of medium components for higher cutinase
production, biochemical, biophysical and structural characterization, and applications of
cutinases from T. fusca NRRL B-8184 are presented and thoroughly discussed. The chapter
also emphasizes on some esterification and transesterification reactions catalyzed by cutinases
from T. fusca NRRL B-8184. Chapter 5 draws summary and appropriate conclusions based
on the previous results and discussion. This chapter also provides some useful

recommendations to carry out further work in this field.
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CHAPTER 2
ReviEw oF LITERATURE

2.1 Cutinase: an overview

Cutinase (EC 3.1.1.74) is one of the members of serine hydrolase superfamily and belongs to
o/B hydrolase fold family (Jelsch et al., 1998; Longhi et al., 1997b; Martinez et al., 1992) that
degrade cutin, the cuticular polymer of higher plants, which is a polyester composed of
hydroxy and epoxy fatty acids (Purdy and Kolattukudy, 1975). Cutin is one of the
components of the cuticle composed of an insoluble polymer built mainly from esterified C16
and C18 hydroxy and epoxy fatty acids embedded in a layer of waxy material of cuticle (Fig.
2.1) (Fauth et al., 1998; Purdy and Kolattukudy, 1975). Ester bonds predominate in cutin,
although presence of peroxide bridges and ether linkages has also been reported. The structure
of the cutin and the waxes largely determine the physical and chemical properties of the plant
cuticle, which plays an important role in the interaction between the plant and its environment
(Watson and Kolattukudy, 1972). The cuticle present in various parts of plant acts as a
protective layer to prevent desiccation and microbial and insect attack (Fett et al., 1992a). The
enzymatic hydrolysis of cutin is one of the first steps of most of the infections. Cutinase aid
the fungal pathogens to penetrate into their hosts by disrupting the cuticle layer (Kolattukudy,
1985; Kolattukudy et al., 1995; Kolattukudy 1992; Kdéller et al., 1991; Kdoller et al., 1995;
Koller and Kolattukudy, 1982; Koller et al., 1982; Koller and Yao, 1996). Cutin monomers

generated by the action of fungal cutinase were shown to act as signals for fungal gene
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activation (Kolattukudy et al., 1995) and also to contribute to induction of fungal appressoria

(Francis et al., 1996; Gilbert et al., 1996).
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Fig. 2.1 Typical plant leaf cuticle (A) and structure of cutin (B) (adopted from Purves et al.,
1995 and Kolattukudy, 1981)

Some of the studies also showed the release of other cutinolytic esterases from germinating
spores of several plant pathogens (Deising et al., 1992; Fan and Koller, 1998; Francis et al.,
1996; Kaoller et al., 1982; Nicholson and Kunoh, 1995; Pascholati et al., 1993; Yao and
Koller, 1995), and their involvement in surface penetration (Koéller et al., 1995; Koller and
Yao, 1996) or in the attachment of spores to host surfaces (Nicholson and Kunoh, 1995). In
most of the cases, phyto-pathogenic fungi species are known to produce cutinase (Fett et al.,
1992; Fett et al., 1999, Fett et al., 2000; Macedo and Pio, 2005; Ferreira et al., 2004)
nevertheless, in the past decade several bacterial sources also been reported (Chen et al.,
2008; Chen et al., 2010; Fett et al., 1992a, 1992b; Sebastian and Kolattukudy, 1988). There
are also reports that some of the plant pollen produces cutinase like enzymes (Maiti et al.,

1979).

14
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2.2 Thermobifida fusca: an overview

Thermobifida fusca (formerly known as Thermomonospora fusca) is an aerobic, moderately
thermophilic, filamentous soil bacterium that is a major degrader of plant cell walls in heated
organic materials, such as compost heaps, rotting hay, manure piles, or mushroom growth
medium (Bachmann et al., 1999). Its extracellular glycoside hydrolases (cellulases and
xylanases) have been studied extensively because of their thermostability, broad pH range (4
to 10), and high activity. It appears to degrade all major plant cell wall polymers except lignin
and pectin and can grow on most simple sugars and carboxylic acids. It belongs to the phylum
of Actinobacteria and was first isolated from decaying wood (Bellamy and Wilson, 1977).
Apart from cutinase, T. fusca has been the source organism for isolating and studying multiple
secreted cellulases and other carbohydrate-degrading enzymes (Ghangas and Wilson, 1988;
Hu and Wilson, 1989). A recent genome sequence analysis by Lykidis et al., (2006) showed
that T. fusca has a single circular chromosome of 3,642,249 bp predicted to encode 3,117
proteins and 65 RNA species with a coding density of 85%. Genome analysis revealed the
existence of 29 putative glycoside hydrolases in addition to the previously identified
cellulases and xylanases. The analysis of proteome revealed an increased content of charged
(Asp, Glu, Lys and Arg) versus polar (Asn, Gln and Thr) residues: This is common feature of
organisms with optimum growth temperature higher than 55°C, thus making it one of the
important sources of organisms for various industrial enzymes (Suhre and Claverie, 2003).

Several strains belonging to various Thermobifida species have been tested for their ability to
hydrolyse the insoluble plant polyester cutin (Fett et al., 1999). Recently, two cutin
hydrolyzing enzymes were reported from T. fusca (Chen et al., 2008) with superior

thermostability, active in broad range of pH, organic solvent, and surfactant tolerance and
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active on various synthetic substrates. There are also reports on production of T. fusca
cutinase in wild type and recombinant organisms by shake flask, batch and fed-batch
cultivation strategy (Chen et al., 2011; He et al., 2008; 2009; Su et al., 2012; 2013) and
evaluation of cutinase as a biocatalyst in several applications such as cotton scouring and
polymer degradation (Acero et al., 2011; Baker et al., 2012; Eberl et al., 2009; Heumann et
al., 2006; Zhang et al., 2010). Table 2.1 summarizes some of the industrially important

enzymes identified in T. fusca strain Y X (Lykidis et al., 2006).

Table 2.1 Summary of hydrolytic enzymes identified in T. fusca strain YX (modified from
Lykidis et al., 2006)

Locus : ¥ A
Signal tag Family Enzyme description Binding module
Tfu0082 CE 1 Acetyl xylan esterase

Tfu2473 CE 9 6P-NAG deacetylase/6P-NAGal
- deacetylase

Tfu2990 CE_3 Acetyl xylan esterase Cellulose, CBM2 LBP

TFU2788 CE 4 Acetyl xylan esterase/chitin Cellulose, CBM2
- deacetylase

Tfu0584 | GH_13 Amylase

Tful345 | GH_15 Amylase/dextranase

Tful6l3 | GH_31 Amylase/isomaltase

Tfu0582 | GH_13 Amylase/pullulanase

Tfu0833 | GH_13 Amylase/pullulanase

Tfu0985 | GH_13 Amylase/pullulanase Starch, CBM20
Amylomaltase or 4-

TIu2205 | GH quZanotransferase

Tfu2712 GH 5 Cellulase Cellulose, CBM3

Tfu2176 GH_ 9 Cellulase (E4) Cellulose, CBM2, CBM3

Tfu0580 | GH_18 Chitinase

Tful2l3 | GH_ 11 Endo 1,4-B-D-xylanase Cellulose, CBM2

Tfu0901 GH_ 5 Endocellulase (E5) Cellulose, CBM2

Tfu0868 | GH_18 Exochitinase

Tfuleld | GH_ 95 Fucosidase

Tfu0915 GH_2 Galactosidase

Tfulelds | GH_42 Galactosidase
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Locus

Signal tag Family Enzyme description Binding module
Tfu0084 | CE_14 GIcNAc-PI deacetylase
Tfu2130 | GH_81 Glucanase
Tful629 GH_1 Glucosidase/galactosidase
Glucuronidase/galactosidase/
Tfu2768 | GH_4 glucosig e
Tfu2594 | GH_23 Lysozyme
Tfu2168 PL 1 Pectate-lyase (EC 4.2.2.2)
Tfu2009 Rhamnogalacturonan lyase Cellulose, CBM2
Tfu3044 | GH_65 | Trehalase/maltose phosphorylase
Tfu0882 Triacylglycerol lipase/cutinase
Tfu0883 Triacylglycerol lipase/cutinase
Tfu2923 | GH_10 Xylanase Cellulose, CBM2

Tful6l6 | GH 43 Xylanase/galactan galactosidase
Tful612 | GH_74 Xyloglucanase, endo-f-1,4-

Cellulose, CBM2

glucanase

Tful607 GH_3 | Xylosidase/acetylhexosaminidase B-1,3-Glucan, CBM6
Tful627 GH_ 9 B-1,4-Endoglucanase (E1) S;:;?}I’oé%?\;nz?rggo&j
Tful074 GH_ 6 B-1,4-Endoglucanase (E2) Cellulose, CBM2
Tfu0620 GH_6 B-1,4-Exocellulase (E3) Cellulose, CBM2
Tful959 | GH_48 B-1,4-Exocellulase (E6-celF) Cellulose, CBM2
Tfu0937 GH_1 B-Glucosidase/cellobiase

Tfu0900 GH_ 5 B-Mannanase (EC 3.2.1.78) Cellulose, CBM2

2.3 Cutinases, lipases and esterases: an overview

Hydrolases are the class of enzyme that shows very wide substrate specificity. They can
hydrolyse esters, amides, glycosides, peptides, ketonic substrates and halides. This versatile
nature of the hydrolases made them one of the eminent industrial enzymes today. Esterases,
lipases and cutinases are the group of biotechnologically important enzymes which share
many structural properties as well as substrates in common. For instance, the enzymes which
show esterase activity are also able to hydrolyse non-ester bonds, which raise an interesting

argument on the terminology and classification of these enzymes (Junge and Kirsch, 1973).
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Previously, this group of enzymes was classified according to their known substrate
specificity. For example, esterases are group of enzyme that hydrolyses ester linkages in the
presence of a water molecule. Generally, an esterase is specific for either the alcohol or the
acid moiety of the substrate, but not for both (Fojan, 2000). A classification scheme proposed
by Whitaker (1972), for esterases was based on their specificity for the acid moiety of the
substrate, such as the carboxylic esterases which catalyses the hydrolysis of carboxylic acid
esters. There are several categories present in esterases group viz., carboxyl esterases, aryl
esterases, acetyl esterases, cholin esterases and cholesterol esterases, which catalyses the
hydrolysis of carboxylic acid ester, aryl acid ester, acetyl esters and cholesterol esters,
respectively. On the other hand, lipases also belong to this group of hydrolytic enzymes.
These enzymes were classified on the basis either of their substrate specificity or place of
enzymatic action (Carriere et al., 1998). In general, it was observed that esterases
preferentially hydrolyse ester bonds of shorter chain fatty acids, whereas lipases display their
activity towards long chain fatty acid esters. It appears that one of the key factors contributing
towards the substrate specificity is the physical state of the substrate. Long-chain fatty acids
are poorly soluble (emulsions) or insoluble thus, the lipase has capacity to identify an
insoluble or densely aggregated substrate in their emulsions. Since, lipases are active towards
aggregated substrates; lipase activity is directly correlated with the total substrate area and not
with the substrate concentration (Verger, 1998). Esterase activity is found to be highest
towards more water soluble substrates. Numerous esterases and lipases have been studied
over the last decades. X-ray crystallographic, as well as NMR studies have provided
information at the atomic level about the 3D-structure of these proteins. The growing

knowledge of protein 3D-structures has prompted an attempt to classify proteins according to
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their fold. Hydrolases are found in the o/p fold group, also called the o/ hydrolase fold
(Scharg and Cygler, 1997). All lipases as well as the majority of the esterases share this fold.
The triacylglycerol lipases contain all fungal, bacterial and pancreatic lipases. On the other
hand, the esterases are split into groups such as the cutinase group, acetylcholine esterase
group, all having an o/p hydrolase fold. The lid-like structure that many lipases display has
triggered the formulation of mechanistic models involving lid-motion (Derewenda et al.,
1992). The putative spatial movement of the lid, associated with catalysis will expose
hydrophobic patches, which in the closed lid conformation are solvent inaccessible. This
phenomenon of increase in activity at the lipid-water interface due to spatial movement of lid
is known as an interfacial activation. Nevertheless, esterases (and a few lipases) do not
display a lid structure, thus they are active on soluble substrates in aqueous media. Besides
the above mentioned esterases, and lipases, the third class of enzymes is cutinase which
shows no significant structural rearrangements upon binding to a substrate analogue,
representing an important feature of cutinase, which is probably shared only by Candida
antarctica lipase B (Longhi et al., 1996). In contrast to the lipases, activity of which is greatly
enhanced in presence of a lipid—water interface, cutinases do not display or display little
interfacial activation, being active on both soluble and emulsified triglycerides (Verger and
Haas, 1976). Thus, sometimes cutinases are referred as connecting link between lipase and

esterase.

2.4 Cutinase sources and production

Several fungal, bacterial and some plant sources have been reported to produce cutinase (Fett

et al., 1992a; Fett et al., 1992b; Fett et al., 1999: Fett et al., 2000; Kim et al., 2003; Lin and
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Kolattukudy, 1980; Maiti et al., 1979; Purdy and Kolattukudy, 1975; Pio and Macedo, 2007;
Sebastian and Kolattukudy, 1988; Sebastian et al., 1987). However, the main problems with
the plant sources are that the cultivation, maintenance and isolation of enzyme in large scale
are much more complicated than microbes. Table 2.2 summarizes the various organisms
producing cutinases and Fig. 2.2 shows the phylogenetic relationship of some of the cutinase

producing organisms generated based on the 18S ribosomal RNA.

Table 2.2 Cutinase Producing micro-organisms

Source Genus Species Reference
Corynebacterium sp., Sebastian et al., 1987
aeruginosa Fett et al., 1992b
cepacia Sebastian et al., 1987, Dutta et al.,
2013
Pseudomonas mendocina Kim et al., 2003
pseudoalcaligenes | Fett et al., 1992b
putida Sebastian and Kolattukudy, 1988
Bacteria th/r::;ltg(])ae oy Bashan et al., 1985
W badigs F(_att etal., 1992a
Scabies Lin and Kolattukudy, 1980
Thermoactinomyces vulgaris Fett et al., 2000
alba Ribitsch et al., 2011
Thermobifida cellulolysitica Acero et al., 2011
fusca Chen et al., 2008; Fett et al., 1999
Thermomonospora acidiscabies Fett et al., 1992a
Alternaria brassicicola Trail and Koller, 1993
Ascochyta rabiei Tenhaken et al., 1997
Aspergillus nidulans D_enise Castro-Ochoa et. Al., 2011
oryzae Liu et al., 2009
Fungi Botryotinia fuckeliana g;olggro et al., 1999; Skamnioti et al.,
Botrytis cinerea van der Vlugt-Bergmans et al., 1997
gloeosporioides Chen et al., 2007
Colletotrichum kahawae Chen et al., 2007
lindemuthianum Rispoli and Shah, 2008
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Source Genus Species Reference
Coprinopsis cinerea Kontkanen et al., 2009
Emericella nidulans Skamnioti et al., 2008

graminearum Ettinger et al., 1987

. oxysporium Pio and Macedo, 2007

Fusarium -

roseum culmorum | Soliday and Kolattukudy, 1976

Solani pisi Purdy and Kolattukudy, 1975
Gibberella Zeae Skamnioti et al., 2008
Glomerella cingulata Nyon et al., 2009
Humicula insolens Ronkvist et al., 2009
Magnaporthe grisea Skamnioti et al., 2008
Monilinia fructicola Wang et al., 2002
Penicillium citrinum Liebminger et al., 2007
Rhizoctonia solani Parker and Koller, 1998
Trichoderma harzianum T34 Rubio et al., 2008
Venturia inaequalis Trail and Koller, 1990

Pollen Arabdopsis thaliana Tak_a_hashi etal., 2010
Tropaeolum majus Maiti et al.,1979

Veast cryptococcus spp. Masaki et al., 2005
Neurospora crassa Skamnioti et al., 2008

2.4.1 Cutinase production in wild type organisms

There are many cutinase producing fungi and bacteria isolated and screened till date (Table

2.2). However, only few of them are studied further in context of production, characterization

and applications. As per production in wild strain is concerned, microbial cutinases are

generally produced by submerged culture (Fett et al., 1992; Fett et al., 1999; Fett et al., 2000;

Ferreira et al., 2004; Macedo and Pio, 2005) albeit, solid state fermentation has also been

reported (Macedo and Fraga, 2007). The production of wild type cutinase is influenced by

several factors which include the type and concentration of carbon and nitrogen sources,

culture pH and temperature, and dissolved oxygen concentration (Du et al., 2007). It was also

reported that cutin can be used as a carbon source and/or an inducer for achieving high level
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of cutinase yield (Fett et al., 1992; Fett et al., 1999; Fett et al., 2000; Lin and Kolattukudy,

1978).

S.scabiei ATCC49173
S.acidiscabies ATCC49003
S.badius NERLBE—2567
S.viridis 5—71-2

T fusca YX

T fusca ATCC27730

T vulgaris ATCC43649
r P.mendocina PNS—04
- P.putida S716

- P.aeruginosa MTHS

B.cepacia ATCC25476
B.cepacia LMGT1222

B.cepacia ATCCT17460

P.putida WRFE
I-M. fructicola AFTOL-ID

LV inaequalis CBS594.70
F.oxysporum 115HT
F.solani PDBCNPFu25
Clagenarium NW693
M.grisea M60

B. fuckeliana 0609ALTEZF 7

Aoryzae SP6

C.cinerea Gr159

A. brassticicola

Fig. 2.2 Phylogenetic relationship of the cutinase producing organisms. The phylogenetic tree
was constructed using UPGMA method on online construction tool from ExXPASy online
server (http://www.expasy.org/phylogeny_evolution).

Lin and Kolattukudy (1978) reported that cutin hydrolysate induces the secretion of an

extracellular cutinase by F. solani f. sp. pisi. They observed that the rate of cutinase
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production depends on the amount of cutin hydrolysate added to the medium containing
glucose and saturation was achieved at 80 pug mL? of cutin. Glucose was found to be a
repressor for the production of cutinase. The production of cutinase was induced by cutin
hydrolysate and exogenous labeled phenylalanine was found to be incorporated into cutinase.
The study also shown that the induction of cutinase by cutin hydrolysate was not inhibited by
actinomycin D and stimulated (=100%) by cordycepin. Lin and Kolattukudy (1978) reported
that extracellular cutinase production induced by cutin hydrolysate was a cycloheximide-
sensitive process. Experiments with derivatives and analogues of w-hydroxy C16 acid
indicated that the free hydroxyl group at the w-position was the most important factor for
induction of cutinase activity. n-Aliphatic primary alcohols with 14 or more carbon atoms
have displayed induction of cutinase, among which n-C16 was found to be the most effective
inducer (Lin and Kolattukudy, 1978). These results are in the favor of the fact that cutin
monomers act as a chemical signal, which induces extracellular cutinase production. Studies
have been conducted on the production of cutinase with other substrates (viz., olive oil, soy
oil, sunflower oil and palm oil) besides cutin (Pio and Macedo, 2007). A high level of
enzymatic activity (from 11 to 22.68 uMol min mL?) was observed by Pio and Macedo
(2007) after 48 h of fermentation from F. oxysporium using flaxseed oil as a carbon source.
This flaxseed oil is a low cost carbon source as compared to cutin. Rispoli and Shah (2007)
observed that the KoHPO4 had a positive influence on the production of cutinase by C.
lindemuthianum and MgSO4 had a minimal effect on the production of cutinase. Due to
change in the chemical activity of a particular chemical species like substrate concentration in
the neighborhood of a microbial cell may cause any given physiological variable of the cell

like specific growth rate to increase, to decrease, to fluctuate, or to show no apparent change.
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When the concentration of substrate is continuously varied from low to high values in an
aqueous media of microbes, several patterns of dependence of physiological variables may be
observed. At very low concentrations, the effect was negligible on gross measures of
metabolic activity, such as specific growth rate, respiration rate, rate of protein synthesis, etc.
If the nutrient is essential for growth or the production of enzyme of interest, the initial value
of the physiological parameter at very low concentrations may be zero or even negative if it
represents a rate function. By increasing concentration of that nutrient, the physiological
parameter (growth or enzyme production) will increase due to stimulation of the metabolism
of the micro-organisms. Finally, a concentration of the nutrient is reached at which further
increase in concentrations do not increase the physiological parameter. This occurs at this
stage due to either there is limited supply of some other environmental factor or cells
themselves have reached their own limit for the present culture conditions. Further increasing
the concentration of the chosen nutrient or substrate will eventually cause decrease (the
nutrient or substrate inhibition) in physiological parameter. This type of microbial behavior
has vital role in the metabolic activities of microorganisms in industrial fermentation,
biological waste treatment processes, infected plants or animals, and in other parts of the
biosphere. In this case, reliable and tractable mathematical models relating the physiological
state of microorganism to the state of its surroundings facilitates the analysis of such
processes. So, there are several models reported to analyze the relation between specific
growth rate and substrate concentrations. Among these, some models have focused either on
the stimulatory range of concentrations or on inhibitory concentrations or analyze both

stimulatory and inhibitory domains of substrate action.
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2.4.2 Cutinase production in recombinant organisms

In order to obtain an efficient and low cost production, several methods have been assessed
for the production of cutinases in recombinant systems from various sources, such as E. coli,
S. cerevisiae and P. pastoris.

High level production of recombinant cutinase from F. solani f. pisi was reported in E. coli
WKG6 (Lauwereys et al., 1991) and P. pastoris (Kwon et al., 2009). Cultivation of
recombinant S. cerevisiae SU50 for the production of cutinase in batch, fed batch and
continuous culture was studied by Ferreira et al., (2004). They found that the fed batch
cultivation gives higher productivity and effective purification compared to other strategies
when fed with glucose and galactose. A F. solani f. pisi cDNA library containing the cutinase
gene was also expressed behind the signal peptide, alkaline phosphatase (phoA) in order to
direct the cutinase to the periplasm region in E. coli WK6 host (Lauwereys et al., 1991).
Backlund et al., (2008) used E. coli K12 strain 0:17 to express a cutinase from F. solani pisi
cloned into a high copy number plasmid pK4ZZ having OmpA signal peptide. They
investigated how the specific feed rate of glucose during fed batch cultivation can be used to
influence the cell physiology which leads to the retention of selected periplasmic products.
The study showed that an increased feed rate led to a higher production rate but also to an
increased specific leakage, which reduced the periplasmic retention. Sagt et al., (1998)
achieved the yield of 25 mg per g (DCW) by fed batch fermentation for the F. solani cutinase
expressed in S. cerevisiae under control of the GAL7 promoter. An efficient production
system for F. solani f. pisi cutinase in S. cerevisiae was developed, and point mutations were
introduced into the cutinase gene to optimize lipase activity (Sagt and Verrips, 1995). The

original signal peptide was replaced by a yeast B-D-fructofuranosidase peptide, and the gene
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was cloned in a MIRY plasmid containing the Pgal7 promoter (Longhi et al., 1996; Sagt and
Verrips, 1995). The transformant was grown in a fed-batch culture and extracellular cutinase
was accumulated in the fermentation medium. Other studies on cloning of the cutinase gene
from F. solani f. pisi have also been reported in a Charon 35 vector (Soliday et al., 1989).
Further, studies involving Aspergillus strains and S. cerevisiae harboring other plasmids have
also been reported. A cDNA from F. solani f. sp. Pisi cutinase was cloned and expressed in S.
cerevisiae SU50 and A. awamori using expression vector pUR7320 and pUR7382 (van
Gemeren et al., 1995). The efficiencies of secretion of the wild-type (CYO000) and
hydrophobic mutant (CY028) cutinase (created by site directed mutagenesis) by the S.
cerevisiae strain SU50 were compared. The CY000 strain secreted up to 25 mg cutinase g
(dry weight), whereas CY028 secreted only 2 mg g*. Pulse-chase experiments were showed
that the introduction of two exposed hydrophobic patches in cutinase resulted in higher
immunoaffinity with immunoglobulin (lIg) heavy-chain binding protein (BiP), which could
cause the retention of cutinase in the endoplasmic reticulum of the CY028 mutant (Sagt et al.,
1998). A. japonicus strains have also been used as host cells, with these containing a
recombinant DNA sequence encoding cutinase operably linked to a fungal promoter (Berka et
al., 1995). A cutinase cDNA synthetic derivative was expressed in A. awamori AW4-20 using
an Awamori endoxylanase Il (ex1A) gene promoter and terminator. Fusions of the cutinase
gene to the endoxylanase Il promoter with four different pre—pro- or pre-sequences were
constructed from synthetic oligonucleotides. The multicopy strains showed a 6- to 12-fold-
increase in production of extracellular cutinase relative to the single-copy strains (van
Gemeren et al., 1995; van Gemeren et al., 1996). Recently, Chen et al., (2008) expressed

genes encoding the mature forms of Tfu 0882 and Tfu 0883 within vector pET20b(+)
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expression, containing a C-terminal (His)e tag and signal peptide PelB, which allows the
heterologously expressed proteins to be secreted. The pNPB hydrolyzing activity in the
culture supernatant of transformed E. coli cells harboring plasmid pET20b-Tfu 0883 was 180
units mL?, which was 9.5-fold higher than that of cutin-induced T. fusca cells and E. coli
cells harboring pET20b-Tfu 0882 plasmid was 69 units mL™, which was 3.6-fold higher than
that of cutin-induced T. fusca cells. In another work (Chen et al., 2011), glycine and sodium
taurodeoxycholate (TDOC) were used to increase the secretion of recombinant T. fusca
cutinase expressed in E. coli BL21 (DE3). The study showed that supplementation of 100 mM
glycine and 1 mM TDOC in the TB medium remarkably decreased the periplasmic storage of
recombinant cutinase and the activity in the culture medium reached to 146 and 149 U mL™
after 54 h of culturing, respectively. The influence of number of signal peptide cleavage site
on extracellular production of recombinant cutinase was also studied for recombinant cutinase
from T. fusca (Chen et al., 2011). In their study, recombinant E. coli that expressed precursor
recombinant cutinase in pET vector with one and two signal peptide cleavage sites were
constructed and expressed. The investigation showed that the increase of signal peptide
cleavage site can improve the extracellular production of recombinant cutinase in E. coli. Su
et al., (2012) also have worked towards the extracellular secretion of recombinant cutinase
Tfu 0883 from T. fusca in E. coli BL 21 (DE3). In the study, T. fusca cutinase was fused with
the specific signal peptide of a-hemolysin secretion system and expressed in E. coli BL21
(DEJ). In addition, HlIyB and HIyD, strain-specific translocation components of a-hemolysin
secretion system were co-expressed to facilitate the enzyme expression. The result showed

that the cultivation of this engineered cells had an extracellular secretion of 334 U mL™,
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which was 2.5 times higher than that of type Il secretion system routinely used in E. coli

BL21 (DE3) expression system.

2.5 Purification of cutinases

The purification of cutinases from wild type microbial sources have involved separation of
the culture from the fermentation broth, selective concentration by precipitation using
ammonium sulfate or organic solvents such as chilled acetone. The crude enzyme is then
subjected to chromatography (usually affinity, ion exchange and/or gel filtration). A number
of reports are available on the purification of cutinases from a range of microorganisms
(Almeida et al., 1998; Chen et al., 2007; Du et al., 2007; Sebastian and Kolattukudy, 1988)
using various purification techniques (Fig. 2.3). The recent advances in recombinant DNA
technology and the use of affinity tags have proven a very efficient and economically feasible

technique for purifying an enzyme.

Affinity chromatography

Extraction by rotating disk contactor

Gel filtration chromatography

Ion exchange chromatography

Purification by aqueous two-phase system

Purification by AOT reversed micelles

Purification by liquid-liquid extraction method

Purification by thermo-separating copolymers

I P R K
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Fig. 2.3 Strategies employed for purification of cutinases
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The compounds such as 3-n-octylthio-1,1,1-trifluoro-2-propanone (OTFP) (Abdel-Aal et al.,
1985), 8-mercapto-1,1,1-trifluoro-2-octanone (MTFO) (Abdel-Aal et al., 1986) and 3-(4-
mercaptobutylthio)-1,1,1-trifluoro-2-propanone (MBTFP) (Shiotsuki et al., 1994) have been
used as affinity ligands to purify juvenile hormone esterases from several insect species. Due
to the small difference in the Iso of OTFP and MBTFP (Shiotsuki et al., 1994) for Monolinia
fructicola cutinase, OTFP was chosen to elute the affinity column (Wang et al., 2000).
Another compound of interest in view of affinity chromatography for cutinase purification is
Trifluoromethyl ketones (TFK) (Wang et al., 2000). This is due to their similarity with the
transition state of ester hydrolysis by forming a hemiketal link with the serine at the enzyme’s
active site.

Cutinase can also be purified by aqueous two-phase system, depending on its partition
coefficient in the two phases. Almeida et al., (1998) have reported that the efficient and
inexpensive cutinase purification could be achieved in PEG-starch derivatives ATPSs
(aqueous two-phase systems). They showed that the concentration and type of salts have
significant effect on the cutinase partition behaviors. In the absence of salts, the purification
of cutinase was found to be inefficient in PEG-HPS (polyethylene glycol-hydroxypropyl
starch) systems. Partition behavior seems to be influenced minimally by changing PEG
average molecular mass (from 1000 to 8000). Liquid—liquid extraction of proteins using
reversed micelles is a very simple procedure to isolate and purify lipases. In the first step,
proteins are microencapsulated into the water pool of the surfactant aggregates. Then, the
solubilized proteins are back extracted into a new aqueous phase. The extraction and back
extraction of pure cutinase was established by Carneiro-da-Cunha et al., (1996b) using the

anionic surfactant, AOT, in isooctane for F. solani cutinase. The amount of cutinase that can
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be solubilized in the reverse micelles is strongly dependent on the pH, the maximum obtained
for pH 7.2 (97% cutinase solubilization), which is probably related to the isoelectric point
(p!). However, pH 9 was the value selected for use in further extraction, due to the higher
activities displayed by the enzyme at this pH value. Cutinase has been recovered from the
reverse micellar phase into a 50 mM Tris-HCI-buffered solution at pH 9 with 100 mM KCI at
20°C. The extraction of cutinase directly from the fermentation medium and from suspended
cells by the use of AOT reversed micelles also suggests that the extractant plays an important
role in the recovery of the intracellular cutinase, probably due to cell disruption caused by the
surfactant. The application of the AOT reversed micellar system to the extraction of cutinase
allowed activity yields in the range of 5% to 50% with purification factors varying from 1.2 to
10.2 from fermentation medium to protein solution after removal of cell debris. Extraction
columns with rotary motion, like the perforated rotating disk contactor, allow continuous
extraction and are alternatives to the conventional liquid—liquid extraction equipment. The
main advantage of this system is the higher mass transfer rate that leads to higher separation
efficiencies. This system was applied successfully to the extraction of a pure cutinase solution
from disrupted E. coli cells. The optimal conditions for the direct extraction of the enzyme
from media containing cell debris led to an extraction yield of 54.4% (Carneiro-da-Cunha et
al., 1994a; Carneiro-da-Cunha et al., 1996a). A single-step process for the recovery and
partial purification of cutinase from E. coli cell debris, using an ATPS of 25% w/w PEG-1000
and 10% w/w sodium phosphate (pH 4.8), was developed to replace osmotic shock and acid
precipitation (Sebastiao et al., 1997). The yield and purification degree obtained were 91%
and 4.1, respectively that corresponds to an increase of 14% in yield. Moreover, the ATPS

separation process was completed in a few min (20 min), in comparison with the time-
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consuming, expensive multistep process. A model to predict the cutinase partition coefficients
in this biphasic system was developed by Sebastiao et al., (1997). This model accounts for
both charge-independent and electrostatic effects. The partition coefficients were
satisfactorily predicted in PEG-1000 and phosphate ATPS in the pH range of 6.0 to 9.0. More
recently, the recovery of cutinase has been performed with alternative thermo-separating
copolymers, namely ethylene oxide (EO) and propylene oxide (PO). These polymer solutions
demix into two macroscopic phases when heated above a certain temperature. One of the
phases is enriched in the polymer and the other is depleted. The EOPO copolymers can form
two-phase systems with other polymers, like Reppal or dextran, and salts, suitable for
extraction of enzymes. One of the main advantages of using these polymers in ATPS is the
possibility of heating the EOPO-rich phase above the cloud-point temperature, enabling both
polymer recycling and its removal from the target product solution (Cunnah et al., 1998).
Merz et al., (2009) purified cutinase from Coprinopsis cinerea by foam fractionation method.
They recovered esterase type enzymes from culture supernatants of C. cinerea. Beside the
preservation of the enzymatic activity, no solvents or other substances, which have to be
separated in additional work-up steps, had to be added during the foam fractionation process.
Further advantages of foam fractionation comprise its mechanical and operational simplicity
and therefore, low investment and operating costs. Optimization of various process
parameters, such as pH, gas flow rate velocity, temperature and the foaming period, offers the
potential to adapt the foaming process to various enzyme sources and matrices. Taken
together, foam fractionation is an ecologic and economic method with the potential to open
new alternatives for efficient and quick enzyme purification strategies. On the 70 mL scale,

Merz et al., (2009) observed that the recovery of activity of 79% with an enrichment factor of
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10.5 at pH 7 and 20 mL air min! within 15 min. Another widely used technique for
purification of cutinase is ion-exchange chromatography. Chen et al., (2007) used a two-stage
chromatography process for purifying cutinases from Colletotrichum kahawae and
Colletotrichum gloeosporioides. They purified cutinases using a DEAE matrix (weak anionic
exchanger) at pH 8.5 as the first chromatographic step devoid of proteins with no NPBase (p-
Nitrophenyl butyrate) activity and also separated from the other 40 kDa proteins. An
additional chromatographic step using an SP matrix (strong cationic exchanger) bound
additional proteins with no activity to the matrix and allowed purification of cutinase to
electrophoretic homogeneity. Cutinases purified in this method should have a pl within the
range 7.5-8.5 so that they neither bound to DEAE at pH 8.5 nor to SP at pH 7.6. Sebastian
and Kolattukudy (1988) purified cutinase from the culture filtrate by acetone precipitation
followed by chromatography on DEAE-cellulose, QAE-Sephadex, Sepharose 6B, and
Sephadex G-100. The enzyme was found to be a monomer by SDS-PAGE and gel filtration of
the native enzyme obtained through a Sephadex G-100 column. Sebastian and Kolattukudy
(1988) could obtain 200 fold purified protein with 3% yield. Chen et al., (2007) purified
cutinases from C. kahawae and C. gloeosporioides in six steps and achieved purification fold
of 15.5 and 16.5, respectively. Gindro and Pezet (1999) purified cutinase from Botrytis cinera

in four steps with 2.9% yield and 66.5 purification fold.

2.6 Cutinase structure

To date, five cutinase crystal structures had been resolved, this includes F. solani, A. oryzae,
G. cingulate, Cryptococcus and recently, T. alba (Kitadokoro et al., 2012; Kodama et al.,

2009; Liu et al., 2009; Longhi et al., 1997; Martinez et al., 1992; Nyon et al., 2009).
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Fusarium solani f. pisi cutinase is a 196 amino acids enzyme with a molecular weight of 22
kDa. The three dimensional structure of F. solani f. pisi cutinase was solved at 1.6 A
resolution (Martinez et al., 1992) and the resolution was extended at 1.0 A (Jelsch et al.,
1998; Longhi et al., 1997). F. solani cutinase is a compact single domain molecule of
45x30x30 A3 in size. lts structure includes a slightly twisted five-parallel-stranded B-sheet
covered by four helices on either side of the sheet (Fig. 2.4 A). Two flexible loops including
residues 80-87 and 180-187 with hydrophobic amino acids constitute the binding site of
cutinase with catalytic triad Ser120, Aspl75, and His188, accessible to the solvent. The
stretch Gly-Tyr-Ser-GIn-Gly containing the active site Ser120 has even stronger homology
with the consensus sequence Gly-(Tyr or His)-Ser-X-Gly commonly present in lipases. Two
disulfide bridges exist in cutinase: one between Cys31 and Cys109 that helps to the
stabilization of the global molecular folding and the other between Cys171 and Cys178.
Reduction of the disulfide bridges results in complete inactivation of the enzyme. The above
mentioned loops 80-87 and 180-188, bearing hydrophobic amino acids (Leu81, Gly82, Ala85,
Leu86, Pro87, Leul82, lleul83 and Vall84), may constitute the interfacial binding site
(Martinez et al., 1992). Despite the existence of two side chain bridges of amino acids Leu81
and Vall84, and Leul82 and Asn84, the catalytic serine of cutinase is not buried under
surface loops, but is accessible to solvent and substrate.

Cutinases differ from classical lipases, as they do not exhibit interfacial activation. The
absence of a flap, masking the active-site serine, as in other lipases, probably explains why
cutinase is not activated by the presence of interfaces. The binding of cutinase to interfaces
seems not to require a main-chain rearrangement, as in the case of lipases, but only the

reorientation of few lipophilic side chains, for example Leu81 and Leul82, that play the role
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of a ‘mini’ flap. Another important feature on cutinase structure that differ from lipase is that
the oxyanion hole is pre-formed in cutinase instead of being induced by ligand binding and
seems to be stabilized by cutinase Ser42 side chain (Nicolas et al., 1996).

The crystal structure of A. oryzae resolved at 1.75 A (Liu et al., 2009) revealed that it is a
monomeric protein with an o/f fold hallmarked by a central p-sheet of 5 parallel strands
surrounded by 10 o-helices. As a member of the o/p hydrolases, this enzyme possesses an
active site composed of the catalytic triad residues Ser126, Asp181, and His194 (Fig. 2.4 B).
The catalytic site is surrounded by the two hydrophobic surfaces composed of residues 87-93
within helix 3, and residues 186-194 that represents the loop between helices 9 and 10 as well
as the first 3 residues of the latter. A. oryzae cutinase bears an oxyanion hole composed of
Ser48 and GInl127 backbone amides that are critical in polarizing the ester bond of the
substrate and stabilizing the transition state of the formed substrate oxyanion (Fig. 2.4 B). The
A. oryzae structure contains a unique disulfide bond between Cys63 and Cys76 that ties helix
2 to strand 2 of the central B-sheet. This disulfide bond has not been previously reported for
any cutinase or hydrolase structures (Liu et al., 2009). The other two disulfide bonds, Cys37-
Cys115 connecting the loop between helix 1 and strand 1 with the loop between helix 4 and
strand 3 and Cys177-Cys184 linking the loop following strand 5 to helix 9, are well-
conserved in cutinase structures, including that from F. solani. Sequence analysis suggests
that this disulfide bond is unique for the cutinases from the Aspergillus family (sharing
sequence identity of 50-77% with A. oryzae) and a few other filamentous fungi, such as
Neosartorya fischeri (53% sequence identity) and E. nidulans (52% sequence identity). The
cutinases from F. Solani and G. cingulata represent another group of filamentous fungi that

do not have this special disulfide bond, although they share about 50% sequence identity with
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the A. oryzae enzyme (Liu et al., 2009). Upon overlay, the A. oryzae and F. solani structures
have a similar fold with an overall rms deviation of 1.02 A, main chain deviation of 0.87 A,
and Ca deviation of 0.84 A. However, comparison of the two sequences reveal that the A.
oryzea cutinase is shorter than that of F. solani as exhibited by smaller loops in the N and C-
terminal regions, the N-terminal region (residues Thr26 to Asp30), the loops in between helix
1 and strand 1 (residues Gly35 to Pro49), as well as helix 2 and strand 2 (residues Ser71 to
Asp73), helix 10 (residues Ser199 to Asp203), and C-terminal residues beyond helix 10 based
on the A. oryzae structure deviate significantly from that of F. solani structure (Liu et al.,
2009).

G. cingulata cutinase structure was solved at 1.9 A by Nyon et al., (2009). Analysis of these
structures reveals that it shares 50% fold and sequence identity with F. solani cutinase (Fig.
2.4 C). The catalytic triad (Ser136, Asp191, and His204) adopts an unusual configuration
with the putative essential His204 swung out of the active site into a position where it is
unable to participate in catalysis, with the imidazole ring 11 A away from its expected
position. Such a model implies that the 196-205 loop must undergo a significant
conformational rearrangement in order to form the active state of the enzyme.

Recently crystal structure of a cutinase (Est119) from T. alba AHK119 was determined at a
resolution of 1.76 A by Kitadokoro et al., (2012). Overall structure of Est119 displays a
typical o/p-hydrolase fold consisting of a central twisted B-sheet of nine B-strands that are
flanked by nine a-helices. Est119 adopts a three-layer o/ sandwich fold, the central -sheet
being flanked by the a-helices al, 02, a7, a8 and a9 on one side and a 3, 4, a5 and a 6 on
the other. Catalytic site consists of Ser169, His247 and Asp215, which is located on the loops

between the B-sheets and helices (Fig. 2.4 D). The oxyanion hole is formed by the main chain
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amides of Met170 and Tyr99. There is a disulfide bond present in the monomer (Cys280-
Cys298) in the C-terminal region. The overall secondary structure of Est119 is very similar to
that of S. exfoliatus lipase (SEL) (Kitadokoro et al., 2012) with highest Z-score of 46.2,
RMSD of only 0.7 A for 256 Co. atoms and 63% sequence identity.

The overall structural studies reviles that all the cutinases belong to the class of serine
esterases and to the super family of the a/pf hydrolases in which the nucleophilic serine is
located at the center of an extremely sharp turn between a B-strand and an a-helix. They have
one or more disulfide bridges among which one is essential for the catalytic activity. They
show catalytic machinery similar to those present in serine proteases. They are characterized
by the catalytic triad Ser, His, Asp residues, and by an oxyanion binding site that stabilizes
the transition state via hydrogen bonds with two main chain amide groups (Nicolas et al.,

1996).

2.7 Biochemical properties of cutinase

In order to optimize the enzyme performance under process conditions, to explore the
possibilities of catalytic efficiency on various substrates, to make an enzyme economically
more feasible and efficient and to enhance the shelf-life of the enzyme, the characteristics of a
purified enzyme must be studied very well. Characterization of an enzyme generally includes
studying the molecular properties, substrate specificity, physical and chemical parameters
influencing the catalysis (pH, temperature etc.), tolerance to various effectors such as

detergents, metal ions, inhibitors, organic solvents etc.
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Fig. 2.4 Structure of F. solani (A), A. oryzae (B), G. cingulata (C) and T. alba cutinase with
the helices, strands, and catalytic residues [Adopted from Longhi and Cambillau,
1999 (A) Liu et al., 2009 (B), Nyon et al., 2009 (C) and Kitadokoro et al., 2012 (D)]

2.7.1 Molecular properties

In general molecular weight of most of the fungal cutinase are reported to be around 20-26
kDa (Koller and Parker, 1989). Four different fungal cutinases were identified by Chen et al.,
(2007) out of which two were of 21 kDa and other two were of 40 kDa. The amino acid
compositions of fungal cutinases from five different strains were compared and discussed in
detail by Kollar and Parker (1989). The amino acid composition of bacterial cutinase has been
studied in detail by Sebastian et al., (1987) and was reported to be distinctly different from

that of fungal or plant cutinases. However, for any cutinase, this holds true that unlike most
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lipases; the catalytic serine is not buried under an amphipathic loop but is accessible to
solvent and substrate. This explains why cutinase does not require interfacial activation
(Carvalho et al., 1998a; Longhi et al., 1999). The cutinase isolated from P. putida and T.
fusca was found to be 30 kDa and 29 kDa molecular weight, respectively. The molecular
weight of cutinases isolated from F. solani pisi and C. kahawae were found to be 21 kDa and
22.1 kDa, respectively (Chen et al., 2007). Sebastian and Kolattukudy (1988) reported that
generally the molecular weight of bacterial cutinase lies between the molecular weight of
fungal cutinase (22 kDa) and pollen cutinase (40 kDa). Although fungal cutinase has been
extensively characterized, the molecular identity of bacterial cutinase has remained as a
mystery. Chen et al., (2008) discussed in their study, giving the evidence indicating Tfu 0882
and Tfu 0883 from the actinomycete T. fusca function as cutinases: (i) a 29-kDa protein was
secreted into the T. fusca culture upon cutin induction and exhibited cutinase activity (ii) N-
terminal amino acid sequencing of the 29-kDa protein matched two proteins, Tfu 0882 and
Tfu 0883, which are 93% identical in sequence; (iii) both Tfu 0882 and Tfu 0883 are able to
hydrolyse cutin, resulting in monomeric products typical of fungal cutinase. P. putida
cutinase was found to be 30 kDa (Sebastian and Kolattukudy, 1988), whereas P. cepacia
cutinase was reported to be of 26.25 kDa (Dutta et al., 2013). Table 2.3 summarizes the size
of cutinase enzyme of various fungal and bacterial sources.

Table 2.3 Cutinase and their molecular weight

Protein
Source Genus Species size Reference
(kDa)
cepacia 26.25 Dutta et al., 2013
Pseudomonas . Sebastian and
Bacteria putida 30 Kolattukudy, 1988
Thermobifida | fusca /22355* Chen et al., 2010
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Protein
Source Genus Species size Reference
(kDa)
alba 30 Thumarat et al., 2011
cellulolysitica 28.1 Ribitsch et al., 2012
. . Koschorreck et al.,
Alternaria brassicicola 24 2010
Ascochyta rabiei 22 Tenhaken et al., 1997
Aspergillus oryzae 20.6 Liu et al., 2009
Botryotinia fuckeliana 38.7 Skamnioti et al., 2008
. 1 L Kontkanen et al.,
Coprinopsis cinerea 18.8 2009
Emericella nidulans 30.1 Skamnioti et al., 2008
oxysporium 21.7 Rocha et al., 2008
i _ roseum culmorum 24.3 Soliday et al., 1976
Fungi Fusarium - 21.8/20.4 | Purdy and _
Solani pisi [ Ko_lattukudy, 1975;
Brissos et al., 2008
Gibberella zeae 36.4 Skamnioti et al., 2008
Glomerella cingulata 21 Nyon et al., 2009
Humicula insolens 20 Hunsen et al., 2007
Magnaporthe grisea 41.2 Skamnioti et al., 2008
Monilinia fructicola 22.2 Wang et al., 2002
Trichoderma harzianum T34 29 Rubio et al., 2008
Venturia inaequalis 21.7 Koeller et al., 1989
Pollen Arabdopsis thaliana 39.2 Takahashi et al., 2010
Yeast Neurospora crassa 39.2 Skamnioti et al., 2008

* Two cutinase genes, namely, Tfu 0882 (29.22 kDa) and Tfu 0883 (28.99 kDa) reported
** Two cutinase genes namely, Cutl (21.8) and Cut Il (20.4) was reported by Purdy and
Kolattukudy, 1975 and Brissos et al., 2008 reported a mutant variety to be of 22 kDa

2.7.2 Substrate specificity

In general, almost all type of cutinases showed a trend of increasing Km, and decreasing Vmax
as the chain length of acyl group increased (Sebastian and Kolattukudy, 1988). The bacterial
cutinase catalyses hydrolysis of p-nitrophenyl esters of C4 to C16 fatty acids. However, these
changes were not as large as those observed with some fungal cutinases. As the chain length

of the acyl moiety increased from C2 to C12, the Vmax of many fungal cutinases decreased
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from 200 to 1000-fold (Sebastian and Kolattukudy, 1988). Liu et al., (2009) studied the
kinetics of A. oryzae and F. solani cutinases on a set of model p-nitrophenyl ester
substrates: p-nitrophenyl acetate (pNPA), p-nitrophenyl butyrate (pNPB), p-nitrophenyl
valerate (pNPV), and p-nitrophenyl hexanoate (pNPH). The influence of chain length on
cutinase activity studied via Michaelis-Menten kinetics showed that the A. oryzae cutinase
demonstrated a preference for pNPV resulting in a Km of 0.04 uM, followed by pNPB and
PNPH with Km’s of 0.21 and 0.29 uM, respectively. The short pNPA chain yielded a >120-
fold higher Km of 4.96 uM. The highest catalytic efficiency was observed for pNPB and
PNPV with a Keat/Km of 3.49 and 3.32 pM* min™?, respectively. This was followed by pNPH
and PNPA with aket/Kmof 1.34 and 0.07 uM Imin™?, respectively. In contrast, F.
solani cutinase showed an overall preference for short chain substrate pNPA with a Kcat/Km of
2.53 uMt min followed by pNPV, pNPB, and pNPH, respectively. In another study,
substrate specificity of (Baker et al., 2012) the cutinase from A. brassicicola, A. fumigatus, H.
insolens showed that A. fumigatus cutinase exhibited a 6.5-fold lower Km (8.9 uM) for pNPB
in comparison to F. solani cutinase (1.36 uM) whereas, H. insolens and A. brassicicola
cutinase demonstrated better pNPB recognition with Km values of 2.46 and 1.96 uM,
respectively. Dutta et al., (2013) and Sebastian and Kolattukudy (1988) in a separate kinetic
study with the substrate pNPB, reported a Kn of 0.23 and 0.27 mM for P. cepacia and P.
putida cutinase, respectively. Chen et al., (2010) studied the kinetic constants of T. fusca
cutinases, Tfu 0882, Tfu 0883 and observed that they exhibit better affinity (lowest Ky value)
for the lower acyl chain length substrates in comparison to F. solani cutinase. In addition, the
catalytic efficiency (Kcat/Km) of Tfu 0883 was twice as much as that of Tfu 0882 regardless of

an identical structure of their active sites.
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Unlike lipases, cutinases hydrolyse tributyrin below its Critical Micelle Concentration (CMC)
effectively. Cutinase activity in this case is accounted for the accessibility of its active site and
by the deep embedding of tributyrin in the hydrophobic catalytic crevice. This embedding
reduces the unfavorable interactions between the acyl chains of tributyrin and the surrounding
bulk water. At concentrations exceeding the CMC, the binding of tributyrin at the lipid water
interface and its burying in the active site cleft would result in an almost complete removal of
the tributyrin from the lipidic phase. Flipsen et al., (1996) investigated the hydrolysis of lipid
by cutinase from F. solani pisi with the oil-drop tensiometer technique. It had been observed
that the decrease of oil-water interface tension (y ow) during lipid hydrolysis was related to
cutinase adsorption to an oil-drop and hydrolysis of a natural long chain triglyceride.
Hydrolysis of triglycerides and analogues by cutinase have been widely studied in several
reaction systems, namely in AOT reversed micelles (Melo et al., 1995b) and in a biphasic
system. In the two-phase system, the conversion of triolein was followed by the use of a
monolayer technique (Flipsen et al., 1996). An optimum pH in the range of 9-10 was found in
both systems. The apparent kinetic constants for triolein (Melo et al., 1995b) were
determined: Kca=1630 min*, Kn=395 mM and Kca/Kn=4.1 mint mM. The kinetic analysis
of the hydrolysis of other triglycerides, tricaprylin, trilaurin and trimyristin was also
performed. Cutinase presented higher activity and specificity for the shorter chain triglyceride
under study and with tricaprylin, Kn=132 mM and Kca/Km=8.2 mint mM* was observed.
These results were in accordance with others obtained on the selectivity and specificity of

cutinase (Mannesse et al., 1995a).
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2.7.3 Effect of inhibitors and metal ions

Active serine directed reagents such as di-isopropylfluorophosphate and (O,0)-diethyl-(3,5,6-
trichloro)-2-pyridylphosphorothioate and phenylmethanesulfonylfluoride (PMSF) were found
to be a potential inhibitors of both bacterial and fungal cutinases. Histidine modifying
reagents like Diethylpyrocarbonate (DEPC) was also reported to inhibit the cutinases.
Phenylboronic acid, a transition state analog of serine hydrolases, inhibits cutinase activity.
The inhibition of cutinase by phenylboronic acid was competitive in nature (Sebastian and
Kolattukudy, 1988). Thiol-directed reagents, p-hydroxymercuribenzoate and N-
ethylmaleimide completely inhibited pollen cutinase whereas the bacterial and fungal cutinase
was hardly inhibited by them even at higher concentration (Sebastian and Kolattukudy, 1988,
Maiti et al., 1979). Sulfhydryl group disrupting agents such as Hg?>" and p-
cloromercuriobenzoic were found to be inhibitory for the bacterial and fungal cutinases (Chen
et al., 2010; Dutta et al., 2013, Speranza and Macedo, 2013).

Speranza and Macedo (2013) studied the effect of various metal ions on the crude
(unpurified) cutinase from F. oxysporum. The study showed that the enzyme was activated in
the presence of divalent metal ions, Ca, Fe, Mn and a monovalent cation Na at 1 mM
concentration. However, Co?* Mn?*, 4-Cloromercuriobenzoic and Sodium lauryl sulfate at
higher concentration (10 mM) and Hg? at 1 mM concentration completely inhibited the
enzyme. Dutta et al., (2013) in their study on purified cutinase from P. cepacia found that
divalent metal ions, Mn, Ni, or Ca at 1 mM concentration did not exhibit any significant
impact on the enzyme activity, whereas, Zn, Fe, Hg or Cu showed an inhibitory effect. It was
also observed in the study that some of the divalent metal ions (Mg?*, Ca?* and Co?") and

monovalent metal ions (K* and Na*) were found to enhance the enzyme activity at 1 mM
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concentration. EDTA at concentration up to 10 mM did not affect the activity of the cutinase.
Chen et al., (2010) studied the effect of different metal ions on recombinant cutinase activity
from T. fusca and F. solani pisi. Like in the case of P. cepacia cutinase, EDTA did not affect
activities of the T. fusca cutinases, however Zn?*, Fe?*, or Pb?* showed a medium inhibitory
effect and Cr?* and Hg?* were found to be potentially inhibitory. The study also showed that
presence of 1mM of divalent metal ions such as Mn, Co, Ni, Mg, Ba, Cu, or Ca did not

exhibit a significant effect on the enzyme activity.

2.7.4 Organic solvent, surfactant tolerance

Application of industrial enzymes often involves relatively harsh conditions such as the
presence of surfactants and organic solvents.

The stability of the enzyme in organic solvents makes them more attractive for synthetic
(esterification and transesterification) reactions. Generally, enzyme catalyzed esterification
reaction is used between fatty acid and alcohol to synthesize alkyl esters, but this reaction is
reversible. Thus, at higher water concentration, the equilibrium for the enzyme-catalyzed
reaction shifts to the reverse direction forming again the initial reactants. To use the enzyme
for the synthesis of esters, it must have stability at minimum water concentration and with
organic solvents (de Barros et al., 2009a, 2009b; Dutta and Dasu, 2011). Cutinases have been
reported to show esterification and transesterification activity and have potential for use in the
food industry for synthesis of various short chain fatty acid esters and in production of
biodiesel (Cunnah et al., 1996; Serralha et al., 1998), therefore it is important to evaluate their
stability in organic solvents. Speranza and Macedo (2013) reported that F. oxysporum
cutinase in the unpurified form shows a significant increase in activity in presence of octanol,

2-nonanol, hexane, octane, isooctane and decane. A possible explanation for this increase in
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activity may be attributable to changes in conformation of the enzyme during incubation
caused by the interaction of solvent molecules with the enzyme. However, the result also
showed that use of acetone, methanol, ethanol, propanol and butanol in reaction system leads
to inactivation of the F. oxysporum cutinase. In another study, Speranza et al., (2011)
evaluated the stability of cutinases from F. oxysporum produced in different solid-state
fermentation. The enzyme produced in medium with soybean rind and rice bran was relatively
stable in the presence of hexane showing 71% and 66%, respectively of their activities
compared with control. The enzyme produced in medium with Jatropha curcas seed cake was
fairly stable in the presence of organic solvents, its activity remained high in all solvents
evaluated, highlighting the hexane, butanol and propanol. The results indicate that the
cutinase from F. oxysporum produced by submerged or solid-state fermentation is quite stable
to the presence of organic solvents. Chen et al., (2010) also studied the solvent tolerance of
the cutinases. T. fusca cutinases, Tfu 0882 and Tfu 0883 exhibited excellent tolerance to
methanol, ethanol, acetone, n-hexane, and dimethyl sulfoxide, but were less stable in
isopropanol and butanol. In contrast, F. solani cutinase, FSpC was very unstable in these
solvents except in n-hexane in which nearly 70% activity remained. They concluded that,
compared with fungal cutinase, the bacterial cutinases from T. fusca are far more suitable for
applications in organic solvents. Dutta et al., (2013) reported that the cutinase from P. cepacia
has shown better stability in the solvents, viz. butanol, isooctane, chloroform, n-hexane and
isoamyl alcohol, than any previously reported cutinase (Chen et al., 2010). Thus the enzyme
purified from P. cepacia has potential to be used in several industries.

The activity of the P. cepacia cutinase was tested in the presence of the nonionic surfactants

Triton X-100 and Tween 80 and the anionic surfactants SDS and sodium deoxycholate (Dutta
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et al., 2013). Triton X-100 and Tween 80 did not affect the enzyme activity at a concentration
of 1 mM or 10 mM, whereas sodium deoxycholate slightly enhanced the cutinase activity at
both 1 and 10 mM. In the presence of 1 mM or 10 mM of SDS, the activity of cutinase was
decreased. A similar observation was also reported by Chen et al., (2010) for cutinase from
Thermobifida fusca. Chen et al., (2010) found that at concentrations of 1 mM and 10 mM,
Triton X-100 and Tween 20 inhibited cutinases from T. fusca but did not significantly reduce
the F. solani cutinase activity. They also observed that SDS inhibited cutinases from T. fusca
and F. solani but TDOC, on the other hand, stimulated F. solani cutinase activity with a
23.11% increase at 1 mM and a 73.65% increase at 10 mM. It did not have a significant effect
on the T. fusca cutinase activity. Chen et al., (2010) also performed inhibition kinetics for
SDS to evaluate its inhibitory efficiency on the three cutinases. They determined inhibition
constants by a double-reciprocal plot (1/v vs. 1/[pNPB]) of the initial reaction rate at varying
concentrations. SDS appeared to be a competitive inhibitor for all three enzymes with a Kisps
of 1385.6 uM for Tfu 0882, 944.4 uM for Tfu 0883 and 657.5 uM for FspC. Compared with
the other two enzymes, Tfu 0882 appeared to be more resistant to SDS and may be more

favorable for applications in detergent formulations.

2.7.5 Effect of pH and temperature on cutinase function

Optimum pH for cutinases from F. solani f. pisi (Soliday and Kolattukudy, 1976) and F.
roseum culmorum is 10 (Soliday and Kolattukudy, 1976). Whereas, V. inaequalis cutinase
showed the optimum pH between 5 to 6 (Koller et al., 1989). The bacterial and fungal
cutinase characterized using tritiated apple cutin as the substrate to release of soluble cutin
components from the insoluble labeled cutin shows very low rate of cutin hydrolysis below

pH 7, but the rate increased rapidly as the pH was raised from 7.5 to 10.0 showing a wide
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range of pH optimum between 8.5 to 10.5 (Sebastian and Kolattukudy, 1988; Soliday and
Kolattukudy, 1976). With increasing amounts of cutin, the rate of hydrolysis increased
linearly up to 4 mg mL™ of cutin for bacterial cutinase (Sebastian and Kolattukudy, 1988) and
6 mg mL* for pollen cutinase (Maiti et al., 1979) and further increase in the substrate content
of the reaction mixture did not change the rate. The slight decrease in the hydrolysis rate
might be due to the absorption of the enzyme on the insoluble cutin polymer. Rectilinear rates
of cutin hydrolysis were observed up to 20 min for bacterial cutinase (Sebastian and
Kolattukudy, 1988) and 5 h incubation time for pollen cutinase (Maiti et al., 1979). Several
studies to evaluate the optimum pH of cutinases have been done with p-nitrophenyl esters of
fatty acids and in most of the cases it was found that the cutinases shows activity in a broad
range of pH with an optimal pH in the neutral to mild alkaline, however, there are few
exceptions such as in case of V. inaequalis and F. oxysporum which showed optimum activity
at acidic pH and F. soloni f. pisi and F. roseum culmorum which has an optimum activity at
highly alkaline pH.

Most of the cutinase assays have been performed at 25-37°C. However, there are few
cutinases which showed higher temperature optima and thermostability. For instance, Chen et
al., (2009) evaluated the thermostability of Tfu 0882, Tfu 0883 and F. solani pisi cutinase at
40 and 60°C and found that the activity of Tfu 0882 and Tfu 0883 increased initially during
incubation at both temperatures, whereas F. solani pisi cutinase exhibited a similar initial
increase at 40°C, but a simple exponential decay at 60°C. T. fusca cutinases exhibited
superior thermostability, with residual activities of over 80% after 160 h at 40°C or over 50%
after 40 h at 60°C. In contrast, F. solani pisi cutinase was significantly less stable, with 50%

of activity retained after 85 h at 40°C or after 5 min at 60°C. Dutta et al., (2013) reported that
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a combined effect of pH and temperature are crucial for the P. cepacia cutinase. In their study
they found that maximum cutinase activity was obtained at pH 8.0 and 40°C, and decreased
significantly (50%) when the pH was decreased to 6.5. The activity was also decreased
sharply above and below the optimum temperature range (35-45°C) with almost 65% loss of
its original activity at 60°C. F. oxysporum cutinase was reported to retain its activity almost
completely in the temperature range of 30 and 50°C when incubated for 1 h (Speranza and
Macedo, 2013). However, at 60°C the enzyme retains 20% of its activity, decreasing slowly
with increasing temperature and at 100°C the enzyme retains only 9.3% of its activity. The
highest activity for A. brassicicola cutinase was observed at 40°C (Koschorreck et al., 2010)
and increasing the temperature to above 50°C resulted in complete inactivation of the enzyme.
The thermal stability of A. brassicicola cutinase investigated by incubating the enzyme at
40°C and pH 8.0 for 5 days showed a remarkable retention of 84% of its initial activity,
indicating high stability of the enzyme at 40°C. Hunsen et al., (2008) studied the ring-opening
polymerizations (ROP) of e-caprolactone (CL) and w-pentadecalactone (PDL) using H.
insolens cutinase (HIC) immobilized on Lewatit (ion exchange resin) as a catalyst at different
temperatures in the range 50—-90°C. The optimal temperature for HIC-catalyzed bulk ROP of
CL was found to be 70°C. A large reduction in HIC activity for CL polymerization was found
when the reaction temperature was increased from 70 to 80°C. Further increase of reaction

temperature to 90°C resulted in complete loss of HIC activity for this reaction.

2.8 Biophysical properties of cutinase

A protein’s function depends on its ability to acquire its native structure. The measurement of

protein stability and how a protein fold into a well ordered native structure is essential for
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elucidating protein function in vivo, engineering the improved stability of biocatalytic
enzymes, and formulating proteins for various industrial applications and therapeutic delivery.
According to the crystal structure of the F. solani cutinase, the opposite side of the active
center has a single L-tryptophan (Trp) residue Trp69 involved in a hydrogen bond with an
alanine (Ala) residue, located in the B-sheet, close to one of the two disulfide bridges (Cys31
and Cys109 ) (Longhi et al., 1997) which strongly quenches the fluorescence of Trp by both
static and dynamic quenching mechanisms. A study involving fluorescence spectroscopy,
fluorescence decay curves and fluorescence anisotropy decays of the single Trp of cutinase at
different pH values (4 to 8) and temperatures, below and above the protein-melting
temperature showed that the Trp fluorescence spectrum was red shifted and sharply increases
in intensity (four-fold) on protein melting with higher intensity at pH 8, indicating that
cutinase is more stable at higher pH. The fluorescence decays below the melting temperature
could be fitted only with a sum of four exponentials with a very fast decay component (0.05
ns) attributed to the Trp fluorescence quenching by a disulfide bridge in its vicinity. Above
the melting temperature, the shortest lifetime component disappears, possibly because of the
break of the Ala-Trp hydrogen bond that keeps the Trp in the vicinity of the disulfide bridge.
The four-fold increase in fluorescence intensity observed after protein melting is not
completely explained by the increase in the average lifetime, which means that a static
quenching component exists, probably from the Trp-Cys complexes. By irradiation with UV
light at room temperature, the disulfide bridge breaks, whereas the short lifetime component
of the Trp decay remains, suggesting that irradiation preserves the Ala-Trp hydrogen bond.
Thus, the increase in Trp fluorescence quantum yield is mainly due to the suppression of the

static quenching from the Trp-cystine complexes. The Trp fluorescence anisotropy decays can
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be fitted with a sum of two exponentials above and below protein denaturation. The short
component results from the local motion of the Trp. The longer one is due to protein rotation
below protein melting and to the backbone protein dynamics above it (Martinho et al., 2003).
A tryptophan mediated photo reduction of disulfide bond has been studied by Prompers et al.,
1999. The study indicated that prolonged irradiation of the F. solani cutinase in the
tryptophan absorption band causes an increase of the tryptophan fluorescence quantum yield
by an order of magnitude. Structural analysis of the protein with combination of NMR
spectroscopy and chemical detection of free thiol groups with a sulfhydryl reagent showed
that the unusual fluorescence behavior of Trp69 in cutinase is caused by the breaking of the
disulfide bond between Cys31 and Cys109 upon irradiation, while the amide-aromatic
hydrogen bond between Ala32 and Trp69 remains intact. Similar, elaborated investigations on
UV-induced change in the three-dimensional structure, photochemical reaction kinetics and
lifetimes of transient chemical species created upon UV excitation of aromatic residues in the
cutinase from F. solani has also been reported by Petersen et al., (2002, 2009). A comparative
analysis of the unfolding and inactivation of cutinases from F. solani pisi and H. insolens
(HIC) was studied in the presence of guanidine hydrochloride (GdnHCI) and bis-(2-
ethylhexyl) sodium sulfosuccinate (AOT) by Ternstrom et al., (2005) using fluorescence and
circular dichroism (CD) techniques. The study indicated that the unfolding is a co-operative
two state process under these denaturants and in presence of AOT reverse micelles, the
cutinases unfold with mono-exponential rates, indicating a two-state process. The free energy
of denaturation calculated by linear extrapolation of equilibrium data in water yielded very
similar values for both the cutinases with averages of -11.6 kcal mol™ and -2.6 kcal mol™* for

GdnHCI and AOT, respectively, indicating the AOT denatured state to be less destabilised
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than the GdnHCI denatured state, relative to the native state in water. Far-UV CD and
fluorescence spectroscopy data revealed that AOT denatured state retains some secondary
structure, while GdnHCI denatured state is essentially unstructured for all the cutinases and
the cutinases are more compact in AOT denatured state compared to GdnHCI denatured state.
It was also observed in the activity measurements that both AOT and GdnHCI denatured
cutinases are practically inactive in the context of catalysis.

A comparative analysis of the biophysical parameter of five cutinases from A. brassicicola
(AbC), A. fumigatus (AfC), A. oryzae (AoC), H. insolens (HIiC), and F. solani (FsC) was
studied recently by Baker et al., (2012). Near UV CD analysis at different pH revealed that
AoC, AbC, AfC, and HiC shows a similar characteristic peaks at pH 8. However, at pH 5,
FsC exhibited an increase in the negative ellipticity followed by a dramatic decrease at pH 3.
In contrast, all other cutinases demonstrated a loss of signal with decrease in pH as compared
to pH 8, with HiC maintaining a greater fraction of its overall structure and AbC exhibiting
the largest loss in structure at low pH conditions. Thermal unfolding study revealed that all
the cutinases unfold cooperatively exhibiting a single transition during unfolding, suggesting
a two-state mechanism of unfolding. This was also confirmed by DSC by the observation of a
single endothermic transition peak. Thermal denaturation study also showed that FsC showed
a loss in thermostability with Tm’s of 56.3°C, 52°C, and 26.3°C, under pH 8, 5, and 3,
respectively, whereas, AoC was more thermostable with a Tm of 58°C at pH 8.0. Upon
decreasing the pH to 5.0, an increase in Tm of 3°C was observed in contrast to the decrease in
Tm of FsC. Further decrease in pH to 3.0 resulted in a large decrease (23°C) in Tm of AoC.
This pattern of increase and then decrease in thermostability at pH 5.0 and 3.0 was also

observed for AfC and HiC, while AbC followed the overall trend described for FsC. In
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another study (Melo et al., 2001), stabilization effect of trehalose, and mannosylglycerate on
temperature and guanidine hydrochloride induced unfolding of the F. solani cutinase at acidic
pH (pH 4.5) was investigated. The results indicated that the protein thermal unfolding
approached a two-state process, whereas the presence of trehalose at 0.5 M increased the
temperature at which 50% of cutinase is unfolded by 3°C. However, the unfolding induced by
guanidine hydrochloride was not a two state process with the presence of a stable intermediate
molten globule structure in presence and absence of trehalose, and mannosylglycerate. The
free energy calculation showed that trehalose and mannosylglycerate stabilize the folded
cutinase relative to the intermediate by 1.4-1.6 and 1.6 kcal mol™ and the intermediate relative

to the unfolded state by 1.0 and 1.5 kcal mol™, respectively.

2.9 Strategies for improvement of cutinase activity and stability

Study of industrially important enzymes in the context of stability, improved activity and
economically feasible usage like many of today’s most interesting scientific problems,
demands a multidisciplinary perspective. Enzyme engineering, in particular, has much to gain
from an integration of chemistry, molecular biology and biotechnology. By exploiting these
tools, we hope to better understand how enzymes work and evolve. It is also expected to
provide researchers of the future with useful catalysts for diverse applications. The following
two subsections discuss on the various strategies employed to improve the usability of

cutinase in various fields.

2.9.1 Genetic engineering strategy
Egmond and Vlieg (2000) studied the properties of wild-type F. solani cutinase in relation

with the effects brought about by several site-directed mutagenesis of the enzyme (Table 2.4).
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The study showed that extreme stereo-selectivity can be exploited by mutagenesis and the
chain length preference can be adjusted to some extent by introduction of hydrophobic and
aromatic residues in the substrate binding region. Koschorreck et al., (2010) reported that the
substrate specificity of the cutinase (CUTAB1) from A. brassicicola can be increased
substantially for the longer chain length fatty acid substrates. They used a point mutation
study, where, a mutation A84F in the small helical flap of CUTABLI significantly increased
the activity of the enzyme towards longer chain substrate, p-NPP by 11 folds compare to wild
type CUTABL. Brissos et al., (2008) addressed the inactivation of F. solani cutinase in the
presence of anionic surfactant, dioctyl sulfosuccinate sodium salt (AOT) by creating a
complete saturation library. In this study, the cutinase gene from F. solani pisi was mutated to
incorporate 19 possible amino acid exchanges at each of the 214 amino acid positions. The
resulting library was screened for active variants with improved stability in the presence of
the AOT. Twenty-four sites in cutinase were discovered where amino acid replacements
resulted in a 2-11-fold stability increase as compared to the wild-type enzyme. It was also
believed that the mutants showing substitutions in the large hydrophobic crevice (S54D,
S57D, S61D, K65P, R196A), that is thought to be the region more involved in the unfolding
by anionic surfactants, are very important to obtain an enzyme less sensitive to AOT.
Cutinases from F. solani, T. fusca and have been successfully tailored to favorably alter its
specificity towards degradation of various synthetic polymers. Cutinase from F. solani pisi
was genetically modified near the active site, by site-directed mutagenesis, to enhance its
activity towards polyethylene terephthalate (PET) and polyamide 6,6 (PA 6,6) fibers (Araujo
et al., 2007). The mutations L81A, N84A, L182A, V184A and L189A were done to enlarge

the active site in order to better fit a larger polymer chain. It was found that the mutation
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L81A and L182A showed an activity increase of four- and five-fold, respectively, for PET
fibers and L182A showed the one- and two-fold higher ability to biodegrade aliphatic
polyamide substrates when compared with the wild type cutinase. Silva et al., (2011)
genetically modified the bacterial cutinase, Tfu 0883 from T. fusca by site-directed
mutagenesis to enhance its activity on polyethylene terephthalate (PET). The mutation 1218A
was designed to create space and the double mutation Q132A/T101A was designed both to
create space and to increase hydrophobicity. The activity of the double mutant on the soluble
substrate p-nitrophenyl butyrate increased two-fold compared to wild-type cutinase, while on
PET both single and double mutants exhibited considerably higher hydrolysis efficiency. The
new mutations tailored the catalytic site for PET, increasing the affinity of cutinase to this
hydrophobic substrate and the ability to hydrolyse it. It was also observed in the study that the
replacement of specific amino acids at the active site was an effective approach for the
improvement of the Tfu 0883 cutinase capacity to hydrolyze polyester surfaces. Zhang et al.,
(2010) reported that fusion of a cutinase from T. fusca and a carbohydrate-binding modules
(CBMs) from T. fusca cellulase Cel6A (CBMCel6A) or Cellulomonas fimi cellulase CenA
(CBMCenA) to the carboxyl terminus of T. fusca cutinase displayed a superior activity half-
life of 53 h at their optimal temperature of 50°C compare to wild type T. fusca cutinase.
Moreover, the binding activity on cotton fiber was enhanced by 2% for cutinase-CBMCel6A
and by 28% for cutinase-CBMCenA in absence of pectinase, whereas in the presence of
pectinase, the binding activity was enhanced by 40% for the former and 45% for the latter.
Notably, a dramatic increase of up to 3-fold was observed in the amount of released fatty
acids from cotton fiber by both cutinase-CBM fusion proteins when acting in concert with

pectinase. In another study (Zhang et al., 2013), cutinase-CBMCenA fusion protein was
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genetically modified in the carbohydrate binding module (CBM) binding sites, by site-
directed mutagenesis, to enhance its activity toward polyethylene terephthalate (PET) fiber.
The hydrolysis of PET was investigated by replacing each of W14L/Y, W50L/Y and W68L/Y
in the CBM domain. Enzyme characterization showed that the mutants displayed similar
thermostability and pH stabilities in response to the native enzyme and W68L and W68Y,
among all the mutants, exhibited significant improvement in binding and catalytic efficiency
(1.4-1.5 fold) toward PET fiber when compared to that of the native enzyme. Recently,
Ribitsch et al., (2013) studied the effect of fusion of a cellobiohydrolase | binding modules
from Hypocrea jecorina (CBM) and polyhydroxyalkanoate depolymerase from Alcaligenes
faecalis (PBM) with cutinase from T. cellullosylitica (Thc Cutl) on sorption and hydrolysis of
synthetic polymer PET. The result showed that the fusion enzymes were active both on the
insoluble PET model substrate bis(benzoyloxyethyl) terephthalate (3PET) and on PET and
Thc Cutl-CMB showed 3.8 fold enhancement in hydrolytic activity compare to wild type Thc
Cutl. Matama et al., (2013) engineered a wild type F. solani cutinase by fusion with the
carbohydrate binding module N1 from Cellulomonas fimi to increase the catalytic efficiency
for the cellulose substrates such as Avicel or cotton fabrics. The study showed that engineered
cutinase was able to esterify the hydroxyl groups of cellulose with distinct efficiencies
depending on the acid substrate/solvent system used and the cutinase treatment resulted in
relative increases of 31 and 9% when octanoic acid and vegetable oil were used as substrates,
respectively. The G. cingulata cutinase has been genetically modified by site directed
mutagenesis to enhance its thermostability and substrate specificity (luan et al., 2013). The
mutation studies were performed with the aim of altering the surface electrostatics as well as

removing a potentially deamidation-prone asparagine residue. In one of the mutation study,
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the N177D cutinase variant was affirmed to be more resilient to temperature increase with a

2.7-fold increase in half-life at 50°C as compared with wild-type enzyme. Another double

variant, L172K/N177D exhibited higher enzymatic performance towards phenyl ester

substrates of longer carbon chain length and enhanced thermal stability.

Table 2.4 List of single mutation sites in F. solani cutinase, for which variants were produced
and investigated. Activities were obtained from incubations with olive oil
emulsions (olive oil and gum arabic, both 3% by weight) in a pH stat apparatus at

pH 9.0, with 20 mM NaCl and 10 mM CaCl; at 30°C. [Adopted from Egmond and
Vlieg (2000)]

Residue | Position Changed into ACtIig W((;ot) wild-type
Ala 29 Ser 64
Ala 79 Asn, Gly n.d., 50
Ala 85 Phe, Trp 136, 109
Ala 164 Arg 41
Ala 185 Leu 96
Ala 195 Ser 38
Ala 199 Cys 0
Arg 17 Asn, Glu 31, 34
Arg 78 Asn,Leu 34, 49
Arg 88 Ala 39
Arg 96 Asn 51
Arg 156 Asn, Glu, Leu,Lys n.d.79, 71, 115
Arg 196 Glu,Leu, Lys 45, 44, 38
Arg 208 Ala 64
Asn 84 Ala, Asp,Leu 50,5
Asn 161 Asp 63
Asn 172 Lys 45
Asp 33 Ser 74
Asp 83 Ser 62
Asp 111 Asn 39
Asp 134 Ser 37
Glu 201 Lys 54
Gly 26 Ala 32
Gly 192 Gln 44
lle 24 Ser 4
Ile 183 Phe 25
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Residue | Position | Changed into Activity V\zo;(,t) wild-type
lle 204 Lys 66

Insertion 49a lle 52
Leu 99 Lys 78
Leu 114 Tyr 20
Leu 182 Trp 19
Leu 189 Phe 109
Lys 151 Arg 29
Lys 168 Leu 83
Met 98 Cys 35
Ser 42 Ala 0
Ser 54 Glu, Lys, lle, Trp 34,96, n.d., 89
Ser 92 Arg 50
Ser 120 Ala 0
Thr 18 Glu, lle, Val n.d., n.d., 90
Thr 19 Val 35
Thr 45 Ala, Lys 98,74
Thr 50 Val 25
Thr 80 Asp 32
Thr 144 Cys 54
Thr 167 Leu 54
Thr 173 Lys 119
Thr 179 Tyr 131
Trp 69 Tyr 12
Tyr 38 Phe 62

n.d., not detected

2.9.2 Immobilization strategy

Various supports and immobilization techniques have been evaluated for increasing the

stability and activity of cutinase catalyzed reactions in several applications like, esterification

and transesterification.

To enhance the activity, F. solani f. pisi cutinase was immobilized on sodium form of zeolite

Y (NaY) and polyamide Accurel PA6 by Serralha et al., (2004) and used to catalyse the

alcoholysis reaction of butyl acetate with hexanol in isooctane. They observed that the

increase in temperature enhances the specific activity of cutinase for both NaY and Accurel
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PAG6 preparations. The pH and hexanol concentration did not affect the enzyme activity for
NaY preparation but at higher pH enzyme activity decreased for Accurel PA6. At higher
temperature enzyme activity increased with the increasing concentration of hexanol. Cutinase
stability and activity was enhanced measurably when it was immobilized onto zeolites
(Goncalves et al., 1996b, Goncalves et al., 1995). A BSTR (batch stirred tank reactor) was
developed by Gonclaves et al., (1998) for utilization of the immobilized cutinase on the
hydrolysis of triglycerides in non-conventional media. High conversions were observed using
4% water and 96% organic phase in the medium (Gonclaves et al., 1998). Cutinase
immobilized onto silica derivatives, Biosil-NH2 and Biosil-dextran-NH> retains almost 97%
and 58% of initial activity, respectively after 50 days at 4°C (Goncalves et al., 1999,
Goncalves et al., 1996a). Tricaprylin hydrolysis by cutinase adsorbed onto NaY zeolite
(Goncalves et al., 1996b), covalent coupled on porous silica (Gongalves et al., 1995) and
entrapped in calcium alginate (Goncalves et al., 1998) has also been studied. The optimum
pH was around 8 for the three cutinase preparations and the highest specific activity was
obtained for the adsorbed cutinase. Entrapped cutinase presented a Michaelis-Menten type of
kinetics for substrate concentrations below 200 mM and substrate inhibition was observed at
400 mM. The apparent kinetic constants were found to be kcar=6.51 min™! and Kn=35.6 mM
(Gongalves et al., 1995) and the apparent specific constant (Kca/Km) was 0.183 min-tM. For
covalent binding immobilization, diffusional limitations were present at low substrate
concentrations (up to 35 mM) and substrate inhibition was observed for concentrations higher
than 150 mM. With the adsorbed cutinase a kcat value of 1.74 min™ and an apparent K, of 186
mM were obtained (Goncalves et al., 1995). Encapsulation of cutinase in gel matrices, e.g.

calcium alginate, seems to be an inadequate method for cutinase immobilization; because of
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the very high hydrophilic character of the alginate polymer, both partition and diffusion
effects hinder the catalytic action of cutinase, as it occurs for other lipases acting on lipophilic
substrates. The specific activity of the encapsulated cutinase was found to be 16-fold lower
than a covalent coupled cutinase preparation and 40-fold lower than cutinase adsorbed onto
zeolites (Goncalves et al., 1996a; Gongalves et al., 1995). Alternatively, cutinase has been
microencapsulated in reversed micelles of surfactants in organic media and successfully used
for hydrolysis (Melo et al., 1995b), esterification (Cunnah et al., 1996; Pinto-Sousa et al.,
1994; Sebastido et al., 1993; Sebastido et al., 1992) and transesterification (Carvalho et al.,
1997a; Carvalho et al., 1998b; Cunnah et al., 1996; Papadimitriou et al., 1996). Reversed
micelles were found to be suitable system to promote biocatalysis in organic media. The
solubilization of the enzyme in the water pool of reversed micelles favors the retention of the
catalytic activity, the enzyme being protected against the negative effect of the solvent on its
structure. Furthermore, encapsulation in reversed micelles provides a very high interfacial
area, making possible the solubilization of hydrophilic and hydrophobic substrates and often
enhancing enzyme activity. Separation of products and recovery of enzyme is also possible
and constitutes another research field regarding the use of micelles. One of the most important
parameters for optimal enzyme activity in reversed micelles is the molar ratio of water to
surfactant, often called wo. A distinct maximum in enzymatic activity is usually found when it
was measured as a function of wo. The size of the reversed micelles is related to this
parameter. At low w, values, the micelles may be too small to accommodate the enzyme
molecules; at high values, the large amount of water present may interfere with the enzymatic
reaction. Therefore, cutinase microencapsulated in reversed micelles shows an optimal

activity at wo 6 for the esterification of oleic acid with hexanol in AOT/isooctane (Sebastido
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et al., 1992; Sebastido et al., 1993) and at w, 7-8 for the esterification of hexanoic acid with
hexanol in CTAB (Cunnah et al., 1996). Moreover, for the transesterification of butyl acetate
with hexanol the optimal w, range is 5-8 (Carvalho et al., 1997a). Concerning the hydrolysis
of triolein the activity still increased up to wo 30 (Melo et al., 1995b). Recently, cutinase
(HIC) from the ascomycete H. insolens was immobilized onto microporous resin Diaion
HP20 to assess the synthesis of functionalised acryclic esters by transesterification.
Immobilized enzyme showed a 95.4% conversion of 6-mercapto-1-hexanol to 6-
mercaptohexyl acrylic ester after 6 h at 40°C in the presence of 0.025% (w/w) water without

formation of by-products in a solvent free system (Kazenwadel et al., 2012).

2.10 Cutinase function and applications

The elucidation of cutinase structure by crystallographic methods and protein engineering, has
given the opportunity to clarify its mechanism of action and to improve the understanding of
cutinase structure-function relationships (Jelsch et al., 1998; Longhi et al., 1996; Martinez et
al., 1993), and to widen the range of potential applications (Okkels 1997a; Okkels 1997b;
Genencor, 1989; Unilever, 1994a; Unilever, 1994b). The ability of cutinases to hydrolyze a
variety of short and long chain esters, various polymeric substrates and its stability and
activity in presence of oxidizing agents, detergents and protease makes it industrially very
important enzyme, especially for textile industry, detergent industry, pharmaceutical industry,
food industry, agriculture and many more (Fig. 2.5). Cutinases have been suggested for use
with chemical agents such as fungicides and pesticides to obtain better penetration and
adhesion of the chemical agents to softened plant surfaces (Iwasaki and Hioki, 1991; Poulose

and Kolattukudy, 1995). Cutinases also have been suggested for use with surfactants in
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detergents (Kolattukudy and Poulose, 1988). Recently, Point et al., (2013) showed that F.
solani cutinase can be used for enantioselective synthesis of non-racemic monocyclic
enolphosphonate analogues of Cyclophostin, which indicates that cutinase also has promising
potentials in pharmaceuticals, especially in designing novel drugs. It has been found that
cutinases possess surprising properties which make it superior to lipases for use in enzyme-
catalysed reactions. Cutinases are able to hydrolyse both water soluble esters as well as
emulsified water insoluble triacylglycerols (Lauwereys et al., 1991). The catalytic properties
of cutinases seem to be intermediate between esterases and lipases (Martinez et al., 1992).
The thermostability of cutinases in aqueous solution is quite high compare to most of the
lipases. One of the most neglected aspects of enzyme technology is enzyme stability in
organic solvents. However, cutinases were stable under conventional hydrolysis conditions,
allowing repeated use of the enzyme and thus making the economics of such a process
attractive (De Geus et al., 1990). Several industrial applications of cutinases are mentioned

below. Some important reactions catalysed by cutinase are given in the Table 2.5.

2.10.1 Cutinase in polymer degradation

Cutinases display hydrolytic activity toward a broad variety of polymers such as poly-
(butylene succinate) (PBS), poly-(butylene succinate-co adipate) (PBSA) (Maeda et al.,
2005), polyamide 6,6 (PA 6,6), vinyl acetate (co-monomer of acrylic fiber) fibers, polyamide
6,6 (PA 6,6) fibers, and polyethylene terephthalate (PET) fibers (Arujo et al., 2007; Silva et
al., 2005c). Some of the advances in the research of polymer degradation using engineered
cutinases have already been discussed in the section 2.9. This subsection further discusses
selected literatures reported on the hydrolysis of various polymers by cutinases from different

sources.
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Maeda et al., (2005) used biodegradable plastics, PBS and PBSA as fermentation substrates

for the filamentous fungus A. oryzae and showed that this fungus could grow under culture

Potential applications of cutinase Cutinase catalysed reaction mechanisms
|—[ Agrochemical industry ]—‘ 1. PET hydrolysis by cutinaf,e )

{ Biodiesel —— %Q%
= = 2 2 Cutinase Terephthalate
‘—| Cosmetics industry I—l -
o o 3 OH
— Polyethylene terephtalate Ho—/_
|_{ Dall'y mdustl‘y ]—l Ethylene glycol

[ Detergent formulation b 2. EJTEE%{ ;jeimethoxysi lane hydrolysis

MeQl

|—( Food, beverage and flavor industry )
utinase
MEO—:Sl—OMe —LZ H+O—%§—]?0H + *+0-$:§i—}y-*

|—[ Oliochemical industry
pH7.0

|—{ Pharmaceutical industry ]—‘ 25°C
alkoxysilane linear siloxane cyelic siloxane

[ olymer degradation 3. PVA hydrolysis by cutinase
|—{ Textile industry

[ 1 Cutinase ~ b & ”
Ny | —— - : P

1.

OH

Ny

Water insoluble Water soluble

Fig. 2.5 Potential applications of cutinase and some cutinase catalyzed hydrolytic reactions

conditions that contained emulsified PBS and emulsified PBSA as the sole carbon source and
digest PBS and PBSA. Purification and biochemical characterization of the PBS/PBSA
degrading enzyme showed that it was a cutinase. Sulaiman et al., (2012) cloned a gene
encoding a cutinase homolog, LC-cutinase, from a fosmid library of a leaf-branch compost
metagenome by functional screening using tributyrin agar plates. LC-cutinase which showed
57.4% identity to T. fusca cutinase had an ability to degrade poly(e-caprolactone) and PET.
The specific PET degrading activity of LC-cutinase was determined to be very high, 12 mg h
'mg? of enzyme at pH 8.0 and 50°C. Cutinase from F. solani and A. oryzae have also been
reported to hydrolyse the polymer, poly(e-caprolactone) (Liu et al., 2009). Eberl et al., (2009)

reported that the treatment of poly(trimethylene terephthalate) (PTT) fabrics with
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cutinase improved the dyeability with a significant increase in K/S value. Hydrolysis of high
molecular weight biodegradable plastics [polybutylene succinate, poly(e-caprolactone), and
poly(3-hydroxybutyrate)] and polylactic acids by cutinase from Cryptococcus sp. strain S-2
also have been studied (Masaki et al., 2005). Researchers have shown that the vinyl acetate
moieties in polyacrylonitrile (PAN) can be hydrolysed by cutinases and lipases, making this
approach applicable to most commercially available PANs (Guebitz et al., 2008; Matama et
al., 2006). Studies have been done on evaluation of polyamide (PA) hydrolysis using cutinase
from F. solani (Silva et al., 2007). This cutinase was also genetically modified to achieve
higher activity on synthetic polymers (Araujo et al., 2007). Polyalkyleneterephthalates (PAT)
is another group of polymers which have been studied as a hydrolytic substrate for cutinases
along with lipases and esterases (Guebit and Paulo, 2008). A comparative study on lipase and
cutinase catalyzed surface esterification of hemicellulose; arabinoxylan (AX) films showed
that cutinase from F. solani can efficiently catalyse surface acetylation when shorter alkyl
chain substrate (vinyl acetate) was used, whereas the lipases (Mucor javanicus, Rhizopus
oryzae and Candida rugosa) have preference towards the longer alkyl chain substrate (vinyl
stearate), as shown by surface stearation (Stepan et al., 2013). Several reports are available on
degradation of PET and PET derivatives by cutinases from F. solani, F. oxysporum, T. fusca,
T. alba and Pencillium citrinum (Ribitsch et al., 2011; 2013; Thumarat et al., 2011).
Vertommen et al., (2005) studied the hydrolysis of different solid model substrates of PET by
F. solani cutinase in aqueous heterogeneous system. The extent of hydrolysis was detected by
measuring the amount of (soluble) degradation products in solution using reversed-phase
HPLC. The result showed that the crystallinity of the PET greatly affects the capability of the

enzyme to hydrolyze the ester bonds, displaying relatively high activity towards an
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amorphous polyester film and little activity on a highly crystalline substrate. It was also
observed in the study that the enzyme is sufficiently stable and hydrolysis rate on the
amorphous substrate maintained at sufficient high level over a long period of time of at least
five days. Eberl et al., (2009) reported that cutinases from T. fusca and F. solani can
efficiently hydrolyse the bis(benzoyloxyethyl) terephthalate (3PET) and PET in the form of
fabrics and films. The hydrolysis was monitored by MALDI-TOF-MS, LC-MS, cationic
dyeing and XPS analysis. The study also shown that the presence of the plasticizer N,N-
diethyl-2-phenylacetamide (DEPA), increased hydrolysis rates of semi-crystalline PET films

and fabrics.

2.10.2 Cutinase in textile related industry

The treatment of wool fabrics with protease is an environmentally friendly technique and has
been intensively explored as an alternative of the commercial chlorine-Hercosett process to
provide shrink resist property to wool fabrics (Schumacher et al., 2001). The cuticle
membrane in the wool surface is mainly composed of naturally occurring lipids connecting
cysteine residues via thioester or ester bonds and covalently cross linked isopeptide via amide
bonds, which makes the wool surface highly hydrophobic. Chemical or physical treatments,
such as alkali, oxidation, chlorination, or plasma treatments can dislodge some fatty acids
bonds in the wool surface, break some disulfide crosslinks and provide polar functional
groups. However, some chemical pretreatments have the disadvantages of causing excessive
fiber damages and uneven treatments of wool surface. Enzymes, such as lipases and the
chemically modified proteases, have the great potential application in wool processing
without causing significant damage to wool fibers. The enzymatic process based on the

chemically modified proteases has been investigated by several groups (Shen et al., 2007;
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Silva et al., 2005a; Silva et al., 2006) achieving a satisfactory anti-felting effect without any
significant weight loss. Lipases are expected to remove the hydrophobic complexes and long
chain fatty acids in the wool surface, which might promote the succeeding proteolytic
reactions. However, several studies (Hutchinson et al., 2007; Monlled et al., 1994,) revealed
that lipase treatment of wool fibers do not changes the surface of wool significantly and
negligible difference in the wettability was observed. Thus, the efficacy of lipases in wool
processing is still argumentative. Cutinases display hydrolytic activity towards a broad variety
of aliphatic esters (Pocalyko et al., 1998; Silva et al., 2005b; Silva et al., 2007). Recently,
Agrawal et al., (2008) demonstrated that cutinase treatment enhanced the degradation of
cotton waxes and increased the hydrolytic rate of pectinase during cotton scouring. Since, the
outmost bound lipids in the wool surface are a complex mixture of aliphatic lipids, cutinase
might have the potential application in the pretreatment of wool fibers. Wang et al., (2009)
showed that the wettability of wool fabric was improved after cutinase (T. fusca WSHO04)
treatment compared with that of the sample pretreated with hydrogen peroxide. Another
advantage of cutinase treatment is that the partial dislodgement of the lipid-rich outer layer
and the increase of the wettability caused by the cutinase pretreatment make the succeeding
proteolysis with protease easily occur from the underlying protein layer on wool surface.
Several works have been done in order to improve the degradation of cotton seed coat. Yan et
al., (2009) has reported that cutinase was capable of degrading the cotton seed coat. The
removal of aliphatic components by cutinase enables other enzymes to penetrate into the inner
of cotton seed coat. Cutinase can potentially improve the degradation of cotton seed coat
during cotton fabric bio-scouring process. Cotton contains various non-cellulose components

such as waxes (2.5%), pectins (1.2%), cuticles (3%), and so on (Lee et al., 2009). These non-
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cellulose components prevent the uniform dyeing of the fabric and can decrease its
absorbency. Pectinase, lipase, and cutinase are examples of enzymes used for hydrolyzing the
non-cellulose components of cotton. Cutinase can hydrolyse the cuticle layer of cotton.
Accordingly, hydrolyzing the cuticle layer, a large portion of which comprises the non-
cellulose components of cotton, can improve the fabric dyeing properties and the moisture
regain. Furthermore, auxiliaries such as nonionic surfactants and salts can facilitate cutinase
hydrolysis of the cuticle layer of cotton. A nonionic surfactant such as Triton X-100 helps to
reduce the enzyme penetration time (Lee et al., 2009) and some salts such as calcium chloride
serve as activators to help dissolve the proteins into solution, thereby increasing the enzymatic
activity. Optimization of the dyeing properties and moisture regain of cotton was possible by
applying this cutinase treatment in the presence of a Triton X-100 and calcium chloride. Lee
et al., (2009) reported that the optimum condition for scouring of cotton to be a pH and
temperature of 9.0 and 50°C, respectively at cutinase concentration of 100%, and a treatment
time of 60 min. The weight loss of cutinase-treated cotton fabrics was 2.5% because the
cuticle layer of the cotton fiber was effectively hydrolyzed. Cutinase treatment did not affect

to decrease of the moisture regain or the K/S value.

2.10.3 Cutinase in ester synthesis

Cutinase has been used for synthesis of short chain fatty acid esters that has applications as
flavoring agents in food industry (Sebastido et al., 1992; Sebastido et al., 1993). Although,
lipases can be used for the hydrolysis and synthesis of esters, are active in organic solvents
and have wide substrate specificity, still they have a number of shortcomings. The most
important shortcoming of lipases is their relatively large size and instability under industrial

process conditions. Despite the known ability of cutinases to catalyse the hydrolysis of esters,
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use of cutinases have been suggested only for very limited purposes until now, viz., successful
utilization as catalyst for synthesis of esters in laboratory scale. Cutinases can be used for the
hydrolysis of a variety of ester substrates including monoesters, such as p-nitrophenyl
butyrate, and triglycerides, such as triolein and tributyrin.

Cutinases can also be used for the direct synthesis of esters starting from alcohols and organic
acids (e.g., fatty acids). This derives from the reversibility of the cutinase reaction. The
synthesis of fatty acid esters by cutinase has been analyzed in reversed micelles of both
anionic, AOT, (Sebastido et al., 1992; Sebastido et al., 1993) and cationic, CTAB, (Cunnah et
al., 1996) surfactants. The oleic acid esterification with aliphatic alcohols by
microencapsulated cutinase in AOT reversed micelles showed that cutinase has a preference
for C5 to C6 alcohols, reflecting both the intrinsic selectivity of the enzyme and the different
accessibility of the alcohol substrates to the cutinase active site (Sebastido et al., 1992;
Sebastido et al., 1993). The effect of the fatty acid chain length on the esterification of
hexanol was also evaluated and the maximum activity was obtained with butyric acid,
confirming the cutinase selectivity for short chain substrates. The same reactions were also
performed with cutinase encapsulated in CTAB reversed micelles (Cunnah et al., 1996) and
similar conclusions can be drawn; the cutinase activity was maximal for the esterification of
hexanol with butyric acid. However, the cutinase activity in AOT reversed micelles was
higher than in CTAB reversed micelles. The esterification of hexanol with butyric acid was
also investigated by other authors (Carvalho et al., 1998a) using cutinase adsorbed on a
macroporous polypropylene support in both water-immiscible (hexane and diisopropyl ether)
and water-miscible (acetonitrile) solvents. The esterification of hexanoic acid with hexanol

has also been performed in some studies (Cunnah et al., 1996; Sereti et al., 1997). However,
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the initial reaction rate in supercritical CO, was considerably lower (around 1.1 nmol min*
mg* protein) than that in CTAB reversed micelles, (14 mmol min't mg? protein) (Cunnah et
al., 1996; Sereti et al., 1997). In addition, the equilibrium in the supercritical reaction medium
was reached after 5 days. The esterification of caprylic acid with butanol was also performed
with lyophilized cutinase (Sarazin et al., 1992; Sarazin et al., 1995) using a NMR tube as a
probe of the spectrometer. Around 80% of esterification could be achieved after 7 h. The ester
synthesis of butyric acid and 2-butanol was carried out by cutinase microencapsulated in
nonionic surfactant, phosphotidylcholine (Pinto-Sousa et al., 1994). The enzymatic activity
for the synthesis of butyl butyrate increased with increasing substrates concentrations
according to a Michaelis-Menten kinetics. However, the inhibition of cutinase was observed
at higher than 500 mM and 200 mM for 2-butanol and butyric acid, respectively. Dutta and
Dasu (2011) also studied the synthesis of short chain alkyl esters catalysed by P. cepacia
cutinase. In their study, ability of P. cepacia cutinase to synthesize butyl esters of various
chain lengths and the specificity for acid chain length and alcohol was evaluated. The
maximum conversion (%) during synthesis of ester was obtained for butyric acid (C4) and
valeric acid (C5) with butanol reflecting the specificity of the enzyme for short-chain length
fatty acids. In case of alcohol specificity, butanol was found to be most preferred substrate by
the enzyme and conversion (%) decreased with increasing carbon chain length of alcohol used
in the esterification reaction. The esterification of lauric acid and pentanol with cutinase
microencapsulated in AOT reversed micelles was performed as a model system to study the
structural and catalytic properties of the enzyme by using EPR spectroscopy of the labeled
active site (Papadimitriou et al., 1996). The effect of water content on cutinase activity was

assessed, the maximum being at wo=9. Up to w, 9, there was an increase of both activity and
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active site mobility. As the water content of the system became higher, the mobility of the
bound spin label stabilized, whereas the enzymatic activity dropped considerably. Kinetic
studies allowed the determination of the apparent kinetic parameter, Kn 208 mM and 60 mM
for pentanol and lauric acid, respectively. The synthesis of oleoyl glycerides, monoolein,
diolein and triolein, catalysed by lyophilized cutinase was demonstrated (Melo et al., 1995a)
using the monomolecular film technique previously used to study the kinetics of lipase
hydrolysis. The water sub phase was replaced by glycerol and a film of oleic acid was initially
spread on the glycerol surface. More than 50% of the oleic acid film was acylated after 7
minutes of reaction. De Barros et al., (2009a; 2009b; 2010a; 2010b) studied the ability of
cutinase to catalyse the esterification of short chain alkyl esters in isooctane, miniemulsion
system. De Barros et al., (2009a) observed higher ester yields and initial reaction rates in the
esterification of butyric (C4) and valeric acid (C5) as compared with the shorter or longer
chain length acid. It was also reported by De Barros et al., (2009b) that cutinase has substrate
specificity towards short chain fatty acids (C4-C5) for synthesis of ethyl esters by
esterification in iso-octane, whereas the specificity shifted to C10-C18 when cutinase was
used in miniemulsion system. In another study, De Barros et al., (2010b) observed that a
higher stability of cutinase can be achieved when esterification reactions were carried out in

fed batch mode using consecutive feeding pulse of substrate (alcohol).

2.10.4 Cutinase in transesterification reactions

Cutinase has been found to be one of the potent catalysts for transesterification reactions.
Transesterification is the reaction of fats or oils with an alcohol to form esters and glycerol.
The transesterification (alcoholysis) reaction of butyl acetate with hexanol in organic media

(isooctane) has been evaluated using cutinase in several systems (Carvalho et al., 1998a;
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Carvalho et al., 1997a; Cunnah et al., 1996; Serralha et al., 1998). The effect of the reaction
conditions, viz., water content, temperature, buffer molarity, pH, surfactant bis (2-ethyl-1-
hexyl) sodium sulfosuccinate (AOT), hexanol and butyl acetate concentrations on the
transesterification activity of cutinase microencapsulated in AOT reversed micelles were
evaluated using the factorial design methodology (Carvalho et al., 1997a). The alcoholysis of
methyl propionate with propanol using cutinase at several hydration levels were studied in
several gas solid systems (Lamare and Legoy, 1995; Lamare et al., 1997; Parvaresh et al.,
1992). Recently, transesterification of triolein catalysed by cutinase microencapsulated in
AOT reverse micelle was studied in small scale (Badenes et al., 2010a; Badenes et al., 2010b;
Badenes et al.,, 2011a) and reactor (Badenes et al., 2011b). Badenes et al., (2010a) have
obtained higher conversion of alkyl ester for transesterification of triolein with butanol than
ethanol and methanol, due to the lower toxicity of butanol. The three step addition of ethanol
was improved the conversion during transesterification of triolein (Badenes et al., 2010b).
The optimum alcohol concentration, enzyme concentration and w, obtained by Badenes et al.,
(2010a) were about 300 mM, 1 mg mL* and 2.7, respectively. In membrane reactor, Badenes

et al., (2011b) could able to achieve high productivity of 500 g product day™ g* of enzyme.

2.10.5 Cutinase in detergent and laundry industry

Cutinases have been evaluated as a lipolytic enzyme in laundry and dishwashing detergent
formulations (Egmond and van Bemmel, 1997; Okkels, 1997a; Uniliver, 1994a). They have
oxidative stability in H20.. They have good stability in a temperature range of about 20-50°C
which is ideal from a cleaning point of view. Further, many lipases are not stable at pH 8-11
where most cleaning compositions are used. Cutinases are also stable in the presence of other

enzymes; e.g., proteases and hence are ideal for mixtures of enzymes. The addition of
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cutinase to conventional cleaning compositions does not create any special use limitation
(Kolattukudy and Poulose, 1994). For all these reasons, it has been found that cutinases are
more beneficial than commercial lipase, lipolase™, for removing of triacylglycerols and to

hydrolyse the fats without calcium (Egmond and van Bemmel, 1997).

Table 2.5 Cutinase catalyzed hydrolytic and synthetic reactions

Type of reaction Substrates PEnzymayc Reference
reparation
Reverse micelle Melo et al.,
AOT/isooctane 1995b
Triolein Aqueous/triolein Flipsen et al.,
biphasic medium 1996
Free enzyme Chen et al,
2008
Immobilization onto Gongalves et
Triglyceride zeolites al.,1996a
Entrapment in calcium | Gongalves et al.,
alginate 1995
Tricaprylin
Covalent binding on Gongalves et
porous silica al.,1995
Hydrolysis p-nitrophenyl Micelles of SDS, Pocalyko and
valerate Triton X-100 Tallman, 1998
Immobilization on
dextran and Goncalves et
derevetized silica al.,1998
Esters p—nitrophenyl supports
palfatidie Chen et al.,
Free enzyme 2008, Sebastian
and Kolattukudy
1988
Methyl-,ethyl-, . Lamare et al.,
propyl propionate Gas/solid system 1997
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Type of reaction Substrates PE',ZF%T&"’E:)C” Reference
O|e|iaC|d Reversed micelles of Sebastiao et
hexanol AOT/isooctane al.,1992, 1993
Esterification
Caprylic acid Sarazin
pry Yy Substrates in organic etal.,1992,
media Sarazin et
butanol al 1995
Butyric acid Phosphatidylcholine/is .
+ ooctane reversed Pm;? 81%%? et
2-butanol micelles N
Oleic acid
. Melo et al.,
+ Organic solvents 1995a
glycerol
Synthesis CTAB reversed Cunnah et al.,
Hexanoic acid micelles 1996
ki Immobilization onto Sereti et al
hexanol Accurel EP 100 in SC 1997
CO2
Launf e Reversed micelles of | Papadimitriou et
AOT/isooctane al., 1996
pentanol
Short chain fatty
acid (C4-C18) Lyophilized enzyme in | De Barros et al
+ organic media 2009a
ethanol
Cabroic acid De Barros et al.,
P T Lyophilized enzyme in 2010a
ethanol organic media De ngfgbet al.,
Methyl Lamare and
propionate Gas/solid system Legoy, 1995
+ ,Lamare et al.,
propanol 1997
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Enzymatic

. Reference
Preparation

Type of reaction Substrates

Carvalho et al.,

Reversed micelles of 1997a: Carvalho

AOT/isooctane

et al., 1998b
Butyl acetate
+
hexanol .
Reversed micelles of Cunnah et al.,
CTAB/isooctane 1996
Transestrification Immobilization onto Serralha et al.,
zeolites 1998
Reversed micelles of Badenes et al.,
AOT/isooctane 2010a
Metrlanol Reversed micelles of Badenes et al.,
L AOT/isooctane 2010b
Triolien

Reversed micelles of Badenes et al.,
AOT/isooctane 2011a

2.10.6 Cutinase in biodegradation/detoxification

Cutinase can also be used in many industrial waste water treatment processes where fat
content of the waste water limits the degree of treatment e.g. leather industry. Cutinase from a
genetically modified S. cerevisiae was reported in the tested reaction conditions, to display
higher activities than the commercial Defat 50 lipase in the degreasing of a solid waste from
the leather industry with a specific activity approximately three times higher than Defat 50
(Teles FRR, 2001).

Another very important feature of cutinase is that it can be used to degrade many toxic
substances. For instance, cutinase has been found to degrade malathion (Kim et al., 2005a).
Malathion is an organophosphate insecticide and acaricide that have been used for the control

of insects on field crops, fruits, vegetable, livestock and also extensively used to prevent
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mosquitoes, flies, household insect, animal parasites and head body lice as substitute for DTT
(Barlas, 1996; Chambers, 1992; Rettich, 1980). It persistently remains in oily products for a
long period (Racke, 1992) and affects central nervous system of invertebrates, immune
system of higher vertebrate wildlife, adrenal glands, liver and blood of fish (EI-Dib, 1996;
Galloway, 2003; Senanayake, 1987). F. oxysporum cutinase can degrade malathion much
faster than yeast esterase with high stability (Kim et al., 2005a). F. oxysporum cutinase also
been reported to degrade endocrine disrupting chemicals like Butyl benzyl phthalate (BBP)
(Kim et al., 2002), di-(2-ethylhexyl)-phthalate (DEHP) (Kim et al., 2003), dihexyl phthalate
(DHP) (Kim et al., 2007), dipropyl phthalate (DPrP) and dimethyl phthalte (DMP) (Kim et
al., 2005b). Phthalate esters are predominantly used in the manufacture of polyvinyl chloride
to make it flexible, a lesser degree in paints lacquers and cosmetics (Chang et al., 2004; Sung
et al., 2003). Recently, the most commonly occurring phthalates such as DPrP and DMP were
classified as priority pollutants by the United States Environmental Protection Agency (Sung

et al., 2003).

2.10.7 Cutinase in dairy industry

Enzymes are widely used in dairy industry as a catalyst for the production of dairy flavors to
enhance food flavor via lipolysis of the triacylglycerides present in milk fat to produce free
fatty acids (FFA). Fatty acids provide characteristic flavors to many dairy foods, especially
cheese and dairy flavor concentrates. Short-chain fatty acids such as butyric and caproic acids
are volatile and provide aroma flavor to the dairy food products. Depending on the length of
fatty acid chain the flavor nature changes. As the long chain fatty acids (C10-C18) have
soapy or bitter flavors, they are generally not suitable for food production. Since most of the

lipases have higher specificity towards long chain fatty acids alternative source of enzymes
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are always in demand. Though there are lesser reports available on hydrolysis of dairy
products by cutinase, they have been shown to hydrolyse fatty acids from butter (Horii et al.,
2010). The secretory form of A. oryzae cutinase, which was produced in recombinant A.
oryzae and S. cerevisiae as a fusion protein with a-agglutinin was investigated for the
hydrolysis of fatty acids from salt-free commercially available butter. The study showed that
cutinase secreted in recombinant A. oryzae was able to release 16.8 mol% of butyric acid
from butter whereas, cutinase displayed on the cell surface of the yeast S. cerevisiae as a
fusion protein with a-agglutinin released butyric acid at a 2.7-fold rate (45.4 mol %) higher
than that of the secreted form. It was also shown in the study that the yeasts carrying two
copies of cutinase genes into their chromosomes released free fatty acids rapidly and showed
2-fold higher lipase activity compared with yeasts carrying one copy of the cutinase gene

(Horii et al., 2010).

2.10.8 Cutinase in fruit industry

Cutinase can be used in fruit industry for degrading a part of insoluble material of the
membrane of fruits so as to enhance the water permeability across the membrane. This
technique is useful for making dehydrated fruits and also for delivering some synthetic
substances like sweeteners, flavor enhancers, preservatives, stabilizers into the fruits (Poulose

and Boston, 1994).
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CHAPTER 3
MATERIALS AND METHODS

3.1 Chemicals and reagents

All restriction enzymes, polymerases, ligase and dNTPs used in cloning work were purchased
from NEB (USA). All chemicals used in the expression study and enzyme purification
experiments were procured from Sigma-Aldrich (India). Chemicals and reagents used in the
medium development study were of analytical grade and obtained from HiMedia (India) or
Merck (India). Chemicals and markers used in SDS PAGE were obtained from Bangalore
Genei (India). Most of the chemicals and reagents used in the biochemical and biophysical
characterization studies (p-nitrophenyl butyrate, p-nitrophenyl palmitate, p-nitrophenyl
caproate, p-nitrophenyl valerate, p-nitrophenyl laurate, Guanidine hydrochloride, urea, DTT,
EDTA, SDS, Triton X-100 and PMSF), esterification and transesterification reactions were
procured from Sigma-Aldrich (India). All other chemicals used in protein analysis were of

analytical grade and obtained from Merck (India).
3.2 Microorganisms and vector

Thermobifida fusca NRRL B-8184 strain used in this study as a source of cutinase was
procured from Agricultural Research Service (ARS-Culture collection), USDA, Peoria, USA.
E. coli DH5a was procured from Microbial Type Culture Collection, Chandigarh, India and
E. coli BL21 (DE3) and expression vector pET22b(+) were procured from Novagen Inc.,

USA. Thermobifida fusca NRRL B-8184 strain was grown on nutrient agar medium at 50°C
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and maintained as glycerol stock (20% v/v) at -20 = 1°C. E. coli strains were grown on Luria
Bertani medium at 37°C and maintained as glycerol stock (20% v/v) at -20 + 1°C. E. coli
strain harboring pET22b(+) vector or pET22b(+) with cutinase gene construct was grown on
Luria Bertani medium supplemented with 100 pg mL* ampicillin at 37°C and maintained as

glycerol stock (10% v/v) at -20 + 1°C.

3.3 Cultivation medium and culture conditions

3.3.1 Cutinase production from wild type T. fusca

The production of cutinase from wild strain, T. fusca NRRL B-8184 was performed in the
modified basal semisynthetic medium containing (g L™): glucose, 5.0; beef extract, 3.0;
peptone, 15.0; urea, 6.0; KH2PO4, 2.0; KCI, 0.5; MgSO4+7H20, 5.0 and initial pH was
maintained at 7. The inoculum was prepared by adding a loop full of freshly prepared pure
culture on a slant into 50 mL of autoclaved above mentioned medium containing glucose as
the sole source of carbon in a 250 mL Erlenmeyer flask. The culture flask was incubated at
50°C and 200 rpm in an orbital shaking incubator for 10-12 h (Optical density (OD) at A600
nm = 0.6 to 0.8). A 2% of inoculum from the above seed culture was added to 50 mL of the
medium containing (g L™?): tomato cutin, 5.0; beef extract, 3.0; peptone, 15.0; urea, 6.0;
KH2PQOg4, 2.0; KCI, 0.5; MgS0O4+7H20, 5.0 (pH 7) in 250 mL Erlenmeyer flasks and incubated
in an orbital shaking incubator at 50°C and 200 rpm. Samples were withdrawn at regular

intervals to determine cell growth and cutinase activity.

3.3.2 Cutinase production from recombinant E. coli BL21 (DE3)
The standard culture method used for the production of recombinant cutinase from E. coli

BL21 (DE3) was as follows. A single colony of recombinant E. coli BL21 (DE3) was
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inoculated in to 5 mL of LB medium supplemented with 100 pg mL* ampicillin and
incubated at 37°C and 250 rpm in a shaking incubator for 12 h. 50 mL of LB medium
supplemented with 100 pg mL™* ampicillin was inoculated with the above seed culture
(around 1%), adjusted for the initial cell density A600 nm of 0.05 and incubated at 37°C and
250 rpm in a shaking incubator. IPTG was added to the culture medium (A600 nm ~0.75) and
allowed to grow further. Samples were withdrawn at regular intervals to determine cell

growth and cutinase activity.

3.4 Analytical methods

3.4.1 Assay for cutinase

3.4.1.1 The pNP-ester assay

Cutinase activity against p-nitrophenyl esters (pNP-ester) was determined by measuring the
amount of p-nitrophenol released by hydrolysis of pNP-ester. The production of p-nitrophenol
was monitored at 405 nm. The standard assay was measured in 1 mL volume with 1 mM
pNP-ester as a substrate in 50 mM Potassium phosphate buffer (pH 8) containing 4% THF, 10
mM Sodium deoxycholate at 50°C for 5 min. One unit of enzyme activity is defined as
release of 1 umol of p-nitrophenol (pNP) per minute. Specific activity is defined as the
activity of an enzyme per milligram of total protein (expressed in umol mint mg?). The

method for preparation of p-nitrophenol standard curve was described in appendix A.1.

3.4.1.2 The pNMSH assay
Activity against cutinase specific substrate, pPNMSH (p-nitrophenyl (16-methyl sulfone ester)
hexadecanoate) (Degani et al., 2006) was determined by measuring the amount of p-

nitrophenol released by hydrolysis of pNMSH. The production of p-nitrophenol was
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monitored at 405 nm. The standard assay was measured in 1 mL volume with 1 mM pNMSH
as a substrate in 50 mM Potassium phosphate buffer (pH 8) containing 4% THF, 10 mM
Sodium deoxycholate at 50°C for 1 h. One unit of enzyme activity is defined as release of 1
pmol of p-nitrophenol (p-NP) per minute. Specific activity is defined as the activity of an
enzyme per milligram of total protein (expressed in pmol min mg?). The method for
preparation of pPNMSH and p-nitrophenol standard curve was described in appendix A.4 and

appendix A.1, respectively.

3.4.1.3 Cutin hydrolysis

Hydrolysis of plant cutin was analyzed using tomato cutin as follows. 1 mg tomato cutin was
added to 5 mL KPO4 buffer (50 mM, pH 8) containing 1 mg mL™ enzyme. The hydrolysis
was initiated by incubating the sample at 50°C with 200 rpm shaking for 24 h. The fatty acid
hydrolyzed was extracted twice with 10 mL n-hexane, derivatized in to methyl ester, filtered
through 0.2 micron filter and analyzed by gas chromatography. The method for preparation of
tomato cutin and methyl ester derivatization was described in appendix A.5 and appendix A.6,

respectively.

3.4.2 Protein determination

The total protein content of the samples was determined according to the Bradford’s
method. In a standard microtiter plate protein assay, the assay mixture consisted of 1-50 pL
of protein sample and 150 pL of Bradford reagent. The contents in the sample were mixed
and incubated in dark at room temperature for 10 min. The blue color developed by the

protein-dye complex was measured at 595 nm in a microtiter plate reader (Tecan,
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Switzerland). The protein concentration in the reaction was determined based on a standard

curve obtained with bovine serum albumin (Sigma) as standard (appendix A.2).

3.4.3 Dry cell weight (DCW)

For preparation of standard curve of DCW, 1 mL of culture grown at 37°C with 200 rpm
shaking was withdrawn at different cell densities (measured at A600 nm), cells were
centrifuged at 10000g for 10 min at 4 £ 1°C and the supernatant was discarded. The pellet
was suspended in 5 mL of 50 mM KPO4 buffer (pH 8) and centrifuged at 10000g for 10 min
at 4 + 1°C. Cells were washed twice with the same buffer and supernatant free cells were
transferred to a pre-weighed microcentrifuge tubes, dried to a constant weight at 80°C in an
oven. Standard curve between DCW vs. OD at A600 nm was prepared to determine the

DCW of unknown samples (appendix A.3).

3.4.4 Fluorescence spectroscopy

Steady state fluorescence was recorded on a FluoroMax spectrofluorimeter (HORIBA
Scientific, USA.). Intrinsic tryptophan fluorescence spectra were recorded by exciting the
samples at 295 nm with excitation and emission slit widths set at 1:3 ratios. The emission
spectra were recorded in the range of 310-450 nm. Baseline corrections were carried out with
corresponding buffer without protein in all cases. Each spectrum represented the average of

three accumulations. 1 uM enzyme was used for analysis.

3.4.5 Circular dichroism (CD) spectroscopy
CD spectra were recorded using a JASCO J-720 or J-815 CD spectrophotometer (JASCO,
Japan). Each spectrum represented the average of three accumulations recorded between

wavelengths of 190 and 250 nm, with a 0.1 nm resolution, bandwidth of 1 nm, response time
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of 8 sec, and a scan speed 20 nm mint using a 1 cm or 0.1 cm path length cuvette. All spectra
were corrected for background by the subtraction of an appropriate buffer blank. All
measurements were made at 25°C. 5 UM enzyme was used for secondary structure analysis.
Tertiary structure analysis was performed in the near-UV region (250-350 nm) using 10 uM
enzyme in 50 mM KPO4 buffer (pH 8). The machine CD units in millidegree (mdeg) obtained

was converted to mean residue ellipticity (MRE, 0) for plotting the graph (appendix A.7).

3.4.6 GC analysis of esters

Synthesis of fatty acid ester was analyzed by injecting the diluted aliquots of the reaction
mixture in a gas chromatograph (Varian 450-GC). The column temperature was kept at 140°C
for 5 min, raised to 220°C at 2°C min™* and was maintained at this temperature for 20 min.
The temperatures of the injector and detector were set at 250°C. The column used was SLB
IL-100 (Supalco) and detector was FID. The carrier gas used was N, and a make-up gas was
H> and air. The molar conversion percentage calculations and the internal GC standards used

for the calculations are listed in appendix A.8.

3.5 Cloning and expression of cutinase encoding genes from T. fusca NRRL

B-8184

3.5.1 Choice of host and vector

E. coli BL21 (DE3) (Table 3.1) was used as a host for expression of T. fusca cutinase genes.
Target genes were cloned into pET22b(+) vector (Fig 3.1) in frame with pelB signal peptide
for periplasmic localization of recombinant protein and expressed under IPTG inducible T7

promoter.
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Table 3.1 Details of the host strain E. coli BL21 (DE3) used for expression of cutinase

Strain Deriv. Genotype Description AD

resistance

FOmpT hsdSg (rem’s) | General purpose
BL21 DE3 | B834 ) None
gal dem (DE3) expression host”

*Expression means that the strain is a ADE3 lysogen, i.e., it carries the gene for T7 RNA
polymerase under lacUV5 control. It is therefore suited for expression from T7 promoters

PET-22b(s) seq Bpu1102 I(g0)
T7 promoter 361-377
T7 transcription start 360
pelB coding sequence 224-289
Multiple cloning sites Mse |5225)
ol - 5R- BseR 1(260)
(Neo1- Xhol) 158-225 ~ Beph |(268)
His*Tag coding sequence  140-157
T7 terminator 26-72 - Xba I(326) Bal ll392)
lacl coding sequence 764-1843 - SqrA 11433)
pBR322 origin 3277 -—Sph 1(989)
bia coding sequence 4038-4895 ~ Pﬂ/'::glégaiggs)
f1 origin 5027-5482 Sca la588)
Pvu l(4478)
\ Miu I(1114)
Pstl4353) /[ & 5 - Bl l1128)
oyl & AN
& o "wBstE I1{1295)
Bsa |(4169 \' Clﬂb I E\mg ||(1323>
L a 1(1325)
Eam1105 14108) 1 | pPET-22b(+) > | ‘l F pa l(
T (5493bp) s/
\ ~ |w
\ ,-/ "stsH 1(1525)
\ / ~Hpa I{1620)
AlwN 1(3631) o
4 PshA 1{1959;
(‘}9) (1959)
2
BspLU11 I(azwsm > Psp5 ll(2221)
Sap 1(3099) r— Bpu10 1(2321)
Bst1107 I(2986) ! | e
Tth111 12960) / BspG 1(2741)
T7 promoter primer #69348-3
B
Bglll T7 promoter lac operator Xbal ths
ACGATCTCCGATCCCGOGAAAT TAATACCAC TCACTATAGGECAAT TGTCAGCGGAT AACAATTCCCCTC T AGAAATAA GITTAACTTTAACAAGLALA
Nde | Ospi pelB leader Mse| Neol

— BanH| EcoR1 Sacl

TATACATATGAAATACCTGC TGLCGACCEGLTECTGCTGETCTGCTGETCCTCGL TGCCC AGLCGGL GATGECCATGEATATCGEAAT TAAT TCGGATCCGAATTCGAGCETCC

MetlysTyrLeuleuProThraloAlahlaGliyLleuleuleuleudl abl aGlinProdl oMetd igMetispl el
Eagl Aval*

vIllefAsnSerAspProAsnSerSerSer

. signal peptidase
Sall  Hind Il __Notl Xho His*Tag Bpul102 1
GTCGACAAGCTTGCGGCCGLACT CGAGLCAC CACCACCACCACCAC TGAGAT COGGOTGE T AACAAAGCCCGAAAGGAAGC TEAGT TELECTGCTGCCACCGE TGAGCAATAAL
ValAsplysLeuAlohAloAlaleuGluHisHIsHIsHI sHI sHIsEnd -
T7 terminator T7 terminator primer #69337-3
TAGCATAACCCCT TGEGGCCTCT AAMACGRGTC TTGAGGGGTTTTTTG

PET-22b(+) cloning/expression region

Fig. 3.1 Map of pET22b(+) and cloning/expression region
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3.5.2 Primer design

DNA sequences to be amplified were taken from the NCBI data base from the organism
Thermobifida fusca YX (Accession No. NC_007333) strain and the primer were designed
using the software FastPCR. The details of the primers designed for cutl and cut2 are
illustrated in Fig. 3.2 and 3.3, respectively.

To study the effect of C-terminal (His)e tag on expression of T. fusca cutinases in E. coli
BL21 (DE3) and the cutinase activity, both cutl and cut2 were cloned into pET22b(+) vector
with and without C-terminal (His)s tag. The details of all the primers used in this study are

summarized in Table 3.2.

3.5.3 Isolation of genomic DNA

Genomic DNA was isolated from T. fusca NRRL B-8184 using Sigma genomic DNA
preparation kit as per the manufacturer’s instructions. The purified genomic DNA was
analyzed on agarose gel (0.6%) and quantified using spectrophotometer by measuring

absorbance at 260 nm (1 OD= 50 pg mL™%).

3.5.4 Isolation of plasmid DNA

Plasmid DNA was isolated from E. coli harboring pET22b(+) or pET22b(+) with cutinase
using Sigma plasmid DNA isolation kit following the manufacturer’s instructions. The
purified plasmid DNA was analyzed on agarose gel (0.8%) and quantified using

spectrophotometer by measuring absorbance at 260 nm (1 OD= 50 pg mL™).
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5’ - Forward Primer -3’
ggaattcggatccaatgcccccgecatgecggegeg
atgcccccecgecatgcggcgecggeccggecctgcacagaaccgaagaggacgtgcaatggetgtyg
attaccccccgceccgggagegctcecttececctgetecteccgggecactgegettcaccgecgecggetgeccacagegettgtyg
accgcggtcagcctggcecgecceccgctcatgeccgeccaacccctacgagcgcggecccaacccgaccgacgeecctgete
gaagcccgcagcggcecccttcectecgtgagtgaagaacgggcectecececgetteggtgetgacggtttecggeggeggecace
atctactacccgcgggagaacaacacctacggtgccgtggcgatcteccececcggectacaccggcacccaggectetgte
gcctggctgggcgagecgcatcgectecccacggcttegtegtcatcaccatcgacaccaacaccaccctcecgaccagecg
gacagccgggcccgccagctcaacgecgecgectggactacatgatcaacgacgectecgteccgecggtgecgcagecggatce
gacagcagccgactggcggtcatgggccactccatgggcggcggecggcaccctgegtectggecteccagegteccgac
ctgaaggccgccatcccgctcaccececgtggcacctcaacaagaactggagcagtgtgecgggtteccaccctecatcate
ggtgctgacctggacaccatcgctccggtecctcacccacgeccggeccttcectacaacagectecccgacctecgatecage
aaggcctacctggagctggacggcgcaacccacttcgecceccgaacatccccaacaagatcatcggcaagtacagegtce
gcctggctcaagcggttcgtcgacaacgacacccgctacacccagttectectgeccecggaccgegcgacggactette
ggcgaggtcgaagagtaccgctccacctgcceccttctag
gcgaggtggacggggaagatcctcgag g
3’ - Reverse Primer =D’

Fig 3.2 Design of primers for cutl: The cutl sequence (shaded grey) to which primers was
designed with restriction sites. Forward and reverse primer annealing region to gene
(shaded yellow in gene). Forward primer with two restriction sites (EcoRI-pink,
BamHI-blue) followed by ‘a’ nucleotide before start codon (marked red) to keep the
gene in frame with pelB signal peptide. One set of reverse primer was designed with
stop codon and the other without stop codon with same restriction sites (Xhol-violet,
Hindilll-orange)

5’ - Forward Primer —ou
ggaattcggatccaatggctgtgatgacccceceg
atggctgtgatgaccccccgecgggagecgectecttecctgetetece
gagctctgcaagtgacggctgcggctgccacagecgecttgtgaccgecggtcagectggeccgececcecgetcatgecgeccaac
ccctacgagcgcggccccaacccgaccgacgccctgectcgaagecagcageggecccttectececgtcagecgaggagaacgt
ctccecggttgagcgeccagecggcecttcggecggeggcaccatctactacccgecgggagaacaacacctacggtgecggtggega
tctccecececggctacaccggcactgaggcttceccatcgectggectgggecgagegecatecgectecccacggettegtegteate
accatcgacaccatcaccaccctcgaccagccggacageccgggcagagcagectcaacgecgegctgaaccacatgatcaa
ccgggcgtcctccacggtgecgcageccggatcgatagcageccgactggecggtcatgggeccactccatgggecggecggeggeca
ccctgcgtctggectcecccagegtecccgacctgaaggecgecateccecgectcacceccgtggcacctcaacaagaactggage
agcgtcaccgtgccgacgctgatcatcggggccgacctcgacacgatcgecgeccggtecgeccacgcacgcgaaaccgttceta
caacagcctgccgagctccatcagcaaggcecctacctggagectggacggcgcaacccacttecgececccgaacatcecccaaca
agatcatcggcaagtacagcgtcgcctggctcaagecggttcgtcgacaacgacacccgctacacccagttectectgecce
ggaccgcgcgacggactcttcggcgaggtcgaagagtaccgctccacctgececcgttctag
cgaggtggacgggcaagatcctcgag g
3’ - Reverse Primer - 5/

Fig 3.3 Design of primers for cut2: The cut2 sequence (shaded grey) to which primers was
designed with restriction sites. Forward and reverse primer annealing region to gene
(shaded yellow in gene). Forward primer with two restriction sites (EcoRI-pink,
BamHI-blue) followed by ‘a’ nucleotide before start codon (marked red) to keep the
gene in frame with pelB signal peptide. One set of reverse primer was designed with
stop codon and the other without stop codon with same restriction sites (Xhol-violet,
Hindilll-orange)
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Table 3.2 Summary of primers designed for amplification of cutl and cut2 of T. fusca to
clone into pET22b(+) vector

Gene primer Seqguence Restriction sites
Forward primer | 5-ggaaticggatccaatgeccecgeatgeggegeg-3' (34 mer) | EcoRl and BamHI

cutl Reverse Primer® | 5'-gaagctictcgagctagaaggggcaggtggageg-3' (34 mer) Hindl1l and Xhol

Reverse Primer® | 5'-gaagctictcgaggaaggggcaggtggageggta-3' (34 mer) Hindl1l and Xhol
Forward primer 5'-ggaattcggatecaatggcetgtgatgacceceeg-3' (34 mer) EcoRI and BamHI
S'-gaagctictcgagcetagaacgggcaggtggage-3’ (33 mer) Hindlll and Xhol

cut2 Reverse Primer?

5'-gaagctictcgaggaacgggcaggtggageggt-3' (33 mer) Hindlll and Xhol

Reverse Primer®
& primer for amplification of genes without C-terminal (His)s tag
b primer for amplification of genes with C-terminal (His)s tag

3.5.5 PCR amplification

All diagnostic PCR reactions (including PCR for checking of integrant, PCRs for quick check
of plasmids and confirmation of clones) were set up with NEB taq (Cat No. M0273L) and
preparative PCRs for amplification of insert to clone into the pET22b(+) vector were set up
with high fidelity tag from NEB (Cat No. MO530L). The details of the reaction are
summarized in Table 3.3. Cycling conditions followed for all diagnostic PCR and for all

preparative PCR are shown in Table 3.4 and Table 3.5, respectively.

Table 3.3 PCR set up used in cloning of cutinase genes

Reagents Amount
DNA 1-10 ng or as required
10X buffer 2 uL
10mM dNTPs 0.20 pL
Taq Polymerase 0.20 L
Forward primer
(10pM/pL) 0.20 uL
Reverse primer
(10pM/uL) 0.20 pL
water To make up to volume
Total 20 pL
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Table 3.4 Conditions for diagnostic PCR of cutinase genes

Step no PCR condition
94°C - 5 min

94°C — 1min

72°C - 1 min

Steps 2-3: 35 cycles
72°C-15 min

4°C

OO WN|F-

Table 3.5 Conditions for preparative PCR for cloning of cutinase genes

Step no PCR condition
1 98°C - 3 min

98°C — 10 sec

72°C - 45 sec

Steps 2-3: 20 cycles

72°C-10 min

4°C

OB WIN

3.5.6 Restriction digestions

The pET22b(+) expression vector and PCR amplicon of cutl or cut2 (2 pg each) was double
digested for 4 h at 37°C with BamHI and Xhol in 50 pL reaction volume for directional
cloning in to pET22b(+) expression vector as per the manufacturer’s instruction
(NEBhttp://www.neb.com/nebecomm/DoubleDigestCalculator.asp) and purified by PCR

column extraction using HiMedia PCR clean-up kit (HiMedia, India).

3.5.7 Ligation reaction

Ligation reactions were carried out using instant ligation kit from NEB (Cat No. M0202L) at
25°C for 18 h. The ligation reaction was set up at the molar ratio 1:3 (vector: insert) in final
volume of 20 pL using 50 ng double digested pET22b(+) vector and corresponding molar
quantity of insert as per the manufacturer’s instruction. 2-3 pL of ligation mix was used for

transformation into E. coli DH5a competent cells.
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3.5.8 Preparation of competent cells of E. coli DH5a and E. coli BL21 (DE3)

E. coli DH5a and BL21 (DE3) competent cells were prepared by rubidium chloride (RbCI)
method using 25 mL culture as follows. The E. coli [DH5a or BL21 (DE3)] culture was
grown in Luria-bertani (LB) medium for 12 h and inoculated again in fresh LB medium (1%
inoculum) and incubated at 37°C with shaking at 220 rpm. After 2 h (A600 nm ~0.4-0.5), the
culture was centrifuged at 50009 for 5 min at 4°C and the supernatant was discarded. The cell
pellet was suspended in sterile ice cold TFBI solution (30 mM potassium acetate, 100 mM
RbCI, 10 mM CaCl,, 50 mM MnCl and 15% (v/v) glycerol, pH 5.8) and incubated on ice for
10 min. The cell suspension was centrifuged at 4100g for 5 min and the supernatant was
discarded. The cells were suspended in sterile ice cold TFBII solution (10 mM MOPS, 75
mM CaCl,, 10 mM RDbCI, and 15% (v/v) glycerol, pH 6.5) and incubated on ice for 1 h. The
cell suspension was then dispensed as an aliquot of 50 pL in to sterile tubes. The tubes were

flash-freeze with liquid N2 and stored at -80°C till the further use.

3.5.9 Transformation in to E. coli DH5a and E. coli BL21 (DE3)

Both E. coli DH5a and E. coli BL21 (DE3) were transformed as follows. 2-3 pL of ligation
mix (In case of DH5a) or 2 ng vector construct with cutinase [In case of BL21 (DE3)] was
added to 50 pL competent cells prepared by RbCl method, and mixed gently by tapping and
then incubated on ice for 1 hour without shaking. After 1 hour, the vial was incubated for 45
seconds at 37°C water bath followed by a snap cool on ice for 2-3 min. 400 uL SOC
(tryptone, 2.0 g L!; yeast extract, 5.0 g L; NaCl, 10 mM; KCI, 2.5 mM; MgCl,, 10 mM;
MgSOa4, 10 mM; glucose, 20 mM) was added to the cells and mixed by gentle tapping of the
tube, the whole volume was plated on LB Agar plate supplemented with 100 pg mL*

ampicillin and incubated for 12-14 h at 37°C.

TH-1214 KHEGDE 86



MATERIALS AND METHODS

3.5.10 Screening of E. coli recombinant clones

All the colonies growing on the ampicillin plates after transformation into DH5o were
streaked on LB agar plate containing ampicillin (100 ng mL™). The cultures were grown at
37°C overnight. A loop full of culture was subjected to tooth-pick mini plasmid preparation
(Sambrook and Russell, 2001) followed by confirmation by colony PCR with gene specific
primers. Clones showing appropriate size were confirmed by restriction digestion analysis and

sequencing.

3.5.11 Expression of cutinase encoding genes in E. coli BL21 (DE3)

Cutinase construct in E. coli BL21 (DE3) were inoculated in 50 mL LB medium in 250 mL
Erlenmeyer flask with ampicillin (100 pg mL™) and incubated at 37°C and 200 rpm. Culture
was induced with 0.6 mM IPTG (at A600 nm ~ 0.75), 5 mL aliquot was taken in sterile
condition at regular time interval and centrifuged at 8000g for 10 min at 4°C. The cell pellet
was suspended in 500 uL of 50 mM Potassium phosphate buffer (pH 7), sonicated for 3 min
and centrifuged for 10 min at 10000g. The supernatant was used as crude enzyme source for

analysis by pNPB assay and SDS-PAGE.

3.6 Optimization of physical and chemical parameters for the production of

T. fusca recombinant cutinases in E. coli BL21 (DE3)

As mentioned in section 3.3.2, the standard culture methods were used for the production of
recombinant cutinases. Experiments were performed to determine the optimal level of IPTG
for higher level of recombinant protein expression by the addition of various concentration of
IPTG (0.1 mM, 0.4 mM, 0.6 mM, 0.8 mM, 1 mM) at cell density A600 nm ~ 0.75 at 37°C.

Temperature optimization was done by inducing the cells with optimal IPTG of 0.1 mM at
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cell density A600 nm ~ 0.75. The culture was further grown at different temperature viz.,
20°C, 25°C, 30°C and 37°C. Induction opportunity was studied at optimal IPTG and
temperature (0.1 mM and 37°C, respectively) by adding IPTG to the culture at different A600
nmviz., 0.20, 0.5, 0.75, 1, 1.5, 2.5 and 3. Samples (2 mL each) were taken at regular time

interval to measure the growth and cutinase activity by pNPB assay.

3.7 Study on effect of C-terminal (His)s tag on production and activity

To study the effect of C-terminal (His)s tag on expression and activity of recombinant Cutl
and Cut2 in E. coli, the E. coli BL21 (DE3) cells harboring pET-cutl or pET-cut2, with or
without C-terminal (His)s tag were grown at 37°C in 50 mL LB medium containing 100 ug
mL™ ampicillin. The each culture was induced with 0.1 mM IPTG at A600 nm ~0.75 and
incubated at 37°C with 250 rpm shaking for 24 h. During the cultivation, 5 mL of samples
were taken at regular time interval to measure the growth and cutinase activity by pNPB

assay.

3.8 Screening, selection and optimization of medium for enhanced

production of T. fusca recombinant cutinases in E. coli BL21 (DE3)

3.8.1 Screening and selection of medium for enhanced production of recombinant
cutinase

Experiments were performed to screen the best suitable medium for maximum production

of recombinant cutinases using different media (LB, NB, M9, M9-ZB, TB and MTB).

Further, the TB medium was modified in its composition (called MTB) by addition of
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composition of the medium used are listed in Table 3.6.

Table 3.6 Composition of various medium used for screening

S.no Medium Composition (per liter) I\/IeF;jillum
1 Luria-Bertani 10 g Tryptone, 5 g Yeast extract, 10 ¢ y
(LB) NaCl
9 Nutrient broth | 5 g Peptone, 5 g Sodium chloride, 1.5 74
(NB) g Beef extract, 1.5 g Yeast extract '
4 ml glycerol, 0.246 g MgSQOg4, 0.5 g
3 M9 NaCl, 1g NH4Cl, 3 g KH2POg4, 6 g 7
NaxHPO4+7H20
4 ml glycerol, 10 g N-Z amine, 0.5¢g
4 M9-ZB NaCl, 1g NH4Cl, 3g KH2PO4, 6 ¢ 7
NazHPO4+7H20
- 12 g Tryptone, 24 g Yeast extract, 4 ml
5 Te””f'r%bmth Glycerol, 2.31 g KHzPOs, 12,54 g 7.3
(TB) KoHPO4
p 24 g Yeast extract, 4 ml Glycerol, 2.31
6 Mo(w'T*’g)TB g KH2POy, 12.54 g K;HPO4, 0.49 g 73
MgSO4, 0.05 g NaCl

The preparation of seed culture and production medium was done as mentioned in the section
3.3.2. The culture medium was incubated at 37°C and 250 rpm in a shaking incubator, and the

induction of recombinant cutinase was done by the addition of 0.1 mM of IPTG.

3.8.2 Effect of carbon sources on the production of recombinant cutinases

In order to select the most suitable substrate(s) for the maximum production of recombinant
cutinases, experiments were conducted with various concentrations of two commonly used
carbon sources (glucose and glycerol). The basal medium composition was of MTB (Table

3.6) with varying concentrations of glucose or glycerol as a primary carbon source.
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3.8.3 Screening and optimization of significantly influencing medium components by
Taguchi’s experimental design
To maximize the production of recombinant cutinases, Taguchi’s method (Taguchi, 1990)
was applied for optimization of expression condition of recombinant Cutl and Cut2 in MTB
medium. According to Taguchi’s orthogonal array, 27 experiments were performed to
evaluate the effect of seven variables of the MTB medium (Table 3.6), which was assumed to
have considerable influence on the recombinant protein expression in E. coli. According to
experimental plan given in the Table 3.7, experiments were performed with each variable
represented at three levels. In each experimental run, the response was taken as the cutinase
production and corresponding signal-to-noise (S/N) ratio was calculated using Eq. 3.1 with an
overall objective of estimating the effects of various parameters on cutinase production, where
a large S/N ratio is preferred. All experiments were conducted in duplicates and averages of

the results were taken as the response.

( 1 j

2

E:-10 log & 3.1
N n

Where, Y is the response [enzyme activity (U mL™)], and n is the number of experimental
runs. Statistical analysis of the results in the form of analysis of variance (ANOVA) was
performed using statistical software package MINITAB® (Version 15.1.00, Minitab Inc.,

USA).
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Table 3.7 A Taguchi’s design matrix in real values and corresponding levels (in parenthesis)
for screening of production of recombinant Cutl and Cut2

Variables and their values
A B C D E F G
1 6(1) [12(1)[2(1)|115@Q) | 6.27 (1) |0.61 (1) | 0.05(2)
6(1) [12(1) 2@ [1.15) [ 1254 (2) [ 1.23(2) | 0.29 (2)
6(1) |12(1) |2 (1) |1.15 (1) | 20.00 (3) | 1.84 (3) | 0.58 (3)
6(1) [24(2) [4(2)[231(2) | 6.27(1) |0.61 (1) |0.05 (1)
6(1) 242 |42 |231(2) 1254 (2) | 1.23(2) | 0.29 (2)
6(1) |24(2) [4(2)|2.31(2) [ 20.00 (3) | 1.84 (3) | 0.58 (3)
6(1) |36(3)|8(3)|350(3)| 6.27(1) |0.61(1)0.05 (1)
6(1) |36(3)|8(3)|350(3) 1254 (2) | 1.23(2) | 0.29 (2)
9 6(1) | 36(3) | 8(3)|3.50 (3) | 20.00 (3) | 1.84 (3) | 0.58 (3)
10 12(2) |12 [4(2) 350 (3)] 6.27 (1) | 1.23(2) | 0.58 (3)
11 12(2) |12 (1) [ 4 (2) | 3.50 (3) | 12.54 (2) | 1.84 (3) | 0.05 (1)
12 12(2) | 12(0) [ 4 (2) | 3.50 (3) | 20.00 (3) | 0.61 (1) | 0.29 (2)
13 12(2) [24(2) [8(3) [ 1.15 (1) | 6.27 (1) | 1.23(2) | 058 (3)
14 12 (2) | 24 (2) | 8(3) | 1.15 (1) | 12.54 (2) | 1.84 (3) | 0.05 (1)
15 12(2) | 24 2) [8(3) | 1.15 (1) | 20.00 (3) | 0.61 (1) | 0.29 (2)
16 12(2) |36 (3) |2 (1) [ 231 (2) | 6.27 (1) | 1.23(2) | 058 (3)
17 12(2) |36 3) | 2 (1) | 2.31 (2) | 12.54 (2) | 1.84 (3) | 0.05 (1)
18 12(2) |36 (3) | 2 (1) | 2.31 (2) | 20.00 (3) | 0.61 (1) | 0.29 (2)
19 203) [12(1) | 8(3) [231(2) | 627(1) |184(3) [ 029 (2)
20 203) [ 12(1) |8 (3) [ 231 (2) | 1254 (2) [ 0.61 (1) | 0.58 (3)
21 20(3) |12 (1) [ 8(3) [ 2.31 (2) | 20.00 (3) | 1.23 (2) | 0.05 (1)
22 203) 1242 2@ [350@3) | 627 (1) | 1.84(3) 029 (2)
23 20(3) |24 (2) [2(1) [3.50 (3) | 12.54 (2) [ 0.61 (1) | 0.58 (3)
24 20(3) |24 () 2@ [350(3)|20.00@3) | 123(2)0.05 (1)
25 203) |36 (3) | 4(2) [ 1.15 (1) | 6.27 (1) | 1.84 (3) | 0.29 (2)
26 20(3) [ 36(3) | 4(2) | 1.15(1) | 12.54 (2) | 0.61 (1) | 0.58 (3)
27 20 (3) | 36 (3) | 4 (2) | 1.15 (1) | 20.00 (3) | 1.23 (2) | 0.05 (1)
Where, A is tryptone (g L), B is Yeast extract (g L), C is Glycerol (mL L),
D is KH2PO4 (g L), E is KoHPO4 (g LY), F is MgSO4 (g L) and G is NaCl (g L™).

Run order

O[NNI |BR~IW|IN

3.8.4 Validation of the model at predicted optimum levels of chemical parameters
In order to validate the model, experiments were performed at optimal levels of the most

significantly influencing variables at shake flask level. The culture method employed for
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this study is as described in section 3.3.2. All experiments in shake flask were conducted in

duplicates and averages of the results were taken as response.

3.9 Cellular localization of T. fusca recombinant cutinases in E. coli BL21

(DE3)

Cellular localization of expressed recombinant Cutl and Cut2 was analyzed using fresh
culture pellet taken from IPTG induced culture. 2 mL culture pellet was washed in 200 pL
sterile distilled water, suspended in 100 pL Buffer A (Tris-HCI, 200 mM; pH 7.5; Sucrose,
20%; EDTA, 1mM; 30 U pL*? lysozyme), incubated on ice and 100 pL of chilled distilled
water was added to it. The suspension was centrifuged and the supernatant containing soluble
periplasmic fraction was collected for further analysis. The pellet part was suspended in
buffer B (Tris-HCI, 10 mM, pH 7.5; KCI, 50 mM; EDTA, 1 mM; Deoxycholate, 0.1%) and
incubated on ice for 5 min, centrifuged and the supernatant containing soluble spheroplastic
fraction was collected for analysis. To check the presence of inclusion body (IB), 10 mg cell
pellet was suspended in 100 uL lysis buffer (Tris-HCI, 100 mM, pH 8.5; NaCl, 150 mM;
EDTA, 10 mM and 0.5 mg mL? lysozyme), incubated on ice for 1 h and sonicated for 3 min
under cold condition. The suspension was centrifuged and supernatant containing soluble
protein and pellet containing inclusion bodies (if any), were collected separately for analysis.
Induction medium supernatant was used as source of enzyme to check the extracellular

secretion. All the fractions were analyzed by pNPB activity assay and SDS-PAGE.
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3.10 Purification of T. fusca recombinant -cutinases by affinity

chromatography

3.10.1 Enzyme production for purification

E. coli BL21 (DE3) cells harboring pET22-cutl or pET22-cut2 were induced with 0.1 mM
IPTG in TB medium (Table 3.6) supplemented with 100 pg mL* ampicillin and grown for 9 h
at 37°C with 200 rpm shaking. Experiments were performed as described in the section 3.3.2.
After 9 h of induction cells were harvested and centrifuged at 10000g for 10 min at 4 £1°C.
The pellet was washed once with 50 mM KPOg4 buffer (pH 8) and centrifuged at 80009 for 10

min at 4 £1°C and the pellet was used for further processing and purification.

3.10.2 Affinity purification of recombinant cutinases

The cell pellet was suspended in buffer A (NaH2PO4, 50 mM; NaCl, 0.5 M; imidazole, 10
mM; lysozyme, 1 mg mL*; pH 8.0), sonicated for 5 min and centrifuged at 10000g at 4 +1°C.
The supernatant was loaded into 10 mL Nickel affinity column (Sigma) pre-equilibrated with
Buffer A (without lysozyme). The lysate was circulated in the affinity column for 2 h at 1 mL
min! through peristaltic pump at 4 +1°C for thorough binding of (His)s tagged protein to Ni
affinity matrix. The column was washed with 10 column volumes of buffer A (without
lysozyme) and eluted with 2 column volume of Buffer B (NaH2PO4, 50 mM; NaCl, 0.5 M;
imidazole, 250 mM). The fractions containing cutinase activity were pooled and dialyzed
against 4 liter potassium phosphate buffer (20 mM, pH-8) at 4°C overnight. The purified
enzyme was concentrated by ultra-freezing (Christ, ALPHA 1-4), suspended in potassium

phosphate buffer (50 mM, pH 8) and used for analysis of purity (SDS PAGE) and activity
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(various assay as mentioned in section 3.4.1). The enzyme was dispensed in to small aliquots

flash freeze with liquid N2 and stored at -20°C for long term-storage.

3.11 Biochemical characterization of purified T. fusca recombinant

cutinases

3.11.1 Homogeneity analysis by SDS PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) of the purified
enzyme was carried out to check the homogeneity of the enzyme preparation and to determine
its molecular weight. SDS-polyacrylamide gel electrophoresis was performed in Mini
PROTEAN® Tetra Cell system (BIO-RAD, USA) using 1.5 mm thick gels, following the
method of Laemmli (1970). 10% (w/v) of acrylamide for resolving gel and 5% (w/v) of
acrylamide for stacking gel were used. The protein samples were prepared in 0.5 M Tris-HCI
buffer (pH 6.8) containing 2.3% (w/v) sodium dodecyl sulfate, 10% (w/v) glycerol, 5% (w/v)
-mercaptoethanol and 0.05% (w/v) bromophenol blue. The sample buffer contained SDS
(the anionic detergent) for movement of samples under charged conditions. Loading samples
were prepared by mixing 1 part of 5x sample buffer to 4 parts of the enzyme sample. This
mixture was incubated at 95°C for 5 min to denature the enzyme for performing the SDS-

PAGE.

3.11.2 Molecular weight determination by MALDI-TOF-MS
The intact molecular mass was determined by matrix assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrophotometry. The matrix was prepared in deionized

water containing CHCA (10 mg mL™), 50% acetonitrile and 0.1% TFA. Cutinase was mixed
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with matrix (1:1) and 2 pL of the sample was spotted on plate, dried at room temperature and

analyzed.

3.11.3 Isoelectric point (pl) determination
Isoelectric point of purified Cutl and Cut2 was determined by 2-D electrophoresis on 10%

SDS PAGE (17 cm) with pH gradient of 3-10.

3.11.4 Effect of pH on activity and stability of purified enzyme

The optimum pH for cutinase activity was determined under the assay conditions over a pH
range of 5-9 using pNPB as substrate for enzyme assay. For pH stability studies, the enzyme
preparations were incubated in a pH range of 5-9 for various time intervals at 37°C in the
absence of substrate and residual activity was determined using pNPB assay. The buffers,

potassium phosphate (50 mM, pH 5-8), Tris HC1 (50 mM, pH 8-9) were used for this study.

3.11.5 Effect of temperature on activity and stability of purified enzyme

The temperature dependence of the enzyme was studied by pNPB assay at temperature
ranging from 20-80°C. The pNPB assay was set-up at 25°C as mentioned in section 3.4.1.1.
The reaction mixture was incubated at various temperatures and residual activity was
determined. Thermostability was determined by pre-incubating the purified enzyme for
various time intervals at temperatures, 37 and 55°C and analyzing the residual activity by

pPNPB assay.

3.11.6 Kinetic analysis of cutinase
Kinetic studies were performed with pNPB (0.05-2 mM) as substrate using the continuous

spectrophotometric assay. Initial reaction velocities were calculated from the linear region
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(60 s) of the reaction progress curve and measured in triplicate by varying the concentration
of the substrate. Apparent kinetic constants, Ky were calculated from a double-reciprocal plot
[1/v vs. 1/(pNPB)] of the initial rate data. Results are the average of triplicate assays. Kcat was
calculated on the basis of molecular weight of the enzymes determined by MALDI-TOF

analysis.

3.11.7 Studies on the thermal deactivation kinetics of cutinase

In order to study the thermal stability of cutinase, the enzyme was incubated at four different
temperatures between 45°C and 80°C. The pH of the purified enzyme was adjusted to four
different levels, viz., 6.0, 7.0, 8.0 and 9.0. The enzyme samples were deactivated at various
combinations of pH and temperature as mentioned in the Table 3.8 and aliquots of samples
were collected at different intervals of time and were assayed for the residual enzyme activity
as described in section 3.4.1.1.

Table 3.8 Experimental condition adopted to study the deactivation of purified cutinase at
different pH and temperature

pH Temperature (°C)

45
o5
70
80
45
55
70
80
45
55
70
80
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pH Temperature (°C)
45
55
o 70
80

3.11.8 Estimation of deactivation rate constant
The following first order expression was used to account for the zero activity at a particular
temperature and at specified incubation time.

dE

e —k,E 3.2

so that,

In[%} =—k,t 3.3
0

Where, kq is enzyme deactivation rate constant (h™%); t is incubation time (h); E: is the enzyme
activity (U mL™) at time t and Eo is initial enzyme activity (U mL) at time t=0, The values of
kq were calculated from the plot of In(E¢/Eo) vs. t at a particular temperature.

The half-life of an enzyme was defined as the time required by the enzyme to lose half of its

initial activity and can be expressed by the following equation.

t,=—— 3.4

3.11.9 Estimation of thermodynamic parameters for cutinase deactivation

In order to obtain the change in enthalpies (AH") and change in entropies (AS") during
enzyme deactivation process, it is necessary to make use of the theory of absolute reaction
rates (Eyring, 1935; Kapat and Panda, 1997). The central point of this theory is that the rate of

any reaction at a given temperature depends only on the concentration of an energy-rich
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activated complex, which is in equilibrium with the inactivated reactants. The deactivation

constant is expressed by the following equation.

AS*  —AH
kdzfle?iéﬁ’ 3.5
h
Or
(kdj (Kj AS") (—-AH" (1)
In| = [=In| — |+ - — 3.6
T h R R LA

where, kg is enzyme deactivation rate constant (hl); x is Boltzmann constant

(1.38x102% J-K™1); h is Plank's constant (6.626x10734J-s) AH" is change in enthalpy (J-mol™?);
AS” is change in entropy (J-molt.-K%): R is gas constant (8.314 J-M*-K?1) and T is
temperature (K). The values of AH" and AS™ were calculated from the slope and intercept of
the plot of In (ka/T) versus 1/T, respectively. Values of change in free energy (AG") were
further estimated by the following relationship.

AG" =AH"~TAS" 3.7
Where, AG” is change in free energy (J mol™?).

The activation energy (Ea) was calculated from the Arrhenius equation as:

E
ky =K, exp(—R—_’I*_j 3.8
or

Ink, =In ko—(%j(%j 3.9

Where, Ea activation energy (J mol!) and ko is frequency factor (h™).
The values of Ea and ko were estimated from the slope and intercept of the plot of In (kq)

versus 1/T, respectively.
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3.11.10 Substrate specificity

The substrate specificity of the purified cutinase was analyzed using the following substrates:
(1 mM) of pNP-fatty acyl esters: acetate, C2; butyrate, C4; valerate, C5; octanoate, C8;
decanoate, C10; laurate, C12; myristate, C14; and palmitate, C16 as substrates. The activity

was expressed as relative activity in comparison to activity with p-nitrophenyl butyrate.

3.11.11 Effect of various solvents on cutinase stability

Stability against organic solvents was studied by incubating the enzyme (100 pg mL™?) in 50
mM potassium phosphate buffer (pH 8.0) containing 40% organic solvent (v/v) at 25°C for 1
h and analyzing the residual activity with pNPB (1mM) as a substrate. Based on the literature,
the average amount of solvents commonly used in the reaction medium (up to 40%) was
selected to study the stability of the enzyme. The activity was expressed as relative activity as
compared to solvent free controls. The stability of cutinases over time in few industrially
important solvents in perspective of applications like esterification and transesterification was
investigated by incubation the enzyme (100 pg mL™) in various organic solvents viz.,
acetonitrile, butanol, ethanol, methanol, THF and n-hexane at 25°C for various time intervals
and analyzing the residual activity by pNPB assay. The activity was expressed as relative
activity as compared to solvent free controls incubated in KPO4 (50 mM, pH 8) buffer at
25°C.

3.11.12 Effect of various surfactants on cutinase activity

Effect of surfactants was studied by incubating the enzyme (100 pg mL™) in 50 mM
potassium phosphate buffer (pH 8.0) containing 1 mM or 10 mM surfactant at 37°C for 1 h
and analyzing the residual activity with pNPB (1mM) as a substrate. The activity was

expressed as relative activity as compared to surfactant free controls.

TH-1214 KHEGDE 99



MATERIALS AND METHODS

3.11.13 Effect of various metal ions and inhibitors on cutinase activity

Effect of metal ions (1 mM) and inhibitors on the enzymatic activity was investigated by
incubating the enzyme (100 pg mL™) for 10 min at 37°C in 50 mM potassium phosphate
buffer (pH 8.0) containing corresponding concentration of additives and residual activity was
measured using pNPB as a substrate. The relative activity was expressed as the percentage

ratio of the activity of the enzyme incubated with metal ions to that of the untreated enzyme.

3.12 Biophysical characterization of purified T. fusca recombinant cutinases

3.12.1 Effect of pH on secondary structure of cutinases

The enzyme solution was prepared in 50 mM KPO4 buffers at different pH (6 to 9) was
incubated at 25°C for 10 min. The change in environment of tryptophan residue present in the
protein was analyzed using fluorescence spectroscopy as mentioned in section 3.4.4. The
change in secondary structure was analyzed using CD spectroscopy as mentioned in section

3.4.5.

3.12.2 Effect of denaturant (guanidine hydrochloride and urea) on secondary structure of
cutinases

Effect of guanidine hydrochloride (GdnHCI) on unfolding of enzymes was studied as follows.

The GdnHCI solution in the range of 0-8 M was prepared in 50 mM KPO4 buffer (pH 8) and

enzyme was added to it. The solution was incubated at 25°C for 14-15 h and the spectroscopic

measurements were made as mentioned in section 3.4.4 (for fluorescence spectroscopy) and

section 3.4.5 (for CD spectroscopy). Appropriate blank with corresponding concentration of

GdnHCI without enzyme was used for baseline correction.
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To study the effect of urea on unfolding of the enzymes, the urea solution was prepared in the
range of 0-8 M in 50 mM KPO4 buffer (pH 8) and enzyme was added to it. The solution was
incubated at 25°C for 14-15 h and the tryptophan fluorescence was measured as mentioned in
section 3.4.4. Appropriate blank with corresponding concentration of urea without enzyme

was used for baseline correction.

3.12.3 Dynamic quenching of tryptophan fluorescence

Quenching effect of iodide ion on the tryptophan fluorescence of native and urea denatured
enzyme (prepared as mentioned in section 3.11.2) was investigated using potassium iodide
(K1) in the range of 0-2 M concentration. Appropriate blank with corresponding concentration
of urea and KI without enzyme was used for baseline correction. The spectroscopic
measurements were made as mentioned in section 3.4.4.

The classical relation employed to describe the collisional quenching process is given by the

Stern-Volmer equation,

~1+ K, [Q] 3.10

T |

Where, Fo and F are fluorescence intensities at appropriate emission wavelengths in the
absence and the presence of quencher molecules, respectively. The collisional quenching

constant Ksy gives the slope of the intensity ratio as a function of the quencher concentration

[Q].
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3.13 Structural analysis of T. fusca cutinases by homology modeling

Structural analysis was done based on the homology model constructed using MODELER
ModWeb server Ver. SVN.r1368M (Sali lab). Crystal structure of esterase from Thermobifida
alba (PDB ID: 3VIS) was selected as a template for construction of model. The initial models
were refined by energy minimization using DeepView/Swiss-Pdv viewer software package
(Guex and Peitsch, 1997). Accuracy of the predicted model was examined by Ramchandran
Plot obtained from the PROCHECK (Laskowski et al., 1993) and structural features were
validated using different online server programs (PDBsum, VADAR, ModFold server,
QMEAN server, SAVER and PDB2PQR Server). For 3D modeling PyMOL Version 1.5
software package was used. Appendix A.9 gives details on the official url of the various web

servers used in the structural analysis.

3.14 Studies on immobilization of T. fusca recombinant cutinases on various

supports
In the present study, different immobilization support was screened to study the effect of

immobilization support on T. fusca cutinase, and use of immobilized cutinase in subsequent
applications like esterification and transesterification reaction. The parameters such as,
temperature, pH, incubation time and enzyme concentration was selected to study their effect
on immobilization process according to the available methods in the literature for other
enzymes or the other cutinases.

3.14.1 Covalent immobilization on chitosan support

3.14.1.1 Preparation of chitosan beads

3.0% (w/v) chitosan beads were prepared by dissolving powdered chitosan in 1.5% (v/v)
glacial acetic acid at 50-60°C. The mixture was then added drop wise into 150 mL 1 N KOH
solution containing 25% (v/v) ethanol under stirring condition using a syringe needle (21 G).
To get uniform sized beads, the syringe was fixed at an appropriate height. The solution was

allowed to stand for 1-2 h for hardening of beads. The beads of diameter nearly 0.4-0.5 mm
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and uniform shape obtained were immediately washed with sterile double distilled water and

stored in 20% ethanol at 4°C until activation with glutaraldehyde.

3.14.1.2 Bead activation and immobilization of cutinase

Chitosan beads were activated at different concentration of glutaraldehyde in the range of
1.5% to 4% (v/v) at room temperature for 3 h. The activated beads were washed extensively
with 50 mM potassium phosphate buffer (pH 8) to remove all traces of un-reacted
glutaraldehyde. The activated beads were incubated with 0.5 mg mL™* purified cutinase for 24
h at 4°C for enzyme coupling. To determine optimal pH for cutinase coupling, the chitosan
beads activated with 3% (v/v) glutaraldehyde were incubated for 24 h at 4°C with 0.5 mg mL™
cutinase in 50 mM potassium phosphate buffer in the range of pH 6-9. The beads were
washed with 50 mM potassium phosphate buffer to remove un-bound cutinase. The activity of
the chitosan coupled and unbound cutinase was measured by pNPB assay as mentioned in
section 3.4.1.1. The protein content in the unbound fraction was estimated by Bradford
method as mentioned in the section 3.4.2.

The percentage immobilization (percentage activity retention) was calculated as follows:

Total specific activity of immobilized cutinase <100

Immobilization (%) = — — .
Total specific activity of soluble cutinase 311

The total specific activity of immobilized cutinase was determined by subtracting total

specific activity of unbound cutinase from total specific activity of soluble enzyme.

3.14.2 Covalent immobilization on magnetic nanoparticles (MNPS)
3.14.2.1 Preparation of MNPs
Magnetic nanoparticle FesO4 was prepared by co-precipitation of Fe?* (FeCla.4H,0) and Fe3*

(FeCl3.6H20) at molar ratio 1:2 in ammonia solution at 25°C. Fig. 3.4 shows the summary of
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steps involved in immobilization of cutinase on MNPs. The precipitation was achieved by
drop wise addition of NH4OH to the ferrous and ferric solution (0.3 M final conc.) under
vigorous stirring. During the precipitation process, the pH of the solution was maintained at
about 10. The precipitate was heated for 30 min at 80°C, cooled to room temperature and
washed with distilled water and ethanol several times till the pH drops to 7. The washed
MNPs were dissolved in ethanol and used for 3-aminopropyltriethoxysilane (APES) coating.
The silica coating on MNPs was achieved by dispersing 1 g of MNPs in ethanol containing
3% (v/v) APES. The suspension was sonicated for 5 min to disperse the MNPs thoroughly
followed by rolling the sample bottle overnight at 25°C. The APES-bound magnetic
nanoparticles were recovered from the reaction mixture by placing the bottle on a permanent
magnet. The supernatant was removed and the precipitates were washed several times with

ethanol.

3.14.2.2 Activation and immobilization of cutinase

Cutinase was immobilized on APES-bound magnetic nanoparticles through glutaraldehyde
linkage (Fig. 3.4). A 20 mL of 10% (v/v) glutaraldehyde (GA) was added to the precipitates
of APES-coated magnetic nanoparticles, and the sample was kept on rolling at 25°C for 4 h.
After 4 h, the particles were settled with a magnetization and then washed several times with
water to remove all trace of GA. The activated MNPs were incubated with 1 mg mL™ purified
cutinase for 24 h at 4°C for enzyme coupling. To determine optimal pH for cutinase coupling,
the MNPs activated with 10% (v/v) glutaraldehyde were incubated for 24 h at 4°C with 1 mg
mL! cutinase in 50 mM potassium phosphate buffer in the range of pH 6-9. The MNPs were
washed with 50 mM potassium phosphate buffer to remove un-bound cutinase. The activity of

the MNP coupled and unbound cutinase was measured by pNPB assay as mentioned in
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section 3.4.1.1. The protein content in the unbound fraction was estimated by Bradford
method as mentioned in section 3.4.2. The percentage immobilization (percentage activity

retention) was calculated as per the eq. 3.11

o OH e o CHO
FeCl,4H,0 \/ / & : ; L
+ HO—{.)—OH zHN NHzOHC CHO
FeCl,.6H,0 ol I\ HN : g
oH OH NH, "2 CHOTHO
Fe,0, Silicacoated G activated Cutinase immobilized
MNP MNP MNP MNP

Fig. 3.4 Schematic representation of steps in cutinase immobilization on MNPs

3.14.3 Adsorption on zeolite (NaY) and Celite-545

Immobilization on Zeolite and Celite-545 by adsorption was carried out as follows. 100 mg
zeolite or Celite-545 was washed with ethanol thrice followed by a wash with KPO4 buffer
(50 mM, pH 8). 1 mg mL* enzyme was added to the support and kept on rolling to adsorb at
4°C for 24 hours. Total amount of protein adsorbed was estimated by Bradford assay as
mentioned in the section 3.4.2 and the activity was measured by pNPB assay as mentioned in
the section 3.4.1.1. The percentage immobilization (percentage activity retention) was

calculated as per the eq. 3.11.

3.14.4 Biophysical characterization of cutinase immobilized supports

3.14.4.1 Fourier Transform Infrared (FTIR) Spectra of cutinase immobilized supports
Changes in the biophysical properties of immobilization support of chitosan and MNPs,
before and after immobilization of cutinase were analyzed using FTIR (UNICAM Mattson

1000 FTIR spectrophotometer) spectra. For FTIR spectra, samples were crushed with
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potassium bromide (KBr) to form a very fine powder. This powder was then compressed into

thin pellet for analysis.

3.14.4.2 Field Emission Scanning Electron Microscopy (FESEM) of chitosan beads
The surface morphology of the chitosan beads, glutaraldehyde activated beads, and cutinase
immobilized beads were analyzed by FESEM (Carl Zeiss, XIGMA). Samples were coated

with a thin layer of gold, prior to examination using FESEM.

3.14.4.3 Vibration sample magnetometer (VSM) analysis of MNPs
The magnetic properties of the MNPs before and after immobilization of cutinase were

analyzed by VSM (Lakeshore-7410).

3.14.5 Biochemical characterization of immobilized enzymes

Various biochemical properties of immobilized cutinase viz., coupling pH (In case of chitosan
and MNP immobilization), pH and temperature optima and stability, freeze-drying and its
effect, storage stability, reusability of immobilized cutinase were investigated. All the
experiments were performed in duplicate, separately, using 1 mg sample (in case of MNPs,
Zeolite and Celite-545 immobilized samples) or five beads per sample (in case of chitosan
immobilized samples) as mentioned in the following sections. In all the cases, cutinase
without immobilization and the immaobilization support without enzyme were used as positive

and negative controls, respectively.

3.14.5.1 The pH and temperature optima
The activity of cutinase as a function of varying pH was measured to determine the pH optima
under immobilized condition. Activity of cutinase was measured by pNPB assay in a range of

pH varying from 5 to 9 as mentioned in section 3.4.1.1.
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The effect of temperature on activity of immobilized cutinase was investigated by incubating
samples for 10 min followed by pNPB assay at different temperature ranging from 37 to

80°C.

3.14.5.2 The pH and thermal stability

The ability of immobilized cutinase to retain its activity at different pH was studied by
incubating immobilized cutinase in buffer of different pH, ranging from pH 5 to 9. Cutinase
immobilized samples were incubated in corresponding buffer for 1 h at 37°C. The buffer was
removed and residual activity of the sample was measured by pNPB assay.

Thermal stability of the immobilized cutinase was investigated at 55°C. A series of tubes
having immobilized cutinase in 50 mM potassium phosphate buffer (pH 8) was incubated at
55°C. Tubes were removed at regular time intervals to check the residual activity by pNPB

assay.

3.14.5.3 Freeze-drying and its effect

The effect of freeze drying on stability and activity of immobilized cutinase was investigated
as follows. Cutinase immobilized support was subjected to freeze drying (Christ, ALPHA 1-
4) at -50° C under vacuum for 1 h. The freeze dried samples were reconstituted by soaking in
50 mM potassium phosphate buffer (pH 8) for 15 min. These reconstituted samples were then
used to measure activity by pNPB assay. The used immobilized cutinase was washed 3 times
with 50 mM potassium phosphate (pH 8) and subjected to repeated freeze drying and activity
assay to assess the reusability. The relative activity was expressed as the percentage ratio of

the activity of the enzyme without freeze dry.
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3.14.5.4 Storage stability and enzyme leaching study

Storage stability of the immobilized cutinase at 4°C was measured as a function of pNPB
activity at different time intervals as follows. The immobilized cutinase was stored in 50 mM
potassium phosphate buffer (pH 8) at 4°C and taken at regular time interval to measure the
activity by pNPB assay. In order to study the leaching of coupled enzyme (if any) in a course
of time, the storage buffer was used as a source of enzyme to check the activity by pNPB

assay.

3.14.5.5 Reusability of immobilized cutinase

The reusability of the immobilized enzyme was assessed as follows. After each activity assay,
the immobilized cutinase was removed and washed with 50 mM potassium phosphate buffer
(pH 8), to remove any residual substrate within the chitosan beads and stored in the same
buffer at 4°C until further use. They were then reintroduced into fresh assay buffer, and the
enzyme activity was determined. The relative activity was expressed as the percentage ratio of

the activity of the enzyme to first re-usage cycle.

3.15 Studies on applications of T. fusca cutinases in various esterification

and transesterification reactions

In the standard protocol, ester synthesis was carried out in screw-capped micro reaction vial
as bioreactors. Unless otherwise specified, 3 mg mL™ of enzyme in lyophilized powder form
was added to 2 mL of n-hexane containing 0.25 M fatty acid and 0.25 M alcohol. All
reagents are previously dried over 4 A molecular sieves. The tubes were incubated at 50°C
with 180 rpm shaking. At regular intervals, 100 pL of the mixture were transferred to 1.5 mL

micro centrifuge tube and centrifuged at 10,0009 for 1 min to remove the suspended enzyme
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particles. The progress of reaction was monitored by gas chromatography as described in
sections 3.4.6. Various biophysical and biochemical parameters were optimized to investigate
the catalytic efficiency, alcohol:acid molar ratio, amount of initial water content and catalytic
temperature.

Table 3.9 shows various esterification and transesterification reactions carried out using
cutinase (free as well as immobilized) as a biocatalyst. A comparative study on catalytic
efficiency of free as well as cutinase immobilized on various supports was carried out using
equal amount of enzymes in terms of unit mg™ of protein (in case of free enzyme) or support
(in case of immobilized enzyme).

Table 3.9 Various esterification and transesterification reactions performed for recombinant
T. fusca cutinases

Reaction | Alcohol |  Acid
Isopropyl esters
Isopropyl oleate | Isopropanol |  Oleic acid
Geraniol ester
Geranyl acetate Acetic acid
Geranyl butyrate Geraniol Butyr_ic ac_id
Geranyl valerate Valeric acid
Geranyl decanoate Decanoic acid
Butyl esters
Butyl butyrate Butyric acid
Butyl valerate Valeric acid
Butanol —
Butyl octanoate Octanoic acid
Butyl decanoate Decanoic acid
FAME/FAEE?
FAME Methanol Tributyrin
FAEE Ethanol Tributyrin
Lactic acid esters
Ethyl lactate Ethanol Lactic acid

# FAME, Fatty Acid Methyl Ester
FAEE, Fatty Acid Ethyl Ester
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CHAPTER 4
REsuULTS AND DiscussioN

Cutinase is a hydrolytic enzyme that degrades cutin, short-chain fatty acid esters as well as
emulsified triacylglycerol. This enzyme has immense potential in different industries as
discussed in chapter 2. In the following studies, the cloning of cutinase genes from T. fusca
NRRL B-8184, production of recombinant cutinases in E. coli, purification, characterization

and applications of T. fusca NRRL B-8184 cutinases have been carried out.
4.1 Cutinase production from wild type T. fusca

In order to validate the T. fusca NRRL B-8184 strain obtained from NRRL, the production of
cutinase from the wild type T. fusca NRRL B-8184 was performed as described in the section
3.3.1. Cutinase activity was estimated by pNPB assay and cutinase specific substrate, pNMSH
according to the method described in section 3.4.1.1 and 3.4.1.2, respectively. The enzyme
activity towards pNPB and pNMSH was found to be 58 + 1.2 and 4.7x102 + 4.9x10° U mL™?,
respectively. He et al., (2009) reported a similar production yield (52.4 U mL™?) earlier for

wild type T. fusca WSHO03-11 with butyrate as the carbon source.
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4.2 Cloning and expression of cutinase encoding genes from T. fusca NRRL

B-8184

4.2.1 Cloning of cutinase encoding genes from T. fusca NRRL B-8184

Amplification of cutl and cut2 was carried out with gene specific primers to express as fusion
protein with C-terminal (His)e-tag (Section 3.5.2). To study the effect of (His)e tag on
expression and activity of recombinant proteins, amplification of each gene was performed
with stop codon for expressing the recombinant proteins without (His)s tag (Section 3.5.2).
After amplification of the genes by PCR, products of expected sizes of Cutl (~960 bp), cut2
(~906 bp) of T. fusca NRRL B-8184 was observed in agarose gel (1.0%) electrophoresis as

shown in Fig. 4.1.

Fig. 4.1 PCR amplification of genes encoding cutinase with and without stop codon. (A) Lane
1, PCR amplicon of cutl without stop codon; Lane 2, PCR amplicon of cutl with
stop codon; Lane 3, PCR amplicon of cut2 without stop codon; Lane 4, PCR
amplicon of cut2 with stop codon; Lane 5, Negative PCR control; M, 1 kb molecular
marker. (B) Lane 1 and 2, PCR amplicon of cut2 without stop codon and with stop
codon, respectively; M, 1 kb molecular marker

The amplified PCR products and pET22b(+) were double digested with BamHI and Xhol
restriction enzyme and purified with commercially available purification kit. Purified DNA

fragments were cloned into the expression vector, pET22b(+) in frame with pelB leader
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sequence with and without C-terminal (His)s tag and transformed in to E. coli DHS5a.
Conformation of positive clones was carried out by tooth-pick mini plasmid preparation to
screen the putative positive clones followed by PCR (Fig. 4.2 A and B), restriction digestion
with BamHI and Xhol (Fig.4.2 C and D) and nucleotide sequencing. The vector map of the

constructed pET22b(+)_cutl or pET22b(+)_cut2 is represented in Fig. 4.3.

10kb o 10 kb

3 kb
3kb

1kb
1kb

Fig. 4.2 Confirmation of cutinase genes cloned into pET22b(+) expression vector by PCR and
restriction digestion. (A) PCR amplification of cloned cutl with (Lanel) and without
(Lane2) stop codon. (B) PCR amplification of cloned cut2 with (Lanel) and without
(Lane2) stop codon. (C) BamHI/Xhol double restriction digestion of cloned cutl
(Lanel) and cut2 (Lane3) with stop codon. (D) BamHI/Xhol double restriction
digestion of cloned cut2 (Lanel) and cutl (Lane3) without stop codon. Lane 2 in C
and D represents double digested pET22b(+) vector without insert. M. 1 kb
molecular marker

4.2.2 Nucleotide sequencing and analysis of cutinase construct in pET22b(+) vector

PCR and restriction digestion analysis confirmed putative pET22b(+) cutl and cut2 clone
was further confirmed by gene sequencing using T7 promoter and T7 terminator specific
primers. BLASTn of the sequence of the genes revealed 960 bp and 906 bp length for cutl
and cut2, respectively (Fig. 4.4) with 93% homology among them. BLASTX result of the cutl
showed 100% homology to the available triacylglycerol lipase; tfu 0882 of Thermobifida

fusca YX (Acc. no. YP_288943.1), whereas, the cut2 showed 100% homology to the
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available triacylglycerol lipase; tfu 0883 of Thermobifida fusca Y X (Acc. No. YP_288944.1).
The nucleotide sequence of cutl and cut2 has been deposited in NCBI with Acc. No.
JN129499.1 and JN129500.1, respectively. Both the genes were found to be in frame with

pelB signal peptide and T7 promoter without any mutation.

4.2.3 Expression of cutinase encoding genes in E. coli BL21 (DE3)

The pET expression system is one of the most powerful systems developed for the cloning
and expression of recombinant proteins in E. coli (pET expression manual). Target genes are
cloned in pET plasmids under control of strong bacteriophage T7 transcription and translation
signals. The expression is induced by providing a source of T7 RNA polymerase in the host
cell. T7 RNA polymerase is so selective and active that, when fully induced, almost all of the
cell’s resources are converted to target gene expression; the desired product can comprise
more than 50% of the total cell protein within a few h after induction. Although this system is
extremely powerful, it is also possible to attenuate the expression level simply by lowering
the concentration of inducer. Decreasing the expression level may enhance the soluble yield
of some target proteins. Another important benefit of this system is its ability to maintain
target genes transcriptionally silent in the uninduced state. All these features provide great
flexibility and the ability to optimize the expression of a wide variety of target genes (pET
expression manual).

The pET22b(+) expression vector construct with nucleotide sequence confirmed cutl or cut2
was transformed in to an IPTG inducible expression host, E. coli BL21 (DE3) and
experiments were carried out by inducing the culture with IPTG according to the methods
described in Section 3.5.11 for the production of recombinant cutinase. Fig. 4.5 represents the

SDS-PAGE showing the expression of recombinant cutinases (~30 kDa) in LB medium.
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Under unoptimized physiochemical parameters, the recombinant cutinase production in the
LB medium was found to be 87 + 1.7 and 93 + 2.1 U mL™ for Cutl and Cut2, respectively.
The following section discusses the optimization of the physiochemical parameters for the

production of recombinant cutinases in E. coli BL21 (DE3).

4.3 Optimization of physical and chemical parameters for the production of

T. fusca recombinant cutinases in E. coli BL21 (DE3)

Physical and chemical parameter such as IPTG, growth temperature plays a vital role in
production of recombinant proteins. To study the effect of IPTG concentration, temperature
and cell density on the expression of recombinant cutinases, experiments were performed
according to the methods described in the section 3.6 in the LB medium. The optimal
concentration of IPTG was found to be 0.1 mM for higher expression of both the recombinant
cutinases (Fig. 4.6 A), though there was no remarkable difference in the production yield in
the range of IPTG (0.1 to 1 mM) studied. A series of growth temperature, in the range of 20 to
37°C had been tried, among which the highest expression (97.3 + 2.2 and 107.8 + 2.1 U mI*
in terms of pNPB activity for Cutl and Cut2, respectively) was observed at 37°C (Fig. 4.6 B).
It was observed that the cell density at which the induction of recombinant protein by IPTG
plays a vital role for achieving higher level of expression. Addition of IPTG at cell density
A600 nm < 0.5 or > 1 gave very poor cutinase expression (Fig. 4.6 C). The expression of both
Cutl and Cut2 was found to be 28 + 1 and 12 + 0.91 U mL™ at cell density of A600 nm 0.2
and 3, respectively. While, the cell density A600 nm 0.75 was found to be the optimum with

98 + 1.2 and 110 + 0.62 U mL* production, respectively for Cutl and Cut2.
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Fig. 4.3 Map of the pET22b(+) construct of cutl (A) and cut2 (B) showing the inserted gene between BamHI and Xhol, IPTG
inducible T7 promoter , T7 terminator, C-terminal (His)s tag and other features of the vector

115
TH-1214 KHEGDE



(A) Nucleotide and amino acid sequence of Cutl

atgcccccgcatgeggecgeggeccggecctgcacagaaccgaagaggacgtgcaatgget
M P P H A A RPGUPA A QNUZRURGI RAMNA
gtgattaccccececgecgggagegetcecttecectgetetecegggecactgegettecacegee
v I T P RREIZ RS S L L S RAULUZRUFTA
gcggctgccacagecgettgtgaccgeggtcagectggecgeccececgetcatgecgecaac
A A AT AULV T AV S LA AUPA AHA AA AN
ccctacgagcgecggccccaaccecgaccgacgecctgetecgaageccgecageggeceette
P Y E R G P NP TDATULTULEA AU RS G P F
tccgtgagtgaagaacgggcctececgetteggtgetgacggtttecggeggeggecaccate
S v s E E RA S R F G AD GV F G G G T I
tactacccgcgggagaacaacacctacggtgeccgtggegatctececceggetacacegge
Y Y P R ENNT Y GA YV ATI S PG Y T G
acccaggcctctgtegectggetgggecgagegecategecteccacggettegtegtecate
T Q A S V A W UL GEIRTIASHGT F V V I
accatcgacaccaacaccaccctcgaccageccggacageccgggcccgecagctcaacgee
T I D T N T T L D Q P D S R A R Q L N A
gcgctggactacatgatcaacgacgcctecgteccgeggtgegcagecggatcgacagecage
A L DY MTINUDA AS S AV R S R I D S s
cgactggcggtcatgggccactccatgggeggeggeggcaccctgegtetggecteecag
R L A VM GH S MGG G G T UL R L A S Q
cgtcccgacctgaaggccgccatceccgetcaccecegtggcacctcaacaagaactggage
R P DL KA ATIPULTUPWHTULNI KNW S
agtgtgcgggttcccaccctcatcatcggtgetgacctggacaccategeteceggtecte
S VRV PTUL I I GADULUDTTIAUPV L
acccacgcccggcccttctacaacagectceccgacctecgatcagcaaggectacctggag
T H A RPF Y NS L PT S I S KAY L E
ctggacggcgcaacccacttcgeccccgaacatccccaacaagatcatcggcaagtacage
L D GATHVFAUPNTIUPNI KTITIGI K Y S
gtcgcctggctcaageggttegtcgacaacgacaccecgetacacccagttectetgeecce
V A WUL KR F VDNDTWRYTQF L C P
ggaccgcgcgacggactcttcggecgaggtcgaagagtaccgetccacctgececttectag
G P RDGULVF G EV EE YRS TC P F *

RESULTS AND DISCUSSION

(B) Nucleotide and amino acid sequence of Cut2

atggctgtgatgacccccegecgggagegetettecctgetectececgagetetgecaagtyg
M A VM TP RIREI RS S L L SR ATULOQV
acggctgcggctgccacagcgecttgtgaccgeggtcagectggeecgececeegetcatgee
T A A A A TAULVTA AV S L A A P A H A
gccaacccctacgagcgcggccccaacccgaccgacgecctgetecgaagecagecagegge
A N P Y E R G PNPTDATULTULEA A S S G
cccttcteecgtcagecgaggagaacgtectececggttgagegecageggetteggeggegge
P F S v s E E NV S R L S A S G F G G G
accatctactacccgcgggagaacaacacctacggtgcggtggegatctecececeecggetac
T I Y Y P R ENNT Y G A V A I S P G Y
accggcactgaggcttccatcgectggetgggegagegecategecteeccacggettegte
T G T E A S I A WULGEIZRTIA ASHGVF V
gtcatcaccatcgacaccatcaccaccctcgaccageccggacageccgggcagagcagete
v IirTTIIDTTITTULUDQPD S RAUE Q L
aacgccgcgctgaaccacatgatcaaccgggcecgtectccacggtgegcagecggategat
N A A L NHMTINU RA AS S TV R S R I D
agcagccgactggcggtcatgggccactccatgggecggeggeggcacecctgegtetggee
S S R L AV MGHSMGS GG GSGTTULIRL A
tcccagecgtecccgacctgaaggeccgecatececegetcacececegtggecacctcaacaagaac
S Q R P DL KA AATIUPULTZPWUHTILNIK KN
tggagcagcgtcaccgtgccgacgctgatcatecggggecgacctegacacgategegeeg
W s s v TV?PTULI I GADULTUDTTIA AP
gtcgccacgcacgcgaaaccgttctacaacagecctgecgagectccatcagcaaggectac
V A T HA K P F Y N S L P S S I S KA Y
ctggagctggacggcgcaacccacttcgecceccgaacatccccaacaagatcatecggcaag
L E L G A T H F A P N I P N K I I G K
tacagcgtcgecctggctcaagecggttecgtecgacaacgacaccecgectacacccagttecte
Y S v A WL KRVF V DNUDTRYTQ F L
tgcccecggaccgegegacggactcecttecggegaggtegaagagtacegetecacctgeceg
cC P G P RDGULF GEV EE YR S T C P
ttctag
F *

Fig. 4.4 Nucleotide and amino acid sequence of cutl (A) and cut2 (B) cloned in to pET22b(+) vector
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Fig. 4.5 A 12% SDS-PAGE analysis of recombinant cutinase expression in LB medium for
Cutl (A) and Cut2 (B) after 6 h induction. (A) Lane 1, E. coli BL21 (DE3)
uninduced; lane 2, Cell lysate of E. coli BL21 (DE3) with pET22b(+) cutl
uninduced; lane 3, Cell lysate of E. coli BL21 (DE3) with pET22b(+)_cutl induced
with IPTG; (B) Lane 1, Cell lysate of E. coli BL21 (DE3) with pET22b(+)_cut2

induced with IPTG; lane 2, Cell lysate of E. coli BL21 (DE3) with pET22b(+) cut2
uninduced; lane 3, E. coli BL21 (DE3) uninduced

20.1 kDa |

Under the optimal levels of IPTG concentration, temperature and cell density (0.1 mM, 37°C
and A600 nm 0.75), the maximum expression of Cutl and Cut2 was observed to be 101 +
0.29 and 112 +0.20 U mL™%, respectively, after 6 h post induction.

The following section discusses the effect of (His)s tag on the growth and production of

recombinant cutinase in E. coli BL21 (DE3).
4.4 Study on effect of C-terminal (His)s tag on the production and activity

Effect of C-terminal (His)s tag on growth, and activity is depicted in Fig 4.7. Though there are
several reports on positive and negative effect of (His)s tag on the expression of recombinant
proteins, solubility and activity of recombinant cutinase from F. solani (Kwon et al., 2009)

and other enzymes (Arnau et al., 2006), in this case, the expression of enzyme with or without
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(His)s tag showed no considerable difference and there was negligible difference in growth
pattern (Fig. 4.7 A). Effect of (His)e tag on enzyme activity was also studied by pNPB assay.
Surprisingly, there was no difference in either activity or specific activity of the enzymes (Fig.
4.7 B). Hence, we selected the cutinase with C-terminal (His)e tag for all further studies, as it
is more reliable in downstream processing as compare to non-tagged enzyme.

Further, screening, selection and optimization of the medium were investigated for enhanced
production of recombinant cutinases in E. coli BL21 (DE3). The results are discussed in the

following section.
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Fig. 4.6 Physiochemical parameter optimization for expression. (A) Effect of IPTG on
expression of Cutl (black bars) and Cut2 (grey bars), (B) Effect of temperature on
expression of Cutl (black bars) and Cut2 (grey bars). (C) Effect of cell density at
A600 nm of culture during addition of IPTG on expression of Cutl (black bars) and
Cut2 (grey bars). Error bar represents the average of two experiments with = SD
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Fig. 4.7 Comparison of effect of C-terminal (His)s tag on growth (A) and the cutinase activity
(B) between the E. coli BL21 (DE3) expressing C-terminal (His)s tagged Cutl (filled
circles), Cut2 (filled inverted triangles) and non-tagged Cutl (empty circles) and Cut2
(empty triangles). Error bar represents the average of two experiments with £ SD

4.5 Screening, selection and optimization of medium for enhanced

production of T. fusca recombinant cutinases in E. coli BL21 (DE3)

45.1 Screening and selection of medium for enhanced production of recombinant
cutinases
The goal of optimizing production of recombinant proteins is to produce the highest amount
of functional product per unit volume per unit time. For E. coli, or any other fermentation
system, the level of accumulation of a recombinant protein is dependent on the final cell
density and the specific activity of the protein, which in turn depends on medium formulation.
According to Lee (1996) and Kleman and Strohl (1994), typical strategies taken for
optimizing the production of a recombinant protein are, choice of culture medium, mode of
cultivation, strain improvement, and expression system control. To evaluate the cost effective
media formulation for achieving high cell density and production, five different available
media were screened and the best suited medium was further modified for the enhancement of

production.
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Summary of growth in each of the medium using shake flask cultures is depicted in Fig. 4.9 A
and B. TB medium showed longer exponential phase and higher cell density as compare to
any other screened medium. A systematic study on effect of MgSQOa on cell density of E. coli
has been published by Studier (2005). The study indicates that addition of MgSOa in growth
medium at concentration of 1 mM to 2 mM almost doubled the cell density of E. coli BL21
(DEJ). There are various other reports on increase in cell density by the addition of MgSOa.
Abdulkarim et al., (2009) reported that addition of 0.5% NaCl considerably enhance the E.
coli growth at 37°C. It was also observed in the present study that the addition of 2 mM
MgSOs and 1 mM NaCl to TB medium (called MTB) showed highest cell density (4.7 + 0.56
and 4.3 £ 0.74 g L' DCW for Cutl and Cut2, respectively) among all the screened medium,
which accounts for the increase in growth by 1.5 fold as compare to TB medium (Fig. 4.9 A
and B). Based on the obtained result, if we assume that the levels of accumulation of
recombinant proteins is constant and independent of media composition, then the increase in
biomass yields alone will serve to increase the production of a given recombinant protein. To
analyze the above said prediction and effect of media composition on the production of
recombinant Cutl or Cut2, the relative level of expression was studied in each of the six
media. All the media were inoculated to get an initial cell density of A600 nm ~0.05 and
induced at A600 nm 0.75 to eliminate the effects caused by differences in expression due to
cell growth stage. However, the final cell densities were different due to the different growth-
rates attained in each of the medium. Recombinant protein accumulation was assessed by
enzyme assay using pNPB and SDS-PAGE.

Summary of cutinase produced in different medium is depicted in Fig. 4.9 C and D. Highest

level of expression was observed after 6 h post-induction in case of LB, NB, M9-ZB, and M9
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medium and started to decline thereafter. But in case of TB and MTB medium, there was
increase in expression from 3 h with highest activity at 9 h of post induction and slow
decrease in production rate with time as compared with other screened medium (Fig. 4.9 C
and D). MTB medium showed highest level of cutinase production with around 1.1-fold
higher than TB and ~2.5-fold higher than LB medium. One of the explanations for such
differential expression profile would be the limiting nutrients in case of LB, NB, M9-ZB, and
M9 media. The other possible reason is the sharp change in medium pH. It was observed that
pH of the non-buffered medium was increased from pH 7 (initial) to 8.9 and 8.5 just after 6 h
induction in case of LB and NB, respectively. However, the pH was decreased to 6 and 6.7 in
case of M9 and M9-ZB, respectively, though it was buffered medium (Table 4.1). It is a well-
known fact that most of the E. coli is best grown in the pH range of 7-8 and sharp change in
pH above or below this optimal level might be deleterious to growth and expression. Growth
overwhelming the buffering capacity of KH2PO4 and Na2HPO4 would be one of the reasons
for pH change in M9-ZB and M9 medium. Interestingly, TB and MTB showed least deviation
in pH (0.1 to 0.2) even after 20 h (Table 4.1). Keen observation of expression and medium pH
change, showed that controlled pH is one of the important criteria in achieving higher
expression. The decrease in the final pH in medium other than LB and NB (Which does not
contain glucose or glycerol in the medium composition) is due to the presence of carbon
source glycerol. When sugars such as glycerol and glucose are used as carbon source in E.
coli cells, they produce acetic acid which lowers the medium pH. Thus, the MTB medium
with 2 mM MgSOsand 1 mM NaCl was used for the production of recombinant cutinase from
E. coli BL21 (DE3). Under unoptimized levels of medium components, the production was

found to be 260 + 1.1 and 263 + 0.77 U mL™, respectively for Cutl and Cut2 in MTB
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medium. These data show that medium composition along with media pH has a significant
effect on the accumulation of recombinant proteins.

Table 4.1 pH and activity profile of recombinant cutinases in different medium

Cutl Cut 2

Medium | " | opafier | pHatter | D19 | ppatter | pHafter | HigneSt

p 6h 20 h activity 6h 20 h activity
(U mL1y? (UmL?)?
LB 7 89+01 | 89+01 | 101+£0.29 | 88%0.3 89+01 | 112+0.20
NB 74 | 85+01 | 85+01 | 148+0.12 | 85+ 0.1 | 85+£0.1 | 152+0.90
M9 7 6.0£02 | 6+0.1 203+1.0 6.1+0.2 6.2+02 | 188+1.78
M9-ZB 7 6.7+£01 | 6.7£01 | 157+1.2 6.8+0.1 6.8+0.1 | 165+1.32
B 73 | 74+£01 | 74+£01 | 230£098 | 74+0.1 76+01 | 236+1.43
MTB® 73 | 74+£01 | 74+£02 | 260+1.1 73101 74+02 | 263+0.77

2 highest activity was observed after 6 h post induction in LB and NB and 8 h post induction
in rest of the medium, "TB with 2 mM MgSO4 and 1 mM NaCl. Results are the average of
two experiments with + SD

4.5.2 Effect of carbon sources on the production of recombinant cutinase

The effect of different concentrations of glucose and glycerol as a carbon source on the
growth and production of recombinant cutinase from E. coli BL21 (DE3) is presented in Fig.
4.8. Experiments were performed according to the method described in the section 3.8.2 with
E. coli BL21 (DE3) harboring Cut2 as a model organism, as there was not much difference in
the growth and production profile of Cutl and Cut2 in the earlier studies (Section 4.5.1). It
was observed that there was a constant increase in growth as well as production in the
presence of glucose as a substrate in the range of 1 to 4 g Lt. However, the growth as well as
the production of cutinase was much lower in the medium containing glucose as a source of
carbon in comparison to glycerol (Fig. 4.8). Maximum cell density was observed at around 12
h of cultivation in the medium supplemented with 0.4% glycerol and the glycerol

concentration below or above 0.4% showed relatively poor cell growth. Maximum enzyme

production was observed after 9 h of post induction in the medium containing 0.4% glycerol.
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Fig. 4.8 Effect of glucose and glycerol on growth and production of recombinant Cut2 in E.
coli BL21 (DE3). (A) Growth in presence of 0 (filled circle), 0.5 (inverted triangle),
1 (square), 2 (diamond), 3 (triangle) and 4 (hexagon) g L glucose. (B) Growth in
presence of 0 (filled circle), 1 (inverted triangle), 2 (square), 4 (diamond), 6
(triangle) and 8 (hexagon) mL L glycerol. (C) Cutinase production in presence of 0
(filled circle), 0.5 (inverted triangle), 1 (square), 3 (diamond), 4 (triangle) g L*
glucose. (D) Cutinase production in presence of O (filled circle), 1 (inverted
triangle), 2 (square), 4 (diamond), 6 (triangle) and 8 (hexagon) mL L glycerol.
Error bar represents the average of two experiments with £ SD

The production yield of the recombinant cutinase in the medium containing glucose showed
highest activity at 6 h post induction. However, the production was significantly low in
comparison to medium with glycerol. A similar catabolic repressive effect on the recombinant
enzyme expression with IPTG induced E. coli was reported earlier with glucose and lactose
(Mondin et al., 2002; Ramey, 2002). It has also been reported that the acetate formation is
faster in the culture having glucose as substrate in comparison to glycerol, which would

interfere with the growth of the bacteria. In summary, growth and production of recombinant
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cutinase in the medium containing glycerol was found to be much higer than with glucose.

Hence, futher studies have been carried out using glycerol as a substrate.

4.5.3 Screening of significantly influencing medium components by Taguchi’s
experimental design
Based on the results obtained in media screening for higher expression (section 4.5.1 and
4.5.2), MTB medium was selected for further assessment of effect of individual medium
components on the production using Taguchi’s method (Taguchi, 1990). To optimize the
levels of MTB components (Table 3.6), experiments were performed according to the
Taguchi’s three-level design matrix. The design matrix and the corresponding results are
shown in Table 4.2. The variation in medium components and cutinase production (in units
per milliliter) profiles inferred that the production of cutinase is associated with the medium
components. Wide variation of enzyme activity from 179.43 + 3.86 and 177.50 + 0.90 (run
No. 9) to 302.72 + 0.36 and 303.40 + 0.74 U mL? (run No. 26) for Cutl and Cut2,
respectively, reflects the importance of the optimization of medium constituents. Furthermore,
to understand which of these variables affected cutinase production in a significant manner,
their ranking was accessed based on the calculated delta S/N ratio. In general, delta value for
a factor, calculated by measuring the difference between the highest and lowest characteristic
average S/N ratio of the factor indicates its relative significance over others on a given
response: higher value of delta for a factor denoting a larger significant effect than others.
And, while S/N ratio indicates effect of factors on a response, delta S/N ratio can be used as a
criterion for ranking factors of their effects on the response (Saudagar and Singhal, 2007). In
this study, based on the delta S/N ratio obtained for each factor, the seven parameters were

ranked accordingly, and the results are presented in Table 4.3. According to these ranking,
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tryptone had the maximum effect while MgSO4 had the second highest effect on both Cutl
and Cut2 production. Tryptone is rich in amino acids and peptides. Its amino acid and peptide
compositions enhance the growth. Magnesium (Mg?*) is required for several cellular
enzymatic reactions as well as cell growth. Adding Mg?* in the medium increase the cell
density with increased aeration. KoHPOy4 is used as a source of Potassium as well as buffering
agent. Better the buffering capacity, lesser fluctuation of the pH, thus, a better growth.
Nevertheless, NaCl and glycerol had the least effect on Cutl and Cut2 recombinant cutinase
production, respectively. These findings on the significance of the individual parameters and
their contribution on cutinase production was further validated by ANOVA of the results.
Main effects of the factors on the cutinase production showed low P value (<0.05; a-level) of
all the terms in ANOVA reflecting the high significance of the term. Hence, it indicated that
the combined effects of all the independent variables significantly contributed to maximize
the production of recombinant cutinase. The goodness of the model was checked by
coefficient of determination, R?, which implies that the sample variation of 99.23 and 99.02%,
respectively for Cutl and Cut2 production is attributed to the medium components. The
percent contribution of variance for each term in the ANOVA (Table 4.3) showed that
tryptone and MgSOas contributed highest and second highest, respectively for the total
cutinase production in case of both Cutl and Cut2. These findings of the effects of parameters
on cutinase production by ANOVA are in good agreement with those observed earlier from

the factors ranking based on their delta S/N ratio.

4.5.3.1 Selection of optimum levels of parameters for enhancing the cutinase production
Based on the effects of each of the seven variables investigated in the study on recombinant

cutinases production, particular levels of the variables caused a significant increase in the
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mean response compared with other levels of the variables. viz., level 1 of each of the
variables of KH2PO4, MgSQO4, and NaCl, level 2 of yeast extract, K.HPO4, and glycerol, and
level 3 of tryptone were found to exhibit a significant positive effect on the response (Table
4.3). Thus, tryptone, 2 g L%; yeast extract, 24 g L%; glycerol, 4 mL L™; KH2PO4, 1.15 g L,
K2HPO4, 12.54 g L}; MgSOs , 0.61 g LL; and NaCl, 0.058 g L™ with medium pH 7.3 were
chosen as optimal conditions for the maximum production of recombinant cutinase according

to the method described by Saudagar and Singhal (2007).
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Fig. 4.9 Effect of medium on growth and production of cutinase. Growth pattern for Cutl (A)
and Cut2 (B) and Production profile for Cutl (C) and Cut2 (D) in terms of activity in
LB (filled circles), NB (empty circles), M9 (filled inverted triangles), M9 ZB (empty
triangles), TB (filled squares), MTB (empty squares), and Taguchi optimized MTB
(filled diamonds) screened medium. The values are average of duplicates with SD *
0.2-1.2
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Table 4.2 A Taguchi’s design matrix in real values and corresponding levels (in parenthesis) with experimental and predicted values
of cutinase production for Cutl and Cut2

Run order Variables and their values Cut1 activity (U m!_'l) Cut2 activity (U mI__'l)
A B C D E F G Observed? | Predicted | Observed? | Predicted

1 6(1) [12(1)[2()|115() | 6.27(1) | 0.61 (1) | 0.05(1) | 238.75+0.85 | 234.28 |237.12+0.43 | 236.53
2 6(1) [12(1)|2(@) ] 1.15@1) ] 1254(2) [1.23(2) | 0.29(2) | 231.02+0.18 | 232.26 |226.70+0.32 | 227.93
3 6(1) [12(1) | 2(1) | 1.15(1) | 20.00 (3) | 1.84 (3) | 0.58 (3) | 185.51 +0.75 | 188.74 |199.04+0.13 | 198.41
4 6(1) 242 |4(@)]231()] 6.27(1) |0.61(1)|0.05(1) | 240.18+0.40 | 243.81 |238.46+0.76| 238.98
5 6(1) [24(2)|4(2)[231(2)]1254(2)|1.23(2)|0.29(2) | 246.29+0.30 | 241.8 [233.70+0.07| 230.39
6 6(1) [24(2)|4(2)]231(2)]20.00(3)]|1.84(3)|058(3)|197.42+0.47| 198.28 [198.08+0.78| 200.87
7 6(1) |36(3)|8(3)]350(3)]| 6.27(1) |0.61(1)|0.05(1) | 220.03+0.18| 220.87 |213.40+0.85| 213.47
8 6(1) [36(3)|8(3)[350(3)|1254(2)|1.23(2)|0.29(2) | 21559 +0.33 | 218.85 |202.78+0.82| 204.87
9 6(1) |36(3)|8(3)]3.50(3)]20.00(3)|1.84(3)|058(3)|179.43+3.86| 17533 |177.50+0.90 | 175.35
10 12(2) [12(1) |4 (2) [ 350 (3) | 6.27 (1) | 1.23(2) | 0.58 (3) | 225.55 + 0.48 | 228.33 |21851+0.49| 220.25
11 12(2) |12(1) [ 4(2) | 350 (3) | 12.54 (2) | 1.84 (3) | 0.05 (1) | 210.60 £ 0.09 | 211.07 |213.17+0.88| 213.12
12 12(2) |12 (1) [ 4(2) | 3.50 (3) | 20.00 (3) | 0.61 (1) | 0.29 (2) | 242.15+0.90 | 238.89 |243.66+0.12 | 241.97
13 12(2) [24(2) [8(3) | 1.15(1) | 6.27 (1) | 1.23(2) | 0.58 (3) | 260.97 + 0.54 | 261.71 |261.17+0.77| 261.2
14 12(2)[24(2) |8(3) | 1.15(1) | 1254 (2) [ 1.84 (3) | 0.05 (1) | 24552 £ 0.25 | 244.44 |253.63+0.81| 254.07
15 12(2) |24 (2) [ 8(3) | 1.15 (1) | 20.00 (3) | 0.61 (1) [ 0.29 (2) | 271.93+0.90 | 272.27 |283.37+0.86| 282.92
16 12(2) |36(3) [2(1) | 2.31(2) | 6.27(1) | 1.23(2) | 058 (3) | 235.63+0.68 | 232.11 |[236.57+0.95| 234.8
17 12(2) [36(3) | 2(1) [ 231 (2) | 1254 (2) | 1.84 (3) | 0.05 (1) | 214.24 +0.58 | 214.84 |228.05+0.50 | 227.67
18 12(2) [ 36 (3) | 2(1) | 2.31 (2) | 20.00 (3) | 0.61 (1) | 0.29 (2) | 239.75 +0.03 | 242.67 |254.37+0.00| 256.52
19 20(3) [12(1) [8(3) | 2.31(2) | 6.27 (1) | 1.84(3) | 0.29 (2) | 225.96 £ 0.29 | 222.62 |224.60+0.99 | 220.81
20 20(3) [ 12(1) [ 8(3) | 2.31(2) | 1254 (2) | 0.61 (1) | 0.58 (3) | 283.55+0.20 | 283.29 |278.64+0.20| 277.83
21 20 (3) [ 12 (1) [ 8(3) | 2.31 (2) | 20.00 (3) | 1.23(2) | 0.05 (1) | 267.08 £ 0.52 | 270.67 |259.02+0.08 | 263.61
22 20(3) |24 (2) [ 2(1) | 350(3) | 6.27(1) | 1.84(3) | 0.29(2) | 221.72+1.29 | 22153 |21575+0.74| 211.78
23 20(3) [24(2) | 2(1) | 3.50 (3) | 12.54 (2) | 0.61 (1) | 0.58 (3) | 283.01+0.10 | 282.19 |268.60+0.60 | 268.8
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Run order Variables and their values Cutl activity (U mI__'l) Cut2 activity (U m_L'l)
A B C D E F G Observed® | Predicted | Observed? | Predicted

24 20(3)|24(2) | 2(1) | 3.50(3) | 20.00(3) | 1.23(2) | 0.05(1) | 268.56 £ 0.66 | 269.58 | 250.80+0.28 | 254.58

25 20(3) [36(3) [4(2)|1.15(1)| 6.27(1) | 1.84(3)|0.29(2) | 239.61+£0.31 | 243.14 |239.23+0.55| 246.99

26 20(3)|36(3) |4(2) | 1.15(1) | 1254 (2) | 0.61 (1) | 0.58 (3) | 302.72 £0.36 | 303.81 |303.40+0.74| 304.01

27 20(3) | 36(3) | 4(2)|1.15(1) | 20.00(3) | 1.23(2) | 0.05(1) | 295.81 £ 0.23 | 291.19 |298.15+0.31| 289.79

®Results are the average of two experiments with £ SD

Table 4.3 Response table for S/N ratio (dB), relative ranking and percentage contribution of variables for Cutl and Cut2

Level Gutl
A B C D E F G
1 46.68 | 47.34 | 47.38 | 47.96 | 47.38 | 48.19 | 47.72
2 4752 | 47.86 | 47.69 | 47.52 | 47.82 | 47.91 | 47.48
3 48.43 | 47.43 | 47.57 | 47.15 | 47.43 | 46.54 | 47.43
Delta? 174 | 051 | 031 | 0.81 | 0.44 | 1.65 | 0.28
Rank 1 4 6 3 5 2 7
% contribution | 40.8 | 3.6 1.4 9.2 34 | 394 | 1.0
Level Cut2
1 46.57 | 47.32 | 47.4 | 48.08 | 47.28 | 48.18 | 47.69
2 47.7 | 47.73 | 47.63 | 47.53 | 47.73 | 47.66 | 47.42
3 48.24 | 47.46 | 47.49 | 469 | 475 | 46.67 | 47.4
Delta? 167 | 041 | 023 | 1.19 | 045 | 1.52 | 0.28
Rank 1 5 7 3 4 2 6
% contribution | 39.0 | 2.3 10 | 199 | 35 | 319 | 11

a Difference between maximum and minimum S/N ratio values

Where, A is tryptone (g L), B is Yeast extract (g L™?), C is Glycerol (mL L), D is KH2PO4 (g L), E is K;HPO4 (g L), F is MgSO4
(g LY and Gis NaCl (g LY
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4.5.3.2 Validation of the model at predicted optimum levels of chemical parameters

To validate the proposed experimental methodology, recombinant cutinase production was
performed at the optimum level of each individual factor (section 4.5.3.1). The experimental
data showed an enhanced cutinase yield of 318 + 0.73 and 316 + 0.90 U mL™ for Cutl and
Cut2, respectively (Fig. 4.9), which was 1.2 fold higher as compared with un-optimized
conditions (260 + 1.1 and 263 * 0.77 U mL™, respectively for Cutl and Cut2). This
experimental result was very close to the statistically predicted value of 319 and 315 U mL™*,
respectively for Cutl and Cut2. The verification revealed a high degree of accuracy of the
model of more than 99.0%, which is an evidence for the model validation under the
investigated conditions. Fig. 4.10 shows the SDS-PAGE of cutinase produced in different
medium. It is clear from the figure that, there is remarkable increase in the production after

optimization.
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Fig. 4.10 A 12% SDS-PAGE analysis of expression profile in various medium for Cutl (A)
and Cut2 (B) after a 9 h induction. Cells were diluted to get A600 nm ~1, lysed,
and 20 pL supernatant was loaded. Black arrow shows the position of Cutl or Cut2.
(A) Lane 1, E. coli BL21 (DE3) uninduced; lanes 2-5, Cutl expression in M9, TB,
Taguchi optimized MTB, and LB medium. (B) Lanes 1-4, Cut2 expression in M9,
TB, Taguchi optimized MTB, and LB medium. M, molecular weight marker
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4.6 Cellular localization of T. fusca recombinant cutinases in E. coli BL21

(DE3)

The main purpose of recombinant protein expression is often to obtain a high degree of
accumulation of soluble product in the bacterial cell and most of the time as extracellular
secretion or in to periplasmic space due to lesser proteolytic activity in these regions as
compare to cytoplasm. In addition, recombinant protein purification is simpler due to fewer
contaminating proteins in the periplasm or extracellular medium. This strategy is not always
accepted by the metabolic system of the host and in some situations a cellular stress response

is encountered.

“D°D

Fig. 4.11 Cellular localization of recombinant Cutl (A) and Cut2 (B) analysed by pNPB
activity assay

Depending on the medium components and other factors like culture temperature, IPTG
concentration etc. target recombinant protein accumulate as biologically inactive, often
misfolded, insoluble aggregates called inclusion bodies (Villaverde and Carrio, 2003). To
account the soluble recombinant protein production and to check the formation of inclusion
bodies, the cellular localization of the protein was studied. It was found that for Cutl and
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Cut2, respectively 57 and 61% located in periplasm, and 15 and 11% was seen in extracellular
medium. Only 28% for both Cutl and Cut2 was observed in cytoplasm (Fig. 4.11) and SDS-

PAGE showed no inclusion bodies.

4.7 Purification of T. fusca recombinant cutinases by affinity

chromatography

Recombinant cutinases with C-terminal (His)s tag was purified by IMAC using Ni-resin under
native conditions. The homogeneity of the purified enzyme was investigated by SDS-PAGE
on a 15% (w/v) polyacrylamide gel (Fig. 4.12). The purified Cutl and Cut2 showed molecular
weight of ~30 and ~29 kDa, respectively. Cutin hydrolytic activity of the purified enzyme
was confirmed by using cutin analog substrate, pPNMSH, which showed 0.218 + 0.06 and
0.395 + 0.17 U mg* for Cutl and Cut2, respectively. Purified Cutl and Cut2 showed specific

activity of 542.5 + 2.7 and 643.4 + 3.4 U mg!, respectively against pNPB.
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Fig. 4.12 A 15% SDS-PAGE analysis of the Cutl (A) and Cut2 (B) at various steps of (His)e
tag purification. M: Molecular weight marker, Lane 1. Cell lysate of
PET22b(+) cutl (A) or pET22b(+)_cut2 un-induced Lane 2. Cell lysate of induced
Cutl (A) or Cut2 (B), Lane 3. Cutl (A) or Cut2 (B) flow through, Lane 4. Cutl (A)
or Cut2 (B) wash through, Lane 6. Purified Cutl (A) or Cut2 (B)
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4.8 Biochemical characterization of purified T. fusca recombinant cutinases

Every enzyme needs to be characterized prior to evaluation for any industrial applications
because the optimum condition for maximum enzyme activity and effect of different
environmental factors on the activity should be known for using the enzyme without losing

the activity. Therefore following studies have carried out to characterize the cutinase enzyme.

4.8.1 Homogeneity, molecular weight and isoelectric point of the purified cutinases

The homogeneity of the T. fusca recombinant cutinases purified by IMAC was analysed on
15% SDS-PAGE. Both the purified cutinases (Cutl and Cut2) were found to be
homogeneous, as evident from SDS-PAGE (Fig. 4.12). The molecular mass of cutinase was
found to be ~30 kDa and ~29 kDa, respectively for Cutl and Cut2.

The molecular mass of the protein was also confirmed by MALDI-TOF-MS analysis,
according to which Cutl was found to be 30.1906 kDa and size of Cut2 was determined as
29.6812 kDa (Fig. 4.13). The molecular mass of the recombinant cutinases from T. fusca
NRRL B-8184 was very close to previously reported cutinase from other bacterial sources.
Chen et al., (2008) found that the molecular mass of the T. fusca cutinases, Tfu 0882 and Tfu
0883 to be 29.22 and 28.99 kDa, respectively. The molecular mass of cutinases isolated from
P. putida (Chen et al., 2008) was found to be 30 kDa. Gindro and Pezet (1999) reported that
the molecular mass of the purified cutinase from B. cinera was 26.5 kDa as calculated from
SDS-PAGE molecular markers. The molecular mass of cutinases isolated from F. solani pisi
and C. kahawae were found to be 21 and 22.1 kDa, respectively (Chen et al., 2007). Sebastian
and Kolattukudy (1988) reported that generally the molecular mass of bacterial cutinase lies

between the molecular mass of fungal cutinase (22 kDa) and pollen cutinase (40 kDa). The
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results obtained for purification of cutinase in the present investigation were in agreement

with results reported by Sebastian and Kolattukudy (1988).
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Fig. 4.13 Molecular weight of the purified Cutl (A) and Cut2 (B) as determined by MALDI-
TOF-MS

2-D electrophoresis and isoelectric focusing showed the isoelectric point (pl) of Cutl and
Cut2 to be 7.7 and 7.5, respectively (Fig. 4.14). Reported pl of some other cutinases includes
M. fructicola; pl 8.4 (Wang et al., 2002), F. solani; pl 8 (Pedersen et al., 2006) and F.
oxysporum; pl 8.1 (Rocha et al., 2008).
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Fig. 4.14 2-D electrophoresis gel showing the pl of the purified Cutl (A) and Cut2 (B)

4.8.2 Effect of pH and temperature on activity and stability of cutinases

Both the purified recombinant cutinases of T. fusca NRRL B-8184 were active over a broad
range of pH (6.8-9.0) with an optimum pH of 8 (Fig. 4.15). Both cutinases showed more than
75% activity in the pH range of 6.8 to 9; however the enzyme showed higher stability at
alkaline pH range (pH 8.0-9.0) with retention of more than 75% of its original activity at pH
9. Similar results were reported earlier for pH optima for cutinase from T. fusca (Chen et al.,
2008) and P. cepacia (Dutta et al., 2013).

Optimum temperature of both Cutl and Cut2 was found to be 55°C, while both the enzymes
showed more than 60% activity in the range of 40 to 80°C (Fig. 4.16). These results are in
accordance with earlier reports on the temperature optimums of cutinases from T. fusca (Chen
et al., 2008). The thermostability of Cutl and Cut2 was investigated at 37 and 55°C (Fig.
4.17). Interestingly, the activity of both Cutl and Cut2 was increased initially up to 10 h of
incubation at both the temperatures, with residual activities of over 75% even after 125 h at
37°C (Fig. 4.17 B). Nevertheless, only over 38% activity was retained at 55°C (Fig. 4.17 A).
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Similar findings of thermostability were reported earlier by Chen et al., (2008) for cutinases

from T. fusca.
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Fig. 4.15 Effect of pH on activity of the Cutl (filled circle), Cut2 (open circle). Error bar
represents the average of two experiments with + SD
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Fig. 4.16 Effect of temperature on activity of the Cutl (filled circle), Cut2 (open circle). Error
bar represents the average of two experiments with + SD
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Fig. 4.17 Thermostability of Cutl (filled circles) and Cut2 (empty circles) at 55°C (A) and
37°C (B). Error bar represents the average of two experiments with £ SD

4.8.3 Kinetic analysis of cutinase

The kinetic parameter for Cutl and Cut2 was investigated using pNPB, which showed highest
activity among all the substrates. The values of Ky and Vmax Of cutinase were determined by
steady state kinetic analysis as described in the section 3.11.6. Km, Vmax and kcat values
calculated for Cutl and Cut2 was found to be respectively, 131 and 89 uM L* (Kw), 3.2 and
3.8 UM s (Vmax), 178 and 253 s (kea). The results showed that both the cutinases showed
Michaelis-Menten Kinetics with Cut2 showing the higher affinity for pNPB. Cutl exhibited
lesser catalytic efficiency with a keat/Km 0f 1.35 st uM™; whereas, Cut2 showed almost double
catalytic efficiency, with kcat/Km of 2.84 s uM™. Similar kinetic behavior was reported earlier
by Chen et al., (2010) for T. fusca cutinase Tfu 0882 and Tfu 0883 at different conditions.
The Km (MM L) for bacterial cutinases from P. cepacia was observed to be 0.23 (Dutta et
al., 2013). Previously, Sebastian and Kolattukudy (1988) reported that the Km of 0.27 mM for

P. putida cutinase. A similar Ky of 0.272 was reported for cutinase from F. solani pisi (Chen
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et al., 2010). Compare to other cutinases, both Cutl and Cut2 from T. fusca showed lower Kn,

for pNPB.

4.8.4 Studies on the thermal deactivation kinetics of cutinases

The deactivation rate is proportional to the active enzyme concentration, and kg (deactivation
rate constant is the proportional constant). Cutl and Cut2 were deactivated under various
combinations of pH and temperature as described in the section 3.11.7. The extent of
deactivation was measured by the deactivation rate, the deactivation process was modeled as
first-order kinetics and the deactivation rate constant was evaluated (Section 3.11.8). The
effect of pH and temperature on half-life time (ti2) and corresponding kq values are shown in
Table 4.4. The minimum value of kq observed for Cutl and Cut2 was 0.045 and 0.039 min™?,
respectively. The combinations of pH and temperature at which the above mentioned
minimum deactivation rate constant have been observed are 8 and 45°C for both Cutl and
Cut2, respectively. The deactivation process was found to be faster at pH below 7 and above 8
for both the cutinases. This is possibly due to disulfide exchange, which usually occurs at near
neutral and alkaline conditions (Munch and Tritsch, 1990). However, the rate of deactivation
was faster for Cutl in comparison to Cut2 (Table 4.4). It was also observed that with increase
in the temperature above 70°C, the deactivation occurs faster, irrespective of pH for both the
cutinases. Furthermore, the observation of interrelationship between conformational stability
and enzyme activity suggested that in naturally occurring enzymes one cannot expect to find
stability at temperatures far above than that of growth of an organism (Daniel, 1996). The
results obtained in the present study also indicate that optimum pH and temperature lie near
that of the growth condition. The maximum half-life time of Cut2 was 17.59 h, showing that

this enzyme is more stable than Cutl (15.3 h) at optimum conditions of pH and temperature
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(pH 8 and 45°C, respectively) (Table 4.4). The variation in stability noticed for these two

enzymes may probably be due to their differences in tertiary structure.

Table 4.4 Effect of temperature at different pH on deactivation constant (kq) and half life time
(tw2) of the purified enzyme

Cutl Cut2
oH Tempoeratu re
Q)
Kd t12 Kd t12

(hH | (h | (h | (b
45 0.06 | 11.514 | 0.048 | 14.411
55 0.07 | 9.973 | 0.066 | 10.471

° 70 0.098 | 7.091 | 0.152 | 4.566
80 0.169 | 4.094 | 0.25 | 2.771
45 0.048 | 14.396 | 0.041 | 16.989
. 55 0.054 | 12.884 | 0.05 | 13.808
70 0.078 | 8.836 | 0.104 | 6.691

80 0.139 | 4.978 | 0.243 | 2.848
45 0.045 | 15.369 | 0.039 | 17.593
55 0.052 | 13.215 | 0.045 | 15.541

° 70 0.075| 9.205 | 0.113 | 6.15
80 0.154 | 4505 | 0.232 | 2.983
45 0.055 | 12.534 | 0.058 | 11.869
55 0.064 | 10.78 | 0.069 | 10.017

? 70 0.113 | 6.156 | 0.159 | 4.357

80 0.172 | 4.021 | 0.285 | 2.43

4.8.5 Estimation of thermodynamic parameters for cutinase deactivation
The thermodynamic parameters were estimated according to the method described in the section
3.11.9. The change in enthalpy (4H*) and entropy (4S*) for recombinant cutinase from T. fusca

NRRL B-8184 were calculated by transition state theory (eq. 3.6) and the results are shown in
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Table 4.5. Solvent and structural effects are the two major factors, which influence the numerical
values of 4H* and 4S™.

Enthalpy change and deactivation energy of Cutl and Cut2 were calculated within a
temperature range of 45 to 80°C. It has been reported that enthalpy change of enzymes should
be in the range of 20 to 150 kJ mol? (Amico et al., 2003). As depicted in Table 4.5, AH™ of
Cutl and Cut2 deactivation was within this range in the buffers studied at all the
temperatures, which indicates that these enzymes maintained their rate of reaction even during
incubation at different pH and temperatures. Furthermore, enthalpy of Cutl and Cut2
increased as pH increased (Table 4.5) till pH 8. However, there was a decrease in enthalpy of
Cutl and Cut2 at pH 9. This result shows that both the cutinases were more stable at pH 7 and
8. However, it was interesting to observe that AH" value of Cut2 was ~1.5 fold higher than
Cutl in the range of pH studied; inferring Cut2 to be thermodynamically more stable than
Cutl. Enthalpy derives from the energy of the non-covalent interactions within the
polypeptide chain, the hydrophobic interactions, H-bonds and ionic bond. Thus, the
substantial difference in the enthalpy for Cutl and Cut2 indicates that there is a considerable
tertiary structural difference between Cutl and Cut2, although they are 93% homologous to
each other at amino acid level.

The temperature dependency of first-order deactivation rate constant was studied by
Arrhenius equation (Eq. 3.9). The activation energy (Ea) estimated are shown in Tables 4.5.
It was observed that the deactivation energy is maximum at optimum pH for both Cutl and
Cut2, however, Cut2 showed ~1.7 fold higher deactivation energy at pH 6 and 7 and ~1.4 fold
higher deactivation energy at pH 8 and 9 in comparison to Cutl. The higher deactivation

energy suggests that Cut2 require more energy to get deactivated compare to Cutl.
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The measurement of entropy change during unfolding of protein molecule is very much
helpful in enhancing the thermostability of proteins of known 3-dimensional structure. This
can be achieved by selective amino acid substitutions, which decreases the configurational
entropy change of unfolding thereby increases the stability of the protein molecule (Dclerk,
2003). In the present investigation, it was observed that the entropy values are negative for
both the enzymes in all the cases (Table 4.5), which is unique in biocatalytic systems. The
possible reason for negative entropy could be due to the formation of charged particles around
the enzyme molecule and the ordering of solvent molecules or compaction of the enzyme
molecules (Gohel and Naseby, 2007; Gummadi, 2003). Both Cutl and Cut2 showed increase
in entropy with increase in pH (Table 4.5). The probable reason is that enzyme gets unfolded
during deactivation with the increase in pH or it may be due to the ordering of solvent
molecules. Though the difference in the entropy change is marginal in the range of pH
studied, apparently, Cutl had lower entropy in comparison to Cut2. Furthermore, the negative
AS* also signifies that the transition states of the cutinases were found to be ordered. Similar
results have been observed for the amylase of Bacillus lichiniformis (Foster et al., 1980), the
chitinase of T. harzianum (Kapat and Panda, 1997) and the chitinase from Pantoea dispersa
(Gohel and Naseby, 2007). This result also indicates that cutinases were altered in the
direction of partially unfolded transition state but the flexibility implies decreased
conformational entropy of the folded state, which is favorable to thermodynamic stability.
Thus, it may be concluded on the basis of entropy that the mechanism of deactivation for Cutl
and Cut2 is more or less similar although the stability of Cutl and Cut2 might be different due

to the tertiary structure.
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For both the cutinases, AG* increased with increasing temperature (Table 4.5). However,
there was a marginal difference and both the cutinases showed almost similar free energy
change with increasing temperature. Moreover, there was no or very small difference in the
AG* value in the range of pH studied entails the fact that pH had negligible effect on

denaturing the enzymes or in other words; both the cutinases are active in broad pH.

Table 4.5 Thermodynamic parameters estimated for thermal deactivation of Cutl and Cut2

2 2
pH (K\]Mrz;rl) (KJ r1A1L§:1K'1) (Kf'](r;n*ol) (KJErAnoI) R'r?{kzl’%ﬁ ) 'or]:(i:;t g
v/s (1/T) v/s (1/T)
Cutl
6 25.941 -0.188 0.086-0.092% | 26.406 0.963 0.914
7 26.956 -0.187 0.086-0.093% | 27.357 0.948 0.903
8 31.434 -0.173 0.087-0.093% | 34.228 0.957 0.963
9 28.12 -0.182 0.086-0.092% | 30.906 0.958 0.965
Cut2
6 42.298 -0.138 0.086-0.091% | 45.083 0.985 0.986
7 44,157 -0.135 0.087-0.092% | 46.943 0.925 0.933
8 45.877 -0.13 0.087-0.092% | 48.661 0.932 0.939
9 40.805 -0.142 0.086-0.091% | 43.59 0.953 0.958
# The temperature range is 45-80°C

4.8.6 Substrate specificity

The specificity of the Cutl and Cut2 towards various chain length esters was investigated
using p-nitrophenyl-fatty acyl esters. As depicted in Table 4.6, both the enzymes showed
higher specificity towards short-chain fatty acid esters. The hydrolytic activity was found to
be highest in case of esters of C2-C4 fatty acid. However, the catalytic efficiency decreased
with the further increase in acyl chain from C4. Nevertheless, Cutl showed better catalytic

ability towards longer chains compared with Cut2. In summary, both Cutl and Cut2 exhibited
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very low levels of activity against the long-chain substrate, p-nitrophenyl palmitate (C16) as
compared with the activity against pNPB at 50°C. Other studies have also indicated that
cutinases showed specificity for short and medium carbon chain of fatty acids (Chen et al.,

2010; Dutta et al., 2013; Pio and Macedo, 2007).

Table 4.6 Specificity of the cutinases towards the acyl chain length of different esters

Residual activity
(%)

Cutl Cut2?

Acyl chain length

Acetate (C2) | 85.7+1|75.0%1

Butyrate (C4) | 100 £2 | 100 + 2

Valerate (C5) 7277|5231

Caprylate (C8) |61.7+1|48.6+3

Decanoate (C10) | 359+4 | 245+2

Lautate (C12) |31.2+5|21.8%1

Myristate (C14) | 26.3+5|16.2+2

Palmitate (C16) |204+5|151+4

Cutin hydrolyzing ability of T. fusca cutinase, Cutl and Cut2 was evaluated at optimal
temperature and pH using tomato cutin as substrate according to the method mentioned in the
section 3.4.1.3 and analysed by GC according to the method described in the section 3.4.6. As
shown in Table 4.7, the C16 and C18 family fatty acid monomers released after enzymatic
reaction were slightly different for Cutl and Cut2. Cutin treatment with Cutl released higher
amount of 16-Hydroxyhexadecanoic acid and Octadecanoic acid in comparison to Cut2,
whereas, Cut2 treatment showed slightly higher hydrolytic product of Hexadecanoic acid.

Similar results were reported by Chen et al., (2008) for T. fusca cutinases. In summary, the
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substrate specificity experiments showed that both the cutinase can efficiently hydrolyse cutin

and despite the high homology between them, they show different affinity for various natural

and synthetic substrates studied.

Table 4.7 Specificity of the cutinases towards cutin hydrolysis

i GC Area (%) | GC Area (%)
Hydrolysis product Cutl Cur
9-Hexadecenoic acid 0.11 £ 0.07 0.07 £0.02
16-Hydroxyhexadecanoic acid | 4.2 £0.76 3.6 £0.45
Hexadecanoic acid 84+1.3 9.6+21
Octadecanoic acid 7.9+0.94 6.8 +£0.32

4.8.7 Effect of various solvents on cutinase stability

The use of organic solvents in biocatalytic reactions has some advantages such as increased
solubility of organic substrates insoluble in water and the ability to shift the thermodynamic
equilibrium of many processes for the synthesis path like in the esterification and
transesterification reactions (production of biodiesel). Generally, enzyme catalyzed
esterification reactions between fatty acid and alcohol to synthesize alkyl esters are reversible.
So, at higher water concentration, the equilibrium for enzyme catalyzed reaction shifts to
reverse direction and forming again initial reactants. Thus, the enzyme must have stability at
minimum water concentration and organic solvents (De Barros et al., 2009a) for synthesis of
esters. The effect of various organic solvents on the enzyme stability is shown in Table 4.8.
Both Cutl and Cut2 in general, showed extreme stability, with no drastic decreases in residual
activity in most of the studied organic solvents at 40% (v/v) (Table 4.8). In fact, dimethyl
sulphoxide and dimethyl formamide showed slight enhancement in enzyme activity for both

Cutl and Cut2. Acetone, acetonitrile, ethanol, and tetrahydrofuran (THF) had no adverse

effect on both the Cutl and Cut2 even after incubation for 1 h at 25°C. Negligible loss of
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residual activity was observed with butanol, methanol, n-hexane, 1-heptanol, and triethyl

amine. However, 1-hexanol, benzene, dichloro methane, hexyl acetate considerably decreased

the residual activity. It is also worth noting that some of the organic solvent showed higher

inhibitory effect on Cutl (hexyl acetate, isopropanol, triethyl amine) in comparison to Cut2,

whereas only 1-Hexanol had higher inhibitory effect on Cut2 in comparison to Cutl.

Table 4.8 Solvent stability of the cutinases

Residual activity (%)
Solvents (40% v/v)

Cutl Cut2
None 1001 100 %3
1-Heptanol 63+1 62+1
1-Hexanol 32+1 14+1
Acetone 100+ 1 103 +£3
Acetonitrile 102 + 2 100 + 2
Benzene 21+ 3 231
Butanol 90=+1 83x1
Dichloro methane 26+ 3 39+4
DMSO 109 + 3 114 +3
DMF 110+ 10 106 + 4
Ethanol 95+1 100+1
Hexyl acetate 17+1 372
Isopropanol 25+ 2 67 + 3
Isoamyl Alcohol 93+2 94 +2
Methanol 98+1 92+3
n-Hexane 931 0+2
THF 100+ 6 101+6
Triethyl amine 767 1037

TH-1214 KHEGDE
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Studies on stability of both the cutinases over time was also carried out in few industrially
important solvents that are commonly used in applications like esterification, and
transesterification as a substrate or an organic media. Effect of acetonitrile, butanol, ethanol,
methanol, THF and n-hexane were investigated for effect on stability and activity of
cutinases. As depicted in Fig. 4.18, both Cutl and Cut2 retained more than 68% activity over
25 h in acetonitrile, ethanol, methanol, THF, and n-hexane. Nevertheless, Cut2 showed very

less stability in butanol with loss of almost 88% activity over 25 h, whereas Cutl lost only 60

% activity.
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Fig. 4.18 Effect of solvent on stability of Cutl (A) and Cut2 (B), Acetonitrile (circle), Butanol
(inverted triangle), Ethanol (square), Methanol (dimond), n-Hexane (triangle), THF
(hexagon). Cutinases were incubated at 25°C in each of the organic solvents, and

aliquots were withdrawn at regular time intervals to study the residual activity by
pNPB assay

4.8.8 Effect of various surfactants on cutinase activity

Cutinase is being investigated as a potent cleansing agent in detergent compositions (Adams
et al., 2012; Kolattukudy and Poulose, 1994). One of the basic criteria for enzyme to be used
in detergent or laundry composition is that it should be tolerant to various types of detergents

since the enzyme often needs to go through relatively harsh conditions. In order to study the
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effect of various detergents on stability and activity, the performance of the cutinase was
investigated in the presence of the nonionic surfactants, Triton X-100, Tween 80, Tween 20,
and the anionic surfactants deoxycholate, sodium deoxycholate, sodium taurodeoxycholate,

and SDS as described in the section 3.11.12 (Table 4.9).

Table 4.9 Effect of different surfactants on cutinase activity

Residual activity (%)
Surfactant Cutl Cut2
None 100+ 1 100+ 1
Deoxycholate

(10 mM) 76 £5 75+3

SDS (1 mM) 91+3 70+4
Sodium deoxycholate

(10 mM) 100 £ 3 105+ 3

Sodium taurodeoxychlate

(10 mM) 110+4 124 +2

Triton X-100 (1 mM) 45+ 2 65+ 2

Tween-20 (1 mM) 65+5 72+ 3

Tween-80 (1 mM) 401 76+ 1

In presence of Triton X-100 or Tween 80 at 1 mM concentration, Cutl showed more than
50% decrease in its residual activity, whereas Cut2 was comparatively stable with loss of
~35% residual activity. Tween 20 showed 35 and 28% inhibition for Cutl and Cut2,
respectively. In case of anionic detergents, SDS showed more inhibitory effect on Cut2 as
compared with Cutl, whereas deoxycholate had similar inhibitory effect on both the
cutinases. Sodium deoxycholate had no inhibitory effect on any of the two cutinases,
surprisingly, sodium taurodeoxycholate showed enhancement in activity by 10 and 24% for
Cutl and Cut2, respectively. The possible explanation would be the bulky side chain of the
anionic surfactant which may bind to the hydrophobic sites of proteins preventing their
aggregation and rendering them more stable (Chen et al., 2010). Similar kind of observation

was also reported by Chen et al., (2010) and Dutta et al., (2013) for cutinase from T. fusca
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and P. cepacia, respectively. These characteristics of the enzyme make them suitable for use
in laundry industry, where it has to undergo many harsh conditions. Also, the enzyme is more
suitable for any kind of detergent formulations.

4.8.9 Effect of various metal ions and inhibitors on cutinase activity

To determine whether the cutinase requires any metal cofactor for activity, it was incubated
with the metal chelator EDTA or metal ions and then assayed for activity against pNPB as
described in the section 3.11.13. Both Cutl and Cut2 showed slight enhancement of 15-20%
in its activity in the presence of NaCl, whereas, KCI and NiCl. enhanced the activity of Cut2
by 10% but had no adverse effect on the activity of Cutl. These metal ions are known to
enhance the activity in T. fusca and other cutinases from P. cepacia, F. oxysporum and F.
solani cutinase. Though cutinase is not a metalloprotein and does not require metal ions for its
activity, the presence of these metal ions probably change the electrostatic properties of the
enzyme, which favor the catalysis of the substrate in a better way. No significant effect on
enzyme activity was observed when they were incubated with BaCl,, CoCl2, CuSos, MgCly,
MgSOs, and MnCl,. Nevertheless, FeSO4, PbClz, and ZnSO4 have shown considerable
negative effect with decrease in more than 50% activity, and AgNOs and RbClI drastically
inhibited the activity up to 95% for both the cutinases. CrCl; and HgCl> showed complete
inhibitory effect on both the cutinases (Table 4.10).

The effects of various inhibitors on cutinase are shown in Table 4.11. Phenylmethylsulfonyl
fluoride, a typical modification reagent for Ser, and diethylpyrocarbonate, a modification
reagent for His, drastically inhibited the reaction by more than 50% at 1 mM, whereas at 5
mM, there was no detectable activity for both Cutl and Cut2. Among the other inhibitors
investigated, urea showed slight inhibition of 17% for Cutl; however, 30% inhibition was
observed with Cut2. Ethylenediaminetetraacetic acid (EDTA) had no effect on the activity of

both the cutinases.
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Table 4.10 Effect of different metal ions on cutinase activity

TH-1214 KHEGDE

. Residual activity (%)
Metal ions (1 mM)
Cutl Cut2
None 100+ 2 100+1
AgNO3 7+1 10+ 2
BaCl» 86+3 92+1
CoCl; 98+3 101+2
CrCl, >0.5 >0.5
CuSo4 68 £ 2 74+1
FeSO4 452 45+ 4
HgCl» >0.5 >0.5
KCI 105+ 3 112 +4
MgCl> 85+3 92+7
MgSO4 98+1 9% +1
MnCl, 103+4 105+4
NaCl 115+1 120+ 1
NiCl2 105+ 3 111+3
PbCl 46+ 2 47 £ 5
RbCI 51 71
ZnS0Oq 355 41 +3

Table 4.11 Effect of different inhibitors on cutinase activity

Inhibitors (1 mM) | Residual activity (%)
Cutl Cut2
None 100 £3 100 £3
DEPC 44 +1 46+1
EDTA 101 +2 103 +2
PMSF 52+ 2 41+3
Urea 83+4 70+4
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In summary, the cutinase hydrolytic activity was not dependent on the metal ions as it did not
show much variation in the presence of the metal ions or metal chelator (EDTA). Inhibitory
effect of PMSF and DEPC suggests that the active site consists of Ser and His amino acids,

which upon inhibition abolish the activity.

4.9 Biophysical characterization of cutinases

A protein’s function depends on its ability to acquire its native structure. The measurement of
protein stability and how a protein fold into a well ordered native structure is essential for
elucidating protein function in vivo, engineering the improved stability of biocatalytic

enzymes, and formulating proteins for therapeutic delivery (Mogk, 2002).

4.9.1. Effect of pH on secondary structure of cutinases

With respect to tryptophan fluorescence measurements, Cutl and Cut2 are an excellent
example for comparative studies, because the number and positions of tryptophan residues are
highly conserved in both structures (Fig. 4.29). Fig. 4.19 A and B shows the intrinsic
fluorescence spectra of Cutl and Cut2, respectively at different pH upon excitation at 295 nm.
Native Cutl and Cut2 gave emission maximum (Amax) Of 331 and 332 nm, respectively. Fig.
4.19 further shows that Amax remains constant over pH range from 7 to 8 while the intensity
gradually drops when pH decreased from 7 to 6 or increased from 8 to 9. The reduction in
fluorescence intensity at lower pH might be caused by quenching of fluorescence by hydrogen
ions and neutralization of COO™ on aspartic and glutamic acid residues in the vicinity of
fluorophore (Cowgill, 1975; Malavasic et al., 1996). The observed decrease in fluorescence at
higher pH may be explained in terms of deprotonation of tyrosine phenolic groups and other

positively charged groups of amino acid side chains (Malavasic et al., 1996). A blue-shifted
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Amax Of cutinases in the range of pH studied indicates that all the four tryptophan residues of

the Cutl or Cut2 are completely in apolar environment or partially accessible (Cowgill, 1975).
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Fig. 4.19 Tryptophan fluorescence spectra of Cutl (A) and Cut2 (B) at different pH at 25°C

In order to analyze whether one or more Trp residues are partially accessible or completely
buried in hydrophobic pockets, a quenching studies with iodide was carried out. As depicted

in Fig. 4.20 there was a very small decrease in fluorescence intensity upon addition of
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quencher up to 1 M KI. However, further increase in the quencher (iodide) concentration to

1.5 M had no effect on fluorescence intensity which indicates that the Trp residues are

probably buried in the hydrophobic region and partially accessible to the solvent exposed

environment.
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Fig. 4.20 Tryptophan fluorescence spectra of Cutl (A) and Cut2 (B) in presence of different
concentration of quencher (iodide). Fluorescence measurements were obtained in
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50 mM KPOg4 buffer (pH 8) at 25°C
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Fig. 4.21 Far UV CD spectra of Cutl (A) and Cut2 (B) at different pH at 25°C

The far-UV CD measurement of both the cutinases revealed two well-resolved negative peaks
at 220 nm and at 208 nm. Strong negative ellipticities at 208 and 220 nm suggest that T. fusca
cutinases in the native state is composed of a-helix and S-sheet-rich regions which belong to
the a/B class of proteins. CD measurement at varying pH (6-9) showed no noticeable change

in the secondary structure at any of the pH at 25°C (Fig. 4.21 A and B). This is in accordance
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with the studies on activity (Section 4.8.2), where it was observed that both the cutinases are
stable and active in terms of activity in the range of pH 6-9.

Near-UV CD spectra provide a measure of the level of interactions of side chain aromatic
rings with other groups such as side chain amide carboxylate groups and main chain peptide
bonds and are applicable in assessing the asymmetric environment of the aromatic residues in
the tertiary structure of proteins (Kelly et al., 2000). In the aromatic region, the CD spectrum
of native Cutl and Cut2 exhibits a long positive peak at 251 nm and there was a variation in

the spectra in the region 256-290 nm which shows slight increase in the ellipticity for Cut2

(Fig.4.22).
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Fig. 4.22 Near UV CD spectra of Cutl and Cut2. CD measurements were obtained in 50 mM
KPO4 buffer (pH 8) at 25°C

As the near UV absorption of the disulfide bond occurs near 260 nm the positive long peak
near 251 nm is probably due to the disulfide bond (Kelly et al., 2000). However, the intensity
depends on a number of factors including the dihedral angle of the disulfide bond, the C-S-S

bond angle and the effects of neighboring groups and the left handed or right handed sense of
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the disulfide bond (Kelly et al., 2000). As discussed in the homology modeling study (Section
4.10), the disulfide bond in Cutl is left handed and the Cut2 is right handed (Fig. 4.29), thus
the difference in the intensity at 250-260 nm would be due to this reason. The difference in
the near UV spectra in the region 256-290 nm further shows that the Phe and Tyr residues

order on tertiary structure are not similar in Cutl and Cut2.

4.9.2 Effect of guanidine hydrochloride (GdnHCI) on secondary structure of cutinases

To investigate the effect of GdnHCI on the secondary and tertiary structure unfolding of Cutl
and Cut2, fluorescence and CD spectral analysis with different concentration of GdnHCI was
carried out as described in the section 3.12.2.

As depicted in the Fig 4.23, initially, both the cutinase showed similar behavior up to 2 M
GdnHCI, with decrease in fluorescence Amax intensity at 1 M GdnHCI and then increase in the
Amax intensity at 2 M GdnHCI (Fig.4.23 A and B). This may be due to the differential
exposure of solvent accessible amino acids in the presence of different concentration of
GdnHCI. However, it was interesting to observe that at GdnHCI concentration above 2 M
both the cutinases showed different unfolding behavior. In case of Cutl there was a noticeable
64.3% decrease in the Amax intensity and a red shift of 13 nm at 3 M GdnHCI whereas Cut2
showed only 2 nm red shift with 18.3% decrease in Amax intensity. The major decrease in Amax
intensity (68%) and a red shift of 15 nm occurred at 4 M GdnHCI for Cut2 indicating that

Cut2 is more resistant to GdnHCI induced unfolding.
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Fig. 4.23 Tryptophan fluorescence spectra of Cutl (A) and Cut2 (B) in presence of different
concentration GdnHCI (M). Fluorescence measurements were obtained in 50 mM
KPQOj4 buffer (pH 8) at 25°C

However, unlike Cut2, there was a drop in Amax intensity at 4 M GdnHCI concentration for
Cutl and a red shift of 8 nm in comparison to Amax intensity at 3 M GdnHCI. It was presumed
that the reason for decrease in intensity of Amax intensity for Cutl at 4 M GdnHCI (not seen in
case of Cut2) and further increase at 5 and 6 M GdnHCI concentration may be due to
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differential binding of GdnHCI (thus, the difference in unfolding) followed by two enzymes
due to the variation in the surface electrostatic properties of the two enzymes (Section 4.10
and Fig. 4.30). Increasing the GdnHCI concentration further, showed a red shift for both the
cutinases and no additional decrease in Amax intensity was seen above 5 M concentration,
indicating that both the cutinases are completely unfolded at 5 M GdnHCI concentration.
Comparison of Amax fluorescence intensity with 4 uM N-acetyl-L-tryptophanamide (NATA)
shows the decrease in fluorescence intensity for Cut2 at 4 and 5 M GdnHCI (not observed in
case of Cutl at same concentration of GdnHCI) which may be due to aggregation of
hydrophobic regions which quite often occurs for non-native states of protein (Vieille and
Zeikus, 2001).

In principle, changes in Trp fluorescence can be caused both by structural changes and
changes in the polarity of the environment induced by the presence of denaturants. Thus, to
distinguish simple changes in the polarity of external environment from conformational
changes, the change in the near UV CD spectrum with increasing GdnHCI concentration was
investigated. As shown in Fig. 4.24 A and B, addition of GdnHCI leads to a pronounced loss
of ordered secondary structure in the far-UV CD spectrum in both the cutinases, as more
GdnHCl is titrated in, there is a general increase in ellipticity but the greatest change occurs
between 1 and 3 M in case of Cutl and 3 to 4 M in case of Cut2. At 3 M GdnHCI, the protein
is essentially in the form of f-sheets and above 4 M GdnHCI, both the cutinases turns into a
featureless random coil structure. This is in accordance with Trp fluorescence spectra, where
the major transition in fluorescence occurs at same concentration of GdnHCI (Fig. 4.23). It is
also evident from Fig. 4.25 A and B, that the equilibrium unfolding in GdnHCI is a two-state

process, where only the native and denatured states are significantly populated.
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Ternstrom et al., (2005) in their study with cutinases from F. solani and H. insolens found the

similar two-stage unfolding with GdnHCI.
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Fig. 4.24 Far UV CD spectra of Cutl (A) and Cut2 (B) in presence of different concentration
GdnHCI (M). CD measurements were obtained in 50 mM KPO; buffer (pH 8) at

25°C
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Thus, to summarize the structural stability in presence of GdnHCI, the comparison of Cutl
and Cut2 yields a difference in the resistivity to unfolding, with Cut2 showing considerably
higher tolerance level for GdnHCI unfolding compare to Cutl at lower concentration of
GdnHCI. On the basis of numerous studies on thermostability of proteins, it is well known
that many different mechanisms are utilized to achieve thermal adaptation (Jaenicke et al.,

1996; Perl et al., 2000; Vieille and Zeikus, 2001).
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Fig. 4.25 (A) Effect of GdnHCI on the tryptophan fluorescence maxima of Cutl (filled circle)
and Cut2 (triangle). (B) Concentration dependence of equilibrium unfolding of Cutl
(filled circle) and Cut2 (open circle) in presence of GdnHCI. The 220 nm CD
signals at different concentrations of GdnHCI were normalized with respect to the
control signal (in the absence of GdnHCI) and plotted against GdnHCI
concentrations

Considering the enormous variety of potential mechanisms, it is assumed that even quite often
a combination of several different mechanisms plays a decisive role. Thus, it can be inferred
that the prime reasons for the higher stability would be due to the more compactness of the
Cut2 structure, which is resisting the unfolding process, difference in solvent accessible
hydrophobic or electrostatic properties and the difference in the N-terminal region of the two
cutinases (Fig. 4.27), which is believed to play a key role in the unfolding of cutinases

(Ternstrom et al., 2005). All these factors might be contributing synergistically to the
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variation in the structural integrity and stability of the two cutinases. Moreover, GdnHCI is a
monovalent salt having both ionic and chaotropic effects. Guanidine is present in a fully
protonated Gdn™ form at pH below 11 (pKa 11) thus, the presence of Gdn* and CI" influence
the stability properties of proteins. At low concentrations, Gdn™ and C1" ions are assumed to
mask the positively and negatively charged amino acid side chains, thereby reducing or even
totally eliminating any stabilizing or destabilizing electrostatic interactions. The effect of
GdnHCI and NaCl has been reported on RNase T1 (Mayr and Schmid, 1993) where
compaction of native enzyme is interpreted in terms of stabilization by cation (Gdn* and Na*)
binding to the negatively charged moieties of protein which has also been demonstrated for
glucose oxidase (Ahmad et al., 2001). In the present case also, we presume that the initial
slight increase in stability of Cut2 observed in the lower concentration of GdnHCI
denaturation may be explained in terms of the masking of electrostatic repulsions at low
GdnHCI concentrations. As it is evident from the Fig. 4.30 that surface electrostatic charge of
both the cutinases are very different, despite their high structural resemblance, one of the
reason for the differential behavior in unfolding of Cutl and Cut2 below 4 M GdnHCI would
be due to the dissimilarity in binding of the Gdn™ ions to the proteins to push the equilibrium
toward the unfolded state, where the equilibrium is reached faster for Cutl in comparison to
Cut2. As both the protein contain ion binding sites of varying affinity and specificity, degree
of stabilization of proteins by denaturants could vary in a fairly common process. However, at
higher concentration of GdnHCI, despite the difference in electrostatic surface properties in

the cutinases, GdnHCI act as a classic denaturant.
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4.9.3 Denaturation with urea

Like in the case of GdnHCI denaturation the tryptophan emission spectrum of cutinases as
probes was used to study the urea induced unfolding at 25°C. As depicted in Fig. 4.26, there
was a very small increase in Amax intensity at 1 M urea for both the cutinases, whereas the
accompanying increase in Amax intensity was very large for both the cutinases at 2 M urea (by
about 48.8% for Cutl and 65.3% for Cut2 relative to the native protein). However, further
increasing the urea concentration gave a different Trp fluorescence pattern for both the
cutinases. Cutl showed gradual drop in the Amax With an increase in the urea concentration up
to 8 M urea with a red shift of 2 nm at 8 M urea concentration. Whereas Cut2 showed drop in
Amax Only up to 4 M urea, and further increasing the urea concentration up to 8 M had no
significant effect on the Amax intensity, though there was a red shift of ~1 nm at 8 M urea.
Thus, it was hypothesized that both the cutinases are highly resistant to urea induced
unfolding and probably at 8 M urea there is a slight unfolding, which was evident by red shift
in fluorescence intensity by 1-2 nm due to exposure of Trp residue to solvent accessible
environment. To confirm this hypothesis, quenching studies with iodide was carried out as
described in the section 3.12.3. In the quenching experiment, 1 M KI was added to each of the
urea denatured samples before taking the fluorescence measurement, incubated at 25°C for 5
min and fluorescence measurements were taken. As seen in Fig. 4.26, there was no noticeable
change in the pattern of fluorescence in both the enzymes till 6 M urea, except the reduction
in Amax, Which was also seen in native enzymes (Fig. 4.20). However, at 8 M urea there was a

blue shift in Amax for both the cutinases and a further drop in Amax.
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Fig. 4.26 Tryptophan fluorescence spectra of Cutl (A) and Cut2 (B) in presence of different
concentrations urea (M). Inset Fig. shows the fluorescence in presence of
corresponding concentration of urea and quencher (iodide). Fluorescence
measurements were obtained in 50 mM KPO4 buffer (pH 8) at 25°C
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Thus, according to the changes observed in urea denatured Trp spectra with and without
quencher one may speculate that slight unfolding occurs only at 8 M urea for both the
cutinases and in lower concentration of urea there is only change in the microenvironment of
the enzymes without any unfolding.

Thus, to summarize the structural stability of Cutl and Cut2 in presence of urea, there was no
unfolding for both the cutinases up to the concentration of 8 M, at which there was a small
shift (~ 2 nm) in the fluorescence Amax, Which indicates the high resistivity towards unfolding
in presence of urea. In contrast to GdnHCI, the urea molecule is uncharged thus; it is not
expected to have any significant effect on the intermolecular and intramolecular electrostatic
interactions in all the proteins (Monera et al., 1994). There are reports which supports the fact

that urea is insufficient in unfolding of other proteins (Dubey and Jagannadham, 2003).

4.10 Structural characterization of T. fusca cutinases

The homology model of Cutl and Cut2 was obtained through Modeller online server;
ModWeb (Eswar et al., 2003; Sali and Blundell, 1993) using 1.76 A resolution structure of
cutinase (Est119) from Thermobida alba AHK119 (PDB ID: 3VIS) with 85 and 82%
sequence identity for Cutl and Cut2, respectively. The residues from 57 to 319 and 39 to 301
positions of Cutl and Cut2 respectively, were aligned with template sequence (Fig. 4.27). The
pairwise sequence alignment between the model and template showed that most of the
secondary structures were evolutionarily conserved with minimum gaps or insertions. As
depicted in Fig. 4.28, the core secondary structural elements of cutinase were organized into a
mixed o/p structure consisting of 9 B-strands and 10 (Fig. 4.28 A) or 11 (Fig. 4.28 B) a-

helices in case of Cutl and Cut2, respectively connected by several loops.
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Fig. 4.27 Structural alignment of Cutl and Cut2 with Est 119

This model also revealed a potential Ser-His-Asp catalytic triad (Ser188-His266-Asp234 in

case of Cutl and Serl70-His248-Asp216 in case of Cut2) in which the nucleophilic Ser

(Ser188 in case of Cutl and Serl70 in case of Cut2) is located in a sharp turn called the

“nucleophile elbow,” which is commonly observed in the o/p-hydrolases (Fig.4.29 A and B).

The oxyanion hole is predicted to be formed by the backbone amides of Met and Tyr (Met189

and Tyr118 for Cutl and Met171 and Tyr100 for Cut2) (Kitadokoro et al., 2012).
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Fig. 4.28 Secondary structure of the Cutl (A) and Cut2 (B) predicted by homology modeling
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Fig. 4.29 Ribbon diagram of the Cutl (A) and Cut2 (B) structure predicted by homology modeling. The catalytic triad, which is
composed of Ser188-His266-Asp234 in case of Cutl and Ser170-His248-Asp216 in case of Cut2, are shown as sticks. The
oxyanion hole is predicted to be formed by the backbone amides of Met189 and Tyr118 for Cutl and Met171 and Tyr100
for Cut2 are shown as yellow and pink sticks. Four Trp residues, Trpl27, Trp213, Trp219, Trp283 of Cutl and Trpl05,
Trpl95, Trp201, Trp265 of Cut2 are shown as orange sticks. Disulfide bonds of Cutl (Cys299-Cys317) and Cut2 (Cys281-
Cys299) are shown as red sticks
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Notably, similar to fungal cutinase (Liu et al., 2009; Longhi et al., 1997; Martinez et al.,
1992), the enzyme does not contain a lid insertion that is commonly observed in lipases
(Longhi et al., 1997; Martinez et al., 1992), resulting in a nucleophilic serine that is exposed
to the solvent. There is a disulfide bond present in both Cutl (Cys299-Cys317) and Cut2
(Cys281-Cys299) in the C-terminal region. As depicted in Fig 4.29, all the 4 Trp residues in
Cutl and Cut2 are either buried in the hydrophobic pocket or partially exposed to the solvent
accessible environment. Further, exploration of the electrostatic surface of the cutinases
showed that the surface electrostatic properties of the two cutinases were fairly dissimilar.
Both the cutinases showed a patch of highly electronegative regions, however, majority of the
surface region of Cutl was electropositive and Cut2 was found to be slightly electronegative

(Fig. 4.30).

4.10.1 Structural assessment of the 3-D model

The superimposition of Cutl or Cut2 onto the template structure showed a RMSD of 0.267
and 0.257 A for Ca pairs of Cutl and Cut2, respectively, signifying the overall tertiary
structure of the model bears close resemblance to its template. Validation of the cutinase
model was carried out using different structure validation tools as mentioned in section 3.13.
Summary of the various validations to evaluate the goodness of the model are listed in Table
4.12. The calculated Ramachandran plot using PROCHECK compares well with that of the
template (Est119) exhibiting 90.6% residues in core, 8.7% in additional allowed, 0.5% in
generously allowed, and 0.2% within disallowed regions (Kitadokoro et al., 2012).
Altogether, the main chain and side chain parameters as evaluated by PROCHECK and
Ramachandran plot (Fig. 4.31) and the high scoring values obtained using various other

structure validation tools (Table 4.12) confirm the overall accuracy of the model. In
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conclusion, it was evident from the structural data that the Cutl and Cut2 are structurally very
similar, with minor changes in the secondary structure. However, the hydrophobicity and the

surface electrostatic properties of the two enzymes are considerably different.

Fig. 4.30 The electrostatic surface representation of Cutl (A; front view, B; rear view) and
Cut2 (C; front view, D; rear view) model. The red and blue color represents the
electropositive and electronegative surface regions, respectively
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Ramachandran plot for the Cutl (A) and Cut2 (B) model generated using
PROCHECK server. Color and symbol represents Core region (red), Allowed
(yellow), generous (green), disallowed (grey), glycine residues (triangle). The
percentage of amino acids in each region is listed in Table 4.12
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Table 4.12 Quality scores of modeled Cutl and Cut2 protein using different quality control

programs
Results .
Parameter Cutl = cu2 Significance Program
91.3% core, 90.5% core,
Ramachandran | 8.2% allowed, 8.6% allowed, B
plot 0.0% generous, | 0.5% generous, PROCHECK
0.5% disallowed | 0.5% disallowed
Values below
G-factor 0.01 0.01 0.5 is unusual PROCHECK
Percentage of
residues with
VERIFY3D 98.11 89.02 average 3D—1D SAVES
score >0.2.
Percentage of the
protein for which
ERRAT 92.941 92.52 the calculated error | o \\ /e
' ' value falls below
the 95% rejection
limit
QMEAN score of
the whole model
reflecting the
Q score 0.63 0.64 oredicted model QEMEAN
reliability ranging
from O to 1.
Z-score -1.53 -1.42 -- QEMEAN
Mean fréctign§ 10444 10348.3 4 VADAR
volume

4.11 Studies on immobilization of T. fusca recombinant cutinases on various

supports

Immobilization technology offers promising economic exploitation of even expensive
enzymes in several catalytic reactions in applications like, esterification and
transesterification. Various supports and immobilization techniques were evaluated for

increasing the stability and activity of recombinant T. fusca cutinases.
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4.11.1 Covalent immobilization on chitosan support

The Chitosan beads of ~ 0.42 £ 0.035 mm size weighing ~ 5.68 + 0.66 mg per wet bead were
prepared (Fig. 4.32) and then activated by glutaraldehyde according to the method described
in section 3.14.1.2. In addition to activation of chitosan beads, glutaraldehyde also cross-links
the chitosan, thereby providing resistance against lower pH. The two terminal aldehyde
groups of glutaraldehyde react with amino groups of D-glucosamine units of different chains,
resulting in cross-linking of those chains through glutaraldehyde. The irreversible Schiff's

base linking of aldehyde with amino group provides operational stability to beads.

Fig. 4.32 Wet chitosan beads before immobilization of enzymes (A) and after immobilization
of cutinase (B)

4.11.1.1 Activation and immobilization of cutinase

Effect of glutaraldehyde concentration on activation of chitosan beads and immobilization of
cutinase was investigated in the range of 1.5 to 4% at pH 8. Most efficient glutaraldehyde
concentration was found to be 3% for both Cutl and Cut2 with 67 and 65% immobilization,
respectively (Table 4.13). Lower concentration of glutaraldehyde showed lesser
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immobilization efficiency, which could be due to the fact that not enough aldehyde groups
were generated on surface of chitosan beads to couple enough cutinase. Nevertheless, at
higher glutaraldehyde concentration there was no significant decrease in coupling efficiency
but the chitosan beads become brittle. This could be due to the fact that, glutaraldehyde not
only activates the chitosan beads but it also cross-links the chitosan molecules. Higher
concentration of glutaraldehyde increases inter molecular crosslinking which leads to increase
in stiffness of the chitosan beads thus, making them brittle.

The pH plays a vital role in coupling of enzyme to glutaraldehyde activated chitosan through
the amino group. It is a well-known fact that the ionization state of various functional groups
present on the enzyme predominantly depends on the pH of the surrounding environment. The
effect of pH on cutinase coupling with chitosan beads was investigated in the range of pH 6 to
9. As shown in Table 4.13, the best suited pH range for ideal cutinase immobilization was
found to be pH 8 to 9, with more than 50% immobilization, precisely, the optimum pH was
found to be pH 8.5, with 74 and 71% immobilization for Cutl and Cut2, respectively. At
lower pH, the immobilization was substantially decreased, which could be due to improper

ionization state of surface amino groups of cutinase.

4.11.1.2 Properties of cutinase immobilized chitosan beads

The structural changes in chitosan after glutaraldehyde activation were analyzed by IR
spectroscopy and FESEM. As depicted in Fig. 4.33, the peak at 1495 cm™* represents the C-N
bond resulting from a cross-linking reaction. A reaction occurs between aldehyde groups of
glutaraldehyde molecules and the amino group of chitosan through Schiff base linkage.
Linkage of both terminal aldehyde groups with separate chitosan molecules results in cross-

linking, while the linkage of only one aldehyde group results in the activation of surface for
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immobilization (Singh et al., 2011). Other characteristic absorption peaks of chitosan were
observed at 3000-3500 cm™ (OH, NH), 1656 (CONH amide band I1) and 1085 cm™ (may be

attributed to polysaccharide structure).

Table 4.13 Immobilization condition optimization for Cutl and Cut2 on glutaraldehyde
activated chitosan beads

pH? Immobilization (%) Specific activity per bead

Cutl Cut2 Cutl Cut2
6 25+0.2 21+£0.7 3+0.3 3+0.6
Variation of 6.5 30+£0.6 32+£0.3 4+0.3 4+0.1
coupling pH 7 38+0.2 40+0.5 6+0.1 6+0.6
7.5 48 £ 0.8 51+0.8 6+0.2 6+0.1
8 69 £ 0.7 67+0.4 7+0.2 7+0.1
8.5 74 +£0.5 71+04 7204 7+09
9 71+0.1 69 +£0.2 6+0.1 6+0.7

GA%P

Variation of 15 46+04 50+0.9 5+0.2 5+0.7
glutaraldehyde 2 61+0.3 59+ 0.0 6+04 7+09
(GA) % 3 67 +£0.2 65+ 0.5 8+0.9 8+0.6
4 64 £ 0.6 62 +0.1 4+1.0 5+0.6

+ correspond to the standard deviation of two determinations

2 Coupling pH optimization was done using 3% Glutaraldehyde (GA) activated chitosan
beads

b Glutaraldehyde (GA) % optimization was done at coupling pH 8

FESEM analysis of the chitosan beads at different stages of immobilization showed increase
in the roughness of the beads upon glutaraldehyde treatment and subsequent cutinase
immobilization (Fig 4.34). The increase in coarseness may be due to activation of the

surface with glutaraldehyde and attachment of the enzyme on the activated surface.
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Fig 4.33 Comparison of FTIR spectra of normal chitosan beads and glutaraldehyde activated
chitosan beads for confirmation of glutaraldehyde activation
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Fig. 4.34 FESEM images of chitosan bead and detailed surface view of normal chitosan bead

(A and D), glutaraldehyde-activated chitosan bead (B and E), and immobilized
chitosan bead (C and F)
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4.11.1.3 Biochemical characterization of cutinases immobilized on chitosan

The evaluation of behavior of cutinase under immobilized conditions is essential as the
efficiency of catalysis might be greatly affected by varying pH and temperature. Thus, a prior
knowledge of the immobilized enzyme performance at various pH and temperature would be
a beneficial step in carrying out the experimental part of various applications. The
biochemical characterization of the immobilized cutinases was carried out according to the

method described in the section 3.14.5.

4.11.1.3.1 The pH and temperature optima

It was observed that free cutinase has broader pH optima as compare to immobilized cutinase
(Fig. 4.35 A). Though free as well as immobilized cutinase showed highest activity at pH 8,
immobilized Cutl as well as Cut2 showed considerably lesser activity at acidic pH (below pH
7) but were more active in alkaline pH (above pH 9) in comparison to free cutinase. One
possible reason for the reduction in activity for immobilized cutinase at acidic pH could be
due to the interaction of residual charges of the activated chitosan residues with coupled
enzyme resulting in the unfavorable alteration of active site. Similar results were observed for
some other enzymes in previous studies (Esawy et al., 2006; Krajewska et al., 2005;
Gonzalez-Saiz et al., 2011). Thus, the immobilized cutinase is efficient at pH 8 or higher pH
as compare to free cutinase, which showed comparatively broader pH curve.

The temperature optima of the immobilized Cutl and Cut2 were found to be 55°C (Fig. 4.35
B). The operational stability of the immobilized cutinase was considerably higher in the range
of temperature studied. Increase in the operational stability at higher temperature is a
reflection of conformational rigidity which makes immobilized enzyme resistant to

denaturation.
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4.11.1.3.2 The pH and thermal stability

Both the immobilized Cutl and Cut2 were found to be highly stable at pH 7.5 to 9, with more
than 80% activity retention. However, there was noticeable activity loss at pH 9 to 11 (Fig.
4.36 A). Thermal stability of the immobilized cutinase was carried out at 55°C, which was
found to be the optimal operational temperature. Moreover most of the industrial processes
are employed in the range of 40-60°C for carrying out any catalytic reactions. As depicted in
Fig. 4.36 B, the deactivation process was faster after 12 h for free cutinase in comparison to
immobilized cutinase. There was almost 60% activity retention even after 50 h for
immobilized cutinase, whereas the free cutinase activity was dropped to 40% at 40 h which
indicates that the chitosan immobilized cutinases are thermally more stable in comparison to

free cutinase.
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Fig. 4.35 (A) Effects of pH on activity of Cutl (filled down-pointing triangle) and Cut2 (open
up-pointing triangle) immobilized on chitosan beads, in comparison to free Cutl
(filled circle) and Cut2 (open circle). (B) Effects of temperature on activity of Cutl
(filled down-pointing triangle) and Cut2 (open up-pointing triangle) immobilized on
chitosan beads, in comparison to free Cutl (filled circle) and Cut2 (open circle).
Error bars correspond to the standard deviation of two replicates
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Fig. 4.36 (A) Stability of Cutl (filled circle) and Cut2 (open circle) immobilized on chitosan
beads in different pH. (B) Thermostability of Cutl (filled circle) and Cut2 (open
circle) immobilized on chitosan beads, at 55°C in comparison to free Cutl (filled
down-pointing triangle) and Cut2 (open up-pointing triangle). Error bars
correspond to the standard deviation of two replicates

4.11.1.3.3 Freeze-drying and its effect

Most of the catalytic applications like esterification and transesterification using cutinase are

carried out in different organic media such as isooctane, hexane, and other organic solvents

where the high water contents are not the desirable criteria (Carvalho et al., 1999). Thus, the
method of choice in the case of free enzyme is lyophilization whereas in case of immobilized
enzymes, they are freeze dried or desiccated to remove water contents.

The ability of the chitosan immobilized cutinase to retain its activity after freeze drying was

investigated. As shown in Fig. 4.37 A, both the immobilized Cutl and Cut2 showed good

stability after freeze drying, with no loss of activity even after 3 freeze cycles. However, the
chitosan beads become brittle and powdery after 3 freeze drying cycles. After first freeze
drying cycle, there was slight increase in the relative activity of both Cutl and Cut2. The
possible reason would be that during coupling by glutaraldehyde, the protein molecules

(enzyme) not only couples to chitosan but some protein molecules couple among themselves

and some protein molecules might be coupled in wrong orientation which might not favor the
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active site for proper hydrolysis. As the number of freeze drying increases, the chitosan beads
become powdery; this might be releasing some of the enzyme molecules to free solution,
which include wrongly oriented and self-coupled, thus favoring the proper hydrolysis to
enhance the activity after 1% freeze dry cycle. In summary, cutinase immobilized with
chitosan beads showed good resistance with freeze drying which could be a promising

application in esterification and transesterification reactions.

4.11.1.3.4 Storage stability, reusability and enzyme leaching study for immobilized cutinase
Reusability and storage stability are the most important criteria in enzyme immobilization for
economic and cost effective application of enzyme in various industrial processes.

Both the immobilized Cutl and Cut2 showed good reusability and storage stability at 4°C
(Fig. 4.37 B). More than 90% of the activity was retained even after reusing for 9 times. Both
the immobilized cutinase showed more than 50% activity even after 13 days storage at 4°C.
However, after 11 uses, there was a gradual decrease in activity which could be explained by
inactivation by denaturation and stripping of the enzyme upon repeated use. The possible
enzyme leaching during storage was studied by pNPB assay using immobilized enzyme
storage buffer as a source of enzyme. There was no noticeable activity found even after 15
days in immobilized enzyme storage buffer, which confirms that the loss in activity after
repeated reuse (after 11 cycles) is due to either enzyme deactivation or leakage of enzyme

from support upon use.
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Fig. 4.37 (A) Effect of freeze drying on activity of chitosan immobilized Cutl (black bar) and
Cut2 (white bars). (B) Reusability and storage stability of chitosan immobilized
Cutl (filled circle) and Cut2 (open circle). Error bars correspond to the standard
deviation of two replicates

4.11.2 Covalent immobilization on magnetic nanoparticles (MNPs)

In the past decade, MNPs have been considered as one of the important immobilization
support for various catalytic applications. Simple magnetic nanoparticles are non-porous
nanomaterials, which could have a disadvantage of being damaged due to erosion caused by
unwanted interactions with reacting agents (Lu et al., 2007; Tran et al., 2012). One way of
tackling such problems is to develop a layer of resistant materials such as silica, chitosan,
PVA (Chastellain et al., 2004; Hua et al., 2009; Tran et al., 2012) around the MNPs to create

a hybrid MNPs which can protect them from being eroded due to environmental reactions.

4.11.2.1 Preparation of MNPs, activation with glutaraldehyde and immobilization of
cutinase

The magnetic nanoparticles were prepared and coated with silica layer according to the

method described in section 3.14.2.1. The silica coated MNPs were activated by treating with

10% glutaraldehyde (section 3.14.2.2) to couple the cutinases.
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The effect of pH on cutinase coupling with glutaraldehyde activated MNP was investigated in
the range of 6 to 9. As shown in Table 4.14, the best suited pH for ideal cutinase
immobilization was found to be pH 7 with 58 and 56% immobilization for Cutl and Cut2,
respectively. In contrary to the chitosan immobilization, the acidic pH was found to be more
favoring on cutinase coupling with MNP. Increase in the pH above 7 substantially decreased
the coupling yield.

Table 4.14 Immobilization pH optimization for Cutl and Cut2 on glutaraldehyde activated

MNPs
oH Immobilization (%)
Cutl Cut2
6 47+1.2 41+£1.3
Variation of 6.5 51+2 52 +1.7
coupling 7 58+2.1 56+15
pH 75 52+1 51+1.2
8 37+1.2 43+1.7
8.5 331 39+22
9 26+ 1.5 27+1.2

+ correspond to the standard deviation of two determinations

The magnetic properties of the MNPs with and without cutinase immobilization were
investigated by VSM. Fig. 4.38 shows the magnetization curves of MNPs with and without
cutinase immobilization at room temperature. The specific saturation magnetization (os) of
MNP with cutinase immobilization was found to be 0.159 emu mg™?, is comparable with the
os of the MNP without enzyme immobilization (0.162 emu mg™1). The result shows that the
surface modification with silica and subsequent activation with glutaraldehyde and enzyme

immobilization has little impact on the magnetic properties of the MNPs.
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Fig. 4.38 The magnetic characteristic of MNP with and without immobilized enzyme as
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Fig 4.39 Comparison of FTIR spectra of MNP at different stages of immobilization

FTIR analysis of the MNP before and after silica coating and immobilization exhibited a

characteristic FTIR peak in the region 575-595 cm™ corresponding to the Fe-O vibration (Sen

and Bruce, 2009) of magnetite (Fig. 4.39). Additional peaks at 1100 and 1400 cm™ was

observed after silica coating, which is a characteristic of Si-O vibration and stretching and

TH-1214 KHEGDE
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bending vibrations due to the presence of Si-O-Si bonding, respectively (Tran et al., 2012). A
peak in the range of 3125-3430 cm™ is characteristic of C-H stretching vibrations (Socrates,
2001) and the variation in the peak at 3430 and 3125 cm™ before and after immobilization

would be due to the binding of cutinase.

4.11.2.2 Biochemical characterization of cutinases immobilized on MNPs
Various biochemical properties of the cutinases immobilized on MNPs were carried out as

mentioned in the section 3.14.5

4.11.2.2.1 The pH and temperature optima

It was observed that free cutinase has broader pH optima as compare to immobilized cutinase
(Fig. 4.40 A). There was a considerable decrease in the activity of immobilized cutinases
throughout the range of pH studied in comparison to free cutinases. Though the relative
activity in the alkaline pH was similar in comparison to free cutinases, the activity in the
acidic pH was drastically decreased after immobilization for both Cutl and Cut2. However,
MNP immobilized Cut2 showed higher relative residual activity at acidic pH in comparison to
MNP immobilized Cutl.

It was surprising to observe that the optimum functional temperature was dropped after
immobilization for both the cutinases (Fig. 4.40 B). The temperature optima of the
immobilized Cutl was dropped to 45°C, whereas, immobilized Cut2 showed a drop in the
temperature by 5°C in comparison to free cutinases which showed optimum activity at 55°C.
One possible reason for the reduction in activity for immobilized cutinase would be due to the

inhibitory effect of MNP on the cutinases. As the Fe*™ is inhibitory for the cutinases (Section
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4.8.9 and Table 4.10) a trace amount of the unreacted Fe*™" particles during the preparation of

MNP would be interacting with the cutinases to hinder the activity after immobilization.
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Fig. 4.40 (A) Effect of pH on activity of Cutl (filled down-pointing triangle) and Cut2 (open
up-pointing triangle) immobilized on MNP, in comparison to free Cutl (filled
circle) and Cut2 (open circle). (B) Effect of temperature on activity of Cutl (filled
circle) and Cut2 (open circle) immobilized on chitosan beads, in comparison to free
Cutl (filled down-pointing triangle) and Cut2 (open up-pointing triangle). Error
bars correspond to the standard deviation of two replicates

4.11.2.2.2 The thermal stability

Thermal stability of the immobilized cutinase at 55°C showed a rapid deactivation, with loss

of more than 50% activity within 6 h of incubation. There was a constant drop in the residual

activity with time (Fig. 4.41), with almost 80% loss in the activity after 25 h, whereas the free

cutinases were considerably much more stable even at 40 h incubation with retention of more

than 40% residual activity.
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Fig. 4.41 Thermostability of Cutl (filled circle) and Cut2 (open circle) immobilized on MNP,
at 55°C in comparison to free Cutl (filled down-pointing triangle) and Cut2 (open

up-pointing triangle). Error bars correspond to the standard deviation of two
replicates

4.11.2.2.3 Freeze-drying and its effect, Storage stability and reusability of immobilized
cutinase

As shown in Fig. 4.42 A, both the immobilized Cutl and Cut2 showed good stability after
first freeze drying cycle with negligible loss of activity. However, the subsequent freeze
drying showed a drastic decrease of more than 50% activity for both Cutl and Cut2 indicating
both the cutinases are highly susceptible to loss of activity upon freeze drying. Although both
the cutinases retained more than 50% activity after 3 days storage at 4°C (Fig. 4.42 C), a trend
of steep decrease in activity was observed for reusability of the immobilized Cutl and Cut2
(Fig. 4.42 B) similar to freeze drying with more than 50% of the activity loss just after reusing
for 4 times.

In summary, the biochemical investigation of the cutinases immobilized on MNP indicated

that they are remarkably affected upon immobilization and MNP might not be an appropriate
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immobilization support for T. fusca cutinase. There are no reports available on immobilization

of cutinases on magnetic nanoparticles.
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Fig. 4.42 (A) Effect of freeze drying on activity of MNP immobilized Cutl (black bar) and
Cut2 (white bars). (B) Reusability and (C) storage stability of MNP immobilized

Cutl (filled circle) and Cut2 (open circle). Error bars correspond to the standard
deviation of two replicates

4.11.3 Adsorption on zeolite (NaY) and Celite-545
Various adsorption methods of immobilization had been studied with F. solani cutinase to
enhance the activity and used to catalyze the alcoholysis reaction (Serralha et al., 2004).

Immobilization of F. solani cutinase on zeolite showed measurable enhancement in activity
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and stability with increase in specific activity and higher tolerance to organic solvents
(Goncalves et al., 1996b, Goncalves et al., 1995).

In the present study, the cutinase adsorption on Zeolite and Celite-545 was achieved
according to the method described in section 3.14.3. Calculation of immobilization percentage
(Eg. 3.11) showed that 81 and 85% of the Cutl and Cut2, respectively was immobilized on
the Zeolite, whereas Celite-545 showed highest immobilization among two adsorption

supports studied, with 87 and 90% immobilization for Cutl and Cut2, respectively.

4.11.3.1 Biochemical characterization of cutinases adsorbed on Zeolite and Celite-545

4.11.3.1.1 The pH and temperature optima

In order to determine the optimal levels of pH and temperature for the immobilized cutinases,
experiments were performed according to the method described in the section 3.14.5.1.

It was observed that free cutinase has broader pH optima as compare to immobilized cutinase
(Fig. 4.43 A and B). Free as well as immobilized cutinase showed highest activity at pH 8 and
there was no change in the relative activity profile at alkaline pH (above pH 8) on
immobilization with Zeolite or Celite-545 in comparison to free cutinase. However,
immobilized Cutl and Cut2 on both Zeolite and Celite-545 showed considerably lesser
activity below pH 8 in comparison to free cutinases. In case of Cutl, the relative activity was
decreased to 24% at pH 6 when immobilized on Zeolite whereas immobilization on Celite-
545 retained its activity by 43%, which is almost equivalent to the relative activity of free
cutinase (Fig 4.43 A). Nevertheless, Cut2 showed opposite behavior (Fig 4.43 B), with drop
in the activity to 28% at pH 6 when immobilized on Celite-545 whereas immobilization on

Zeolite showed retention of 46% relative activity. One possible reason for the differential
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behavior of Cutl and Cut2 immobilized on Zeolite or Celite-545 and reduction in the activity
at acidic pH could be due to the difference in the hydrophobic surface area and surface

electrostatic properties (Section 4.10.1).
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Fig. 4.43 (A) and (B) Effect of pH on activity of Cutl (A) and Cut2 (B) immobilized on
Zeolite and Celite-545 in comparison to free enzymes. (C) and (D) Effect of
temperature on activity of Cutl (C) and Cut2 (D) immobilized on Zeolite and
Celite-545 in comparison to free enzymes. Error bars correspond to the standard
deviation of two replicates

Immobilization on Zeolite and Celite-545 showed elevation in the temperature optima for
both the cutinases in comparison to free cutinases (Fig 4.43 C and D). The temperature optima
of the Zeolite or Celite-545 immobilized Cutl and Cut2 were found to be 60°C, which is 5°C
higher than the optimum temperature of the free cutinases. The operational stability of the

immobilized Cutl and Cut2 at temperature above 50°C was remarkably improved after
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immobilization on Zeolite or Celite-545 in comparison to free cutinases, with no decrease in
the activity at lower temperatures. Cutl showed better operational stability at temperature
above 60°C, with highest operational stability after immobilization on Celiite-545. In contrast,

Cut2 showed slightly better operational stability with immobilization on Zeolite.

4.11.3.1.2 The thermal stability

To determine the thermostability of immobilized cutinases, experiments were performed
according to the method described in the section 3.14.5.2. Studies on the thermal stability of
the immobilized cutinases showed a significant improvement in stability after immobilization
on Zeolite and Celite-545 in comparison to free cutinases (Fig. 4.44 A and B). Free Cutl and
Cut2 showed a steep decrease in the residual activity after 20 h at 55°C, with almost loss of
60% activity at 40 h. However, Cutl and Cut2 immobilized on Zeolite retained more than 53
and 51% activity, respectively even after 57 h and immobilization on Celite-545 showed
highest thermostability with retention of 55 and 63% residual activity for Cutl and Cut2,

respectively after 57 h.

4.11.3.1.3 Freeze-drying and its effect

Experiments were performed to determine the performance of the immobilized cutinases after
freeze drying according to the method described in the section 3.14.5.3. As shown in Fig. 4.45
A and B, Cutl and Cut2 immobilized on Zeolite showed 23 and 26% loss in the activity,
respectively after first freeze drying cycle, whereas the immobilization on Celite-545 showed
43 and 41% decrease in the activity, respectively for Cutl and Cut2. Subsequent freeze drying
cycles showed more than 50% loss in the activity for both the cutinases immobilized on

Zeolite and Celite-545, indicating that the immobilized cutinases are not suitable for repeated
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freeze drying. A possible reason would be the dissociation of the adsorbed cutinases upon

freeze drying, which is decrease the relative activity of the immobilized enzyme.
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Fig. 4.44 Thermostability of Cutl (A) and Cut2 (B) immobilized on Zeolite and Celite-545, at
55°C in comparison to free cutinase. Error bars correspond to the standard
deviation of two replicates

4.11.3.1.4 Storage stability and reusability of the immobilized cutinases

Experiments were performed to evaluate the storage stability and reusability of the

immobilized cutinases as per the method described in the section 3.14.5.4 and 3.14.5.5,

respectively. Stability of the immobilized cutinases in 50 mM KPO4 buffer (pH 8) at 4°C was
analyzed by pNPB assay. Both the cutinases immobilized on Zeolite and Celite-545 showed
good stability at 4°C, with loss in less than 25% activity after 7 days. However, there was
more than 50% activity loss after 20 days storage for both the cutinases immobilized on

Zeolite as well as Celite-545 due to the enzyme leaching. A trend of steep decrease in activity

was observed for reusability of the Cutl and Cut2 immobilized on Celite-545. However, both

the cutinases showed relatively better retention of activity after immobilization on Zeolite

(Fig. 4.45 C and D).
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Fig. 4.45 Effect of freeze drying on activity of Cutl (A) and Cut2 (B) immobilized on Zeolite
and Celite-545. Reusability of Cutl (C) and Cut2 (D) immobilized on Zeolite and
Celite-545. Error bars correspond to the standard deviation of two replicates

4.12 Studies on applications of T. fusca cutinases in various esterification

and transesterification reactions

Short chain alkyl esters are popularly being used in various industries including food, dairy,

perfume, cosmetics and pharmaceuticals as an ingredient. Cutinase is known to have potential

to catalyze the esterification and transesterification reactions for synthesis of short-chain alkyl

esters. In this study, the ability of cutinase to catalyze esterification and transesterification

reactions were evaluated.
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4.12.1 Synthesis of isopropyl esters

Possible negative impacts of petroleum based solvents on the environment are a serious
concern, which demands an environmentally acceptable alternative source. Biosolvents are
one of such alternate that have an attractive industrial applications. Fatty acids alkyl esters
like isopropyl oleate show an increasingly growing demand in various applications such as,
cosmetic industries, food industries, pharmaceuticals (Eigtved et al., 1988; Rattray, 1984), as
a bio-solvents (Bouaid et al., 2007) and as bio-lubricants for high precision machinery
(Whitby, 2004). Though traditional synthetic methods with chemical catalysts such as strong
mineral acids have been used for synthesis of isopropyl esters, the quality of the product was
reported to be low due to undesirable side reactions (Lanzani et al., 1989), which demands
biocatalytic reactions as an alternative.

In the present investigation, the performance of T. fusca cutinase (free and immobilized) has
been evaluated as a catalyst for the synthesis of isopropyl oleate from oleic acid and
isopropanol (Fig. 4.46). The experiments were performed according the methods described in

the section 3.15.
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Fig. 4.46 Schematic representation of the esterification reaction of isopropyl oleate
4.12.1.1 Effect of initial alcohol to acid molar ratio on isopropyl oleate ester synthesis
The rate-determining step for an enzyme-catalyzed hydrolysis reaction in an aqueous
emulsion system is acylation. But in the presence of excess water, the rate of deacylation will
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be faster than the rate of acylation. So, the relative activity of the enzyme against different
substrates will be dependent on the interaction between the substrate and the active site of the
native enzyme (Lai and Connor, 1999). Whereas, in case of enzyme-catalyzed esterification
reaction, which is reversible, where both substrates and water released as a by-product are in a
single phase having equal opportunity to reach the enzyme active site. So, it is important to
study the optimal molar ratio of the substrates to keep the reaction equilibrium towards the
direction of ester formation.

The cutinase catalyzed esterification of isopropyl oleate was carried out at 50°C for 45 h
using Cutl and Cut2 with isopropanol/oleic acid molar ratio of 1:1, 3:1 and 5:1 using 0.5%
(w/w) initial water content as described in the section 3.15. As shown in Fig. 4.47, both the
cutinases showed different optimal molar ratio to achieve highest isopropyl oleate yield. Cutl
showed a maximum conversion of 29.7% at 1:1 molar ratio, whereas the highest conversion
of 45.3% was achieved at 3:1 molar ratio for Cut2. In case of Cutl, further increase in the
molar ratio from 1:1 resulted in considerable decrease in the conversion yield, whereas Cut2
showed 1.2 fold increase in the conversion yield when the molar ratio was increased from 1:1
to 1:3. Nevertheless, further increase in the molar ratio to 1:5 decreased the ester yield by
3.8% (Fig. 4.47). A similar effect of decrease in the conversion yield with increase in alcohol
to oil ratio was also reported for C. antarctica lipase immobilized on an ion exchange resins
(Bouaid et al., 2007). It is evident from the Fig. 4.47 that both the cutinases reached highest
conversion yield at around 25 h post incubation at 50°C and reached saturation at 35 h.
Further increase in reaction time to 45 h did not increase the yield. This would probably be
due to the inactivation of the cutinase. However, it was worth to note that the highest

conversion yield by Cutl was almost 15.6% lesser in comparison to catalysis by Cut2,
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demonstrating Cut2 to be the better catalyst for isopropyl oleate synthesis. Moreover, the
increase in the isopropanol ratio also decreased the yield to a considerable extent for Cutl,
indicating that isopropanol is inhibitory to Cutl. Cut2 showed considerably better stability in
isopropanol with tolerance up to 3:1 isopropanol/oleic acid ratio. These findings are in
accordance with the study on effect of solvent on stability of Cutl and Cut2 (Section 4.8.7),
where the isopropanol (40% v/v) decreased the activity of Cutl by 75% but only 33% for
Cut2 (Table 4.8). Hence, all the further studies on esterification of isopropyl oleate were

carried out only with Cut2 as a catalyst.
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Fig. 4.47 Effect of oleic acid/isopropanol molar ratio (R) on the conversion of isopropyl
oleate during esterification of isopropanol with oleic acid catalyzed by cutinase.
Error bars correspond to the standard deviation of two replicates

4.12.1.2 Effect of initial water content on isopropyl oleate ester synthesis

Water plays a crucial role in esterification reactions carried out in non-conventional medium
using biocatalysts (in this case, Cutl or Cut2). On the one hand, water molecules are essential
to maintain the enzymes activity and to control the thermodynamic equilibrium of the

enzymatic reactions. On the other hand, as the esterification reaction is a reversible process
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and the water is a by-product during the esterification reaction, generally, low water content
favors the synthesis over hydrolysis during esterification reaction. Previously, several reports
were available on the effect of water content in esterification reactions catalyzed by lipase or
cutinase (Bezbradica et al., 2007; De Barros et al., 2009a; Dutta and Dasu, 2011; Lai and
Connor, 1999). To study the effect of initial water content on the reaction rate, 0 to 5% of
water (w/w) was added to the reaction media (Fig. 4.48). The reaction was carried out
according to the method described in section 3.15 with alcohol/acid molar ratio of 3:1 at

50°C.
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Fig. 4.48 Effect of initial water content (% w/w) on synthesis of isopropyl oleate in the
reaction mixture of 2 ml of n-hexane containing 0.25 M oleic acid, 0.25 M

isopropanol and 3 mg mL™ cutinase. Error bars correspond to the standard
deviation of two replicates

The conversion yield was increased to 47.7% up to 0.5% water and then decreased slowly up
to 1% water content. However, increasing the water content further, showed a sharp decrease
in conversion yield (Fig. 4.48). This result agrees with the fact that a minimal quantity of

water was necessary to maintain the activity of the enzyme, nevertheless, at higher water
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concentrations, the reverse hydrolysis reaction was initiated and therefore decrease in net

production of esters was observed.

4.12.1.3 Effect of temperature on isopropyl oleate ester synthesis

The effect of temperature on cutinase catalyzed esterification of isopropyl oleate was
evaluated in the range of 30-60°C using lyophilized Cut2 as a catalyst with 0.5% initial water
(w/w) content according to the method described in the section 3.15. Alcohol to acid ratio was
taken as 3:1, which was the optimum ratio for highest conversion (%) by Cut2 as a catalyst
(Section 4.12.1.1). The maximum molar conversion of 45.3% was observed at 50°C (Fig.
4.49), but more than 85% conversion (in comparison to optimum temperature; 50°C) was
achieved in the range of 40-55°C. However, further increase or decrease in the temperature

reduced the conversion yield.
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Fig. 4.49 Effect of temperature on the synthesis of isopropyl oleate esters in the reaction
mixture of 2 mL of n-hexane containing 0.25 M oleic acid, 0.25 M isopropanol and

3 mg mL*? cutinase. Error bars correspond to the standard deviation of two
replicates
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4.12.1.4 Catalytic performance of immobilized cutinase on isopropyl oleate ester synthesis
Immobilized enzymes show many advantages over free catalyst in esterification and
transesterification reactions, such as, high selectivity, no significant side reactions, and yields
products of high purity. In addition, they are easily recoverable and reusable which reduces
the production cost. Moreover, there are reports on improved catalysis by immobilization of
cutinase from F. solani (Goncalves et al., 1995; Goncalves et al., 1996b; Serralha et al.,
2004).

In the present study, Cut2 immobilized on chitosan (Section 4.11.1), Zeolite (Section 4.11.3)
and Celite-545 (Section 4.11.3) was evaluated as a catalyst in synthesis of isopropyl esters.
Esterification was carried out at optimized parameters (3:1 molar ratio of isopropanol/oleic
acid, 0.5% initial water content and 50°C reaction temperature) as described in the section
3.15. As depicted in the Fig. 4.50, there was a remarkable 16 £2.7 and 10 + 2.5% increase in
the conversion rate with immobilization on Celite-545 and Zeolite, respectively in comparison
to free Cut2. Although the conversion rate was same as free enzyme till 5 h of reaction, there
was a considerable elevation in the catalysis from 10 to 45 h, for Celite-545 and Zeolite
immobilized cutinase (Fig. 4.50). Surprisingly, Cut2 immobilized on chitosan showed
decrease in the ester yield compare to free Cut2. In addition, it was also observed that the
morphology of the chitosan beads were shrunken after incubation for 10 h, which would
probably due to the intolerance for organic reactants used in the reaction. This also would be
the reason for lower catalysis by cutinase immobilized on chitosan.

To summarize the isopropyl ester synthesis using T. fusca cutinase as a biocatalyst, Cutl was
found to be an inappropriate catalyst for isopropyl oleate synthesis due to enzyme inhibition

by isopropanol; however, Cut2 was comparatively more stable in isopropanol. Immobilization
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on Celite-545 and Zeolite was found to be advantageous for achieving higher ester conversion
yield and chitosan was found to be an inappropriate support for esterification reactions

catalyzed by T. fusca cutinase.
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Fig. 4.50 Comparative study of the synthesis of isopropyl oleate esters by free Cut2 (Circle)

and Cut2 immobilized on Chitosan (inverted triangle), Zeolite (square) and Celite-
545 (diamond). Error bars correspond to the standard deviation of two replicates

4.12.2 Synthesis of geraniol esters

Terpenoid alcohol esters are organic compounds that have a great demand in the flavor and
fragrance compounds in a variety of foods and beverages for creating fruity aromas,
cosmetics, perfumes and pharmaceutical industries (Athawale et al., 2002; Chaabouni et al.,
1996). Conventionally, these esters are obtained by chemical synthesis or extraction from
natural sources. However, due to a number of shortcomings in the above said methods such as
undesirable side products and high cost of production the biocatalytic synthesis as an
alternative has gained the popularity. Geraniol is an important member of the terpenoid class,
which is widely used in the form of esters in several industries such as perfume, aroma and

cosmetic industries. For instance, geraniol acetate has an aroma of rose and used in perfume
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and food industry. In the past decade, there are several works carried out to synthesize
terpenoid alcohol esters, especially geraniol esters by direct esterification in organic medium
catalyzed by lipases (Athawale et al., 2002; Chaabouni et al., 1996; Claon and Akoh,1993,
1994; Langrand et al.,1988, 1990; Nishio et al., 1987; Oguntimein et al., 1995). However,
there are no reports available on geraniol ester synthesis catalyzed by cutinases.

In the present investigation, T. fusca cutinase (free and immobilized) has been evaluated as a
catalyst for the synthesis of geraniol esters of various fatty acyl chain lengths (Fig. 4.51). The

experiments were performed according the methods described in the section 3.15.

R O_R
OH ©

Geraniol Fatty acid Geraniol ester Water
Fig. 4.51 Schematic representation of the esterification reaction of geraniol fatty acid ester (R

stands for acetic acid, butyric acid, valeric acid and decanoic acid used in the
present study)

4.12.2.1 Effect of initial water content on geraniol ester synthesis

Effect of initial water content on the cutinase catalyzed esterification of geraniol was
evaluated using acetic acid as a model acyl donor (geraniol acetate synthesis). In the
experiment (Section 3.15), 0 to 2% of water (w/w) was added to the reaction media (Fig. 4.52
A and B) and esterification yield was measured. The conversion was increased to 65% and
59.8% up to 0.5% water for Cutl and Cut2, respectively at 15 h and then decreased sharply
(Fig. 4.52 A). Cutl showed slightly better catalytic yield at 0.1% as well as 0.5% initial water
content with highest conversion yield of 78.8% and 69.8% for Cutl and Cut2, respectively at
35 h. Further increase in the time (up to 45 h) showed almost saturation in the conversion (%)

yield (Fig. 4.52 B). This result is in agreement with the experiments conducted with isopropyl
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ester synthesis, where the presence of initial water content above 0.5% decreased the yield
drastically (Section 4.12.1.2). This is also comparable with the result found by Chaabouni et
al., (1996) who reported that presence of 1% of water in the reaction mixture, leads to
conversion yield of less than 50%. Sudhir et al., (1995) who studied the effect of different
amounts of water added to the reaction mixture (non-aqueous system) on the esterification of
geraniol of palmarosa oil with n-butyric acid using immobilized lipase from Mucor mieheli
also observed a sharp decrease in the reaction yield with increase in the water content. This is
probably due to the low solubility of geraniol in the water which reduces the contact of the

geraniol with the enzyme and the possible reverse hydrolytic reaction as explained earlier

(Section 4.12.1.2).
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Fig. 4.52 (A) Effect of initial water content (% w/w) on synthesis of geraniol acetate
catalyzed by Cutl (filled circle) and Cut2 (empty circle). (B) Catalytic efficiency
of Cutl and Cut2 for synthesis of geraniol acetate at 0.1 and 0.5 (% w/w) initial
water content. Error bars correspond to the standard deviation of two replicates

198
TH-1214 KHEGDE



RESULTS AND DISCUSSION

4.12.2.2 Effect of initial acid to alcohol molar ratio on geraniol ester synthesis

Effect of initial acid to alcohol molar ratio on the cutinase catalyzed esterification of geraniol
was evaluated using butyric acid as a model acyl donor (geraniol butyrate synthesis). The
reaction was carried out at 50°C for 45 h using Cutl and Cut2 as a catalyst with butyric acid/
geraniol molar ratio of 1:1, 3:1 and 5:1 using 0.5% (w/w) initial water content as described in
the section 3.15. As shown in Fig. 4.53, both the cutinases showed optimal molar ratio of 3:1
to achieve highest geraniol butyrate yield. Cutl and Cut2 showed a maximum conversion of
71.1 and 66.4% at this molar ratio at 45 h, indicating Cutl to be a slightly better catalyst
compare to Cut2. Stoichiometrically, the geraniol butyrate synthesis requires one mole of
butyrate for each mole of geraniol. However, since the esterification of geraniol is a reversible
reaction; excess butyrate is required to shift the equilibrium towards the direction of ester
formation. Thus, both Cutl and Cut2 showed a trend of decrease in conversion yield below
the acid/alcohol molar ratio 3:1. The decrease in the conversion yield at 5:1 molar ratio would
be due to the deactivation of the cutinases by high concentration of butyric acid as reported
for F. solani cutinase (Carvalho, 1998; Pinto-Sousa et al., 1994). As shown in the Fig. 4.53,
both the cutinases reached highest conversion yield at approximately 25 h post incubation at
50°C and reached saturation at 35 h. Further increase in reaction time to 45 h did not increase

the yield. This would probably be due to the denaturing of the cutinase.

4.12.2.3 Effect of acid chain length on the synthesis of geraniol esters
The selectivity of fatty acyl chain length in esterification generally depends on the native
properties of the enzymes and mostly found to be similar to that of the hydrolytic reactions. In

case of lipase/esterase/cutinase catalyzed esterification and transesterification reactions, an
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acyl-enzyme intermediate was formed, so, the dependency on the fatty acids chain length

would mostly due to the affinity between the fatty acid and enzyme itself.
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Fig. 4.53 Effect of geraniol/butyric acid molar ratio (R) on the conversion of geraniol butyrate

during esterification of geraniol with butyric acid catalyzed by cutinase. Error bars
correspond to the standard deviation of two replicates

As it was evident in the above study (Section 4.12.2.1 and 4.12.2.2) that both Cutl and Cut2
of T. fusca showed a same optimum parameters and similar trend of catalytic mechanism in
the optimization experiments. However, the catalytic efficiency of Cutl was slightly better
than Cut2. Thus, all the further experiments were performed with Cutl as a biocatalyst.

To study the effect of acid chain length on geraniol ester synthesis, experiments were
performed with fatty acids of chain length C2 to C10. As shown in Fig. 4.54, the molar
conversion (%) of geraniol esters varies with the carbon chain length of the fatty acids. As
described in the section 4.8.6, Cutl showed higher hydrolytic activity in aqueous media with
p-nitrophenyl butyrate and acetate than other long chain synthetic esters. In case of synthesis
reaction in organic media by Cutl as a catalyst, almost a similar trend of decrease in

conversion rate with increase in fatty acid chain length was observed. The highest conversion
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of 80.8% was observed for acetic acid, closely followed by butyric (68.1%) and valeric acid
(57.4%) whereas conversion for decanoic acid was very low, probably due to the fact that
long chain fatty acids react with the active site of cutinase and block the access of the alcohol
to the intermediate acyl enzyme followed by formation of the product (De Barros et al.,
2009a). These results suggest that cutinase from T. fusca NRRL B-8184 had the highest
affinity towards short chain fatty acids (C2—C6), which is in agreement with previous studies
performed in organic solvent (De Barros et al., 2009a) or reverse micellar systems (Cunnah et
al., 1996; Pinto-Sousa et al., 1994; Sebastiao et al., 1993) using recombinant F. solani

cutinase and P. cepacia cutinase (Dutta and Dasu, 2011) for other esterification reactions.
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Fig. 4.54 Effect of acid chain length on the synthesis of geraniol esters at geraniol/fatty acid
molar ratio, R = 1:3. Geraniol acetate (filled circle), geraniol butyrate (empty
circle), geraniol valerate (inverted triangle) and geraniol decanoate (triangle). Error
bars correspond to the standard deviation of two replicates

4.12.2.4 Catalytic performance of immobilized cutinase on geraniol ester synthesis
Catalytic efficiency of the immobilized Cutl on synthesis of geraniol ester was evaluated
using chitosan (Section 4.11.1), Zeolite (Section 4.11.3) and Celite-545 (Section 4.11.3) as an

immobilization support. Esterification was carried out at optimized parameters (3:1 molar

201
TH-1214 KHEGDE



RESULTS AND DISCUSSION

ratio of acid/geraniol, 0.5% initial water content and 50°C reaction temperature) as described
in the section 3.15.

As shown in the Fig. 4.55, there was an increase in the conversion rate with immobilization
on Celite-545 and Zeolite, however, chitosan showed considerably lower yield in comparison
to free cutinase (Fig. 4.55 A). Similar behavior was observed with isopropyl ester synthesis
for the chitosan immobilized Cut2 (Section 4.12.1.4). Although the conversion rate was not
enhanced remarkably after enzyme immobilization on Zeolite or Celite-545, there was an
increase of 5, 3, 3 and 1% ester yield for geraniol acetate, butyrate, valerate and decanoate,
respectively with Zeolite and 8, 9, 6 and 4% ester yield for geraniol acetate, butyrate, valerate
and decanoate, respectively with Celite-545 immobilization (Fig. 4.55 B). Celite-545 was
found to be a slightly better immobilization support for geraniol ester synthesis in comparison
to Zeolite, which was also the case for isopropyl oleate synthesis (Section 4.12.1.4). Both
Cutl and Cut2 show different surface electrostatic properties. Since the mechanism of
immobilization is based on adsorption, the protein surface electrostatic properties of the Cutl

favor the adsorption in better way on Celite-545, making it more stable compare to Cut2.
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Fig. 4.55 (A) Comparative study of the synthesis of geraniol acetate ester by free Cutl (filled
circle) and Cutl immobilized on Chitosan (empty circle), Zeolite (inverted triangle)
and Celite-545 (triangle). (B) Comparative study of the synthesis of geraniol esters
(highest molar conversion at 45 h) of various chain lengths by free and immobilized
cutinase. Error bars correspond to the standard deviation of two replicates
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To summarize the geraniol ester synthesis using T. fusca cutinase as a biocatalyst, both Cutl
and Cut2 from T. fusca was found to be an appropriate catalyst for geraniol ester synthesis
with similar optimum catalytic parameters. However, Cutl showed slightly better catalytic
efficiency in comparison to Cut2. Increase in the acyl chain length showed decrease in the
catalytic efficiency with highest molar conversion (%) for C2 to C4 acyl chains.
Immobilization on Celite-545 and Zeolite was found to be beneficial for achieving better ester
yield, although there was no remarkable increase in the molar conversion (%). Chitosan was
found to be an inappropriate support for esterification reactions of geraniol catalyzed by T.

fusca cutinase.

4.12.3 Assessment of cutinase as a catalyst for synthesis of various short chain alkyl esters
Cutinase has shown a great potential for esterification and transesterification reactions in
different reaction media, where it showed selectivity toward the production of short chain
carboxylic acid esters (Barros et al., 2012). There are several reports on esterification and
transesterification reactions catalyzed by F. solani cutinase (Barros et al., 2012; Carvalho et
al., 1998a; Melo et al., 1995a; Pinto-Sousa et al., 1994; Sebastido et al., 1993). Recently, P.
cepacia cutinase was also evaluated as an effective catalyst for synthesis of short chain alkyl
esters (Dutta and Dasu, 2011). However, no report exists on esterification and
transesterification reactions catalyzed by T. fusca cutinase. Thus, the present section discusses
the preliminary screening results of several esterification and transesterification reactions
catalyzed by T. fusca cutinases to evaluate their potential as a biocatalyst.

Several esterification and transesterification reactions were performed according to the
method described in the section 3.15. The schematic representation of the reaction performed

is shown in Fig. 4.56.
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Fig. 4.56 Schematic representation of various esterification and transesterification reactions
screened to evaluate the ability of T. fusca cutinase as a catalyst. R in the reaction
(1) stands for butyric acid, valeric acid, octanoic acid and decanoic acid used in the
present study

Butyl esters are employed in fruit-flavored products such as beverages, candies, jellies and
jams, bakery products, wines and dairy products such as cultured butter, sour cream, yogurt
and cheese (Barros et al., 2012). As depicted in the Fig. 4.57, Cutl was found to be a good
catalyst for butyl ester synthesis with highest molar conversion of 89% at 15 h for butyl
butyrate synthesis. However, Cut2 was found to be less efficient in catalysis with only 66%
conversion for butyl butyrate. The reason would be inhibitory effect of butanol, as described
earlier in the enzyme characterization (Section 4.8.7 and Fig 4.18) on Cut2, which is
deactivating the enzyme faster. It is also evident from the Fig. 4.57 that there was an increase
of 3% in the conversion of butyl butyrate after immobilization of Cutl on Zeolite and Celite-
545. However, Cutl immobilized on Chitosan showed decrease in the ester conversion yield.
Cutl also showed a good catalytic efficiency for butyl valerate and butyl octanoate with 74
and 71% molar conversion. However, the catalytic efficiency was drastically affected for
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butyl decanoate, which showed only 36% conversion. This would be due to increase in the
acyl chain length, which was also observed for other esterification reaction. Dutta and Dasu
(2011) achieved 94.6% molar conversion for butyl butyrate with P. cepacia cutinase.
Recently, Barros et al. (2012) reported that esterification yield of 95% for C4-C6 esters with
F. solani cutinase. Santos and Castro (2006) reported that 75% conversion at 41°C for the
Candida rugosa lipase catalyzed reaction of butyric acid and butanol. The maximum of 95%
conversion was also reported for B. licheniformis esterase catalyzed synthesis of ethyl
caproate at 37°C in n-heptane (Macarie and Baratti, 2000).

The methyl and ethyl esters of oils are well appreciated to be used as bio-carburants,
biosurfactants, biolubricants or biodiesel. Lipases are mostly used as a biocatalyst for
transesterification of oils. However, cutinase also been reported to catalyze the
transesterification of oils. Experiments were performed to evaluate the ability of T. fusca
NRRL B-8184 cutinase to catalyze the transesterification of tributyrin. As shown in Fig 4.57
both Cutl and Cut2 showed very low transesterification yield for fatty acid methyl (34 and
31% for Cutl and Cut2, respectively) and ethyl esters (32 and 30% for Cutl and Cut2,
respectively), signifying the fact that cutinase from T. fusca might not be a good catalyst for
transesterification reaction. Salis et al., (2005) observed about 40% conversion of methyl ester
during transesterification of triolein catalyzed by P. cepacia lipase. Several other studies also
reported a similar low conversion yield for lipase and cutinase catalyzed transesterification of
oil (Dutta et al., 2013).

Lactic acid esters have a high value in formulation of biodegradable packaging materials,
paints, grease removers and cleansers (Knez et al., 2012). It is also increasingly used in food,

cosmetic and pharmaceutical formulations due to their hygroscopic, emulsifying and
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exfoliating properties (Knez et al., 2012; Pirozzi and Greco, 2004). There are reports on
enzyme catalyzed synthesis of lactic acid esters from lipases (From et al., 1997; Knez et al.,
2012; Pirozzi and Greco, 2004). Biocatalytic synthesis of lactic acid esters offers an
advantage of reduced amounts of by-products due to selectivity, lower energy consumption
and simplified waste stream treatment (absence of acid catalysts) in comparison to
conventional chemical synthesis (From et al., 1997; Knez et al., 2012). T. fusca cutinase was
evaluated as a catalyst for synthesis of ethyl lactate. As shown in Fig 4.57, both the cutinases
showed catalytic activity towards lactate ester synthesis. However the catalytic yield was very
low. Cut2 showed slightly better catalytic yield with molar conversion of 21% in comparison

to Cutl (15%).
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Fig 4.57 Evaluation of catalytic efficiency of T. fusca cutinase on various esterification and
transesterification reactions as shown in Fig. 4.56. R is the corresponding fatty
acid/alcohol molar ratio used in the study. Error bars correspond to the standard
deviation of two replicates

There are reports where 75% yield was achieved for butyl lactate with Candida antarctica
lipase B (CALB) in supercritical carbon dioxide (Knez et al., 2012), 75% vyield for ethyl
lactate with commercial lipase, Novozym 435 (Zhihong et al., 2009), 74% vyield for ethyl
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lactate with whole-cell biocatalyst displaying CALB on yeast (Inaba et al., 2009) and 25%
yield for ethyl lactate with immobilized commercial lipase, Novozym 43 (Sun et al., 2010). In
comparison to lipase, the catalytic efficiency of T. fusca cutinase towards lactic acid ester
synthesis was very low. However, an effort to increase the catalytic efficiency by enzyme
engineering and immobilization technology would be worth as the T. fusca cutinase is

resistant to many organic solvents and active at high temperature.
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CHAPTER B
SuMMARY AND CONCLUSIONS

The present thesis was focused on the production, characterization and applications of a novel
industrially important cutinases from Thermobifida fusca NRRL B-8184. This enzyme
belongs to the family of hydrolases, specifically those acting on carboxylic ester bonds. Due
to the importance of the potential applications of cutinase in various industrial process, this
enzyme from various microbial and plant sources has been vastly studied. This chapter
highlights the key findings of the present study on cloning, production characterization and

applications of two cutinases from T. fusca NRRL B-8184.

e Two cutinase encoding genes, cutl and cut2 from Thermobifida fusca NRRL B-8184 was
cloned in to E. coli expression strain BL21 (DE3) under IPTG inducible vector
pET22b(+). Sequencing of cloned genes, cutl and cut2 showed 100% homology,
respectively with tfu 0882 and tfu 0883 genes from Thermobifida fusca YX strain
(Accession No. NC_007333) in the NCBI nucleotide data base.

e The Cutl and Cut2 enzymes showed 93% homology among them at amino acid level.

e Optimum temperature, concentration of IPTG and cell concentration for the expression of
the recombinant Cutl and Cut2 was found to be 37°C, 0.1 mM and Asoonm 0.75,
respectively without any inclusion body formation.

e Cloning and expression of T. fusca cutinase genes, Cutl and Cut2 with and without C-
terminal histidine tag showed no considerable difference in growth and activity of Cutl

and Cut2 with and without C-terminal His-tag.
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e The medium for maximum cutinase production was developed after screening six
different medium. Among the screened media, TB medium with 2 mM MgSOsand 1 mM
NaCl was found to be the best production medium with increase in cutinase production by
1.1-fold higher than TB and ~2.5-fold higher than LB medium.

e Screening of glucose or glycerol as a carbon source showed that glycerol is the preferred
substrate for recombinant cutinase production with higher cell growth and cutinase
production compare to glucose.

e Statistical Taguchi’s experimental designs were applied to maximize the production of
recombinant cutinase, Cutl and Cut2 of T. fusca NRRL B-8184 at shake flask level. The
production of both the recombinant cutinase was enhanced by ~1.2 fold after Taguchi
optimization of medium components with overall increase of ~11-folds, as compared with
T. fusca NRRL B-8184 wild-type strain.

e Cellular localization of Cutl and Cut2 showed most of the enzyme to be in periplasm (57
and 61% for Cutl and Cut2 enzyme, respectively). Nearly 28% of the recombinant protein
was seen in cytoplasm as soluble protein for both the enzymes. Respectively, 15 and 11%
of Cutl and Cut2 was secreted in to extracellular medium. No inclusion bodies were
formed during production.

e Asingle step affinity purification of recombinant cutinases of T. fusca NRRL B-8184 was
carried out using C-terminal His-tag. The molecular mass of the purified Cutl and Cut2
were found to be ~30 kDa and ~29 kDa by SDS-PAGE, respectively. MALDI-TOF-MS
analysis confirmed the molecular mass of Cutl and Cut2 to be 30.1906 kDa and 29.6812
kDa, respectively. Isoelectric point as determined by 2-D electrophoresis for Cutl and

Cut2 were found to be 7.7 and 7.5, respectively.
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e Purified Cutl and Cut2 showed specific activity of 542.5 + 2.7 and 643.4 + 3.4 U mg?,
respectively against pNPB and 0.218 + 0.06 and 0.395 + 0.17 U mg™* for Cutl and Cut2,
respectively with cutin analog substrate, p-NMSH.

e Studies on physical conditions, which influence the performance of purified cutinase,
revealed that both the cutinases were active over a broad range of pH (6.8-9.0) and
temperature (40-80°C). The enzyme showed stability at alkaline range of pH (pH 7.0-9.0).
Maximum cutinase activity was obtained at pH of 8 and 55°C.

e Kinetic parameters, Km, Vmax and Kkeat values for Cutl and Cut2 was found to be,
respectively, 131 and 89 puM L (Km), 3.2 and 3.8 UM s (Vimax), 178 and 253 s (Kcar)
with the substrate pNPB.

e Thermodynamic parameters (K, twe, 4H, A4S, AG) were determined to evaluate the
probable mechanism of deactivation of recombinant cutinases.

e The recombinant cutinases of T. fusca NRRL B-8184 has the higher substrate specificity
towards short chain fatty acid synthetic esters (C2-Ce), though it also showed activity with
longer chain esters (Ci6). Cutl showed better catalytic activity with longer chain esters
compare to Cut2.

e Both Cutl and Cut2 showed very good tolerance to most of the organic solvents studied.
Benzene, hexyl acetate, isopropanol, dichloro methane was found to be more inhibitory
for Cutl compare to Cut2 and butanol and 1-hexanol was more inhibitory to Cut2
compare to Cutl.

e Both Cutl and Cut2 showed enhanced activity in the presence of sodium

taurodeoxycholate (anionic) detergent, no considerable effect on activity was observed
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with deoxycholate, sodium deoxycholate and SDS. Triton X-100 and Twen-80 was found
to be moderately inhibitory for Cutl.

e The activity of both the cutinases were enhanced by mono cations, Na* and K*, whereas it
was moderately inhibited by some divalent cations (Pb?*, Fe?*, Zn?*) and considerably
inhibited by Ag?*, Rb*, Cr?*, Hg?*, serine blocking reagent; phenyl methyl sulphonyl
fluoride (PMSF) and histidine blocking reagent; Diethylpyrocarbonate (DEPC).

e Fluorescence and Far UV CD spectroscopy showed that Cutl and Cut2 are stable at pH
ranging from 6-9 at 25°C with no considerable change in the secondary structure and
found to be a-helix in nature. Unfolding study with GdnHCI showed Cut2 to be more
resistant to unfolding compare to Cutl. Both the cutinases found to be highly resistant to
urea induced unfolding.

e Homology modeling of the Cutl and Cut2 revealed that both the enzymes belong to o/p-
hydrolases family with Ser-His-Asp catalytic triad. There is a disulfide bond present in
both Cutl (Cys?*-Cys®'") and Cut2 (Cys?®*-Cys?®) in the C-terminal region. Exploration
of the electrostatic surface of the cutinases showed that the surface electrostatic properties
of the two cutinases were fairly dissimilar.

e Immobilization studies with various supports to enhance the activity and stability of
cutinase showed that Chitosan, Celite-545 and Zeolite are the best among the studied
supports for immobilization of cutinases. Immobilization on magnetic nanoparticle was
found to be inappropriate support for both the cutinases with reduction in stability as well
as activity.

e Cutl and Cut2 were found to be efficiently catalyzing several esterification and

transesterification reaction for synthesis of short-chain length fatty acid esters.
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e Cutinase catalyzed esterification to synthesize isopropyl ester showed that Cut2 has a
better catalytic efficiency for isopropyl esters synthesis with maximum molar conversion
of 63% when immobilized on Celite-545. However, Cutl was fund to be significantly
inhibited in presence of isopropanol. Catalytic efficiency in terms of molar conversion
was enhanced by 16 and 10%, respectively after immobilization of Cut2 on Celite-545
and Zeolite. Nevertheless, chitosan was found to be an inappropriate immobilization
support for T. fusca cutinase catalyzed esterification.

e Cutinase catalyzed esterification to synthesize geraniol ester showed both Cutl and Cut2
to be an efficient catalyst. However, Cutl showed a slightly better catalytic efficiency in
comparison to Cut2. The maximum conversion of 88% obtained for geranial acetate,
followed by geranial butyrate (80%) and geranial valerate (67%) with Cutl immobilized
on Celite-545. Catalytic efficiency in terms of molar conversion was slightly enhanced
after immobilization of Cutl on Celite-545 and Zeolite. However, chitosan was found to
be an inappropriate immobilization support for T. fusca cutinase catalyzed esterification.

e Study on evaluation of T. fusca cutinase as a catalyst for esterification of butyric acid ester
revealed that Cutl can efficiently synthesize butyric acid ester with molar conversion of
89% for butyl butyrate, followed by butyl valerate (74%) and butyl octanoate (71%).
Immobilization of Cutl on Zeolite or Celite-545 increased the ester yield of butyl butyrate
to 92%. However, Cut2 and Cutl immobilized on chitosan showed considerably lesser
ester yield of 66 and 67%, respectively.

e Study on evaluation of T. fusca cutinase as a catalyst for esterification of lactic acid ester
and transesterification of tributyrin with methanol (FAME) and ethanol (FAEE) showed

less than 15 and 21% conversion efficiency from Cutl and Cut2, respectively for ethyl

TH-1214 KHEGDE 212



SUMMARY AND CONCLUSIONS

lactate and less than 35% conversion from Cutl as well as Cut2 for FAME and FAEE,
which makes them unsuitable catalyst for these esterification and transesterification

reactions.

Future scope of the work

e Production optimization of recombinant cutinases at pilot scale fermenter levels in batch
and fed-batch mode.

e Crystallization and structural analysis of Cutl and Cut2 of T. fusca NRRL B-8184.

e Enhancing the substrate specificity of the T. fusca NRRL B-8184 cutinases by protein
engineering for application in esterification and transesterification reactions.

e Evaluation of T. fusca NRRL B-8184 cutinase as a catalyst in synthesis of some
pharmaceutically important stereo-specific compounds.

e Evaluation of T. fusca NRRL B-8184 cutinase as a catalyst in cotton scouring, detergent

formulation and synthesis of several other industrially important products.

TH-1214 KHEGDE 213



BIBLIOGRAPHY

Abbas H, Comeau L. 2003. Aroma synthesis by immobilized lipase from Mucor sp. Enzyme
Microbial Technology 32: 589-595.

Abdel-Aal YA, Hammock BD. 1986. Transition state analogs as ligands for affinity
purification of juvenile hormone esterase. Science 233: 1073-1076.

Abdel-Aal YAI, Hammock BD. 1985. 3-Octylthio- 1,1,1-Trifluoro-2 Propanone, a high
affinity and slow binding inhibitor of juvenile hormone esterase from Trichoplusia ni
(hubner). Insect Biochemistry 15: 111-122.

Abdulkarim SM, Fatimah AB, and Anderson JG. 2009. Effect of salt concentrations on the
growth of heat-stressed and unstressed Escherichia coli. Journal of Food
Agriculture & Environment 7(3-4): 51-54.

Acero EH, Ribitsch D, Steinkellner G, Gruber K, Greimel K, Eiteljoerg I, Trotscha E, Wei R,
Zimmermann W, Zinn M, Cavaco-Paulo A, Freddi, G, Schwab H, and Guebitz G.
2011. Enzymatic Surface Hydrolysis of PET: Effect of Structural Diversity on
Kinetic Properties of Cutinases from Thermobifida. Macromolecules 44(12): 4632-
4640.

Adams CD, Miasnikov A, Andrei M. 2012. Fungal cutinase from Magnaporthe grisea
Patent application number: 20120028318

Agrawal PB, Nierstrasz VA, Warmoeskerken MMCG. 2008. Role of mechanical action in
low temperature cotton scouring with F. solani pisi cutinase and pectate lyase.
Enzyme Microbial Technology 42: 473-482.

Ahmad A, Akhtar MS, and Bhakuni V. 2001. Monovalent cation-induced conformational
change in glucose oxidase leading to stabilization of the enzyme. Biochemistry
40(7): 1945-1955.

214
TH-1214 KHEGDE



BIBLIOGRAPHY

Almeida MC, Venancio A, Teixeira JA, Aires-Barros MR. 1998. Cutinase purification on
poly(ethylene glycol)-hydroxypropyl starch aqueous two-phase systems. Journal of

Chromatography B: Biomedical Science and Application 711: 151-1509.

Araujo PW, and Brereton RG. 1996. Experimental design .2. Optimization. Trac-Trends in
Analytical Chemistry 15(2): 63-70.

Araujo R, Silva C, O'Neill A, Micaelo N, Guebitz G, Soares CM, Casal M, and Cavaco-Paulo
A. 2007. Tailoring cutinase activity towards polyethylene terephthalate and
polyamide 6,6 fibers. Journal of Biotechnology 128(4): 849-857.

Arnau J, Lauritzen C, Petersen GE, and Pedersen J. 2006. Current strategies for the use of
affinity tags and tag removal for the purification of recombinant proteins. Protein
Expression and Purification 48(1): 1-13.

Athawale V, Manjrekar N, and Athawale M. 2002. Lipase-catalyzed synthesis of geranyl
methacrylate by transesterification: study of reaction parameters. Tetrahedron
Letters 43(27): 4797-4800.

Bachmann SL, and McCarthy AJ. 1991. Purification and cooperative activity of enzymes
constituting the xylan-degrading system of Thermomonospora-fusca. Applied and
Environmental Microbiology 57(8): 2121-2130.

Backlund E, Reeks D, Markland K, Weir N, Bowering L, and Larsson G. 2008. Fedbatch
design for periplasmic product retention in Escherichia coli. Journal of
Biotechnology 135(4): 358-365.

Badenes SM, Lemos F, Cabral JMS. 2010a. Assessing the use of cutinase reversed micellar
catalytic system for the production of biodiesel from triglycerides. Journal of

Chemical Technology and Biotechnology 85: 993-998.

Badenes SM, Lemos F, Cabral JMS. 2010b. Transesterification of oil mixtures catalyzed by

microencapsulated cutinase in reversed micelles. Biotechnology Letters 32: 399-403.

215
TH-1214 KHEGDE



BIBLIOGRAPHY

Badenes SM, Lemos F, Cabral JMS. 2011a. Stability of cutinase, wild type and mutants, in
AOT reversed micellar system-effect of mixture components of alkyl esters

production. Journal of Chemical Technology and Biotechnology 86: 34-41.

Badenes SM., Lemos F, Cabral JMS. 2011b. Performance of a Cutinase Membrane Reactor
for the Production of Biodiesel in Organic Media. Biotechnology and Bioengineering
108: 1279-1289.

Baker PJ, Poultney C, Liu ZQ, Gross R, and Montclare JK. 2012. Identification and
comparison of cutinases for synthetic polyester degradation. Applied Microbiology
and Biotechnology 93(1): 229-240.

Barlas NE. 1996. Toxicological assessment of biodegraded malathion in albino mice. Bulletin
of Environmental Contamination and Toxicology 57: 705-712.

Bashan Y, Okon Y, Henis Y. 1985. Detection of cutinases of pectic enzymes during infection
of tomato by Pseudomonas syringae pv. tomato. Phytopathology 75: 940-945.

Bellamy WD. 1977. Cellulose and lignocellulose digestion by thermophilic actinomycetes for

single cell protein production. Developmental Industrial Microbiology 18:249-254.

Berka RM, Yoder W, Takagi S, Boominathan KC. 1995. Aspergillus japonicas type cells
expressing heterologous enzyme. US patent 95-10491.

Bezbradica D, Mijin D, Siler-Marinkovic S, Knezevic Z. 2007. The effect of substrate
polarity on the lipase-catalyzed synthesis of aroma esters in solvent-free systems.
Journal of Molecular Catalysis B: Enzymatic 45: 97-101.

Bouaid A, Aparicio J, Martinez M, and Aracil J. 2007. Synthesis of a green biosolvent:
Isopropyl esters - A statistical approach. Enzyme and Microbial Technology 41(4):
533-538.

Brissos V, Eggert T, Cabral JMS, and Jaeger KE. 2008a. Improving activity and stability of
cutinase towards the anionic detergent AOT by complete saturation mutagenesis.
Protein Engineering Design & Selection 21(6): 387-393.

216
TH-1214 KHEGDE



BIBLIOGRAPHY

Brissos V, Melo EP, Martinho JMG., and Cabral JMS. 2008b. Biochemical and structural
characterisation of cutinase mutants in the presence of the anionic surfactant AOT.
Biochimica Et Biophysica Acta-Proteins and Proteomics 1784(9): 1326-1334.

Carneiro-da-Cunha MG, Aires-Barros MR, Tambourgi EB, Cabral JMS. 1994a. Recovery of
a recombinant cutinase with reversed micelles in a continuous perforated rotating

disc contactor. Biotechnology Techniques 8: 413-418.

Carneiro-da-Cunha MG, Aires-Barros MR, Tambourgi EB, Cabral JMS. 1996a. Continuous
extraction of a recombinant cutinase from Escherichia coli disrupted cells with
reversed micelles using a perforated rotating disc contactor. Bioprocess Engineering
15: 253-256.

Carneiro-da-Cunha MG, Cabral JMS, Aires-Barros MR. 1994b. Studies on the extraction and
back-extraction of a recombinant cutinase in a reversed micellar extraction process.

Bioprocess Engineering 11: 203-208.

Carriere F, Withers-Martinez C, van Tilbeurgh H, Roussel A, Cambillau C, Verger R. 1998.
Structural basis for the substrate selectivity of pancreatic lipases and some related
proteins. Biochimica and Biophysica Acta 1376: 417-432.

Carvalho CML, Aires-Barros MR, Cabral JMS. 1997b. Cutinase stability in AOT reversed
micelles: process development for the synthesis of short chain esters. In: Proceedings
EFF’97, CBB, Rennes, p. 191-195.

Carvalho CML, Aires-Barros MR, Cabral JMS. 1998a. Cutinase structure, function and

biocatalytic applications. Electronic Journal of Biotechnology 1: 91-113.

Carvalho CML, Aries-Barros MR, Cabral JMS. 1999. Cutinase: From molecular level to
bioprocess development. Biotechnology and Bioengineering 66: 17-34.

Carvalno CML, Cabral JMS, Aires-Barros MR. 1998b. Kinetics and modelling of
transesterification reactions catalysed by cutinase in AOT reversed micelles. Journal

of Molecular Catalysis B: Enzymatic 5: 361-365.

217
TH-1214 KHEGDE



BIBLIOGRAPHY

Carvalho CML, Serralheiro MLM, Cabral JMS, Aries-Barros MR. 1997a. Application of
factorial design to the study of transesterification reactions using cutinase in AOT-

reversed micelles. Enzyme Microbial Technology 21: 117-123.

Castro-Ochoa D, Pena-Montes C., Gonzalez-Canto A., Alva-Gasca A., Esquivel-Bautista R,
Navarro-Ocana, A, and Farres, A. 2012. ANCUT2, an Extracellular Cutinase from
Aspergillus nidulans Induced by Olive Oil. Applied Biochemistry and Biotechnology
166(5): 1275-1290.

Chambers WH. 1992. Organophosphorous compounds: an overview. In: Chambers JE, Levi
PE editors. Organophosphates, Chemistry, Fate, and Effects. San Diego: Academic
Press; p. 3-17.

Chang BV, Yang CM, Cheng CH, Yuan SY. 2004. Biodegradation of phthalate esters by two
bacteria strains. Chemosphere 55: 533-538.

Chastellain A, Petri A, and Hofmann H. 2004. Particle size investigations of a multistep
synthesis of PVA coated superparamagnetic nanoparticles. Journal of Colloid and
Interface Science 278(2): 353-360.

Chen S, Liu ZG, Chen J, and Wu J. 2011. Study on Improvement of Extracellular Production
of Recombinant Thermobifida fusca Cutinase by Escherichia coli. Applied
Biochemistry and Biotechnology 165(2): 666-675.

Chen S, Su L, Billig S, Zimmermann W, Chen J, Wu J. 2010. Biochemical characterization of
the cutinases from Thermobifida fusca. Journal of Molecular Catalysis B: Enzymatic
63:121-127.

Chen S, Tong X, Woodard RW, Du G, Wu J, Chen J. 2008. Identification and
Characterization of Bacterial Cutinase. Journal of Biological Chemistry 283(38):
25854-25862.

Chen S, Tong X, Woodard RW, Du GC, Wu J, and Chen J. 2008. Identification and

characterization of bacterial cutinase. Journal of Biological Chemistry 283(38):

218
TH-1214 KHEGDE



BIBLIOGRAPHY

25854-25862.

Chen Z, Franco CF, Baptista RP, Cabral JMS, Coelho AV, Rodrigues CJ, Melo EP. 2007.
Purification and identification of cutinases from Colletotrichum kahawae and
Colletotrichum gloeosporioides. Applied Microbiology and Biotechnology 73: 1306—
1313

Chin 1S., Murad AMA, Mahadi NM, Nathan S, and Abu Bakar FD. 2013. Thermal stability
engineering of Glomerella cingulata cutinase. Protein Engineering Design &
Selection 26(5): 369-375.

Chitnis A, and Sadana A. 1989. PH-dependent enzyme deactivation models. Biotechnology
and Bioengineering 34(6): 804-818.

Claon PA, and Akoh CC. 1993. Enzymatic-synthesis of geraniol and citronellol esters by
direct esterification in n-hexane. Biotechnology Letters 15(12): 1211-1216.

Claon PA, and Akoh CC. 1994. Lipase-catalyzed synthesis of terpene esters by
transesterification in n-hexane. Biotechnology Letters 16(3): 235-240.

Cowgill RW. 1975 in Biochemical Fluorescence Concepts. Vol. 2 (Chen. R.F. and Edelhoch,
H.. eds.), pp. 441-486, Marcel Dekker, New York.

Cunnah MT, Tjerneld F, Cabral JMS, Aires-Barros MR. 1998. Effect of electrolytes and
surfactants on the thermoseparation of an ethylene oxide—propylene oxide random

copolymer in aqueous solution. Journal of Chromatography B 711: 53-60.

Cunnah PJ, Aires-Barros MR, Cabral JMS. 1996. Esterification and transesterification
catalysed by cutinase in reverse micelles of CTAB for the synthesis of short chain

esters. Biocatalysis and Biotransformation 14: 125-146.

D'Amico S, Marx JC., Gerday C, and Feller G. 2003. Activity-stability relationships in
extremophilic enzymes. Journal of Biological Chemistry 278(10): 7891-7896.

Daniel RM. 1996.The upper limits of enzyme thermal stability. Enzyme Microbial
Technology 19: 74-79.

219
TH-1214 KHEGDE



BIBLIOGRAPHY

Dasu VV, Panda T, Chidambaram M. 2002. Development of medium for griseofulvin
production. Part 1. Screening of medium constituents using Plackett-Burman

experimental design. Journal of Microbiology and Biotechnology 12: 355-359.

Dasu VV, Panda T. 2000. Optimization of microbiological parameters for enhanced
griseofulvin  production using response surface methodology. Bioprocess
Engineering 22: 45-49.

De Barros DPC, Azevedo AM, Cabral JMS, and Fonseca LP. 2012. Optimization of flavor
esters synthesis by Fusarium solani pisi cutinase. Journal of Food Biochemistry
36(3): 275-284.

De Barros DPC, Fernandes P, Cabral JMS, Fonseca LP. 2010b. Operational stability of
cutinase in organic solvent system:model esterification of alkyl esters. Journal of
Chemical Technology and Biotechnology 85: 1553-1560.

De Barros DPC, Fonseca LP, Cabral JIMS, Weiss CK, Landfester K. 2009b. Synthesis of alkyl
esters by cutinase in miniemulsion and organic solvent media. Biotechnology Journal
4:674-683.

De Barros DPC, Fonseca LP, Fernandesa P,Cabral JMS, Mojovic L. 2009a. Biosynthesis of
ethyl caproate and other short ethyl esters catalyzed by cutinase in organic solvent.
Journal of Molecular Catalysis B: Enzymatic 60: 178-185.

De Barros DPC, Lemos F, Fonseca LP, Cabral JMS. 2010a. Kinetic cutinase-catalyzed
esterification of caproic acid in organic solvent system. Journal of Molecular
Catalysis B: Enzymatic 66: 285-293.

De Geus NV, Pieter. Cutinase. 1990. PCT publications WO/1990/009446. 90.08.23.

Degani O, Gepstein S, Dosoretz CG. 2002. Potential use of cutinase in enzymatic scouring of

cotton fiber cuticle. Applied Biochemistry and Biotechnology 102: 277-289.

220
TH-1214 KHEGDE



BIBLIOGRAPHY

Degani O, Salman H, Gepstein S, Dosoretz CG. 2006. Synthesis and characterization of a new
cutinase substrate, 4-nitrophenyl (16-methyl sulfone ester) hexadecanoate. Journal of
Biotechnology 121: 346-350.

Deising H, Nicholson RL, Haug M, Howard RJ, Mendgen K. 1992. Adhesion pad formation
and the involvement of cutinase and asterase in the attachment of uredospores to the
host cuticle. Plant Cell 4: 1101-1111.

Dekoster CG, Heerma W, Pepermans HAM, Groenewegen A, Peters H, Haverkamp J. 1995.
Tandem mass spectrometry and nuclear magnetic resonance spectroscopy studies of
Candida bombicola sophorolipids and product formed on hydrolysis by cutinase.
Analytical Biochemistry 230: 135-148.

Demain AL, and Vaishnav P. 2009. Production of recombinant proteins by microbes and

higher organisms. Biotechnology Advances 27(3): 297-306.

Derewenda U, Brzozowski AM, Lawson DM, Derewenda ZS. 1992. Catalysis at the interface:
the anatomy of a conformational change in a triglyceride lipase. Biochemistry 11:
1532-1541.

Dossat VV, Combes D, Marty A. 2002. Lipase-catalysed transesterification of high oleic
sunflower oil. Enzyme Microbial Technology 30: 90-94.

D'Souza SF. 1999. Immobilized enzymes in bioprocess. Current Science 77(1): 69-79.

Du GC, Zhang SL, Hua ZZ, Zhu Y, Chen J. 2007. Enhanced cutinase production with
Thermobifida fusca by two-stage pH control strategy. Biotechnology Journal 2: 365-
369.

Dubey VK, and Jagannadham MV. 2003. Differences in the unfolding of procerain induced
by pH, guanidine hydrochloride, urea, and temperature. Biochemistry 42(42): 12287-
12297.

Dutta K, and Dasu VV. 2011. Synthesis of short chain alkyl esters using cutinase from

Burkholderia cepacia NRRL B2320. Journal of Molecular Catalysis B-Enzymatic

221
TH-1214 KHEGDE



BIBLIOGRAPHY

72(3-4): 150-156.

Dutta K, Krishnamoorthy H, and Dasu VV. 2013. Novel cutinase from Pseudomonas cepacia
NRRL B 2320: Purification, characterization and identification of cutinase encoding

genes. Journal of General and Applied Microbiology 59(3): 171-184.

Dutta K, Sen S, and Veeranki VD. 2009. Production, characterization and applications of

microbial cutinases. Process Biochemistry 44(2): 127-134.

Eberl A, Heumann S, Kotekc R, Kaufmannd F, Mitsche S, Cavaco-Paulo A. 2009. Enzymatic
hydrolysis of PTT polymers and oligomers. Journal of Biotechnology 135: 45-51.

Egmond MR, Bemmel van CJ. 1997. Impact of structural information on understanding
lipolytic function. In: Methods in Enzymology 284, Rubin B, Dennis EA editors.
New York: Academic Press; p. 119-129

Egmond MR., and de Vlieg, J. 2000. Fusarium solani pisi cutinase. Biochimie 82(11): 1015-
1021.

Eigtved P, Hansen TT, Miller CA. 1988. A new immobilized lipase for oil and fat
modifications. In: Applewhite TH, editor. Proceedings of the world conference on

biotechnology for the fats and oils industry.

El-Dib MA, El-Elaimy IA, Kotb A, Elowa SH. 1996. Activation of in vivo metabolism of
malathion in male Tilapia nilotica. Bulletin of Environmental Contamination and
Toxicology 57: 667-674.

Esawy M.A, and Combet-Blanc Y. 2006. Immobilization of Bacillus licheniformis 5A1 milk-
clotting enzyme and characterization of its enzyme properties. World Journal of
Microbiology & Biotechnology 22(3): 197-200.

Eswar N, John B, Mirkovic N, Fiser A, Ilyin VA, Pieper U, Stuart AC, Marti-Renom MA,
Madhusudhan MS, Yerkovich B, and Sali A. 2003. Tools for comparative protein
structure modeling and analysis. Nucleic Acids Research 31(13): 3375-3380.

Ettinger WF, Thukral SK, and Kolattukudy PE. 1987. Structure of cutinase gene, cDNA, and

222
TH-1214 KHEGDE



BIBLIOGRAPHY

the derived amino-acid-sequence from phytopathogenic fungi. Biochemistry 26(24):
7883-7892.

Fan CF, Koller W. 1998. Diversity of cutinases from plant pathogenic fungi: Differential and
sequential expression of cutinolytic esterases by Alternaria brassicicola. FEMS
Microbiology Letters 158: 33-38.

Fang H, Huang J, Ding LY, Li MT, and Chen Z. 2009. Preparation of magnetic chitosan
nanoparticles and immobilization of laccase. Journal of Wuhan University of
Technology-Materials Science Edition 24(1): 42-47.

Fauth M, Schweizer P, Buchala A, Markstadter C, Riederer M, Kato T, and Kauss H. 1998.
Cutin monomers and surface wax constituents elicit H2Oz in conditioned cucumber
hypocotyl segments and enhance the activity of other H.O: elicitors. Plant
Physiology 117(4): 1373-1380.

Fauth M, Schweizer P, Buchala A, Markstadter C, Riederer M, Kato T, and Kauss H. 1999.
Cutin monomers and surface wax constituents elicit H20> in conditioned cucumber
hypocotyl segments and enhance the activity of other H.O: elicitors. Plant
Physiology 121(3): 1057-1057.

Ferreira BS, Calado CRC, Keulen van F, Fonseca LP, Cabral JIMS, Fonseca da MMR. 2004.
Recombinant Saccharomyces cerevisiae strain triggers acetate production to fuel

biosynthetic pathways. Journal of Biotechnology109: 159-167.

Fett WF, Gerard HC, Moreau RA, Osman SF, Jones LE. 1992a. Cutinase production by
Streptomycs spp. Current Microbiology 25: 165-171.

Fett WF, Gerard HC, Moreau RA, Osman SF, Jones LE. 1992b. Screening of non-filamentous
bacteria for production of cutin-degrading enzymes. Applied Environmental
Microbiology 58: 2123-2130.

223
TH-1214 KHEGDE



BIBLIOGRAPHY

Fett WF, Wijey C, Moreau RA, Osman SF. 1999. Production of cutinase by
Thermomonospora fusca ATCC 27730. Journal of Applied Microbiology 86: 561-
568.

Fett WF, Wijey C, Moreau RA, Osman SF. 2000. Production of cutinolytic esterase by
filamentous bacteria. Letters in Applied Microbiology 31: 25-29.

Flipsen JAC, Hijden HTWM van der, Egmond MR, Verheij HM. 1996. Action of cutinase at
the triolein-water interface characterisation of interfacial effects during lipid
hydrolysis using the oil-drop tensiometer as a tool to study lipase kinetics. Chemical
Physics of Lipids 84: 105-115.

Fojan P, Jonson PH, Petersen MTN., and Petersen SB. 2000. What distinguishes an esterase
from a lipase: A novel structural approach. Biochimie 82(11): 1033-1041.

Foster RL. 1980. Modification of Enzyme Activity. Croom Helm, London, UK.

Francis SA, Dewey FM, Gurr SJ. 1996. The role of Cutinase in germling development and
infection by Erysiphe graminis f.sp. hordei. Physiology of Molecular Plant
Pathology 49: 201-211.

From M, Adlercreutz P, and Mattiasson B. 1997. Lipase catalyzed esterification of lactic acid.
Biotechnology Letters 19(4): 315-317.

Galloway T, Handy R. 2003. Immunotoxicity of organophosphorous pesticides.
Ecotoxicology 12: 345-63.

Garcia-Montoya 1A, Cendon TS, Arevalo-Gallegos S, and Rascon-Cruz Q. 2012. Lactoferrin
a multiple bioactive protein: An overview. Biochimica Et Biophysica Acta-General
Subjects 1820(3): 226-236.

Genencor. 1989. Cutinase for use in detergent composition produced by culturing
Pseudomonas putida. U.S. Patent 89-02922.

Ghangas GS, and Wilson DB. 1988. Cloning of the Thermomonospora fusca endoglucanase

224
TH-1214 KHEGDE



BIBLIOGRAPHY

e2 gene in Streptomyces lividans - affinity purification and functional domains of the
cloned gene-product. Applied and Environmental Microbiology 54(10): 2521-2526.

Ghangas GS, Hu YJ, and Wilson DB. 1989. Cloning of a Thermomonospora fusca xylanase
gene and its expression in Escherichia coli and Streptomyces lividans. Journal of
Bacteriology 171(6): 2963-2969.

Gilbert HF. 1995. Thiol/disulfide exchange equilibria and disulfide bond stability. Biothiols,
Pt A 251: 8-28.

Gillies B, Yamazaki H, and Armstrong DW. 1987. Production of flavor esters by immobilized
lipase. Biotechnology Letters 9(10): 709-714.

Gindro K, Pezet R. 1999. Purification and characterization of a 40.8 Kda cutinase in
ungerminated conidia of Botrytis cinerea pers.: Fr. FEMS Microbiology Letters 171:
239-243.

Gohel V, and Naseby DC. 2007. Thermal stabilization of chitinolytic enzymes of Pantoea
dispersa. Biochemical Engineering Journal 35(2): 150-157.

Goncalves AM, Schacht E, Cabral JMS, Gil MH. 1996a. Stability studies of a recombinant
cutinase immobilised on an inorganic support. In: Proceedings of 11l Congreso
Iberico de Biotecnologia, Polanco FF, Encina PG, Benito GG, Miranda MMP
editors, Universidad de Valladolid, p. 551-552.

Goncalves AM, Schacht E, Matthijs G, Aires-Barros MR, Cabral JMS, Gil MH. 1999.
Stability studies of a recombinant cutinase immobilized to dextran and derivatized

silica supports. Enzyme Microbial Technology 24: 60-66.

Goncalves APV, Cabral JMS, Aires-Barros MR. 1995. Immobilization of a recombinant
cutinase by entrapment and by covalent binding. Applied Biochemistry and
Biotechnology 60: 217-228.

225
TH-1214 KHEGDE



BIBLIOGRAPHY

Goncalves APV, Cabral JMS, Aires-Barros MR. 1998. Analysis of a BSTR reactor for
triglyceride hydrolysis with an immobilised cutinase. Journal of Molecular Catalysis
B: Enzymatic 5: 35-38.

Goncalves APV, Lopes JM, Lemos F, Ramoa RF, Prazeres DMF, Cabral JMS, Aires-Barros
MR. 1996b. Zeolites as supports for enzymatic hydrolysis reactions. Comparative

study of several zeolites. Journal of Molecular Catalysis B: Enzymatic 1: 53-60.

Gonzalez-Saiz J M & Pizarro C. 2011. Polyacrylamide gels as support for enzyme
immobilization by entrapment. Effect of polyelectrolyte carrier, pH and temperature

on enzyme action and kinetics parameters, European Polymer Journal 37:435-444.

Gonzalez-Saiz JM, and Pizarro C. 2001. Polyacrylamide gels as support for enzyme
immobilization by entrapment. Effect of polyelectrolyte carrier, pH and temperature
on enzyme action and Kinetics parameters. European Polymer Journal 37(3): 435-
444,

Guebitz GM, and Cavaco-Paulo A. 2008. Enzymes go big: surface hydrolysis and
functionalisation of synthetic polymers. Trends in Biotechnology 26(1): 32-38.

Guex N, and Peitsch MC. 1997. SWISS-MODEL and the Swiss-PdbViewer: An environment
for comparative protein modeling. Electrophoresis 18(15): 2714-2723.

Gummadi SN. 2003. What is the role of thermodynamics on protein stability? Biotechnology
and Bioprocess Engineering 8(1): 9-18.

Haki GD, Rakshit SK. 2003. Developments in industrially important thermostable enzymes: a

review. Bioresource Technology 189: 17-34.

Hari-Krishna S, Karanth NG. 2002. Lipases and lipase-catalyzed esterification reactions in

nonaqueous media. Catalysis review 44: 499-591.

He GQ, Huo GH, Liu LM, Zhu Y, Du GC, and Chen, J. 2009a. Enhanced cutinase production
of Thermobifida fusca by a two-stage batch and fed-batch cultivation strategy.

Biotechnology and Bioprocess Engineering 14(1): 46-51.

226
TH-1214 KHEGDE



BIBLIOGRAPHY

Heumann S, Eberl A, Pobeheim H., Liebminger S, Fischer-Colbrie G, Almansa E, Cavaco-
Paulo A, and Gubitz GM. 2006. New model substrates for enzymes hydrolysing
polyethyleneterephthalate and polyamide fibres. Journal of Biochemical and
Biophysical Methods 69(1-2): 89-99.

Horii K, Adachi T, Tanino T, Tanaka T, Kotaka A, Sahara H, Hashimoto T, Kuratani N,
Shibasaki S, Ogino C, Noda H, Hata Y, Ueda M, and Kondo A. 2010. Fatty acid
production from butter using novel cutinase-displaying yeast. Enzyme and Microbial
Technology 46(3-4): 194-199.

Hunsen M, Abul A, Xie WC, and Gross R. 2008. Humicola insolens cutinase-catalyzed
lactone ring-opening polymerizations: Kinetic and mechanistic  studies.
Biomacromolecules 9(2): 518-522.

Hutchinson S, Evans D, Corino G, Kattenbelt J. 2007. An evaluation of the action of

thioesterases on the surface of wool. Enzyme Microbial Technology 40: 1794-800.

Inaba C, Maekawa K, Morisaka H, Kuroda K, and Ueda M 2009. Efficient synthesis of
enantiomeric ethyl lactate by Candida antarctica lipase B (CALB)-displaying
yeasts. Applied Microbiology and Biotechnology 83(5): 859-864.

Iwasaki T, Hioki Y. 1991. Enhancement of biocide activity. European Patent EP0197622.
91.04.17.

Jaenicke R, Schurig H, Beaucamp N, and Ostendorp R. 1996. Structure and stability of
hyperstable proteins: Glycolytic enzymes from hyperthermophilic bacterium
Thermotoga maritima. In Advances in Protein Chemistry, Vol 48: Enzymes and
Proteins from Hyperthermophilic Microorganisms. Edited by M. W. W. Adams. pp.
181-269.

Jelsch C, Longhi S, Cambillau C. 1998. Packing forces in nine crystal forms of cutinase.
Proteins 31: 320-333.

Junge W, Kirsch K. 1973. Current problems on the structure and classification of mammalian

liver carboxylesterases. Molecular Cell Biochemistry 1: 41-52.

227
TH-1214 KHEGDE



BIBLIOGRAPHY

Kalil SJ, Maugeri F, and Rodrigues MI. 2000. Response surface analysis and simulation as a

tool for bioprocess design and optimization. Process Biochemistry 35(6): 539-550.

Kapat A, Panda T. 1997. pH and thermal stability studies on chitinase from Trichoderma

harzianum: A thermodynamic consideration. Bioprocess Engineering 16: 269-272.

KarraChaabouni M, Pulvin S, Touraud D, and Thomas D. 1996. Enzymatic synthesis of
geraniol esters in a solvent-free system by lipases. Biotechnology Letters 18(9):
1083-1088.

Kazenwadel C, Eiben S, Maurer S, Beuttler H, Wetzl D, Hauer B, and Koschorreck K. 2012,
Thiol-functionalization of acrylic ester monomers catalyzed by immobilized

Humicola insolens cutinase. Enzyme and Microbial Technology 51(1): 9-15.

Kelly SM, and PriceNC. 2000. The Use of Circular Dichroism in the Investigation of Protein
Structure and Function. Current Protein & Peptide Science 1(4): 349-384.

Kim YH, Ahn JY, Moon SH, and Lee J. 2005b. Biodegradation and detoxification of
organophosphate insecticide, malathion by Fusarium oxysporum f. sp pisi cutinase.
Chemosphere 60(10): 1349-1355.

Kim YH, Ahn JY, Moon SH, Lee J. 2005a. Biodegradation and detoxification of
organophosphate insecticide, malathion by Fusarium oxysporum f. sp. pisi cutinase.
Chemosphere 60: 1349-1355.

Kim YH, Lee J, and Moon SH. 2003. Degradation of an endocrine disrupting chemical,
DEHP di-(2-ethylhexyl)-phthalate , by Fusarium oxysporum f. sp pisi cutinase.
Applied Microbiology and Biotechnology 63(1): 75-80.

Kim YH, Lee J, Moon SH. 2003. Uniqueness of microbial cutinases in hydrolysis of p-
Nitrophenyl esters. Journal of Microbiology and Biotechnology 13: 57-63.

Kim YH, Lee JW, Ahn JY, Gu MB, and Moon SH. 2002. Enhanced degradation of an
endocrine-disrupting chemical, butyl benzyl phthalate, by Fusarium oxysporum f. sp
pisi cutinase. Applied and Environmental Microbiology 68(9): 4684-4688.

228
TH-1214 KHEGDE



BIBLIOGRAPHY

Kitadokoro K, Thumarat U, Nakamura R, Nishimura K, Karatani H, Suzuki H, and Kawa F.
2012. Crystal structure of cutinase Est119 from Thermobifida alba AHK119 that can
degrade modified polyethylene terephthalate at 1.76 angstrom resolution. Polymer
Degradation and Stability 97(5): 771-775.

Kleman GL. and Strohl WR. 1994. Development in high cell density and high productivity
microbial fermentation. Current Opinion in Biotechnology 5:180-186.

Knez Z, Kavcic S, Gubicza L, Belafi-Bako K, Nemeth G, Primozic M, and Habulin M. 2012.
Lipase-catalyzed esterification of lactic acid in supercritical carbon dioxide. Journal
of Supercritical Fluids 66: 192-197.

Kodama Y, Masaki K, Kondo H, Suzuki M, Tsuda S, Nagura T, Shimba N, Suzuki E, and
lefuji H. 2009. Crystal structure and enhanced activity of a cutinase-like enzyme
from Cryptococcus sp strain S-2. Proteins-Structure Function and Bioinformatics
77(3): 710-717.

Kolattukudy PE, Poulose AJ. 1988. Cutinase cleaning composition. 1988. PCT publications
W0/1988/009367. 88.12.01.

Kolattukudy PE, Poulose AJ. 1994. Cutinase cleaning composition. European Patent
EP0322429. 94.10.19.

Kolattukudy PE, Rogers LM, Li D, Hwang CS, Flaishman MA. 1995. Surface signaling in
pathogenesis. Proceedings of National Academy of Sciences USA 92(10):4080-7.

Kolattukudy PE. 1985. Enzymatic penetration of the plant cuticle by fungal pathogens.
Annual Review in Phytopathology 23: 223-250.

Kolattukudy PE. 1992. Plant-fungal communications that trigger genes for breakdown and
reinforcement of host defensive barriers. In: Molecular Signals in Plant-Microbe
Communications. Ed.Verma DPS, CRC Press, Boca Raton, FL, p 65- 83.

229
TH-1214 KHEGDE



BIBLIOGRAPHY

Koller W, Allan CR, Kolattukudy PE. 1982. Role of Cutinase and cell wall degrading
enzymes in infection of Pisum sativum by Fusarium solani f. sp. pisi. Physiology of
Plant Pathology 20: 47-60.

Koller W, Kolattukudy PE. 1982. Mechanism of action of cutinase: chemical modification of

the catalytic triad characteristic for serine hydrolases. Biochemistry 21: 3083-3090.

Koller W, Parker DM, Becker CM. 1991. Role of cutinase in the penetration of apple leaves
by Venturia inaequalis. Phytopathology 81: 1375-1379.

Koller W, Parker DM. 1989. Purification and characterization of cutinase from Venturia
inaequalis. Phytopathology 79: 278-283.

Koller W, Parker DM. 1989. Purification and characterization of cutinase from Venturia

inaequalis. Phytopathology 79: 278-283.

Koller W, Yao C, Trail F, Parker DM. 1995. Role of cutinase in the invasion of plants.
Canadian Journal of Botany 73: S1109-S1118.

Koller W, Yao C. 1996. Targets for plant protection-can cutinase be counted in. In: Modern
Fungicides and Antifungal Compounds. Eds: Lyr H, Russell PE, Sisler HD. Intercept
Andover, UK. p 163-172.

Kontkanen H, Westerholm-Parvinen A, Saloheimo M, Bailey M, Ratto M, Mattila I, Mohsina
M, Kalkkinen N, Nakari-Setala T, and Buchert J. 2009. Novel Coprinopsis cinerea
Polyesterase That Hydrolyzes Cutin and Suberin. Applied and Environmental
Microbiology 75(7): 2148-2157.

Koschorreck K, Liu DN, Kazenwadel C, Schmid RD, and Hauer B. 2010. Heterologous
expression, characterization and site-directed mutagenesis of cutinase CUTABL
from Alternaria brassicicola. Applied Microbiology and Biotechnology 87(3): 991-
997.

Krajewska B, and Piwowarska Z. 2005. Free vs chitosan-immobilized urease:

230
TH-1214 KHEGDE



BIBLIOGRAPHY

Microenvironmental effects on enzyme inhibitions. Biocatalysis and
Biotransformation 23(3-4): 225-232.

Krajewska B. 2005. Membrane-based processes performed with use of chitin/chitosan

materials. Separation and Purification Technology 41(3): 305-312.

Kumar CG, Takagi H. 1999. Microbial alkaline proteases: From a bioindustrial viewpoint.
Biotechnology Advances 17: 561-594.

Kumar S, Pakshirajan K, Dasu VV. 2009. Development of medium for enhanced production
of glutaminase-free l-asparaginase from Pectobacterium carotovorum MTCC 1428.
Applied Microbiology Biotechnology 84: 477-486.

Kwon MA, Kim HS, Yang TH, Song BK, Song JK. 2009. High-level expression and
characterization of Fusarium solani cutinase in Pichia pastoris. Protein Expression
and Purification 68: 104-1009.

Laemmli, UK. 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227: 680-685.

Lai DT, Connor CJ. 1999. Studies on synthesis of short chain alkyl esters catalyzed by goat
pregastric lipase. Journal of Molecular Catalysis B: Enzymatic 6: 411-420.

Lamare S, Legoy MD. 1995. Working at controlled water activity in a continuous process: the

gas/solid system as a solution. Biotechnology and Bioengineering 45: 387-397.

Lamare S, Lortie R, Legoy MD. 1997. Kinetic studies of Fusarium solani pisi cutinase used
in a gas/solid system: transesterification and hydrolysis reactions. Biotechnology and

Bioengineering 56: 1-7.

Langrand G, Rondot N, Triantaphylides C, and Baratti J. 1990. Short chain flavor esters
synthesis by microbial lipases. Biotechnology Letters 12(8): 581-586.

Langrand G, Triantaphylides C, and Baratti J. 1988. Lipase catalyzed formation of flavor

esters. Biotechnology Letters 10(8): 549-554.

231
TH-1214 KHEGDE



BIBLIOGRAPHY

Lanzani A, Bondioli P, Gila L, Fedeli E. Esterificazione degli acidi grassi. Riv Ital Sostanze
Grasse 1989;63:19-24.

Larios A, Garcia HS, Oliart RM, and Valerio-Alfaro G. 2004. Synthesis of flavor and
fragrance esters using Candida antarctica lipase. Applied Microbiology and
Biotechnology 65(4): 373-376.

Laskowski RA, Macarthur MW, Moss DS., and Thornton JM. 1993. PROCHECK - A
program to check the stereochemical quality of protein structures. Journal of Applied
Crystallography 26: 283-291.

Lauwereys M, De Geus P, De Meutter J, Stanssens P and Mathyssens G. 1991. Cloning,
expression and characterization of cutinase, a fungal lipolytic enzyme, In Alberghina
L, Schmid RD, Verger R, editor. Lipases-Structure, function and genetic engineering
vol. 16. VCH Weinheim; p. 243-251.

Lee S Y 1996. High Cell-density culture of Escherichia coli. Tibtech 14:98-105.

Lee SH, Song WS, Kim HR. 2009. Cutinase treatment of cotton fabrics. Fiber and Polymer
10: 802-806.

Liebminger S, Eberl A, Sousa F, Heumann S, Fischer-Colbrie G, Cavaco-Paulo A, Guebitz G,
2007. Hydrolysis of PET and bis-(benzoyloxyethyl) terephthalate with a new
polyesterase from Penicillium citrinum. Biocatalysis and Biotransformation 25:171—
177

Lin TS, Kolattukudy PE. 1978. Induction of a biopolyester hydrolase (cutinase) by low levels
of cutin monomers in Fusarium solani f. sp. Pisi. Journal of Bacteriology 133: 942-
951.

Lin TS, Kolattukudy PE. 1980. Structural studies on cutinase, a glycoprotein containing novel
amino acids and glucuronic acid amide at the N terminus. Europian Journal of
Biochemistry 106: 341-351.

232
TH-1214 KHEGDE



BIBLIOGRAPHY

Liu ZQ, Gosser Y, Baker PJ, Ravee Y, Lu ZY, Alemu G, Li HG, Butterfoss GL, Kong XP,
Gross R, and Montclare JK. 2009. Structural and Functional Studies of Aspergillus
oryzae Cutinase: Enhanced Thermostability and Hydrolytic Activity of Synthetic
Ester and Polyester Degradation. Journal of the American Chemical Society
131(43): 15711-15716.

Longhi S, Cambillau C. 1999. Structure-activity of cutinase, a small lipolytic enzyme.
Biochimica et Biophysica Acta 1441: 185-196

Longhi S, Czjzek M, Lamzin V, Nicolas A, Cambillau C. 1997. Atomic resolution (1.0 A)
crystal structure of Fusarium solani pisi cutinase: stereochemical analysis. Journal of
Molecular Biology 268: 779-799.

Longhi S, Nicolas A, Creveld L, Egmond M, Verrips CT, De Vlieg J, Martinez C, Cambillau
C. 1996. Dynamics of Fusurium soluni cutinase investigated through structural

comparison among different crystal forms of its variants. Proteins 26: 442-458.

Lu AH, Salabas EL, and Schuth F. 2007. Magnetic nanoparticles: Synthesis, protection,
functionalization, and application. Angewandte Chemie-International Edition 46(8):
1222-1244.

Lykidis A, Mavromatis K, Ivanova N, Anderson I, Land M, DiBartolo G, Martinez M,
Lapidus A, Lucas S, Copeland A, Richardson P, Wilson DB, and Kyrpides N. 2007.
Genome sequence and analysis of the soil cellulolytic actinomycete Thermobifida
fusca Y X. Journal of Bacteriology 189(6): 2477-2486.

Macarie EA, Baratti J. 2000. Short chain flavour ester synthesis by a new esterase from
Bacillus licheniformis. Journal of Molecular Catalysis B: Enzymatic 10: 377-383.

Macedo G, Fraga L. 2007. Production of cutinase by Fusarium oxysporum in solid-state
fermentation using agro-industrial residues. Journal of Biotechnology 131: S212.

Macedo GA, Pio TF. 2005. A rapid screening method for cutinase producing microorganisms.

Brazilian Journal of Microbiology 36: 388-394.

233
TH-1214 KHEGDE



BIBLIOGRAPHY

Maeda H, Yamagata Y, Abe K, Hasegawa F, Machida M, Ishioka R., Gomi K, and Nakajima
T. 2005. Purification and characterization of a biodegradable plastic-degrading
enzyme from Aspergillus oryzae. Applied Microbiology and Biotechnology 67(6):
778-788.

Maiti 1B, Kolattukudy PE, Shaykh M. 1979. Purification and characterization of a novel
cutinase from Nasturtium (Tropaeolum majus) pollen. Archives in Biochemistry and
Biophysics 196: 412-423.

Malavasic M, Poklar N, Macek P, and VVesnaver G. 1996. Fluorescence studies of the effect of
pH, guanidine hydrochloride and urea on equinatoxin Il conformation. Biochimica
Et Biophysica Acta-Biomembranes 1280(1): 65-72.

Mannesse MLM, Cox RC, Koops BC, Verheij HM, De Haas GH, Egmond MR, Heijden van
der HTWM, De Vlieg J. 1995a. Cutinase from Fusarium solani pisi hydrolyzing
triglyceride analogues. Effect of acyl chain length and position in the substrate

molecule on activity and enantioselectivity. Biochemistry 34: 6400-6407.

Martinez C, De Geus P, Lauwereys M, Matthyssens G, Cambillau C. 1992. Fusarium solani
cutinase is a lipolytic enzyme with a catalytic serine accessible to solvent. Nature
356: 615-618.

Martinez C, De Geus P, Stanssens P, Lauwereys M, Cambillau C. 1993. Engineering cysteine
mutants to obtain crystallographic phases with a cutinase from Fusarium solani pisi.
Protein Engineering 6: 157-165.

Martinho JMG, Santos AM., Fedorov A, Baptista RP, Taipa MA, and Cabral JMS. 2003.
Fluorescence of the single tryptophan of cutinase: Temperature and pH effect on
protein conformation and dynamics. Photochemistry and Photobiology 78(1): 15-22.

Masaki K, Kamini NR, Ikeda H, and lefuji H. 2005. Cutinase-like enzyme from the yeast
Cryptococcus sp strain S-2 hydrolyzes polylactic acid and other biodegradable
plastics. Applied and Environmental Microbiology 71(11): 7548-7550.

234
TH-1214 KHEGDE



BIBLIOGRAPHY

Matama T, Casal M., and Cavaco-Paulo A. 2013. Direct enzymatic esterification of cotton

and Avicel with wild-type and engineered cutinases. Cellulose 20(1): 409-416.

Mateo C, Palomo JM, Fernandez-Lorente G, Guisan JM, and Fernandez-Lafuente R. 2007.
Improvement of enzyme activity, stability and selectivity via immobilization
techniques. Enzyme and Microbial Technology 40(6): 1451-1463.

Mayr LM, and Schmid FX. 1993. Stabilization of a protein by guanidinium chloride.
Biochemistry 32(31): 7994-7998.

Melo EP, Aires-Barros MR, Cabral JMS. 1995b. Triglyceride hydrolysis and stability of a
recombinant cutinase from Fusarium solani in AOT-iso-octane reversed micelles.

Applied Biochemistry and Biotechnology 50: 45-56.

Melo EP, Baptista RP, Cabral JMS. 2003. Improving cutinase stability in aqueous solution
and in reverse micelles by media engineering. Journal of Molecular Catalysis B:
Enzymatic 22:299-306.

Melo EP, Faria TQ, Martins LO, Goncalves AM, Cabral JMS. 2001. Cutinase Unfolding and
Stabilization by Trehalose And Mannosylglycerate. Proteins 42: 542-552

Melo EP, Ivanova MG, Aires-Barros MR, Cabral JMS, Verger R. 1995a. Glyceride synthesis
catalyzed by cutinase using the monomolecular film technique. Biochemistry 34:
1615-1621.

Merz J, Schembecker G, Riemer S, Nimtz M, Zorn H. 2009. Purification and identification of
a novel cutinase from Coprinopsis cinerea by adsorptive bubble separation.

Separation and Purification Technology 69: 57-62.

Mestri SD, and Pai JS. 1995. Effect of moisture on lipase-catalyzed esterification of geraniol
of palmarosa oil in nonaqueous system. Biotechnology Letters 17(4): 459-462.

Mogk A, Mayer MP, and Deuerling E. 2002. Mechanisms of protein folding: Molecular

chaperones and their application in biotechnology. Chembiochem 3(9): 807-+.

235
TH-1214 KHEGDE



BIBLIOGRAPHY

Mondin R, B. Josephson K. Liu and MSO. 2002. The effect of glucose, lactose, and galactose
on the induction of B-galactosidase in E. coli. Journal of Experimental Microbiology

and Immunology 2:22-26.

Monera OD, Kay CM, and Hodges RS. 1994. Protein denaturation with guanidine-
hydrochloride or urea provides a different estimate of stability depending on the
contributions of electrostatic interactions. Protein Science 3(11): 1984-1991.

Monlleé D, Julid MR, Pinazo A, Erra P. 1994. Use of lipases for wool modification. Melliand
Textile 5: 402-5.

Naidu GSN, Panda T. 2003. Studies on pH and thermal deactivation of pectolytic enzymes
from Aspergillus niger. Biochemical Engineering Journal 16: 57-67.

NEB Web site: http://www.neb.com/nebecomm/DoubleDigestCalculator.asp. Accessed 17
April 2011.

Nicholson RL, Kunoh H. 1995. Early interactions, adhesion, and establishment of the

infection court by Erysiphe graminis. Canadian Journal of Botany 73: S609-S615.

Nicolas A, Egmond M, Verrips CT, Vlieg J, Longhi S, Cambillau C, Martinez C. 1996.
Contribution of cutinase serine 42 side chain to the stabilization of the oxyanion
transition state. Biochemistry 35: 398-410.

Nimchua T, Eveleigh DE, Sangwatanaroj U, and Punnapayak H. 2008. Screening of tropical
fungi producing polyethylene terephthalate-hydrolyzing enzyme for fabric
modification. Journal of Industrial Microbiology & Biotechnology 35(8): 843-850.

Nishi N, Ebina A, Nishimura S, Tsutsumi A, Hasegawa O, and Tokura S. 1986. Highly
phosphorylated derivatives of chitin, partially deacetylated chitin and chitosan as
new functional polymers - preparation and characterization. International Journal of
Biological Macromolecules 8(5): 311-317.

Nyon MP, Rice DW, Berrisford JM, Hounslow AM, Moir AJG, Huang HZ, Nathan S,
Mahadi NM, Abu Bakar, FD, and Craven CJ. 2009. Catalysis by Glomerella

236
TH-1214 KHEGDE



BIBLIOGRAPHY

cingulata Cutinase Requires Conformational Cycling between the Active and
Inactive States of Its Catalytic Triad. Journal of Molecular Biology 385(1): 226-235.

Oguntimein GB, Anderson WA, and Mooyoung M. 1995. Synthesis of geraniol esters in a
solvent-free system catalyzed by Candida antarctica lipase. Biotechnology Letters
17(1): 77-82.

Okkels JS. 1997a. Preparing polypeptide variants with improved functional properties. U.S.
Patent 97-09664.

Okkels JS. 1997b. Preparing polypeptide variants with improved functional properties. U.S.
Patent 97-05736.

Papadimitriou V, Xenakis A, Cazianis CT, Stamatis H, Egmond M, Kolisis FN. 1996. EPR
studies of cutinase in microemulsions Annals of Newyork Academic Science 799:
275-280.

Parker DM, and Koller W. 1998. Cutinase and other lipolytic esterases protect bean leaves
from infection by Rhizoctonia solani. Molecular Plant-Microbe Interactions 11(6):
514-522.

Parvaresh F, Robert H, Thomas D, Legoy MD. 1992. Gas phase transesterification reactions
catalyzed by lipolytic enzymes. Biotechnology and Bioengineering 39: 467-473.

Pascholati SF, Deising H, Leite B, Anderson D, Nicholson RL. 1993. Cutinase and non-
specific esterase activities in the conidial mucilage of Colletotrichum graminicola.
Physiologial and Molecular Plant Pathology 42: 37-51.

Paula Speranza, Gabriela Alves Macedo. 2013. Biochemical characterization of highly
organic solvent-tolerant cutinase from Fusarium oxysporum, Biocatalysis and
Agricultural Biotechnology, doi.org/10.1016/j.bcab.2013.06.005.

Pedersen S, Nesgaard L, Baptista RP, Melo EP, Kristensen SR, and Otzen DE. 2006. PH-
Dependent aggregation of cutinase is efficiently suppressed by 1,8-ANS.
Biopolymers 83(6): 619-629.

237
TH-1214 KHEGDE



BIBLIOGRAPHY

Perl D, Mueller U, Heinemann U, and Schmid FX. 2000. Two exposed amino acid residues
confer thermostability on a cold shock protein. Nature Structural Biology 7(5): 380-
383.

pET System Manual, 11th ed. Available from http://www.novagen.com. Accessed 17 April
2011.

Petersen SB, Fojan P, Petersen El, and Petersen M. 2001. The thermal stability of the
Fusarium solani pisi cutinase as a function of pH. Journal of Biomedicine and
Biotechnology 1(2): 62-69

Pinto-Sousa AM, Cabral JMS, Aires-Barros MR. 1994. Ester synthesis by a recombinant

cutinase in reversed micelles of a natural phospholipid. Biocatalysis 9: 169-179.

Pio TF, Macedo GA. 2007. Optimizing the production of cutinase by Fusarium oxysporium
using response surface methodology. Enzyme Microbial Technology 41: 613-619.

Pirozzi D, and Greco G. 2004. Activity and stability of lipases in the synthesis of butyl
lactate. Enzyme and Microbial Technology 34(2): 94-100.

Pocalyko DJ, Tallman M. 1998. Effects of amphipaths on the activity and stability of

Fusarium solani pisi cutinase. Enzyme Microbial Technology 22: 647- 651.

Point V, Malla RK, Carriere F, Canaan S, Spilling CD, and Cavalier JF. 2013.
Enantioselective Inhibition of Microbial Lipolytic Enzymes by Nonracemic
Monocyclic Enolphosphonate Analogues of Cyclophostin. Journal of Medicinal
Chemistry 56(11): 4393-4401.

Poulose AJ, Boston M. 1994. Enzyme assisted degradation of surface membranes of
harvested fruits and vegetables. U.S.Patent 5298265. 94.03.29

Poulose AJ, Kolattukudy PE. 1995. Enzymes as agricultural chemical adjuvants. European
Patent EP0272002. 95.03.05.

Prompers JJ, Hilbers CW, and Pepermans HAM. 1999. Tryptophan mediated photoreduction

238
TH-1214 KHEGDE



BIBLIOGRAPHY

of disulfide bond causes unusual fluorescence behaviour of Fusarium solani pisi
cutinase. Febs Letters 456(3): 409-416.

Purdy RE, Kolattukudy PE. 1975. Hydrolysis of plant cuticle by plant pathogens. Purification,
amino acid composition, and molecular weight of two isozymes of cutinase and a

nonspecific esterase from Fusarium solani f. pisi. Biochemistry 14: 2824-2831.

Purves WK, Orians GH, and Heller HC. 1995. Life: The Science of Biology, 4th Edition.

Sinauer Associates, Sunderland.

Racke KD. 1992. Degradation of organophosphorous insecticides in environmental matrices.
In: Chambers JE, Levi PE editors. Organophosphates, Chemistry, Fate, and Effects.
San Diego: Academic Press p. 47-73.

Ramey WD. 2002. Microbiology 421: Laboratory of Experimental Microbiology. University
of British Columbia, VVancouver, BC.

Rattray JBM. 1984. Biotechnology and the fats and oils industry - an overview. Journal of the
American Oil Chemists Society 61(11): 1701-1712.

Rettich F. 1980. Residual toxicity of wall-sprayed organophosphates, carbamates, and
pyrethroids to mosquito. Journal of Hygiene Epidemiology Microbiology and
Immunology 24: 110-117.

Ribitsch D, Acero EH, Greimel K, Eiteljoerg I, Trotscha E, Freddi G, Schwab H, and Guebitz
GM. 2012. Characterization of a new cutinase from Thermobifida alba for PET-

surface hydrolysis. Biocatalysis and Biotransformation 30(1): 2-9.

Ribitsch D, Yebra AO, Zitzenbacher S, Wu J, Nowitsch S, Steinkellner G, Greimel K,
Doliska A, Oberdorfer G, Gruber CC, Gruber K, Schwab H, Stana-Kleinschek K,
Acero EH, and Guebitz GM. 2013. Fusion of Binding Domains to Thermobifida
cellulosilytica Cutinase to Tune Sorption Characteristics and Enhancing PET
Hydrolysis. Biomacromolecules 14(6): 1769-1776.

239
TH-1214 KHEGDE



BIBLIOGRAPHY

Rispoli FJ, Shah V. 2007. Mixture design as a first step for optimization of fermentation
medium for cutinase production from Colletotrichum lindemuthianum. Journal of

Industrial Microbiology and Biotechnology 34: 349-355.

Rocha ALM, Di Pietro A, Ruiz-Roldan C, and Roncero MIG. 2008a. Ctfl, a transcriptional
activator of cutinase and lipase genes in Fusarium oxysporum is dispensable for
virulence. Molecular Plant Pathology 9(3): 293-304.

Ronkvist AM, Lu WH, Feder D, and Gross RA. 2009. Cutinase-Catalyzed Deacetylation of
Poly(vinyl acetate). Macromolecules 42(16): 6086-6097.

Rubio M, Cardoza R, Hermosa R, Gutierrez S, and Monte E. 2008. Cloning and
characterization of the Thecutl gene encoding a cutinase of Trichoderma harzianum
T34. Current Genetics 54(6): 301-312.

Sagt CMJ, Muller WH, Boonstra J, Verkleij AJ, Verrips CT. 1998. Impaired secretion of a
hydrophobic cutinase by Saccharomyces cerevisiae correlates with an increased
association with immunoglobulin heavy-chain binding protein (BiP). Applied

Environmental Microbiology 64: 316-324.

Sagt CMJ, Verrips CT. 1995. Secretion of wildtype and mutant cutinases by Saccharomyces

cerevisiae. Yeast 11: 594.

Sali A, and Blundell TL. 1993. Comparative protein modeling by satisfaction of spatial
restraints. Journal of Molecular Biology 234(3): 779-815.

Salis A, Pinna M, Monduzzi M, Solinas V. 2005. Biodiesel production from triolein and short

chain alcohols through biocatalysis. Journal of Biotechnology 119: 291-299.

Sambrook J, Fritsch EF, Maniatis T. 2001. Molecular Cloning, A Laboratory Manual, vol.2.

Santos JC, Castro de HF. 2006. Optimization of lipase-catalysed synthesis of butyl butyrate
using a factorial design. World Journal of Microbiology and Biotechnology 22:
1007-1011.

240
TH-1214 KHEGDE



BIBLIOGRAPHY

Sarazin C, Ergan F, Séguin JP, Goethals G, Legoy MD, Barbotin JN. 1995. NMR on-line
monitoring of esterification catalyzed by cutinase. Biotechnology and Bioengineering
51: 636-644.

Sarazin C, Goethals G, Séguin JP, Legoy MD, Barbotin JN. 1992. Usefulness of NMR
methods for assaying cutinase catalysed synthesis of ester in organic media. In:
Biocatalysis in Non-Conventional Media. Eds: Tramper J, Vermue MH, Beeftink
HH, von Stockar U. Elsevier Science Publishers B.V., p. 23-29.

Saudagar PS, and Singhal RS. 2007. Optimization of nutritional requirements and feeding
strategies for clavulanic acid production by Streptomyces clavuligerus. Bioresource
Technology 98(10): 2010-2017.

Schrag JD, Cygler M. 1997. Lipases and o/p hydrolase fold. Methods in Enzymology 284: 85—
107.

Schumacher K, Heine E, Hocker H. 2001. Extremozymes for improving wool properties.
Journal of Biotechnology 89: 281-288.

Sebastian J, Chandra AK, Kolattukudy PE. 1987. Discovery of a cutinase-producing
Pseudomonas sp. cohabiting with an apparently nitrogen-fixing Corynebacterium sp.
in the phyllosphere. Journal of Bacteriology 169: 131-136.

Sebastian J, Kolattukudy PE. 1988. Purification and characterization of cutinase from a
fluorescent Pseudomonas putida bacterial strain isolated from phyllosphere. Archives
in Biochemistry and Biophysics 263:77-85.

Sebastido MJ, Cabral JMS, Aires-Barros MR. 1992. Synthesis of fatty acid esters by a
recombinant cutinase in reversed micelles. In: Biocatalysis in Non-Conventional
Media, Eds: Tramper J, Vermue MH, Beeftink HH, von Stockar U. Elsevier Science
Publishers B.V., p. 719-724.

241
TH-1214 KHEGDE



BIBLIOGRAPHY

Sebastiao MJ, Cabral JMS, Aires-Barros MR. 1993. Synthesis of fatty acid esters by a
recombinant cutinase in reversed micelles. Biotechnology and Bioengineering 42:
326-332.

Sebastiao MJ, Martel P, Baptista A, Petersen SB, Cabral JMS, Aires- Barros MR. 1997.
Predicting the partition coefficients of a recombinant cutinase in polyethylene
glycol/phosphate aqueous two-phase systems. Biotechnology and Bioengineering 56:
248-257.

Sen T, and Bruce 1J. 2009. Mesoporous silica-magnetite nanocomposites: Fabrication,
characterisation and applications in biosciences. Microporous and Mesoporous
Materials 120(3): 246-251.

Senanayake N, Karalliedde L. 1987. Neurotoxic effects of organophosphorus insecticides.
New England Journal of Medecine 316: 761-763.

Sereti V, Stamatis H, Kolisis FN. 1997. Improved stability and reactivity of Fusarium solani

cutinase in supercritical CO>. Biotechnology Techniques 11: 661-665.

Serralha FN, Lopes JM, Lemos F, Prazeres DMF, Aires-Barros MR, Cabral R, Ribeiro JMS.
2001. Kinetics and modelling of an alcoholysis reaction catalyzed by cutinase
immobilized on NaY zeolite. Journal of Molecular Catalysis B: Enzymatic 11: 713—
718.

Serralha FN, Lopes JM, Lemos F, Prazeres DMF, Aries-Barros MR, Cabral JMS Ribeiro FR.
1998. Zeolites as supports for an enzymatic alcoholysis reaction. Journal of
Molecular Catalysis B: Enzymatic 4: 303-311.

Serralha FN, Lopes JM, Lemos F, Ribeiro FR, Prazeres DMF, Aries-Barros MR, Cabral
JMS. 2004. Application of factorial design to the study of an alcoholysis
transformation promoted by cutinase immobilized on NaY, and Accurel PAG.

Journal of Molecular Catalysis B: Enzymatic 27: 19-27.

242
TH-1214 KHEGDE



BIBLIOGRAPHY

Sharma DC, Satyanarayana T. 2006. A marked enhancement in the production of a highly
alkaline and thermostable pectinase by Bacillus pumilus dcsrl in submerged

fermentation by using statistical methods. Bioresource Technology 97: 727-733.

Shen J, Rushforth M, Cavaco-Paulo A, Gliebitz G, Lenting H. 2007. Development and
industrialisation of enzymatic shrink-resist process based on modified proteases for

wool machine washability. Enzyme Microbial Technology 40: 1656-1661.

Shiotsuki T, Huang TL, Uematsu T, Bonning BC, Ward VK, Hammock BD. 1994. Juvenile
hormone esterase purified by affinity chromatography with 8-mercapto-1,1,1-
trifluoro-2-octanone as a rationally designed ligand. Protein Expression and
Purification 5: 296-306.

Silva C, Da S, Silva N, Matama T, Araujo R, Martins M, Chen S, Chen J, Wu J, Casal M, and
Cavaco-Paulo A. 2011. Engineered Thermobifida fusca cutinase with increased
activity on polyester substrates. Biotechnology Journal 6(10): 1230-1239.

Silva CJSM, Araljo R, Micaelo N, Guebitz G, Soares C, Casal M. 2007. Tailoring cutinase
activity towards polyethylene terephthalate and polyamide 6.6 fibers. Journal of
Biotechnology 128: 849-857.

Silva CJSM, Carneiro F, O’Neill A, Fonseca LP, Cabral JSM, Giiebitz G. 2005a. Cutinase-a
new tool for biomodification of synthetic fibers. Journal of Polymer Science A:
Polymer Chemistry 43: 2448-2450.

Silva CJSM, Prabaharan M, Guebitz G, Cavaco-Paulo A. 2005b. Treatment of wool fibres
with subtilisin and subtilisin-PEG. Enzyme Microbial Technology 36: 917-922.

Silva CJSM, Zhang Q, Shen J, Cavaco-Paulo A. 2006. Immobilization of proteases with a
water soluble-insoluble reversible polymer for treatment of wool. Enzyme Microbial
Technology 39: 634-640.

243
TH-1214 KHEGDE



BIBLIOGRAPHY

Silva CM, Carneiro F, O’Neill A, Fonseca LP, Cabral JMS, Guebitz G, Cavaco-Paulo A.
2005c. Cutinase- a new tool for biomodification of synthetic fibres. Journal of
Polymer Science A: Polymer Chemistry 43: 2448-2450.

Singh AN, Singh S, SutharN, and Dubey VK. 2011. Glutaraldehyde-Activated Chitosan
Matrix for Immobilization of a Novel Cysteine Protease, Procerain B. Journal of
Agricultural and Food Chemistry 59(11): 6256-6262.

Skamnioti P, Furlong RF, and Gurr SJ. 2008. Evolutionary history of the ancient cutinase
family in five filamentous Ascomycetes reveals differential gene duplications and
losses and in Magnaporthe grisea shows evidence of sub- and neo-functionalization.
New Phytologist 180(3): 711-721.

Socrates G, 2001. Infrared and Raman Characteristic Group Frequencies: Tables and Charts,
3rd ed. John Wiley & Sons, Ltd., New Jersey.

Soliday CL, Dickman MB, Kolattukudy PE. 1989. Structure of the cutinase gene and
detection of promoter activity in the 58-flanking region by fungal transformation.
Journal of bacteriology 171:1942-1951.

Soliday CL, Flurkey WH, Okita TW, Kolattukudy PE. 1984. Cloning and structure
determination of cDNA for cutinase, an enzyme involved in fungal penetration of
plants. Proceedings of The National Academy of Sciences of The United States of
America-Physical Sciences 81: 3939-3943.

Soliday CL, Kolattukudy PE. 1976. Isolation and characterization of a cutinase from
Fusarium roseum culmorum and biochemical its immunological comparison with

cutinases from F. solani pisi. Archives in Biochemistry and Biophysics 176: 334-343.

Speranza P, Carvalho PD, and Macedo GA. 2011. Effects of different solid state fermentation
substrate on biochemical properties of cutinase from Fusarium sp. Journal of
Molecular Catalysis B-Enzymatic 72(3-4): 181-186.

Stepan AM, Anasontzis GE, Matama T, Cavaco-Paulo A, Olsson L, and Gatenholm P. 2013.

244
TH-1214 KHEGDE



BIBLIOGRAPHY

Lipases efficiently stearate and cutinases acetylate the surface of arabinoxylan films.
Journal of Biotechnology 167(1): 16-23.

Studier FW. 2005. Protein production by auto-induction in high-density shaking cultures.
Protein Expression and Purification 41(1): 207-234.

Su LQ, Chen S, Yi L, Woodard RW, Chen J, and Wu J. 2012. Extracellular overexpression of
recombinant Thermobifida fusca cutinase by alpha-hemolysin secretion system in E.
coli BL21( DE3). Microbial Cell Factories 11(8):2-7.

Su LQ, Xu, CH, Woodard RW, Chen J, and Wu J. 2013. A novel strategy for enhancing
extracellular secretion of recombinant proteins in Escherichia coli. Applied
Microbiology and Biotechnology 97(15): 6705-6713.

Sulaiman S, Yamato S, Kanaya E, Kim JJ, Koga Y, Takano K, and Kanaya S. 2012. Isolation
of a Novel Cutinase Homolog with Polyethylene Terephthalate-Degrading Activity
from Leaf-Branch Compost by Using a Metagenomic Approach. Applied and
Environmental Microbiology 78(5): 1556-1562.

Sun JN, Jiang YJ, Zhou LY, and Gao J. 2010. Optimization and Kkinetic study of immobilized
lipase-catalyzed synthesis of ethyl lactate. Biocatalysis and Biotransformation 28(4):
279-287.

Sung HH, Kao WY, Su YJ. 2003. Effects and toxicity of phthalate esters to hemocytes of

giant freshwater prawn, Macrobrachium rosenbergii. Aquatiac Toxicology 64:25-37.

Taguchi G. 1990. Introduction to quality engineering: designing quality into products and

processes (7th ed.). Dearborn: American Supplier Institute.

Takahashi K, Shimada T, Kondo M, Tamai A, Mori M, Nishimura M, and Hara-Nishimura I.
2010. Ectopic Expression of an Esterase, Which is a Candidate for the Unidentified
Plant Cutinase, Causes Cuticular Defects in Arabidopsis thaliana. Plant and Cell
Physiology 51(1): 123-131.

Tenhaken R, Arnemann M, Kohler G, and Barz W. 1997. Characterization and cloning of

cutinase from Ascochyta rabiei. Zeitschrift Fur Naturforschung C-a Journal of

245
TH-1214 KHEGDE



BIBLIOGRAPHY

Biosciences 52(3-4): 197-208.

Ternstrom T, Svendsen A, Akke M, and Adlercreutz P. 2005. Unfolding and inactivation of
cutinases by AOT and guanidine hydrochloride. Biochimica Et Biophysica Acta-
Proteins and Proteomics 1748(1): 74-83.

Thumarat U, Nakamura R, Kawabata T, Suzuki H, and Kawai F. 2012. Biochemical and
genetic analysis of a cutinase-type polyesterase from a thermophilic Thermobifida
alba AHK119. Applied Microbiology and Biotechnology 95(2): 419-430.

Torres S, Baigori MD, Swathy SL, Pandey A, Castro GR. 2009. Enzymatic synthesis of
banana flavour (isoamyl acetate) by Bacillus licheniformis S-86 esterase. Food
Research International 42: 454—460.

Trail F, Koller W. 1990. Diversity of cutinases from plant pathogenic fungi evidence for a
relationship between enzyme properties and tissue specificity. Physiology and
Molecular Plant Pathology 36: 495-508.

Trail F, Koller W. 1993. Diversity of cutinases from plant pathogenic fungi: purification
characterization of two cutinases from Alternaria brassicicola. Physiology and
Molecular Plant Pathology 42: 205-220.

Tran DT, Chen CL, and Chang JS. 2012. Immobilization of Burkholderia sp lipase on a ferric
silica nanocomposite for biodiesel production. Journal of Biotechnology 158(3):
112-1109.

Unilever. 1994a. Enzyme-containing surfactant compositions. U.S. Patent 94-04771.

Unilever. 1994b. Eukaryotic cutinase variant with increased lipolytic activity. U.S. Patent 94-
11303.

Van der Vlugt-Bergmans CJB, Wagemakers CAM, van Kan JAL. 1997. Cloning and
expression of the cutinase A gene of Botrytis cinerea. Molecular Plant-Microbe
Interaction 10: 21-29.

246
TH-1214 KHEGDE



BIBLIOGRAPHY

Van Gemeren IA, Beijersbergen A, Musters W, Gouka RJ, van-den-Hondel CAMJJ, Verrips
CT. 1996. The effect of pre- and pro-sequences and multycopy integration on
heterologous expression of the Fusarium solani cutinase gene in Aspergillus

awamori. Applied Microbiology and Biotechnology 45: 755-763.

Van Gemeren IA, Musters W, van-den-Hondel CAMJJ, Verrips CT. 1995. Construction and
heterologous expression of a synthetic copy of the cutinase cDNA from Fusarium

solani. Journal of Biotechnology 40: 155-162.

Verger R, Haas de GH. 1976. Interfacial enzyme kinetics of lipolysis. Annual Review in

Biophysics and Bioengineering 5: 77-117.

Verger R, Rietsch J, Van Dam-Mieras MCE, De Haas GH. 1976. Comparative studies of
lipase and phospholipase Az acting on substrate monolayers. Journal of Biological
Chemistry 251: 3128-3133.

Verger R. 1998. Interfacial Activation of lipases: facts and artifacts, Tibtech 15:32-38.

Vertommen M, Nierstrasz VA, van der Veer M, and Warmoeskerken M. 2005. Enzymatic
surface modification of poly(ethylene terephthalate). Journal of Biotechnology
120(4): 376-386.

Vieille C, and Zeikus GJ. 2001. Hyperthermophilic enzymes: Sources, uses, and molecular
mechanisms for thermostability. Microbiology and Molecular Biology Reviews
65(1): 1-+.

Villaverde A, and Carrio MM. 2003. Protein aggregation in recombinant bacteria: biological
role of inclusion bodies. Biotechnology Letters 25(17): 1385-1395.

Walton TJ, Kolattukudy PE. 1972. Determination of the structures of cutin monomers by a
novel depolymerization procedure and combined gas chromatography and mass
spectrometry. Biochemistry 11(10): 1885-1897

247
TH-1214 KHEGDE



BIBLIOGRAPHY

Wang GY, Michailides TJ, Hammock BD, Lee YM, Bostock RM. 2002. Molecular Cloning,
characterization, and expression of a redox-responsive cutinase from Monilinia

fructicola (Wint.) honey. Fungal Genetics and Biology 35: 261-276.

Wang GY, Michailides TJ, Hammock BD. 2000. Affinity purification and characterization of
a cutinase from the fungal plant pathogen Monilinia fructicola (Wint.) honey.

Archives in Biochemistry and Biophysics 382: 31-38.

Wang P, Wang Q, Fan X, Cui L, Yuan J, Chen S, Wu J. 2009. Effects of cutinase on the
enzymatic shrink-resist finishing of wool fabrics. Enzyme Microbial Technology 44:
302-308.

Wheelwright SM. 1987. Designing downstream processes for large-scale protein purification.
Biotechnology 5: 789-794.

Whitaker JR. 1972. Principles Of Enzymology For The Food Sciences, Marcel Dekker Inc.
NY, p. 481-501.

Whitby RD. 2004. Market share of bio-lubricants in Europe and the USA. Lipid Technology
16(6):125-30.

Xie W, Ma N. 2010. Enzymatic transesterification of soybean oil by using immobilized lipase

on magnetic nano-particles. Biomass and Bioenergy 34; 890-896

Yan H, Hua Z, Qian G, Wang M, Du G, Chen J. 2009. Effect of Cutinase on the Degradation
of Cotton Seed Coat in Bio-scouring. Biotechnology and Bioprocess Engineering 14:
354-360.

Yao C, Koller W. 1995. Diversity of cutinases from plant pathogenic fungi: Different
cutinases are expressed during saprophytic and pathogenic stages of Alternaria

brassicicola. Molecular Plant-Microbe Interaction 8: 122-130.

Zhang BH, Weng YQ, Xu H, and Mao ZP. 2012. Enzyme immobilization for biodiesel
production. Applied Microbiology and Biotechnology 93(1): 61-70.

248
TH-1214 KHEGDE



BIBLIOGRAPHY

Zhang J, Li L, Cai YF, Xu XJ, Chen, J, Wu YB, Yu HQ, Yu GH, Liu SG, Zhang AM, Chen
JQ, and Cheng GX. 2008. Expression of active recombinant human lactoferrin in the

milk of transgenic goats. Protein Expression and Purification 57(2): 127-135.

Zhang Y, Chen S, Xu M, Cavoco-Paulo A, Wu J, and Chen JA. 2010. Characterization of
Thermobifida fusca Cutinase-Carbohydrate-Binding Module Fusion Proteins and
Their Potential Application in Bioscouring. Applied and Environmental
Microbiology 76(20): 6870-6876.

Zhang Y, Wang L, Chen J, and Wu J. 2013. Enhanced activity toward PET by site-directed
mutagenesis of Thermobifida fusca cutinase-CBM fusion protein. Carbohydrate
Polymers 97(1): 124-129.

Zhao TT, Mang LJ, Gao J, Huang ZH, and Quan XJ. 2008. Reaction kinetics of ethyl lactate
synthesis from lactic acid and ethanol catalyzed by lipase. Chinese Journal of
Catalysis 29(2): 141-144.

249
TH-1214 KHEGDE



APPENDIX

A.1 Sample calculation for the estimation of cutinase activity

Preparation of standard plot for p-nitrophenol

A stock of 0.05 M of p-nitrophenol (p-NP) solution was prepared by dissolving 139.1 mg in
20 ml miliQ water. The solution was diluted to prepare final p-NP solution of 0.5 mM.
Different amount of 0.5 mM p-NP was diluted with potassium phosphate buffer of pH 8 to the
final volume of 1 mL. Experiments were performed for standard plot in triplicates and the
absorbance was taken against a blank (only buffer) at 405 nm. The points were fitted with a
linear regression model with the help of Microsoft Excel® software (Fig. A.1). One unit of

cutinase (U) is defined as the amount of enzyme that releases 1 pMol of p-NP per min at

50°C.
0.8 -
0.6
=
c
3
< 0.4
<
0.2 -
y =10.254x
R? = 0.9986
0.0 < . . . .
0.00 0.02 0.04 0.06 0.08

p-Nitrophenol (umoles)

Fig. A.1 Standard curve drawn between known amount of p-NP and the corresponding
absorbance measured at 405 nm
The molar extinction coefficient of p-NP varies with pH values. The equations for other pH

values used in the experiments are given in Table A.1.
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Table A.1 Standard plot equations of p-NP at different pHs

pH Equation R?
6.00 y= 1.45x 0.952
6.50 y= 3.98x 0.93
7.00 y =4.417x 0.96
7.50 y =10.05x 0.981
8.00 y = 10.25x 0.998
8.50 y =10.7x 0.949
9.05 y = 15.03x 0.987
9.50 y = 17.75X 0.932
10.00 y = 18x 0.926
10.50 y = 18.28x 0.938

The pNP-ester activity was calculated according to the formula,

A405nmx1x DF

Activity(U mL'l) ~ T MECXEV

Where, A405 nm is the absorbance of the sample at 405 nm, 1 is the volume (in milliliters) of
assay, DF is the dilution factor, MEC is the micromolar extinction coefficient of p-nitrophenol

at 405 nm and EV is the volume (in milliliter) of enzyme used.

A.2 Sample calculation for the estimation of protein

Preparation of standard plot for protein

Stock solution of 1 mg mL protein (BSA) was prepared in 50 mM KPO4 buffer (pH 8). The
stock solution was appropriately diluted with same buffer to get standard solutions of various
concentrations of protein (mg mL™?) viz., 0.1 to 8 as shown in X-axis of Fig A.2. Experiments
were performed for standard curve in triplicates and absorbance of the standard samples was
measured at 595 nm against the appropriate blank as described for test samples of protein in
section 3.4.2. The points were fitted with a linear regression model with the help of Microsoft

Excel® software (Fig. A.2). Protein concentration in test sample was measured by Bradford’s
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method as described in section 3.4.2. Then concentration of protein (mg mL™?) in the test
sample was calculated with the help of data at A595 nm and the slope of standard curve (1

unit A595 nm = 11.641 mg mL* of protein).

06 -
E 04
w
()]
0 []
< .
0.2 - .
0.0 ‘ . . ‘
0 2 4 6 8

Protein concentration (mg mL'1)

Fig. A.2 Standard curve drawn between known protein concentration and the absorbance
measured at 595 nm
A.3 Sample calculation for the estimation of DCW

Preparation of standard plot for DCW

Experiments were performed for standard curve in triplicates and absorbance of the standard
samples was measured at 600 nm against the blank (miliQ water) as described in the section
3.4.3. Different dilutions of cell samples were used for measuring cell OD (0.1-6.0) at 600
nm and corresponding DCW (g L) was determined at 80°C for 24 h (Fig. A.3). DCW of
the unknown sample was determined by measuring the OD of the culture broth at 600 nm

using UV-visible spectrophotometer (1 unit OD at 600 nm = 0.5022 g Lt DCW).
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A 600 nm
w

y=1.991x
R?=0.998

0.0 05 1.0 1.5 20 25 30 3.5
Dry cell weight (g L")

Fig. A.3 Standard curve drawn between dry cell weight of E. coli and the optical density
measured at 600 nm

A.4 The method for preparation of pPNMSH

The cutinase specific substrate, p-nitrophenyl (16-methyl sulphone ester) hexadecanoate (p-
NMSH) was prepared using the method described by Degani et al., (2006). One equivalent of
16-hydroxyhexadecanoic acid (3 g) mixed with two equivalent of methane sulfonyl chloride
(1.7 mL) in dry dichloromethane. Subsequently, 5 mL of triethylamine was added and stirred
for 1.5 h at -20°C under N2 atmosphere. Then, 1.1 equivalents of p-nitrophenol (p-NP, 1.6 g)
was added and stirred for another 6 h at the same temperature. The mixture was then left to
reach room temperature under stirring. The disappearance of the reactant p-NP, was tested by
thin layer chromatography (TLC). At the end of the reaction, 10% sodium bicarbonate (50
mL) was added to the mixture and the organic products were separated in a separating funnel
with dichloromethane (3 x 30 mL). The organic phase was dried over sodium sulfate, filtered
and concentrated to dryness in a rotary vacuum evaporator. The resulted powder was freed

from byproducts using silica gel column with a mixture of dichloromethane (90%) and n-
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hexane (10%) as a mobile phase. The substrate was characterized by HNMR spectroscopy

and stored in the amber bottle at -20°C until use.
A.5 The method for preparation of tomato cutin

Cutin was prepared from fresh tomato peels using method described by Walton and
Kolattukudy (1972). Tomato peels collected by known quantity of fresh tomatoes were
boiled, washed and dried properly. Then peels were boiled in oxalic acid (4 g L™t)/ammonium
oxalate (16 g L) buffer for 3-4 h. After digesting with enzymes [cellulase (sigma) and
pectinase (Himedia)] for 18 h at 30°C, peels were subjected to extensive solvent extraction
with methanol-chloroform in soxhlet apparatus. These peels were ground to powder (< 20

mesh) to get cutin.

A.6 The method for derivatization of fatty acids into fatty acid methyl

esters (FAME)

After cutinase hydrolysis of the plant cutin the fatty acid monomers released was extracted by
n-hexane as described in the section 3.4.1.3, and proceeded for derivatization into methyl
ester before GC analysis (Section 3.4.6) as follows.

The fatty acid monomers extracted in n-Hexane was concentrated in a rotary vacuum
evaporator to get a final volume of 5 mL. 2 mL BFs-methanol (10% w/w) was added to the
above fatty acid mixture and heated at 60°C for 10 min and cooled to room temperature. 2 mL
water and 2 mL n-hexane was added to the above methyl derivatized fatty acid ester (FAME)
and mixed thoroughly to get the esters into the nonpolar solvent. The upper organic layer with
FAME was carefully removed and dried by passing over anhydrous sodium sulfate bed. This
FAME mixture was concentrated to ~0.5 mL in a rotary vacuum evaporator, filtered through

0.2 micron filter and used for GC analysis as described in the section 3.4.6.
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A.7 Conversion of the machine CD units in millidegree (mdeg) to mean
residue ellipticity (MRE, 0)
The machine CD units in millidegree (mdeg) obtained was converted to mean residue

ellipticity (MRE, 0) for plotting the graph using the formula,

0] 0, psMRW

10cl
Where, Bobs IS the observed ellipticity in degrees, MRW is the mean residue weight, c is the
concentration of the protein (grams per milliliter), and | is the path length in centimeters. The
molecular weight (as determined by MALDI-TOF) 30.19 kDa and 29.68 kDa for Cutl and
Cut2, respectively was considered for calculation. MRW calculated with above said molecular
weight for Cutl and Cut2 is as mentioned in the Table A.2.

Table A.2 MRW values for the Cutl and Cut2

Cutinase | Molecular weight (MW) | Total amino acids (AA) | MRW (MW/AA)
Cutl 30190 Da 319 94.64
Cut2 29681 Da 301 98.60

A.8 Sample calculation for the estimation of various esters by GC

Internal standard method was used for estimation of the ester concentrations. A known and
constant quantity (1 mg mL) of a compound that is not one of the analytes was added to the
sample. The ratio of its peak area to the peak areas of the analytes was determined for
analytes. The unknown concentrations of the analytes in sample was then calculated, using the
area of the internal standard peak as a reference using the formula,

XAreaSC xRRF

IS

Amount

Ester Conc. = 1S
ster Conc Area
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Where, IS is the internal standard, SC is the specific compound of Interest (ester), Area is the

GC peak area and RRF is the relative response factor to compensate for differences in the

sensitivity of the detector to different analytes. RRF was calculated as,

Peak area
RRF=

IS

- " 7IS
Amount

The detail method for GC analysis was described in the section 3.4.6. Table A.3 shows the

internal standards used for various esters.

Table A.3 Internal standards used for various esters

Ester

Internal standard
(Img mL1)

Isopropyl oleate

Methyl Oleate

Geranyl acetate

Methyl acetate

Geranyl butyrate

Methyl butyrate

Geranyl valerate

Methyl octanoate

Geranyl decanoate

Methyl palmitate

Butyl butyrate

Methyl octanoate

Butyl valerate

Methyl octanoate

Butyl octanoate

Methyl palmitate

Butyl decanoate

Methyl palmitate

Methyl butyrate

Methyl acetate

Ethyl butyrate

Methyl acetate

Ethyl lactate

Methyl linoleate

A.9 Details of the bioinformatics tools used for homology modeling and

validation of the model

Various web based online servers were used for the homology modeling and validation of the

model (section 3.13). The Table A.4 gives the details on the various online servers used for

the modeling study.
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Table A.4 Various web based servers used for the modeling study

Server Web address
ABPS http://www.poissonboltzmann.org/apbs
CASTp http://sts-fw.bioengr.uic.edu/castp/calculation.php
ERRAT http://nihserver.mbi.ucla.edu/ERRAT/
ModFold | http://www.reading.ac.uk/bioinf/ModFOLD/ModFOLD_form_3_0.html
ModWeb | https://modbase.compbio.ucsf.edu/scgi/modweb.cgi
PDB2PQR | http://nbcr-222.ucsd.edu/pdb2pqr_1.8/
PDBSum | http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html
QMEAN http://swissmodel.expasy.org/qmean/cgi/index.cgi
RESPROX | http://www.resprox.ca/index.html
SAVER http://nihserver.mbi.ucla.edu/SAVES_3/
VADAR http://vadar.wishartlab.com/
VERIFY 3-D | http://nihserver.mbi.ucla.edu/Verify_3D/

A 10 Comparison of cutinase production achieved by different optimization stages in

various microorganisms.

S. Cutinase Expression Optimization Cultivation Production

No gene source host method method achieved Ref.
F. oxysporumW RSM Shake flask 22.68 U/ml Pio and
1 F. oxysporum Macedo,
2007
. E. coli Strain 0:17R None Fed batch 280U/ml Backlund et
2 F. solanipisi
al., 2008
a S. cerevisiae SU51R None Batch 260 U/ml Calado et
3 F. solanipisi
al., 2004
. S. cerevasiae SU50R None Fed batch 840U/ml Calado et
4 F. solinipisi
al., 2003
E. Coli BL21 (DE3)R  None Shake flask 149.2 U/ml Chen et al.,
5 T. fusca (tfu_0883)
2011
E. coli BL21 (DE3)R  CCD Shake flask 150.93U/ml Li et al,
6 T. fusca
2010
T. fusca WSH03-11"  None Fed batch 51.0 U/ml He et al,
7 T. fusca WSHO03-11
2009
g T. fusca NRRL B- E.coli BL21 (DE3)R  Taguchi Shake flask 316 U/ml Present
8184 (cutl) study
9 T. fusca NRRL B- E.coliBL21 (DE3)R  Taguchi Shake flask 318 U/ml Present
8184 (cut2) study
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