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Evaluation of Lipid Modified Lipase for Interesterification and Hydrolysis Reactions

in n-Hexane
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Lipase modification by addition of lipid is a simple and effective way to greatly improve enzyme activity for
n-hexane based interesterification and hydrolysis reactions. The ranges of modifying lipids and lipases were
evaluated, with stearic acid and lipase Saiken 100 (Rhizopus japonicus) investigated in more detail. Enzyme protein
recovery and activity were influenced by the quantity of stearic acid addition and the pH of the aqueous preparation
phase. Modified lipase protein was characterized using SDS-PAGE electrophoresis. In addition, modified lipase was
immobilized within alginate beads allowing for easy biocatalyst separation and re-use for hydrolysis reactions in

n-hexane.
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Lipases are of great interest because of their ability to
convert fats and oils into high value products (Bjorkling et
al, 1991; Vulfson, 1993). Reaction water content is critical for
determining reaction rates with an excess favoring hydrolytic
reactions (Zaks & Klibanov, 1988). Water content can be
regulated using organic solvents (Laane er al, 1987). In
addition, organic reaction media improves substrate solubil-
ity and stability and aids facile product recovery (Dordick,
1989; Klibanov, 1990). However, crude lipases typically show
little or no activity in organic solvents, hence methods to
improve both the activity and stability are of particular
importance (Baillargeon & Sonnet, 1988; Basri et al, 1992).
One approach has been to immobilize lipase on proper
powder in the presence of a polyol (Yamane et al, 1990;
Dabuis & Klibanov, 1993; Triantafyllou et al, 1995). Enzyme
modification with polyethylene glycol (Baillargeon & Sonnet,
1988: Kodera ef al, 1994) or solubilization with reversed
micelles (Yamada et al, 1994, Marangoni et al, 1993; Hayes
& Gulari, 1990) was also attempted.

Enzyme coating by oil soluble surfactants has also im-
proved activity in organic media (Okahata & Ijiro, 1988;
Goto et al, 1993, 1995; Basheer et al, 1995a). It is thought
that the hydrophilic heads of the lipid molecules attach to the
lipase surface with the hydrophobic tails arranged on the
outer side allowing the modified lipase to disperse in
hydrophobic solvents (Okahata & Ijiro, 1988; Basheer et al,
1995a). This modification locks the enzyme in a unique
catalytically active confirmation (Basheer et al, 1995a).

This paper evaluates the suitability of various lipids for
modifying lipase Saiken 100 and assesses the effect of lipid/
enzyme interactions on activity. Stearic acid modification is
investigated in more detail demonstrating how preparation
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conditions can also affect activity. Modified lipase protein is
characterized using SDS-PAGE electrophoresis. Other lipases
are also investigated with crude and modified forms com-
pared. In addition, the immobilization of stearic acid
modified lipase within alginate beads is also discussed.

Materials and Methods

All chemicals were supplied by Wako Pure Chemicals,
Ltd., Osaka, except for the following: Crude lipases Saiken
100 (Nagase Biochemicals, Osaka), Asahi (Asahi Chemicals
Industry, Tokyo), Kurita (Kurita Water Industry, Tokyo),
Lipolase (Novo Nordisk A/S, Bagsvaerd, Denmark), and
Talipase (Tanabe Seiyaku Co. Ltd., Osaka). The enzymes
contained 11.2, 9.8, 0.9, 2.2 and 5.3 wt% protein, respectively,
as determined by the Hartree method (Hartree et al, 1972).
All mono-, di-, and tri-glycerides were purchased from Sigma.
Before use n-hexane was dried over molecular sieves (200 g
molecular sieves 4 A/3 [ n-hexane) to give a water concentra-
tion of 10 mg//.

Analytical methods Interesterification and hydrolysis
samples (0.4 ml) were removed from the reaction media,
filtered (0.5 m, Millipore) and analyzed by gas chromatogra-
phy (Basheer e al, 1995a) and thin layer chromatography
with a flame-ionization detector (Itoh & Sugai, 1988).

Modified lipase preparation Lipase Saiken (90 mg)
was added to 30ml of 5mmol// tris (hydroxymethyl)
aminomethane solution (pH 5) and stirred (600 rpm) at room
temperature. Fifty miligrams of stearic acid (or other lipid)
dissolved in 0.6 ml ethanol (40°C) was added dropwise to the
stirred solution. The mixture was sonicated for 15 min and
then stirred for 12 h at 5°C. The precipitate was recovered by
centrifugation (7000 g for 10 min), dried under vacuum for 8
h and stored overnight over silica gel at room temperature.
The modified lipase was kept at 5°C until used and had a
water content of around 5 wt%.
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Stearic acid modified lipase had a protein content of 7.3
wt%, and lipase Saiken was previously shown to have 1,3-
positional specificity (Basheer et al, 1995a).

Protein electrophoresis  Modified lipase protein was
characterized by sodium dodecy! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using the Phast System of
Pharmacia Fine Chemicals (Tsuzuki et al, 1993).

Preparation of alginate beads Stearic acid modified
lipase (20 mg) was added to 2 ml of 4% sodium alginate and
mixed with 2 ml distilled water (pH 7) or 5 mmol// (hydrox-
ymethyl) aminomethane tris solution (pH 5). The resulting
solutions were stirred for 5 min and added dropwise to 20 ml
of 1% calcium chloride to produce alginate beads 2-3 mm in
diameter. The beads were left for 45 min, transferred to 0.8%
barium chloride (10 ml) for 10 min and finally washed with
distilled water or tris solution, touch-dried with tissue paper
and used for reaction studies.

Reaction conditions The hydrolysis reaction was
between 121 mg tripalmitin (6 mmol//) and 10 ml additional
water (400 mg//), while interesterification was carried out
between 250 mg tripalmitin (12.4 mmol//) and 250 mg stearic
acid (35 mmol//) with an additional water concentration of
0.5 ml (20 mg/ /). The reactions were initiated by addition of
20 mg crude or modified lipase to each flask containing 25 ml
dry n-hexane, substrates and additional water. The flasks were
held in a water bath at 40°C and magnetically stirred at 600
rpm. Interesterification activity is expressed as a specific
interesterification reaction rate constant k* [/2/(molegs
h)] ={interesterification reaction constant k (//(mol-h)]}/
{biocatalyst concentration E [g//]} (Basheer et al, 1995b).
In Table 3, the interesterification activity is expressed as mmol
PPS/(g initial protein-h) in order to compare different types
of lipase practically. Hydrolysis is expressed as mmol fatty
acid/(g+h). The g protein refers to g modified lipase protein
(Basheer et al, 1995b). The hydrolysis data given in Tables 1
and 2 were determined using the Novo Nordisk tributyrin
assay (Novo Nordisk A/S, 1991; Mogi & Nakajima, 1996).

Table 1. Effect of lipid on ML precipitate (Ppt) yield, Ppt protein content,
protein recovery, interesterification and hydrolysis activities.

Ppt protein Protein Interesterifica- Hydrolysis

Modlfying Pp[t );1;]1(1 content recovery  tion [/?/ (mmol/
aeen ¢ [%) (%] (mol-g-h)]  (g+h)
Capric acid 0.33 7.1 9.6 1.87 0.58
Palmitic acid 0.55 4.8 10.8 6.48 0.86
Stearic acid 1.24 3.0 15.2 245 2.10
Behenic acid 0.81 4.1 13.6 1.12 0.16
Oleic acid 0.89 4.0 14.7 245 1.03
Linoleic acid 0.59 37 89 1.40 0.52
Linolenic acid 0.40 42 6.8 0.29 0.30
Mono-stearin 1.35 2.8 15.4 18.7 1.05
Di-stearin 1.79 3.1 22.8 5.36 1.06
Tri-stearin 0.62 31 79 0.00 045
Tri-stearin® 4.82 29 57.2 0.00 3.90
Stearyl alcohol ~ 0.59 2.8 6.8 0.00 0.33
Methyl stearate  0.59 34 8.2 19.7 0.84

“Membrane separation; Ppt: precipitate formed after lipid addition to lipase
solution. Lipids were added during modified lipase preparation. See Fig.1 for
reaction conditions.
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Results and Discussion

Effect of various lipids on lipase modification and
activity During lipase modification, electrostatic interac-
tions with cationic and anionic surfactants resulted in poor
activity, with the latter type denaturing the protein structure
and unable to form complexes due to electrostatic repulsion
(Goto et al, 1993). As a result, saturated and unsaturated
fatty acids, mono-, di-, and tri-stearin, stearyl alcohol and
methyl stearate were evaluated for lipase Saiken modification
(Table 1).

Of all the saturated fatty acids tested (capric, palmitic,
stearic and behenic), the largest precipitate of 1.24 g// and
highest protein recovery of 15.2% was achieved using stearic
acid. The corresponding interesterification and hydrolysis
activities of 24.5 I/(mol-g+h) and 2.1 mmol/(g+h) were also
the highest (Table 1). Interesterification and hydrolysis
activities were enhanced with saturated fatty acids up to
carbon length C,4; however, behenic acid (C,,) showed very
poor activity (Fig. 1). With unsaturated fatty acids, activities
were reduced compared to stearic acid (C,5) and with degree
of unsaturation there was a concomitant decrease in activity
(Fig. 2). It is not clear why there is such a variation in these
results. Short chain length and unsaturation enhance the
fluidity of fatty acids and their derivatives. Horiuti and
Imamura (1978) found that long chain fatty acids (up to C4)
and unsaturated fatty acids were the most effective for
increasing lipase (Chromobacterium) activity.

With mono-, di- and tri-stearin lipase modification, only

Table 2. Effect of tris (5 mm) solution pH on stearic acid MOdified lipase
Ppt (precipitate) yield, Ppt protein content, protein recovery Interesterification
and hydrolysis activities.

Ppt protein protein Interesterifica- Hydrolysis

Buffer pH Pr[)t ;’}?ld content recovery  tion [/%/ [mmol/
s (%) (%)  (mol-geh)]  (g-h)
5 0.867 11.9 13.7 233 2.89
6 0.491 10.3 6.7 15.7 3.04
7 0.364 7.15 35 11.6 227
8 0.159 795 1.7 12.3 2.38

Ppt: Precipitate formed after lipid addition to lipase solution.
pH: Modified lipase preparation.

Table 3. Crude and modified lipases, precipitate (Ppt) yield, Ppt protein
content, interesterification and hydrolysis activities.

Lipase Pptyield Ppt protein Interesterification ~ Hydrolysis
[mg] content (%] [mmol/(g+h)] [mmol/(g+h))]
Saiken 0.00 0.30
Saiken 130 14.6 12.2 3.60
Asahi 0.00 1.3
Asahi 125 12.3 5.6 105
Kurita 444 62.2
Kurita 133 1.2 76.2 113
Lipolase 0.00 12.7
Lipolase 122 27 24.8 228
Talipase 0.00 32
Talipase 134 7.1 0.00 59

Lipases: Saiken (Rhizopus japonicus), Asahi (Chromobacterium viscosum),
Kurita ( Pseudomonas), Lipolase (Aspergillus oryzae), and Talipase ( Rhizopus
delemar). Ppt: Precipitate after lipid addition to lipase solution. modification:
90 mg crude lipase and 50 mg stearic acid.
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Fig. 1. Effect of fatty acid carbon chain length on modified lipase Saiken
interesterification © and hydrolysis O activities. Fatty acid was added during
modified lipase preparation. Interesterification reaction was between tripal-
mitin and stearic acid (both 250 mg) in 25 ml n-hexane containing 0.5 ml (20
mg/ /) water and 20 mg modified lipase. Hydrolysis activity was determined by
the tributyrin assay.
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Fig. 2. Influence of degree of fatty acid unsaturation on modified lipase

Saiken interesterification and hydrolysis activities. Fatty acid was added during
modified lipase preparation. See Fig. | for reaction conditions.

mono-stearin resulted in good interesterification and hydroly-
sis activity (Table 1). Tri-stearin addition resulted in a stable
emulsion, hence an ultrafiltration membrane was used to
concentrate the modified protein from the aqueous phase. As
a result, a high percentage (57%) of protein was recovered
(Table 1). Despite the vast difference between protein re-
covered by centrifugation (7.9%) or membrane separation
(57%), no interesterification activity resulted in either case;
however, hydrolysis activity was greatly improved with
membrane separation (Table 1). Stearic acid, mono-stearin
and methyl stearate-modified lipases displayed the highest
activities (Table 1), while long chain primary alcohols such as
stearyl alcohol showed no activity. This implies that the
presence of a stearic acid group in each molecule has an

359

important influence on activity. From these results, stearic
acid was selected for all subsequent enzyme modifications
having good overall activity (interesterification and hydroly-
sis). Interesterification was also monitored using tripalmitin
and oleic acid as substrates. In this experiment, stearic acid
also proved to be the best fatty acid for lipase modification
activity (results not shown).

It is estimated that 170-200 lipid molecules are required to
coat the surface of a lipase molecule as a monolayer (Okahata
& ljiro, 1988; Goto et al, 1993). The surface of a lipase
molecule is slightly negatively charged with non ionic
surfactant hydrogen binding probably having the most
beneficial effect on enzyme activity (Okahata & ljiro, 1988).
Mogi and Nakajima (1996) found that the hydrophile-
lipophile balance (HLB) value which describes the ratio of
hydrophilic radicals in a surfactant was of some influence in
determining activity and yield. Surfactants with HLB values
below four were not useful for modifying lipases. Goto ef al.
(1993) suggested that surfactants with large amounts of
hydrophobic groups were better due to their enhanced
solubility in organic solvents with the presence of branching
or a double bond showing higher activity than those without.
In addition to improved solvent dispersibility, enzyme
modification may also help to retain water and allow for
conformational flexibility (Green & Nakajima, 1995; Zaks &
Klibanov, 1988).

Stearic acid modification of lipase Saiken: preparation
conditions  Stearic acid used to modify lipase Saiken was
initiated by the dropwise addition of stearic acid (ethanol) to
a stirred lipase solution. The weight ratio of stearic acid
addition to lipase (R value) was investigated with the enzyme
weight kept constant (90 mg). Increasing the R value from 0
to 1 produced a linear response in the amount of modified
precipitate recovered (Fig. 3). The percentage of lipase
protein in the precipitate peaked at an R value of 0.55 after
which the percentage decreased (not shown). The protein
recovered reached a maximum (ca. 20%) with an R value of
0.55 with no further increase thereafter (Fig. 3). As expected,
the mmol free fatty acid (FFA)/g modified ppt after 24-h
hydrolysis reaction mirrored the precipitate protein content
with the highest activity between R values 0.2 and 0.6 (Fig. 3).
An R value of 0.55 was subsequently selected for future
experiments because it produced a high precipitate yield with
the highest protein content and good hydrolysis activity. It
also represented the point after which no more lipase was
recovered by further addition of stearic acid.

Lipase Saiken was modified using stearic acid (as previ-
ously described) with 25% of the lipase protein recovered. The
supernatant was decanted and 50 mg of stearic acid was
added to it resulting in a further 16% of protein recovered.
Two further stearic acid additions (50 mg) to the decanted
supernatants recovered a further 9 and 8% respectively. In
total therefore, 58% (5.8 mg) of the initial protein (10.1 mg)
was recovered by a four-step addition of stearic acid. This far
exceeds the 25% or so that was recoverable even at very high
R values after one-step addition. The presence of the modified
lipase may alter the HLB producing unfavorable binding
dynamics for any further interaction. Only when the modified
protein is removed (centrifugation) and the balance shifted
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Modified Precipitate (Ppt) [mg]
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Protein
Recovery

FFA Production After 24h [mmol FFA/g Ppt]

Y 0.4 0.6 0.8 1.0

R value [mg Stearic Acid/mg Lipase]
Fig. 3. The eflect of the stearic acid:lipase Saiken weight ratio (R value) on
modified precipitate yield [[] (mg), protein recovery A (%) and free fatty acid
(FFA) production © after 24 h hydrolysis reaction in n-hexane. Stearic acid
was added during modified lipase preparation. Hydrolysis reaction conditions:
20 mg modified enzyme, 25 ml n-hexane, 10 ml water, 121 mg tripalmitin.

does any further modification proceed (Mogi & Nakajima,
1996).

Protein recovery after stearic acid modification was also
affected by the pH of the aqueous preparation phase with pH
S proving to be the optimal value. Values above pH 5
produced a decrease in the amount of modified lipase
precipitate recovered and activity (Table 2). A tris solution (5
mmol//) was also found to be more effective than distilled
water (pH 7) for protein recovery over a range of pH values
(Basheer et al 1995a). This indicates that ionic interactions
between stearic acid and lipase are important. As a result,
lipase was dissolved in tris solution (pH 5) prior to modi-
fication.

Effect of modification on crude lipases Six lipases
were selected and their crude and modified forms compared.
Modification was undertaken as previously described with
stearic acid. Both interesterification and hydrolysis activities
were monitored. In all cases, the interesterification activity of
the crude enzymes were zero or very low. Modification
resulted in a dramatic increase in interesterification activity
(Table 3). Of the lipases tested, modified Saiken, Asahi,
Kurita and Lipolase showed the best interesterification
activities. In contrast, modification did not result in enhanced
hydrolysis activity for all enzymes with only Saiken, Asahi
and Kurita preparations having improved performance.
Overall, the modified enzymes Asahi and Kurita were best for
interesterification and hydrolysis respectively. However, the
high cost of Asahi and availability of Kurita may prohibit
commercial use. In addition, the proportion of hydrolytic
diglyceride byproducts produced during interesterification is
also important. It may be beneficial therefore to select a
particular lipase for interesterification or hydrolysis or to mix
two lipases exhibiting these different properties; indeed it may
also be beneficial to mix on the basis of activity and cost.

SDS-PAGE Modified lipase protein was character-
ized using SDS-PAGE electrophoresis (Fig. 4). Sample 1 is
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crude lipase Saiken which contained a range of proteins with
differing molecular weights. Sample 4 shows the molecular
weights of standard proteins. Stearic acid modification
(samples 2 and 3) caused a selective separation of lipase
protein corresponding to a molecular weight of around
30,000. As previously mentioned, crude lipase has little
activity in n-hexane. This selective adsorption of “active”
protein after stearic acid modification may also help to
explain why modified lipases are much more active than their
crude counterparts.

Immobilization within alginate beads Inherent prob-
lems of biocatalyst recovery and separation from the products
and modifying lipid led us to explore the possibility of
immobilizing modified lipase within alginate beads (2-3 mm
diameter). Sodium alginate (4%) was chosen as it involves
immobilization under mild conditions (temperature, pH).

Initial experiments showed there was a slight downfall in
the hydrolysis activity over consecutive 12-h batch reactions
using immobilized modified lipase (IML) as opposed to
modified lipase (ML). However, this decrease was not so
significant, especially if the activity period with the IML can
be extended. Another experiment was conducted to investi-
gate the effect of alginate preparation (aqueous phase inside
the beads) and bead “re-conditioning” on hydrolysis activity
over consecutive batch reactions using 5 mmol/! tris solution
(pH 5) and distilled water (pH 7).

Alginate beads prepared in water (A and B; Fig. 5) showed
very poor activity (dark shade) when compared to beads
prepared with tris solution (C and D). Furthermore, after
reconditioning (beads suspended in water or tris solution for
1 h; light shade), those beads suspended in solution (B and D)
retained a high percentage of their activity after a further 12-h
reaction period compared to those re-conditioned in water (A
and C). In the case of D where the beads were prepared and

-<d

-+ e

1 2 3 4

Fig. 4. SDS-PAGE electrophoresis. Sample [ is crude lipase Saiken standard
(30 mg/ml water). Samples 2 and 3 are stearic acid modified precipitates (10
and 11 mg modified lipase/ml water respectively). Sample 4 is molecular
weight standards: a, phosphorylase b (M.W. 94,000); b, albumin (M.W.
67,000); ¢, ovalbumin (M.W. 43,000); d, carbonic anhydrase (M.W. 30,000); e,
trypsin inhibitor (M.W. 20,100); f, @-lactalbumin (M.W 14,400).
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Fig. 5. Immobilization of modified lipase within alginate beads. Effect of

water and tris solution during bead preparation and re-conditioning on free
fatty acid production during hydrolysis in n-hexane. Consecutive batch
reactions (first (J, second 17) of 12 h were undertaken. Immobilized beads (2-3
mm diameter) contained 20 mg modified lipase. The reaction medium contain-
ed 25 ml n-hexane, 10 ml (400 mg//) water and 121 mg tripalmitin.

Bead preparation (25 ml) Re-conditioning (25 ml)

A- water (distilled, pH 7) water
B-  water tris solution (5 mmol//, pH 5)
C- tris solution water

D- tris solution tris solution
E- not immobilized (standard modified preparation)

re-conditioned in tris solution, 80% and 75% of the initial
diglycerides (not shown) and free fatty acid (mmol//) were
retained after a further reaction period (12 h) in fresh medium
(Fig. 5). If preparation D is compared to control E (modified
lipase), then a slight shortfall appears hydrolysis activity using
alginate beads. Tris solution (pH 5) has a significant effect on
retaining modified enzyme activity within alginate beads.

Immobilization of modified lipase within alginate beads
allows for easy biocatalyst re-use and separation. Alginate
beads are mechanically rigid and confer stability in organic
solvents. However, disadvantages include longer reaction
times due to poor mass transfer rates, difficult large scale
preparation and bead shrinkage due to water stripping by the
solvent. In addition, it is extremely difficult to control the
reaction water content. Preparation of “dry” immobilized
modified lipase catalysts suitable for interesterification reac-
tions is currently underway.
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