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Abstract

Cutinases are hydrolytic enzymes used by phytopathogenic fungi to gain entry into plants by break-
ing down the cuticular barrier of higher plants. Cutinase displayed hydrolytic activity not only to-
wards cutin, the main component of the plant cuticle, but also towards a variety of soluble syn-
thetic esters, insoluble triglycerides and polyesters. Therefore, cutinase was evaluated for use in
the chemical, food and cotton bio-scouring industry and for synthetic fibers modification. This re-
search examined the production and purification of extracellular cutinase from the phytopatho-
genic fungus Fusarium oxysporum. The addition of apple cutin or its hydrolysate to the fungus
growth medium resulted in an enhanced secretion of cutinase into the extracellular fluid. Testing
1-hexadecanol as an alternative to natural cutin to induce cutinase production resulted in a high
process yield under modified growth conditions. Cutinase enzyme production was followed by an
optimized purification method for enzyme preparation using high-performance liquid chromato-
graphy and high-specificity 4-nitrophenyl (16-methyl sulfide ester) hexadecanoate (pNMSEH) cuti-
nase substrate. Electrophoresis sodiumdodecyl sulfate-polyacrylamide and isoelectric focusing
gels enabled the final separation and identification of the protein. The purified cutinase had an
approximate molecular weight of 20 kDa and an isoelectric point of 4.7. The method presented
here could be modified and used for cutinase production and purification in other microorgan-
isms that exhibit cutinolytic activity.
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1. Introduction

Aerial parts of plants such as leaves, flowers, fruits and young stems are covered by cuticle [1]. The structural
component of the plant cuticle is a biopolyester, cutin, derived from hydroxy and epoxy fatty acids [2]. Cutin is
a lipid polymer, which is a relatively rigid meshwork of interesterified hydroxy and hydroxyl epoxy fatty acids,
embedded in a layer of nonpolar lipids collectively called waxes. The fatty acids of cutin are usually n-C;s and
n-Cyg, and contain one to three hydroxyl groups [3]. The actual compaosition of cutin is dependent on the species;
however, in general, rapidly growing plants appear to contain the Cy¢ acids predominantly, particularly dihy-
droxypalmitate, whereas in slower growing plants, a mixture of C;5 and Cyg acids is found [4]. The structure of
cutin and the waxes largely determine the physical and chemical properties of the plant cuticle, which plays an
important role in the interactions between the plant and its environment [5]. Cutin plays a key role in protecting
against the entry of pathogens into plants, and its enzymatic degradation has proven to be one of the first steps in
the infection process [6]. Some microorganisms, including plant pathogens, have been shown to live on cutin as
their sole carbon source, and the production of extracellular cutinolytic enzymes has been shown [3].

Cutinase (E.C. 3.1.1.74) is an esterase that is the smallest member of the a/f-hydrolase fold family, which is
made up of other lipases [7]. Cutinase has been purified and characterized from several different sources, mainly
fungi and pollen, but also bacteria [8]. The majority of the work has been done with a fungal pathogen of peas,
Fusarium solani. f. pisi [9]. The production of cutinase seems to be highly regulated by growth conditions [10].
It is repressed by glucose and induced by cutin, hydrolyzed cutin or its major constituents [11]. Experiments
with derivatives and analogues of w-hydroxy Cys acid indicated that a free hydroxyl group at the omega position
was the most important factor determining the cutinase-inducing activity. Cutinase structure, function and bio-
catalytic applications were reviewed by Carvalho et al. [12] and recently by Chen et al. [8].

The versatility of cutinase with respect to a variety of possible substrates and its unique feature of being active
regardless of the presence of an oil-water interface, makes them interesting as biocatalysts in several industrial
applications [13] [14]. Non-aqueous enzymology has been one such area, where cutinase, like lipases, has prov-
en to be an efficient biocatalyst for organic synthesis [15]. Cutinase versatility is exemplified by its efficiency in
catalyzing triglyceride hydrolysis, esterification, and inter- and intra-transesterification reactions [13]. This ac-
tivity profile gives it a number of important applications in industries ranging from dealing with detergents to
foods and chemicals.

Due to the importance of the potential applications of cutinase, this enzyme has been cloned and expressed in
Escherichia coli [16] and Saccharomyces cerevisiae [17]. Hydrolytic and synthetic reactions catalyzed by cuti-
nase have potential use in the dairy industry for the hydrolysis of milk fat, in household detergents, in the oleo-
chemical industry, in the synthesis of structured triglycerides, polymers and surfactants, in the synthesis of in-
gredients for personal-care products, in the synthesis of pharmaceuticals and agrochemicals containing one or
more chiral centers, and in cotton bio-scouring and synthetic fibers modification [8] [13] [18] [19].

This work reports on the enhanced production of Fusarium oxysporum cutinase using modified growth media.
The scientific research has focused on this pathogen as a candidate for cutinase production only in recent years,
and its economic potential is now being gradually revealed [20]-[22]. The majority of studies had focused on the
enhanced degradation and detoxification of phthalates using F. oxysporum cutinase. Phthalates are synthesized
in massive amounts to produce various plastics and have become widespread in environments following their
release as a result of extensive usage and production. This has been of an environmental concern because phtha-
lates are hepatotoxic, teratogenic and carcinogenic by nature [23]. These works are part of the scientific effort
focusing on using cutinase for environmental protection. Recent examples are the use of cutinase for biodegra-
dation of environmental friendly plastics such as Poly (butylene succinate) (PBS) [24], aliphatic polyesters poly
(e-caprolactone) (PCL) and foam plastic [25].

An important aspect of the commercialization of cutinase is the development of an efficient and low-cost
production system that maximizes the biosynthesis of the heterologous protein while simplifying its recovery
from the cultivation medium [21]. In this setting, one of the main drawbacks is the expensive, time-consuming
and low yield process of producing cutin. The present work aimed at testing 1-hexadecanol as an alternative to
natural cutin to induce cutinase production. This substance is easily obtained and in Fusarium solani f. sp. pisi
results in a high process yield under modified growth conditions [6]. Cutinase enzyme production was followed
by the optimized purification method for enzyme preparation using high-performance liquid chromatography
(HPLC) analysis and a high-specificity 4-nitrophenyl (16-methyl sulfide ester) hexadecanoate (PNMSEH) cuti-

nase substrate, described earlier [26].
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2. Materials and Methods
2.1. Preparation of Raw Apple Cutin and Hydrolysate of Apple Cutin

Cutin was prepared from fresh apple fruits that were carefully selected to ensure that they have intact uninjured
peels. The apples were washed thoroughly with double distilled water (DDW) and dried with paper towels. Each
apple was dipped separately for 15 min in 200 ml warm (~60°C) dichloromethane (rough extraction aimed for
use in F. oxysporum growth medium) or hexane (delicate extraction aimed for use in gas chromatography/mass
spectrometry analysis). The dichloromethane/hexane extraction collected from 10 - 20 apples was filtered, con-
centrated using a rotary evaporator (to remove the solvent) and kept overnight in a desiccator. The resulting dry
cutin was collected, ground into powder and kept in a nitrogen atmosphere at —70°C until use.

The preparation of cutin hydrolysate was done according to Lin et al. 1978 [6] with minor modifications.
They determined that 100 pg of cutin hydrolysate per ml was enough to induce cutinase synthesis. A total of 500
mg of apple cutin powder was suspended in 95% ethanol (30 ml) containing 10% (wt/vol) KOH, and the sus-
pension was refluxed overnight under a nitrogen atmosphere (added in advance for 30 min to the round-bottom
flask) with a Soxhlet apparatus. The resulting mixture was acidified with concentrated HCI, and the products
were extracted three times repeatedly with chloroform in equal volume. The combined chloroform extract was
filtrated using a Biichner funnel, evaporated to dryness under vacuum and kept in a desiccator for 16 h. The re-
sulting hydrolysate was added to the F. oxysporum culture media to a final concentration, as indicated for each
experiment.

2.2. Cutinase Assay

A cutinase assay based on a specific cutinase substrate, 4-nitrophenyl (16-methyl sulfone ester) hexadecanoate
(pPNMSEH), was used as described earlier [26]. This assay was validated and suggested as a substitute for tradi-
tional methods employing radioactive labeled cutin. Cutinase enzyme produced by Pseudomonas mandocino
was obtained from InterSpex Products Inc. (California, USA), and carboxyl esterase (from porcine liver, E3019)
was obtained from Sigma. Sodium phosphate buffer (300 ul, 100 mM, pH 8) was added to 5 mg of pPNMSEH
substrate. Ten ul of the F. oxysporum extracellular concentrated crude (see below) or cutinase enzyme (pro-
duced by P.mandocino, positive control) was added to the suspension, and the mixture, in a 1.5 ml Eppendorf
tube, was incubated in a rotary shaker at 37°C for 15 min or until color was developed. The samples were then
centrifuged at 14,000 rpm for 15 min, and the p-nitrophenol concentration was determined by measuring the
absorbance at 405 nm with a Shimadzu spectrophotometer (UV-1601). One unit of cutinase is defined as the
amount of enzyme required for the release of 1 micromole p-nitrophenol per ml per min.

2.3. Esterase Assay

Cutinase can also be measured spectrophotometrically by following the absorbance change at 405 nm, which in-
dicates the release of p-nitrophenol (pNP) from p-nitrophenyl esters of short chain fatty acids used as model
substrates [27]. Although this assay is simple, it does not distinguish between esterases and cutinases. Reaction
mixture, in a 2 ml Eppendorf tube, contained 100 pul Triton® X-100 (non-ionic detergent, Sigma, 1 gr/250 ml
DDW), 800 pul sodium phosphate buffer (0.1 M, pH = 8), 500 ul p-nitrophenyl butyrate (pNPB, Sigma, 0.1 mM)
and 100 ul F. oxysporum extracellular concentrated crude (see below) or cutinase enzyme solution (produced by
P. mandocino, positive control) in a total volume of 1.5 ml. After the contents were mixed well, the hydrolysis
was followed by measuring the absorbance at 405 nm at 37°C with a Shimadzu spectrophotometer (UV-1601).
Initial linear rates (up to 20 sec) were used for calculating the rate of reaction (adopted from [27], with modifi-
cations). One unit of esterase is defined as the amount of enzyme required for the release of 1 micromole p-ni-
trophenol per ml per min.

2.4. Protein Determination

Protein concentration was measured using the Bio-Rad protein assay method according to the manufacturer’s
instructions. Briefly, a 800 pl sample and a 200 ul reagent were mixed and incubated for 10 min at room tem-
perature. Absorbance was read at 595 nm. A calibration curve was made using bovine albumin (sigma) at con-

centrations of 0 - 20 pg/ml.
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2.5. Isolation and Purification of Cutinase from Fusarium oxysporum

F. oxysporum was maintained on potato dextrose agar (PDA) at 23°C for 10 days. Suspensions of mycelia in 10%
glycerol (2.5 ml) were added to 90 ml mineral medium (pH = 7.2, described elsewhere, [6]) containing 0.1%
glucose, and inoculated in a Fernbach flask for three days until the glucose in the medium was consumed. Then,
2 ml inoculum from this preliminary culture was added to 250 ml Erlenmeyer flasks containing 16 or 20 ml
mineral medium (prepared without glucose), and 100 mg of raw apple cutin powder or 1.6 mg of apple cutin
hydrolysate or 200 mg of 1-hexadecanol were added to induce cutinase secretion (the growth medium flasks
were autoclaved prior to the insertion of the inoculum and cooled in a rotary shaker at 200 rpm in order to sus-
pend these non-soluble substances in the medium). The cultures were kept at 23°C and harvested 12 - 17 days
later (after a peak in extracellular esterase/cutinase activity was measured). Each experiment was repeated two
to three times.

For enzyme purification, the cultures were harvested on the 10" growth day by filtration in a glass microfiber
filter (90 mm diameter, Whatman, GF/C) and a 0.45 um filter using a Biichner funnel. In order to achieve higher
concentrations of cutinase from the culture media, the release of the adhering enzyme was carried out by incu-
bating the mycelium and cutin components with 10% methanol for 1 h and then treating it with sonication (3 x
30 sec, continuously). The resulting crude was concentrated by ultrafiltration with a 10-kDa cut-off type PM-10
membrane (Amicon Danvers Mass) (according to [6], with modifications).

The concentrated crude (1 ml) in sodium phosphate buffer (50 mM, pH 8) was centrifuged (14,000 rpm, 2
min) and purified in three steps in an HPLC (Waters 600E) equipped with a UV-VIS Spectra-Physics detector
(280 nm) and a fraction collector (Pharmacia Biotech). The first cleaning step was done in a gel filtration Su-
perdex 200 column (Pharmacia Biotech) with isocratic flow (1 ml/min) of sodium phosphate buffer (50 mM, pH
8), and fractions were collected every 1 min for 45 min. The fractions that showed esterase activity were assayed
for cutinase activity with the pNMSEH substrate and kept for the next cleaning step. The cutinase fractions were
combined, concentrated in Amicon (PM-10 membrane), dissolved (Tris buffer, 50 mM, pH 8), centrifuged
(14,000 rpm, 2 min) and injected into an anionic Mono Q column (FPLC, Pharmacia Biotech) with Tris buffer
(50 mM, pH 8) and 0 - 1 M NaCl gradient for 40 min. The fractions were analyzed as before, and those that ex-
hibited cutinase activity were again combined, concentrated, dissolved, centrifuged and injected into the same
column but with Tris buffer (50 mM, pH 9) and 0 - 0.5 M NaCl gradient for 40 min. The cutinase fractions were
separated on sodiumdodecyl sulfate (SDS)-polyacrylamide gel and an isoelectric focusing (IEF) gel (see below).
The gel bands were examined for esterase and cutinase activity.

2.6. Sodiumdodecyl Sulfate (SDS)-Polyacrylamide Gel

Molecular weight estimation of polypeptide chains of the samples exhibiting cutinase activity was determined
by one-dimension electrophoresis on SDS-polyacrylamide gels using a standard method [28]. A size marker,
Sea Blue Plus 2 (4 - 250 kDa, Life Technologies, USA), was used to evaluate the proteins molecular weight.
The proteins were separated using 50 mA voltages during 1 h. Comassie brilliant blue staining of SDS-polya-
crylamide gel (12%) was used to view the proteins.

2.7.Isoelectric Focusing (IEF) Gel

Samples exhibiting cutinase activity were concentrated to about 20 ul using a VectaSpin Micro from Whatman
(cut-off 12 kDa) and run in triplicate on precast IEF gel (pH 5 - 8, Bio-Rad) at 100 V for 2 h. For isoelectric
point (pl) determination, an IEF broad standard marker (pl 4.45 - 9.6, Bio-Rad) was used. Two gels were used:
one for protein staining and the other for esterase activity. Alternatively, the IEF gel (that includes the samples
in triplicate) was cut into three parts. One part was stained for protein by incubation for 45 min in IEF gel stain-
ing as recommended by the manufacturer (BIO-RAD). Proteins were visualized in the gel after removing excess
staining solution by de-staining with a solution of 40% methanol and 10% acetic acid.

The second part was stained for esterase activity (according to [29]). A total of 67 mg of Fast Blue RR (sigma)
was dissolved in 100 ml sodium phosphate buffer (50 mM, pH 7.4) and vacuum filtered with filter paper
(Whatman 40). To this solution, 2.7 ml 1% a-naphthyl acetate (in acetone) were added in the dark (the flask was
wrapped using aluminum foil) and while stirring. This solution was used for incubating the gel at room temper-
ature until clear bends appeared. A 7% acetic acid solution in DDW was used to stop the reaction and reserve
the gel. The third part was cut into 10 equal pieces, and each piece was incubated with pPNMSEH cutinase sub-
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strate to test its cutinase activity. The gel pieces were incubated with the substrate for 20 min using a rotary
shaker (175 rpm) at 37°C. The samples were centrifuged for 10 min at 14,000 rpm and tested for absorbency at
405 nm with a Shimadzu spectrophotometer (UV-1601).

2.8. Gas Chromatography/Mass Spectrometry Analysis

Gas Chromatography/Mass Spectrometry analysis (GC/MS) was conducted as described before [18]. The raw
apple cutin and hydrolysate of apple cutin samples were dried in a nitrogen atmosphere and silylated in 50 pL of
dioxane with 50 pL of bis-(trimethylsilyl)-trifluoroacetamide for 30 min at 60°C. Trimethylsilylated (TMS) de-
rivatives were separated using a 0.25 mm x 30 m HP5 Phe Me silicone column on a Hewlett-Packard 5972 se-
ries gas chromatograph with He as the carrier gas and detected with a Hewlett-Packard 5972 mass selective de-
tector. The column was ramped at 10°C/min from 150°C to 300°C and held for 20 min. The injector and detector
were set at 300°C.

3. Results

In order to induce increased production of extracellular cutinase, we used the phytopathogenic fungus F. oxys-
porum that was grown on modified growth media (with restrict carbon source). Initially, changes in esterase ac-
tivity, protein concentration and pH in the growth medium were measured during the growth of the fungi F.
oxysporum on a medium containing raw apple cutin (Figure 1). In the presence of 100 mg raw apple cutin
powder, the extracellular esterase’s activity was gradually increased, reaching a peak at day 12 of growth. This
enzymatic activity elevation was accompanied by a corresponding increase in total extracellular protein content
(Figure 1). Nevertheless, no changes in medium pH were observed, and a constant measure of pH 7.2 was ob-
tained.

The process of producing cutin is time-consuming and requires special attention to ensure that only the cutin
layer is extracted during this procedure (see Materials and Methods). As an intermediate stage in the search for a
substitute substrate, a hydrolysate of apple cutin was used. This substrate was prepared by ethanolic KOH solu-
tion digestion of the raw apple cutin, as described in Materials and Methods. GC/MS analysis of the raw apple
cutin and hydrolysate extracts was performed to evaluate their composition. The components of both the raw
and hydrolysate of apple cutin were identified by GC/MS analysis as saturated or derivatives of unsaturated fatty
acid chains, mainly of C16:0, C18:0, C18:1 and C20:0 carbons (17% - 19%, 26% - 30%, 24% - 30% and 18% -
22%, respectively, Table 1). This is in agreement with previous reports that n-C:16 and n-C:18 hydroxy-fatty
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Figure 1. Changes in esterase activity, protein concentration and pH in the growth medium during the growth of the fungi
Fusarium oxysporum on a mineral medium [6] containing raw apple cutin. Suspensions of the fungus mycelia (2.5 ml) were
added to 90 ml mineral medium containing 0.1% glucose and inoculated in a Fernbach flask for three days until the glucose
was exhausted. Then, 2 ml of the inoculum was added to a 250 ml Erlenmeyer flask containing 16 ml mineral medium con-
taining 100 mg raw apple cutin powder instead of glucose. The cultures were kept at 23°C without shaking. Values represent
the average of three measurements. Bars indicate standard deviation. One unit of esterase is defined as the amount of enzyme
required for the release of 1 micromole p-nitrophenol per ml per min.
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Table 1. Gas chromatography/mass spectrometry identification of the main components of waxes extracted from raw apple
cutin and hydrolysate of apple cutin.

Raw apple cutin Hydrolysate of apple cutin

Systematic Name Structural Formula Lipid Numbers

ppm % ppm %

Octanoic acid CH3(CH,)sCOOH c8:0 27.1 75 0.0 0.0
Tetradecanoic acid CH3(CH,)1,COOH C14:0 7.3 2.0 0.0 0.0
Hexadecanoic acid CH3(CH,)1.COOH C 16:0 68.7 18.9 324 16.8
Octadecanoic acid CH3(CH,)1sCOOH C18:0 94.5 26.1 58.5 30.3
N.a." N.a. c18:1 87.4 24.1 58.9 30.5

N.a. N.a. C18:2 9.8 2.7 0.0 0.0
Eicosanoic acid CH3(CH,)1sCOOH C 20:0 65.1 17.9 43.1 22.3
N.a. N.a. C20:1 2.7 0.8 0.0 0.0

“For unsaturated fatty acids, it was not possible to determine the precise formula and systematic name since few derivatives exist (depending on the
location of the double bound in the carbons chain).

acids with hydroxyl groups in positions 1 and 3 were identified as the major apple and lime cutin monomers [30]
[31].

When the apple cutin hydrolysate substrate was used in a reaction mixture together with commercial cutinase
from P. mandocino, it caused a more rapid acidification of the reaction solution (as a result of the release of fatty
acids-the substrate degradation products), in comparison to raw cutin (Figure 2). This enhanced activity was al-
so reflected in faster reduction of the residual cutinase activity in the reaction solution (Figure 3) caused by a
decrease in cutinase-specific activity over time in the presence of apple cutin hydrolysate substrate (Figure 4). It
appears that this reduction in cutinase-specific activity is the consequence of its enhanced activity in the pres-
ence of this more accessible substrate. We therefore used this cutin hydrolysate instead of raw cutin as a sole
carbon source in the growth medium of F. oxysporum and measured esterase activity (Figure 5). A peak in en-
zyme activity was measured on the 8" growth day.

These results hinted to the advantage of using cutin’s key components or their analogues in order to induce
cutinase secretion to the growth medium. Such a component is the analogue of the cutin fraction, hexadecanols
(Cy6 alcohol) [6]. Indeed, the addition of 200 mg 1-hexadecanol to the fungus growth medium resulted in an en-
hanced secretion of cutinase into the extracellular fluid in comparison to 100 mg raw apple cutin powder
(Figure 6). A peak in cutinase activity was measured at the 9™ growth day in both media. The enhanced cutinase
expression in the presence of 1-hexadecanol was 17% (from 1.3 to 7.4 U/ml).

The cutinase enzyme tends to form hydrophobic interactions with the F. oxysporum mycelium and the cutin
components in the culture fluid. This led to low yield when extracting it from the medium. Thus, in order to
achieve higher concentrations of cutinase from the culture media, the release of the adhering enzyme was carried
out by rinsing the rough solid residues twice with 2 ml 10% methanol and then several times with 2 ml DDW
each. This procedure successfully led to the release of the adhering enzyme to the rinsate, especially after the
first rinsing that led to an over 17% elevation in enzyme activity in the rinsate (data not shown). Alternatively,
the cultures were incubated with methanol (10%) for 1 h as a sole treatment or in combination with sonication (3 x
30 sec, continuously), as demonstrated in Figure 7. The combined treatment led to a very significant (>500%)
increase in total protein and esterases activity measured in the rinsate (Figure 7).

The crude enzyme from the F. oxysporum culture extracellular fluid was purified with HPLC (Waters 600E)
equipped with a spectra-physics detector (280 nm) and a fraction collector, and assayed for cutinolytic activity.
The initial purification step of the extracellular cutinase was done with a Superdex 200 column, which is able to
separate between proteins in a mass range of 10 - 600 kDa, with isocratic flow (1 ml/min) of potassium phos-
phate buffer (50 mM, pH 8). The fractions collected every 1 min (for 45 min) were examined for esterase activ-
ity (with p-nitrophenyl butyrate) and cutinase activity (with the pPNMSEH cutinase substrate) (Figure 8(a)). The
fractions exhibiting cutinase activity (12 - 14 min) were combined, concentrated by ultrafiltration, centrifuged
and injected into an anionic Mono Q column (FPLC) with Tris buffer (50 mM, pH 8) and 0-1 M NacCl gradient
for 40 min. The fractions exhibiting cutinase activity (10 - 11 min) were injected into the same anionic Mono Q
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Figure 2. pH drop as a result of cutinase activity with various substrates. Twenty-five mg raw apple cutin or 1.4 mg
hydrolysate of apple cutin (prepared with hot alkaline ethanol-KOH in a reflux system) or 1.4 ml olive oil (positive
control) were incubated with 0.04 U/ml cutinase (produced by Pseudomonas mandocino obtained from Inter Spex
Products Inc., California, USA) in 5 ml solution containing 0.04% Triton® X-100 and 20 mM potassium phosphate
buffer pH 8. The reactions were carried out at room temperature. The experiment was repeated three times, and all
the results were the same as the one shown here.
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Figure 3. Reduction in residual cutinase activity in the presence of raw apple cutin and hydrolysate of apple cutin.
3.53 U/ml cutinase (produced by P.mandocino) were incubated with 50 mg raw apple cutin or apple cutin hydroly-
sate in 5 ml solution containing 100 mM potassium phosphate buffer, pH 8 and 0.04% Triton® X-100 at 37°C. The
control test tube was incubated under the same conditions with no substrate. Cutinase residual activity was measured
at the indicated time using specific cutinase substrate, 4-nitrophenyl (16-methyl sulfone ester) hexadecanoate
(PNMSEH) [26]. Values represent the average of two independent replications. One unit of cutinase is defined as the
amount of enzyme required for the release of 1 micromole p-nitrophenol per ml per min.

column, but this time in pH 9 Tris buffer (50 mM) and 0 - 0.5 M NaCL gradient for 40 min. Figure 8(b) illu-
strates the Mono Q (pH 9) purification of fraction 10 from the former step, which had the highest specific activ-
ity yield and purification degree (see Table 2). The Superdex 200 and anionic Mono Q (pH 8) columns purifica-
tion steps for the cutinase from F. oxysporum (esterase assay with p-nitrophenyl butyrate), including total pro-
tein, total activity, specific activity, yield and purification degree, are presented in Table 2. These three purification

)
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Figure 4. Changes in pH values of the solution and cutinase specific activity over time in the presence of apple cutin
hydrolysate substrate. Cutinase (3.53 U/ml, produced by P. mandocino) was incubated with 1.4 mg cutin hydrolysate
at 37°C in 5 ml solution containing 20 mM potassium phosphate buffer, pH 8 and 0.04% Triton® X-100 for the in-
dicated times. Values represent the average of two independent replications. Cutinase activity unit definition is as in

Figure 3.
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Figure 5. Esterase activity in the growth medium of F. oxysporum growing on a cutin hydrolysate as a sole carbon
source. Stationary shallow cultures of the fungus grew for 4 days at room temperature (25°C) in 250 ml Erlenmeyer
flasks containing 20 ml mineral medium and 0.1% glucose. On the fourth day, when the glucose in the medium was
consumed, 1.6 mg apple cutin hydrolysate was added to each flask. Values represent the average of two independent
replications. Esterase activity unit definition is as in Figure 1.
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Figure 6. Effect of 1-hexadecanol on esterase activity measured in the F. oxysporum culture medium. Fungal colo-
nies were grown on 20 ml mineral medium containing 0.1% glucose (as in Figure 1) for 4 days until the glucose in
the medium was consumed. Then, 2 ml inoculum from this preliminary culture was transferred to 250 ml Erlenmey-
er flasks containing 20 ml mineral medium and 100 mg raw apple cutin powder or 200 mg 1-hexadecanol.When
1-hexadecanol was used as a carbon source, the flasks were autoclaved prior to the insertion of the inoculum and
cooled in a rotary shaker at 200 rpm after the addition of 0.5% Tween 80 in order to suspend the 1-hexadecanol in
the medium. The shallow cultures were grown at 23°C without shaking for 12 days. Values represent the average of
three measurements. Bars indicate standard deviation. Esterase activity unit definition is as in Figure 1.
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Figure 7. Effect of methanol (10%) and sonication (3 x 30 sec, continuously) on the separation of the adhering cuti-
nase from the F. oxysporum mycelium and from the cutin components in the culture fluid. The cultures were grown
in 20 ml mineral medium, as described in Figure 1 and harvested on the 10" growth day by filtration using a
Buchner funnel with a glass microfiber filter (90 mm diameter, Whatman, GF/C). The mycelium and cutin compo-
nents were incubated with the methanol (Meth.) for 1 h and/or treated with sonication (Sonic. 3 x 30 sec, conti-
nuously). Values represent the average of two measurements of protein (Prot.) and esterase activity (E. Act.) con-
ducted before and after each treatment. Esterase activity unit definition is as in Figure 1.
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Figure 8. (a) High Pressure Liquid Chromatography (HPLC) first and last purification steps for the cutinase enzyme from
Fusarium oxysporum. Purification was done with an HPLC (Waters 600E) equipped with a spectra-physics detector (280
nm), a fraction collector (Pharmacia Biotech). (a) First step of cutinase purification using gel filtration Superdex 200 column
with isocratic flow (1 ml/min) of potassium phosphate buffer (50 mM, pH 8). Fractions were collected every 1 min for 45
min. The fractions exhibiting esterase activity (with p-nitrophenyl butyrate) were also assayed for cutinase activity with the
pPNMSEH substrate. (b) Final step of cutinase purification using Mono Q column (pH 9). The fractions enriched with cuti-
nase activity were injected into the Mono Q column with Tris buffer (50 mM) pH 9 and 0 - 0.5 M NaCL gradient for 40 min.
Esterase and cutinase activity unit definitions are as in Figure 1 and Figure 3, respectively.
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Table 2. Purification steps for cutinase from Fusarium oxysporum (esterase assay with p-nitrophenyl butyrate).

Do Volume Activity General Yield Protein Specific activity Purification
P (ml) (U/ml)* activity (U) (%) (mg/ml) (U/mg) (fold)
Crude
extract 3 550 1374 100 14 40 1
Superdex 200 2 218 437 32 3 85 21
mono Q pH =8 2 50 100 7 018 274 6.9

(fraction 10)

“One unit of esterase is defined as the amount of enzyme required for the release of 1 micromole p-nitrophenol per ml per min.

steps led to an increase in enzyme-specific activity and yield together with a markedly higher purification degree.
A yield of 7% cutinase activity, of the initial extract, was obtained after the Mono Q column step (with Tris
buffer pH 8) and the specific activity was elevated 6.9 fold, from 40 U/mg to 274 U/mg.

Samples from the three purification steps were analyzed using SDS-PAGE and IEF (Figure 9), and the mo-
lecular weight of the purified enzyme was estimated based on protein standards used as molecular weight mark-
ers. The cutinase protein band was already clearly identified in the crude (Figure 9(a)). Further purification re-
vealed that from the extracellular fluid of F. oxysporum cultures, a cutinase with a molecular weight of about 20
kDa and an isoelectric point of 4.7 were isolated (Figures 9(b)-(c)).

A higher molecular weight (about 60 kDa) protein with an isoelectric point of about 5.3 having esterase activ-
ity and a low specific cutinolytic activity was also detected in the extracellular fluid of F. oxysporum (Figure
9(b)). This is most likely a nonspecific esterase such as those produced by F. solani. f. pisi. [32], Fusarium ro-
seum f. sp. Culmorum [33] and Colletotrichum lagenarium [34] when grown on cutin as the sole carbon source.
For final confirmation of the segment exhibits cutinase activity, the first two purification step samples were
loaded in triplicate on a new IEF gel. After the separation, the gel was cut into three strips, one of which under-
went protein staining, the second was stained for esterase activity and the third was cut into 10 equal pieces, and
each piece was incubated separately with the pNMSEH cutinase substrate. The results reveal a dominant band of
protein (No. 8) that shows esterase and cutinase activity (Figure 9(c)).

4. Discussion

Cutinases are hydrolytic enzymes that have substantial potential to be used widely in food, chemical, detergent,
environmental and textile industries [8] [14]. Since the development by Purdy and Kolattukudy [32] of an assay
for cutinase activity with radio-labeld cutin as substrate, it has been possible to confirm that numerous fungi can
grow on cutin and synthesize cutinase [4] [8]. Like other fungi, F. oxysporum can grow on cutin or other carbon
sources on liquid culture [21]. Nevertheless, the fungal strain, substrate selection, culture conditions and extrac-
tion methods may influence the yield of cutinase production dramatically.

The aim of this study was to optimize these varieties as part of the continuous scientific effort to establish the
production and use of cutinase for biotechnology purposes. Moreover, the search for cutinase inducers other
than cutin, which is expensive and difficult to obtain on a large scale, is an important step when considering the
viability of industrial fermentation for the preparation of fungal cutinases for commercial applications. Cutin or
cutin hydolisate from apple fruit and a C,¢ alcohol (1-hexadecanol) were used to induce cutinolytic esterase ac-
tivity during saprophytic growth of F. oxysporum (Figure 1, Figure 5, Figure 6). A similar technique was used
to evaluate other phytopathogens for their potential use for cutinase production [35]. Indeed, these substrates
cause a peak on day 8 - 12 (some variations occur depending on the carbon source) of growth in the cutinase
production, measured by a specific, recently developed pNMSEH cutinase assay [26].

Purdy and Kolattukudy [36] reported that the F. solani. f. pisi. extracellular cutinase induced by apple cutin
reached its highest levels after 12 days of growth. More recently, Macedo and Pio [37] reported that the best
conditions for the production of F. oxysporum extracellular cutinase were observed in a fermentation medium
containing 1% cutin (w/v) incubated for 12 days at 30°C and 100 rpm. The use of cutin hydrolysate was first
demonstrated by Lin and Kolattukudy [6]. They found that in F. solani. f. pisi., a low level (up to 100 pg /ml) of
chemically prepared cutin hydrolysate was shown to induce cutinase production in glucose-grown fungi. Our
results support this report. Interestingly, a different induction mechanism may exist in bacteria since they lack
glucose catabolite repression and the induction of the enzyme by cutin hydrolysate [11].
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Figure 9. Sodiumdodecyl sulfate (SDS)-polyacrylamide gel and isoelectric focusing (IEF) purification steps of
cutinase from F. oxysporum. (a) Comassie blue staining of the crude enzyme SDS-polyacrylamide gel (12%).
Size marker, Sea Blue Plus 2 (4 - 250 kDa, Life Technologies, USA), was used to evaluate the protein’s mole-
cular weight (MW). (b) An IEF separation of the F. oxysporum cutinase purification steps. The gel was stained
for esterase activity (left) and protein (right). (c) Another IEF gel (that includes the first two purification step
samples loaded in triplicate) was cut into three parts. One part (left) was stained for protein as recommended
by the manufacturer (BIO-RAD), the second part (middle) was stained for esterase activity (according to [29]),
and the third part (right) was cut into 10 equal pieces, and each piece was incubated with pNMSEH cutinase
substrate to test its cutinase activity, as described in the Materials and Methods. Cutinase activty units are U/ml
and the activity unit definition is as in Figure 3.

Adding 1-hexadecanol to the growth medium of F. oxysporum as a sole carbon source proved to be an excel-
lent trigger for cutin hydrolase extracellular activity (Figure 6). It represents a potential low-cost inducer in in-
dustrial fermentations for the preparation of microbial cutinases for commercial applications. The fatty acids of
cutin are usually n-Cy¢ and n-C,g and contain one to three hydroxyl groups. Lin and Kolattukudy [6] suggested
that the hydroxyl group at the w-carbon of 16-hydroxypalmitic acid is the most important factor determining the
cutinase-inducing activity of the monomer; the carboxyl group does not appear to be significant for this purpose.
Moreover, they reported that hexadecanol, which represents the replacement of the carboxyl group by hydrogen,
was just as effective as w-hydroxypalmitic acid in inducing cutinase. This is also the case for F. oxysporum, as
demonstrated here.

Cutinases have a molecular weight around 22,000 daltons with highly conserved stretches, which include four
invariant cysteines, forming two disulfide bridges [38]. The results found in this work show that the F. oxyspo-
rum cutinase active band (20 kDa) is well within the size range of other purified cutinases [4]. Previously it has
been shown that fungal cutinases catalyze the hydrolysis of p-nitrophenyl esters of C, to Cy4 fatty acids, result-
ing in a general trend of increasing K,,, and decreasing V. [39]. As the chain length of the acyl moiety in-
creased from C, to Cy,, the V. 0f many fungal cutinases decreased 200-1,000-fold. More recently, the bio-
chemical characterization properties (including catalytic characteristics) of cutinases produced by Fusarium ox-
ysporum in four different culture media against a panel of substrates was demonstrated by Speranza et al. [40].
Their study included testing the purified enzyme for cutinolytic activity by replacing the p-nitrophenyl butyrate
(p-NPB, 4C) in the reaction, also described in our work, by different substrates (chain length), such as p-nitro-
phenylcaprilate (p-NPC, 8C), p-nitrophenyllaurate (p-NPL, 12C) and p-nitrophenylpalmitate (p-NPP, 16C). The
enzyme had higher specificity for short and medium chain fatty acids, and the activities toward long-chain p-
NP-fatty acids were low. The substrate specificity of the purified cutinase from F. oxysporum against the specif-
ic PNMSEH was evaluated qualitatively (Figure 9). Testing the purified enzyme for cutinolytic specific activity
against the pPNMSEH and other new substrates should be the aim of a follow-up study.

5. Conclusion

The phytopathogenic fungus F. oxysporum has been suggested in recent years to be a promising candidate for
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cutinase production due to its abundance and to the success in using its cutinase for the degradation and detox-
ification of phthalates [23]. This research examined the production and purification of extracellular cutinase
from F. oxysporum. We demonstrated that the addition of apple cutin, its hydrolysate and especially 1-hexade-
canol to the fungus growth medium resulted in an enhanced secretion of cutinase into the extracellular fluid. The
crude enzyme was purified using HPLC followed by SDS-PAGE and IEF. The resulting purified protein was
identified using pPNMSEH, a specific cutinase substrate, and characterized to have a molecular weight of 20 kDa
and an isoelectric point of 4.7. The detailed method presented here can be generalized and used for the screening
of microorganisms for the production of cutin-degrading enzymes and for the production and purification of this
biotechnologically important enzyme.
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