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Abstract: Fusarium verticillioides lipases were purified in a “cascade” method using octadecyl
Sepabeads and octyl Sepharose resins, which led to the isolation of two proteins with lipolytic
activities. Lip 1 was purified after octyl Sepharose adsorption presenting 30.3 kDa and, Lip 2
presented 68.0 kDa after octadecyl adsorption. These immobilization processes resulted in an increase
of 3-fold in activity of each immobilized enzyme. These enzymes presented optima of pH of 5.0
and 6.0, respectively and temperature at 40 ◦C. They were thermostable at 40 ◦C and both remained
more than 50% of its activity at the pH range of 5.0 to 7.0, with 180 min of incubation. The sardine
oil hydrolysis showed higher EPA/DHA ratio. Concerning the ethanolysis reaction, Lip 2 showed
higher conversion (5.5%) and both lipases showed activity in the release of the S enantiomers
from 2-O-butyryl-2-phenylacetic acid (mandelic butyrate acid) and HPBE hydrolysis. Lip 2 also
demonstrated capacity of transesterification. These applications made these enzymes attractive for
industrial application.

Keywords: immobilization; purification; lipase; Fusarium verticillioides; EPA; DHA

1. Introduction

Lipases are very interesting enzymes due to their ability to catalyze a wide range of reactions, such
as synthesis, transesterification and ester hydrolysis in aqueous or organic media, accompanied with a
high regio- or enantioselectivity. The interest in this class of enzymes essentially increased due to their
industrial and biotechnological applications in oil and fat hydrolysis and also because of their capacity
to recognize different synthetic or natural substrates. Additionally, the increasing interest in the kinetic
resolution of racemic mixtures with high regio- and stereo-specificities producing intermediates for
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pharmaceutical industries as well as the use of fatty acid esters synthesis as cosmetic ingredients or
surfactants, pesticides and agro-chemistry synthesis are also interesting [1–5]. Currently, due to these
broad uses, they are attractive in biotechnological application and there is an increasing search for new
microorganisms able to produce these enzymes with different specificities and stabilities.

Aiming their biotechnological applications, lipases should be stable enough to be reused for
several reaction cycles. Consequently, immobilization techniques can improve this stability and
catalytic properties leading to higher catalyst efficiencies [3,6–9]. Another advantage is the enzyme
purification which minimizes or eliminates the contamination of other proteins, as shown in this work.
Lipase adsorption on a cascade of hydrophobic supports at low ionic strength is a new purification
strategy, capable to separate two or more enzymes with different hydrophobicity at low cost, fast
procedure and high yield [1,10].

The selectivity of these enzymes is another attractive feature that enables their use in a large
number of applications, which includes the resolution of racemic mixtures. Consequently, the
enantioselectivity is gaining more and more space in industrial processes and in fine chemistry
biocatalysts due to its importance in the preparation of pure enantiomers of chiral intermediates, which
have been widely applied in synthetic purposes as well as stereochemical investigations. [4,11–13].

Besides, the use of lipases on fish oil reactions has increased in the last years. The release of
omega-3 fatty acids [e.g. eicosapentaenoic acid (EPA) and decosahexaenoic acid (DHA)] from this oil
have encouraged many studies involving health and food professionals, once these acids are able to
improve the learning ability, mental development and visual perception in the early stages of life as
well as prevent cardiovascular diseases in adults [3,14].

Fusarium verticillioides is among the most common Fusarium spp. infecting maize in most areas of
the world and they are also famous in the production of fumonisin. Fusarium sp. has recently been
described as a remarkable lipase producer [15–17], however no publication was found describing
lipases from Fusarium verticillioides.

In this context, this study aims a high selective purification of two lipases from
Fusarium verticillioides by their immobilization in hydrophobic supports, in which the stability of
lipases was increased and the catalytic properties were improved through modulation of the enzyme
properties with immobilization procedures.

2. Results and Discussion

2.1. Hydrophobic Immobilization

It was important to test the behavior of F. verticillioides crude extract on different supports with
increasing levels of hydrophobicity. The crude extract containing lipases was adsorbed on all supports
tested at different adsorption rates (Table 1). Except by Butyl Sepharose, lipases were efficiently
immobilized in all the other supports, which showed more than 100% of residual activity presenting an
activation above 2-fold. Phenyl Toyopearl derivative was the one with the highest activation, despite
having only 50% immobilization. Other lipases of fungi described in the literature also presented
activation when immobilized [1,18,19].

Table 1. Lipase immobilization on hydrophobic supports at pH 7.0.

Derivatives Immobilization (%) Fold *

Butyl Sepharose 28.2 ± 2.0 0.1
Phenyl Toyopearl 50.0 ± 2.0 3.7
Hexyl Toyopearl 59.6 ± 0.8 2.6
Octyl Sepharose 74.3 ± 1.0 2.4

Octadecyl Sepabeads 89.3 ± 0.5 2.6

* Fold-degree of activation and/or inhibition of the lipases when immobilized on hydrophobic supports, compared
to their free form.
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The phenomenon of hyper-activation could occur possibly due to the fact that when lipases are
immobilized on hydrophobic supports, they keep the lid open, exposing the active site, which facilitates
substrate input resulting in an easier hydrolysis [20].

2.2. Cascade Purification of Two Lipases

Possibly, in the enzymatic crude extracts, more than one type of lipase could be present and in
order to verify this possibility in F. verticillioides crude extract, a SDS-PAGE analysis was performed.
Notably, the presence of two lipases were suggested: one totally adsorbed octyl derivative and the
other adsorbed in octadecyl derivative.

In order to separate these possible lipase isoforms from this crude extract a cascade purification
strategy using two hydrophobic supports was performed. Initially, 70% of the active lipase (confirmed
by pNPB assay) was adsorbed on octyl Sepharose (Lip1) after 3 h (Supplementary Figure S1A) and
the supernatant containing the remaining lipase activity (Lip2) was further incorporated to octadecyl
Sepabeads, which resulted in a total lipase adsorption (Supplementary Figure S1B). No lipase activity
was observed in the supernatant after octadecyl immobilization. A single band in each support
corresponding to Lip1 and Lip2 could be observed by this cascade technique. Afterwards, both pure
lipases were fully desorbed from each support by incubating 1 g of the derivatives with 10 mL crescent
Triton X-100 solution (1%, v/v) (Figure 1). At 0.3% Triton-X100 was sufficient to desorb 100% of
Lip1 and the same concentration desorbed 80% of Lip2. Purified Lip1 and Lip2 presented 30.3 and
68 kDa, respectively. Table 2 summarizes the purification steps of the lipases from F. verticillioides.
The immobilization on Octyl provided a purification factor of 2.14-fold with 44.5% protein recovery
and the immobilization on octadecyl resulted in a purification factor of 4.1-fold and 25.7% protein
recovery. The total recuperation was 70.2%.

Catalysts 2018, 8, x FOR PEER REVIEW  3 of 17 

 

* Fold-degree of activation and/or inhibition of the lipases when immobilized on hydrophobic 

supports, compared to their free form. 

The phenomenon of hyper-activation could occur possibly due to the fact that when lipases are 

immobilized on hydrophobic supports, they keep the lid open, exposing the active site, which 

facilitates substrate input resulting in an easier hydrolysis [20].  

2.2. Cascade Purification of Two Lipases 

Possibly, in the enzymatic crude extracts, more than one type of lipase could be present and in 

order to verify this possibility in F. verticillioides crude extract, a SDS-PAGE analysis was performed. 

Notably, the presence of two lipases were suggested: one totally adsorbed octyl derivative and the 

other adsorbed in octadecyl derivative.  

In order to separate these possible lipase isoforms from this crude extract a cascade purification 

strategy using two hydrophobic supports was performed. Initially, 70% of the active lipase 

(confirmed by pNPB assay) was adsorbed on octyl Sepharose (Lip1) after 3 h (Supplementary Figure 

S1A) and the supernatant containing the remaining lipase activity (Lip2) was further incorporated to 

octadecyl Sepabeads, which resulted in a total lipase adsorption (Supplementary Figure S1B). No 

lipase activity was observed in the supernatant after octadecyl immobilization. A single band in each 

support corresponding to Lip1 and Lip2 could be observed by this cascade technique. Afterwards, 

both pure lipases were fully desorbed from each support by incubating 1 g of the derivatives with 10 

mL crescent Triton X-100 solution (1%, v/v) (Figure 1). At 0.3% Triton-X100 was sufficient to desorb 

100% of Lip1 and the same concentration desorbed 80% of Lip2. Purified Lip1 and Lip2 presented 

30.3 and 68 kDa, respectively. Table 2 summarizes the purification steps of the lipases from F. 

verticillioides. The immobilization on Octyl provided a purification factor of 2.14-fold with 44.5% 

protein recovery and the immobilization on octadecyl resulted in a purification factor of 4.1-fold and 

25.7% protein recovery. The total recuperation was 70.2%. 

 

Figure 1. Desorption of the immobilized lipases on octyl and octadecyl supports. Full squares: octyl 

derivatives (Lip1); empty circles: octadecyl derivatives (Lip2). 
Figure 1. Desorption of the immobilized lipases on octyl and octadecyl supports. Full squares: octyl
derivatives (Lip1); empty circles: octadecyl derivatives (Lip2).

Table 2. Purification of two lipases from F. verticillioides.

Enzyme Volume
(mL) Mass (g) Total

Activity (U) Immobilization (%) SA *
(U/mg)

Recuperation
(%) PF **

Crude extract 10 - 21.8 - 90.8 100 1
Octyl - 1.0 9.7 70 194.0 44.5 2.14

Octadecyl - 1.0 5.6 100 a 373.3 25.7 4.11

* SA = specific activity; ** PF = purification factor (SA/SAcrude extract); a lipase immobilized from octyl supernatant.
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2.3. Thermal Stability of Derivatives

After the cascade purification, both lipases were desorbed from the supports where they were
previously immobilized. Further, both lipases were immobilized on CNBr-activated supports (Table 3).
FVL1 exhibited 53.5% of immobilization while FVL2 presented 38.3%. The uni-punctual immobilization
on CNBr support was used as control in the characterization experiments, because, as this linkage
does not modify the enzyme characteristics, this type of immobilization simulates the activity of the
enzyme in its free form.

Table 3. F. verticillioides lipases immobilization at uni-punctual support.

Lipase Time (min) Immobilization (%)

FVL1 30 53.5
FVL2 30 38.3

Therefore, lipase thermal stability of soluble and immobilized lipase on different supports was
compared at 40 ◦C and 50 ◦C. At 50 ◦C, after 24 h, all derivatives presented residual activity of less than
40% (Figure 2). This may have occurred because, at these temperatures, the enzyme could possibly
be desorbed and may have aggregated, reducing the stability. At 40 ◦C, in 24 h, the uni-punctual
immobilized Lip1 and Lip2 on CNBr lost about 35% and 85% of their residual activities, respectively.
Therefore, at this temperature, the immobilization on octyl Sepharose and octadecyl Sepabeads
supports contributed to increase Lip1 and Lip2 stabilities when compared to the CNBr-activated
supports, thereby extending their application range.
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Figure 2. Thermal stability of F. verticillioides lipases (A) 40 ◦C (B) 50 ◦C. Symbols: -~- Butyl
Sepharose; - - Hexyl Toyopearl; -N- Phenyl Toyopearl; -∇- Octyl Sepharose; -�-Octadecyl Sepabeads
-�- CNBr-activated Lip1 and -�- CNBr-activated Lip2.

Increased thermal stability of derivatives was also observed by Cunha et al. the stability of butyl and
octyl derivatives increased as the pH decreased, at 30 ◦C, retaining 78% to 100% of the lipolytic activity
after 48 h [1]. Lipase from Thermomyces lanuginosa presented a more stable derivative obtained from hexyl
Toyopearl than the others studied, whereas octyl agarose showed an intermediate stability [21].
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2.4. Biochemical Characterization of Purified and Free Lipases

2.4.1. pH and Temperature Effects

The optimum pH values obtained for both free lipases showed a slightly acidic character
(Figure 3A). The optima pH observed were 6.0 and 5.5, respectively to Lip1 and Lip2. The optimum
temperature for both lipases studied was 40 ◦C; however, Lip1 presented activity higher than
50% in a range of 25 ◦C to 55 ◦C (Figure 3B). The same optimum temperature was observed to
Pseudomonas monteilii [22] and the optimum pH of 8.0.
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Figure 3. Fusarium verticillioides free lipases characterization. (A) pH effect in enzymatic activity;
(B) temperature effect in enzymatic activity. Symbols: -�- Lip1; -#- Lip2.

Regarding pH stabilities (Figure 4), both lipases maintained more than 50% of their residual
activity in a pH range of 5.0–7.0, with 180 min. Lip 1 presented better pH stability than Lip 2,
at non-suitable pH (4, 5, 9 and 10) maintaining at least 20% of its activity. Concerning the thermal
stability, Lip1 also presented better stability than Lip2 at temperatures of 40, 50 and 60 ◦C (Figure 5A).
Both lipases are 60% stable at 30 ◦C with 180 min.
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Generally, free lipases from mesophilic fungi are active and stable at temperatures between 25 and
40 ◦C [23]. F. solani lipase was stable up to 45 ◦C and in a range of pH 5–10. Above this temperature,
the stability decreased [15]. The lipase obtained from Aspergillus niger was stable at 40 ◦C for 3 h but
it sharply decreased when the temperature was increased, losing 52% of its original activity at 50 ◦C
after 1 h. However, in alkaline pH, the residual activity remained 100% after 24 h [24].

2.4.2. Effect of Metallic Ions

In this experiment, Ca2+ and Ba2+ ions increased the activity of both lipases (Figure 6). Barium
had a better effect on Lip1, increasing activity by 20% and 60% using the final concentrations of 5 mM
and 10 mM, respectively. However, Ba2+ decreased Lip2 activity by 30% when 5 mM of this ion was
used. On the other hand, Ba2+ increased the activity of the same enzyme by 45% when 10 mM (final
concentration) was added. Calcium had no effect on Lip1 at the final concentration of 5 mM but at
10 mM Ca2+ was able to activate the enzyme in 20%. In contrast, Ca2+ activated Lip2 in about 45% in
both concentrations. Calcium activation corroborates with literature results, since it is well-known
that some lipases described are positively influenced by this ion, for the reason that in a calcium-free
system, lipases are not able to adsorb at the water-fat interface and no lipolytic activity occurs [22,25,26].
On the other hand, it is known that heavy metals inhibit lipase activity as copper, aluminum and
zinc ions. Consequently, in this study Co2+, Al3+ and Cu2+ ions and EDTA decreased Lip1 activity
around 40% and Pb+ and Zn2+ decreased approximately 60% Lip2 activity, while other ions did not
affect them significantly. The inhibition by Zn2+ and Hg2+ ions was observed for the lipase from
Mortierela alliacea [26].
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2.4.3. Isoelectric Point and Kinetic Parameters

The kinetic parameters of F. verticillioides purified lipases were calculated using
p-nitrophenylpalmitate synthetic substrate (pNPP). The purified lipases had their kinetic parameters
(KM and Vmax) calculated by SigrafW software and they were described in Table 4. The value of KM

and Vmax obtained for Lip1 were 0.16 mM and 47.71 U/mg protein, respectively (n = 1.78). Lip2 KM

and Vmax values were 0.26 mM and 37.4 U/mg, respectively. The values of the isoelectric points for
Lip1 were 5.2 and for Lip 2 were around 4.2–5.0.

Table 4. Kinetic parameters of F. verticillioides purified lipases

Enzyme KM (mM)
Vmax

(U·mg·protein−1) kcat (s−1)
kcat/KM

(M−1·s−1)

Lip1 0.16 47.71 2.00 × 109 1.25 × 1013

Lip2 0.26 37.4 3.53 × 109 1.35 × 1013

Lipase from Aspergillus fumigatus presented KM of 14 mM and Vmax of 1.37 mM·mg−1·min−1

with p-nitrophenyl acetate [27]; even lower values were found to Aspergillus japonicus lipase, for
which KM and Vmax were 0.64 × 10−3 mmol and 0.25 µmol·min−1·mL−1 [28]. Vici et al. [29]
obtained from a recombinant lipase from Beauveria bassiana a KM and Vmax value of 0.5546 µM and
85.67 µmol·min−1·mg−1 respectively, against pNPB, pH 6.0 at 50 ◦C.

2.5. Lip1 and Lip 2 Biotechnological Applications

2.5.1. Transesterification Reaction Applications

Both purified lipases adsorbed on octadecyl supports were submitted to this transesterification
reaction. A control sample was performed using the same assay conditions without enzyme to each oil
tested (Figure 7). Ethanol was used in all reactions.
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Figure 7. Transesterification assay with ethanol in different oils (black arrow). (A) Control (B) Lip1
adsorbed in octadecyl (C) Lip2 adsorbed on octadecyl. P = ethyl oleate 1%, B = soy oil control,
1 = soy oil, 2 = macaúba almond oil, 3 = canola oil, 4 = corn oil, 5 = pequi oil, 6 = sunflower oil,
7 = olive oil, 8 = macaúba pulp oil, 9 = sesame oil.

Macaúba pulp oil and macaúba almond oil controls presented bands which corresponded to
the expected ethyl ester, possibly due to the presence of free fatty acids in these oils. However, the
derivatives were able to react and release ester (Figure 7). Lip1 showed lower ability than Lip2,
which showed a notable transesterification capacity with soybean oil, almond and macaúba pulp
as well as olive oil, producing esters. It could make these enzymes attractive for industrial and
biodiesel applications.

The conversion rate of the transesterification reaction was also checked by gas chromatography
coupled to a mass spectrometer (Table 5). The highest conversion was observed on macaúba pulp,
about 4%. Several authors studied the immobilization of lipases from different sources in biodiesel
production [30–32].
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Table 5. Conversion rate of the transesterification reaction to Lip2 derivative.

Samples Oils Conversion (%)

Ethyl oleate 1% 100

Controls

Soy oil 0.0
Macaúba pulp oil 0.29

Macaúba almond oil 0.13
Olive oil 0.0

Octadecyl Sepabeads (Lip2)

Soy oil 1.71
Macaúba pulp oil 3.62

Macaúba almond oil 1.28
Olive oil 1.18

2.5.2. Ethanolysis of Sardine Oil

Both free and pure lipases were first adsorbed on octadecyl supports in order to be used in
ethanolysis reaction and presented activities around 0.3–0.5 U/mL. Lip2 derivatives presented a
conversion rate about 2-fold higher than Lip1 (Table 6). This result was significant to demonstrate the
ability to synthesize esters from oils (important feature for biodiesel production). However, it was
lower when compared to the selectivity of commercial lipase from Thermomuyces lanuginosus, Candida
albicans B and Rhizomucor miehei (Novo Nordish, Denmark) [33].

Table 6. Ethanolysis of sardine oil catalyzed by F. verticillioides lipases adsorbed to octadecyl Sepabeads
in cyclohexane.

Derivative Ester Conversion (%) Selectivity (EPA/DHA)

Control
EPA nd *

nd *DHA nd *

Lip1 EPA 2.1
1.25DHA 1.7

Lip2 EPA 5.5
1.15DHA 4.8

* Non-detected.

2.5.3. Sardine Oil Hydrolysis

The main purpose of this experiment was to examine the specificity of lipases by EPA/DHA ratio,
as well as check the lipases behavior on hydrolysis reaction, to confirm the enzyme activity as lipases.
Both lipases could hydrolyze the sardine oil. Lip1 immobilized on octyl Sepharose support, presented
the best conversion (6% EPA and 2.4% DHA) and a great ratio between both omega 3 released,
EPA/DHA 14.72 (Table 7). Lip2 presented a better conversion rate in EPA. Results published by
Pereira et al. [20] showed a ratio of 3.0 with glyoxyl-immobilized lipase from Trichoderma pseudokoningii.

Table 7. Sardine oil hydrolysis catalyzed by F. verticillioides lipase immobilized on hydrophobic support.

Enzyme Derivative
Selectivity

(EPA/DHA) EPA (%) DHA (%)
Total

Conversion (%)

Lip1 Octyl 14.72 6.00 2.40 8.40
CNBr-activated 19.57 1.50 0.40 1.90

Lip2 Octadecyl 13.89 1.80 0.80 2.60
CNBr-activated 2.84 1.00 0.60 1.60

Control - 0.08 0.06 0.07
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In general, F. verticillioides lipases proved to be very selective and released EPA better than DHA.
Similar results were obtained by Fernandez-Lorente et al. [14], where the release of DHA was lower
than EPA. F. verticillioides lipases also showed 4-fold higher selectivity compared to EPA released
from Rhizomucor miehei lipase immobilized on octyl support [7]. Pizarro et al. [8] after 48 h hydrolysis
reached maximum conversion of EPA and DHA of 8.7% and 6.1% respectively.

2.5.4. Hydrolysis of Racemic Mixtures

In this application, Lip1 and Lip2 were used immobilized on octyl and octadecyl supports,
respectively. Moreover, they were necessary to compare these results with CNBr-activated derivatives.

2-O-butyryl-2-phenylacetic

Lip2 showed better conversion rates in a shorter period of time, 10.3%; while Lip1 reached half of
this value. Both CNBr-activated derivatives required longer periods to achieve some conversion rate
(Table 8).

Table 8. 2-O-butyryl-2-phenylacetic hydrolysis by Lip1 and Lip2.

Lipase Derivatives Time (h) Conversion (%) SA * (U/mg) Selectivity E ee Isomer

Lip1 CNBr-activated 240 1.7 0.25 1.0 21.2 S
Octyl 144 4.8 1.15 3.4 54.5 S

Lip2 CNBr-activated 336 2.0 0.28 1.3 13.6 S
Octadecyl 144 10.3 4.51 2.6 44.3 S

* SA = Specific Activity.

The second analysis refers to selectivity (E) and enantiomeric excess (ee) coefficients evaluated
by HPLC analysis using a chiral column. Lip1 presented the best E and ee results; however, both
lipases indicated a high isomer S purity. This result corroborates with Fernandez-Lorente et al. [34]
which reported the enzyme preparation of Aspergillus niger lipases, immobilized on DEAE-Sepharose,
that showed different E values but preferred enantiomer S. However, not all authors reported S as
the preferred isomer, as the reported for Mucor miehei lipase that the conversion of the R isomer by
octadecyl derivative, with a value of E equal to 5.0 and ee around 51.0 [12].

HPBE Hydrolysis

HPBE hydrolysis presented excellent conversion rates by both lipases in a shorter time than
2-O-butyryl-2-phenylacetic acid, probably indicating preference by this substrate (Table 9). Octyl
derivative obtained the best conversion rate reaction in just 1.5 h and therefore its specific activity
increased by about 400 times when compared with other derivatives (after 96 h). Higher specificity,
around 3.5, was reached by both lipases. However, excellent E and ee values have been reported by
Fernandez-Lorente et al. [35], in which Pseudomonas fluorescens lipase reached 86 and 92.5, respectively.

Table 9. HPBE hydrolysis by Lip1 and Lip2.

Lipase Derivatives Time (h) Conversion (%) SA * (U/mg) Selectivity E ee Isomer

Lip1 CNBr-activated 96 18 6.51 2.1 35.7 S
Octyl 1.5 6.9 159.7 3.7 57.6 S

Lip2 CNBr-activated 96 10.8 5.4 1.4 17.8 R
Octadecyl 96 10.8 7.13 3.6 56.2 S

* SA = Specific Activity.
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3. Materials and Methods

3.1. Microorganism and Culture Maintenance

Fusarium verticillioides stock culture was maintained on oatmeal agar medium, at 4 ◦C and in silica
gel at −20 ◦C.

3.2. Lipase Production

Lipase production was carried out in 125 mL Erlenmeyers flasks under 100 rpm, at 30 ◦C,
for 4 days. The liquid culture medium was composed by 0.2% peptone, 0.05% MgSO4, 0.1% monobasic
sodium phosphate and 1% sunflower oil. The filtrate named FVL (Fusarium verticillioides lipase) was
collected by vacuum filtration and stored at 4 ◦C [36].

3.3. Measurement of Lipase Activity

3.3.1. p-Nitrophenyl Butyrate (pNPB)

Lipolytic activity was measured by the increase in absorbance at 348 nm produced by the release of
pNPB hydrolysis, using a spectrophotometer equipped with a thermostatized chamber and continuous
magnetic stirring, which kept the immobilized enzyme homogenously suspended. Standard assay
conditions were 50 µL of enzymatic sample (or suspension), 2.5 mL of 25 mM sodium phosphate buffer,
pH 7.0 containing 20 µL of 50 mM p-nitrophenylbutyrate diluted in pure acetonitrile. The mixture
was incubated at 25 ◦C for different periods. One unit (U) of enzyme activity was defined as that
catalyzing the conversion of 1µmol of substrate (or the formation of 1 µmol of product) in 1 min in the
assay conditions.

3.3.2. p-Nitrophenyl Palmitate (pNPP)

Lipase activities were determined using pNPP according to Pencreach and Baratti (1996) [37].
The reaction was carried out using McIlvaine buffer (pH 5.5 or 6.0), at 40 ◦C [38]. One unit (U) of
enzyme activity was defined as that catalyzing the conversion of 1 µmol of substrate (or the formation
of 1 µmol of product) in 1 min in the assay conditions.

3.4. Lipase Hydrophobic Immobilization

The adsorption of enzyme was analyzed in hydrophobic supports: Butyl Sepharose, Hexyl
Toyopearl, Phenyl Toyopearl, Octyl Sepharose and Octadecyl Sepabeads. One gram of each support
was added to 5 mL of 10 mM sodium phosphate buffer, at pH 7 and to 5 mL of the crude extract.
All suspensions were incubated at 25 ◦C with constant stirring. Periodically, suspension and
supernatant activities were assayed by using the pNPB assay. Once adsorbed, the immobilized
preparations (derivatives) were thoroughly washed with distilled water, filtered and stored at 4 ◦C.
A blank suspension was prepared by adding 1 g of Sepharose 4 BCL. The initial protein offered was
specified by Bradford’s method [39].

3.5. Hydrophobic Derivatives Thermal Stability

In order to determine the thermal stability, the derivatives were incubated in 25 mM sodium
phosphate buffer (pH 7.0) at different temperatures (40 ◦C to 70 ◦C). Samples were withdrawn
at different times using a pipette with a cut-tip and under strong stirring aiming a homogeneous
biocatalyst suspension. The activity, measured immediately after withdrawn, was determined by the
pNPB assay. The experiments were carried out in triplicates.
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3.6. Cascade Purification

It was performed a sequential immobilization with adsorption of F. verticillioides crude extract in
octyl followed by octadecyl supports at a low ionic strength. Previously, the crude enzymatic extract
was diluted in 10 mM sodium phosphate buffer at pH 7 (1:2 v/v) and sequentially, 1 g of octyl support
was added. After adsorption, the supernatant was added to 1 g of octadecyl support until complete
adsorption. After immobilization, both derivatives were thoroughly washed with distilled water and
with increasing concentrations of Triton X-100 until the complete desorption.

The analysis of the adsorbed lipases on supports was performed using SDS-PAGE. Aiming
to verify the lipases purity in both supports, 0.1 g of each derivative was suspended in 0.5 mL of
rupture buffer, containing bromophenol, 10% (v/v) mercaptoethanol, 40% glycerol and 4% (w/v) SDS.
After boiling for 5 min, the supernatant of the derivatives was quickly withdrawn and analyzed by
SDS–PAGE. The gel was stained using silver nitrate or Coomassie method. Molecular weight markers
were from a Pharmacia LMW kit (14,400–94,000 Da).

After purification, the enzyme recuperation, specific activity (SA) and the purification factor (PF)
were calculated. The purification factor shows how much the specific activity increased compared to
the crude preparation (PF = SA/SAcrude extract).

3.7. Enzyme Desorption

In order to analyze the mechanism of lipase desorption, 250 mg of derivatives were diluted to
2.5 mL of 25 mM sodium phosphate buffer at pH 7 and were sequentially washed with different
concentrations of Triton X-100.

3.8. Immobilization of the Lipase on CNBr-Activated Support

Immobilization of both desorbed lipases on CNBr-activated support was prepared by Pharmacia
protocol, at pH 7. The immobilization occurred through the lipase amino terminal group [35]. One gram
of CNBr-activated support was added to a solution of 10 mL of purified lipase in 25 mM sodium
phosphate buffer, at pH 7.0. After 30 min, the enzyme immobilization was ended by blocking the
amine reactive groups with 1 M ethanolamine, at pH 8. After 2 h, the immobilized preparation was
washed with abundant distilled water.

3.9. Biochemical Characterization of Lipases

3.9.1. Temperature and pH Influence

The optima of temperature and pH were determined to each lipase. In order to determine the
thermal stability, both derivatives were incubated in 25 mM sodium phosphate, pH 7.0 at different
temperatures. The residual activity was measured after incubation. As the same, the pH stability was
carried out in a range of pH 3.0–10.0, the enzymes were pre-incubated in citrate phosphate buffer
(range 3.0–7.0), sodium phosphate 0.1 mol·L−1 (pH 7.0), Tris-HCl (range, 8.0–9.0) and glycine (pH 10.0)
at 25 ◦C, for 24 h. Samples were withdrawn at different times using a pipette with a cut-tip and under
strong stirring aiming a homogeneous biocatalyst suspension. The activity, measured immediately
after withdrawn, was determined by the pNPB assay, as described above. The experiments were
carried out in triplicates.

3.9.2. Effect of Metallic Ions

In order to determine the effect of metallic ions on lipases activity, assays were performed at
the final concentrations of 5 and 10 mM of Zn(NO3)2·6H2O; NaCl, NH4Cl, BaCl2, MnCl2·4H2O,
CoCl2·6 H2O, MgCl2, AlCl3·6H2O, CuSO4·5H2O, CaCl2, Pb(C2H302)·3H2O, NaBr, KCl and EDTA. The
activity in the absence of these components was defined as the control.
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3.9.3. Isoelectric Point and Kinetic Parameters

Isoelectric focusing was carried out according to O’Farrel et al. [40], using Pharmalyte Ampholyte
(pH range 3.0–10.0). The apparent kinetic parameters KM, Vmax and kcat of the FVLs were determined
and calculated by SigrafW software [41,42].

3.10. Hydrolysis of Sardine Oil

The sardine oil composition has been previously reported by Fernandez-Lorente et al. [2,6] and
the main fat acids present are eicosapentaenoic acid (EPA, 18.6%), docosahexaenoic acid (DHA, 12.7%),
palmitic acid (16.1%) and oleic acid (11.7%). The release of EPA and DHA was analyzed. The hydrolysis
was performed in an organic-aqueous system, in which 4.5 mL of cyclohexane, 5 mL of Tris–HCl
buffer (0.01 M) pH 6.0, 0.5 mL of sardine oil and 0.5 U/g of each lipase derivative were incubated at
25 ◦C and stirred at 150 rpm. The control samples did not have derivatives. Aliquots were withdrawn
after 7 and 14 days. The concentration of free fatty acids was determined by the HPLC-UV method.
The chromatograms of the aliquots from the organic phase obtained from UV–HPLC were compared to
the corresponding calibration curves to facilitate the calculation of the rates of hydrolysis (EPA + DHA)
and the EPA/DHA ratios. Aliquots of 0.1 mL from organic phase were withdrawn and dissolved in
0.4 mL of acetonitrile. The organic phase was easily separated from the aqueous phase after stopping
stirring. The unsaturated fatty acids produced were analyzed by RP-HPLC [Spectra Physic SP 100
coupled with an UV detector Spectra Physic SP 8450 (Spectra Physics, Santa Clara, CA, USA)] using
a Kromasil C8 (5 µm, 15 cm × 0.4 cm) column. Products were eluted at a flow rate of 1.0 mL/min
using acetonitrile-milli-Q water- acetic acid, pH 3.0 (70:30:1, v/v) and UV detection performed at
215 nm. The retention times for the unsaturated fatty acids were 9.4 min (EPA) and 13.5 min (DHA).
These produced fat acids were compared to their corresponding pure commercial standards.

3.11. Ethanolysis of Sardine Oil

The enzymatic ethanolysis was investigated to octadecyl Sepabeads derivatives for both lipases
(Lip1 and Lip2), at 0.5 U/g. The procedure was performed in an organic solvent system containing
0.5 g of molecular sieves to guarantee total water absorption. First, 1.77 mL of sardine oil, 0.9 mL
of ethanol and 0.5 U/g of lipase preparation were intensely mixed and incubated at 25 ◦C, 150 rpm.
The control samples did not have derivatives. After 7 and 14 days, aliquots of 8 µL were diluted in
992 µL of acetonitrile and the concentration of free fatty acids esters was determined by RP-HPLC
[Spectra Physic SP 100 coupled with an UV detector Spectra Physic SP 8450 (Spectra Physics, Santa
Clara, CA. USA)] using an Ultrabase C18 (5 µm, 150 × 4.6 mm) column. The flow rate elution was
1.0 mL/min with acetonitrile-milli-Q water- acetic acid, pH 3.0 (80:20:0.1, v/v) and UV detection
performed at 215 nm. The retention times were 20 min (EPA) and 26 min (DHA). The area of EPA and
DHA chromatograms were compared to their corresponding pure commercial standards.

3.12. Hydrolysis of Racemic Mixtures

The different immobilized derivatives were assayed by adding 0.3 g of wet immobilized
preparations (0.3–0.6 U/g) to the (R,S)-2-Hydroxy-4-phenylbutanoic acid ethyl ester (HPBE) (2 mM,
20 mL) or (R,S)-2-O-butyryl-2-phenylacetic acid solutions (10 mM, 10 mL), prepared in 25 mM sodium
phosphate buffer, pH 5 (2.5 mL), at 25 ◦C, under mechanical stirring. The control experiments were
performed using the support without enzymes. The mobile phases were: (1) for mandelic acid an
isocratic mixture of acetonitrile (35%) and 10 mM ammonium phosphate buffer (65%) at pH 3.0; (2) for
HPBE an isocratic mixture of acetonitrile (40%) and 10 mM ammonium phosphate buffer (60%) at
pH 2.9. The detection was at 220 nm and 1.0 mL/min flow rate.

The optical purity of the hydrolyzed product as enantiomeric excess of the chiral product (ee),
the extent of conversion of the racemic mixture and the enantiomeric ratio or enantioselectivity (E)
were important parameters to be analyzed. At different conversion degrees, the enantiomeric excesses
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of the released acid were analyzed by HPLC using a Chiracel OD-R column [43]. The mobile phase was
an isocratic mixture of acetonitrile/NaClO4/HClO4 0.5 M (5:95), pH 2.3. The analyzes were performed
at a flow rate of 0.5 mL/min and at 225 nm. Enantioselectivity value and the conversion degree were
calculated [10,12].

3.13. Transesterification Reaction

The pure Lip1 was desorbed from octyl support and adsorbed on octadecyl Sepabeads.
The enzymatic transesterification was carried out in a non-aqueous medium, with a molar ratio
of 1:9 (oil:ethanol), 20 mL, including 6% n-hexane and lipases derivatives. Ethanol was added in two
steps to prevent any interference in the enzyme activity. All experiments were performed at 40 ◦C,
150 rpm for 24 h.

3.14. Thin Layer Chromatography Analysis (TLC)

The preliminary transesterification results were obtained by analyzing the ester released by TLC.
The reaction carried out on silica gel G-60 plates (Merk®). The migration solvent consisted in a mixture
of hexane: ethyl acetate: acetic acid (90:10:1). Chromatograms were revealed in an iodine vapor
atmosphere [44].

3.15. Transesterification Assay by Gas Chromatography (CG-MS)

The product of enzymatic transesterification samples was diluted in 1% methanol and the samples
were analyzed using an HP gas chromatograph (model GC-2012 5890) with a BP column (1.30 m length
and 0.25 mm internal diameter). The mobile phase consisted of helium gas flow of 1.47 mL/minute.
The analysis was accomplished by using a temperature ramp from 80 to 200 ◦C with an injector at
temperature of 200 ◦C. The mass spectra of the main chromatographic peaks were monitored in a mass
spectrometer model GCMS-QP 2010 Plus, which was coupled to the chromatograph. Standard curves
were performed using ethyl oleate with 23 min of retention time. All esters produced between 23 and
26 min were considered as lipase product.

4. Conclusions

Cascade purification was a simple and rapid method to isolate and purify two lipases from the
same crude extract with differences in hydrophobicity. The lipase adsorption, at low ionic strength,
increased lipase activity and stability. The characterization and application demonstrated two different
enzymes with distinct properties, mainly in their transesterification capacity. Moreover, the results
indicated a slightly enantioselectivity improvement; the transesterification reactions showed excellent
capacity of Lip2 to be used in biodiesel production and hydrolysis of sardine oil, releasing omega
3, suggesting the enzyme applicability in industrial food processes. Improvements using genetic
engineering are been studied.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/8/2/84/s1,
Figure S1: SDS-PAGE analysis. (A) pure Lip1 adsorbed on octyl Sepharose (B) pure Lip2 adsorbed on octadecyl
Sepabeads. M: molecular marker; 1: crude extract before immobilization; 2: octyl supernatant; 3: octyl derivative;
4: octadecyl derivative.
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