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Modification of Milkfat Physical Properties by Immobilized

Pseudomonas fluorescens Lipase

Peychii Lee' and Harold E. Swaisgood* "+

Departments of Biochemistry and Food Science, North Carolina State University,
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A bifunctional fusion protein was constructed by fusion of the streptavidin gene from Streptomyces
avidinii to the lipase gene from Pseudomonas fluorescens, and the resulting streptavidin—lipase

was expressed in Escherichia coli.

Immobilized streptavidin—lipase was prepared by direct

bioselective adsorption from crude cell lysates on biotinylated controlled-pore glass and used to
catalyze interesterification of anhydrous butteroil. Changes in the triacylglycerol composition
indicated that those with equivalent carbon numbers (ECN) ranging from 36 to 42 decreased, while
those with ECN values from 48 to 50 increased following interesterification for 120 h in hexane at
42 °C. Both the melting temperatures and the solid fat content at various temperatures were lower
as compared to those of the unmodified butteroil. Addition of unsaturated fatty acids, linoleic and
linolenic, yielded modified butteroils with lower melting points and solid fat content, whereas addition
of saturated fatty acids, palmitic and stearic, increased the solid fat content of the modified butteroil.
The liquid butteroil could function as a solvent as well as the substrate; however, the interesteri-
fication reaction rate was much slower than in hexane.
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INTRODUCTION

Bovine milk contains about 4% (w/w) of fat, in which
>95% of the milkfat is triacylglycerols followed by
diacylglycerols (~2%) and phospholipids (~1%) (Swais-
good, 1996). Over 400 different fatty acids have been
identified in bovine milkfat; however, only 10 fatty acids
are quantitatively significant [>1% (w/w); Jensen, 1992].
Palmitic acid (26%), oleic acid (25%), stearic acid (12%),
and myristic acid (10%) are the predominant fatty acids
in milkfat. Due to a positive correlation between high-
fat diets, particularly those high in saturated fatty acids,
and atherosclerosis, milkfat consumption in the United
States has been reduced dramatically. To extend milk-
fat uses and improve its nutritional properties, process-
ing steps such as fractionation (Fouad et al., 1990),
hydrolysis (Chen and Pai, 1991; Ha and Lindsay, 1993),
and interesterification (Kalo et al., 1986,1990; Elliott
and Parkin, 1991; Christensen and Holmer, 1993;
Bornaz et al., 1994; Kermasha et al., 1995) have been
applied to milkfat. The resulting products have distin-
guishing melting points, solid fat contents, flavor, and
fatty acid distributions on the glycerol backbone as
compared with those of unmodified milkfat.

Interesterification catalyzed by lipase from Candida
cylindracea yielded products similar to those formed
with sodium methoxide (Kalo et al., 1986). Significant
changes occurred in the concentrations of monounsat-
urated triacylglycerols with 36 and 38 acyl carbons,
which are decreased by 45 and 52%, respectively, and
in the concentrations of trisaturated triacylglycerols
with carbon numbers ranging from 44 to 50, which are
increased by 26% after a 14-day reaction period (Kalo
et al., 1986). The triacylglycerol compositions of
Pseudomonas fluorescens lipase-treated butterfat are
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similar to those calculated for a random distribution
(Kalo et al., 1990). Adding high-melting trimyristin or
tripalmitin to butter resulted in an increase of the solid
fat content by 114% after 48 h of interesterification
catalyzed by sn-1,3-specific Mucor miehei lipase (Bornaz
et al., 1994). Christensen and Holmer (1993) prepared
a human milkfat analogue that had the same total fatty
acid composition and positional distribution as those
found in human milk using a Rhizomucor miehei lipase-
catalyzed modification of butteroil.

Lipases catalyze both reversible hydrolysis and syn-
thesis of acylglycerols. By using organic solvents and
limiting water content in the reaction medium, lipase-
catalyzed hydrolysis of lipids can be minimized, where-
upon interesterification becomes the dominant reaction
(Macrae, 1983; Sonnet et al., 1986; Lilly and Dunnill,
1987; Chulalaksananukul et al., 1990; Elliott and Par-
kin, 1991; Lie and Molin, 1991; Miller et al., 1991; Haas
et al., 1993, 1995; Triantafyllou et al., 1993; Valivety et
al., 1994). Besides reducing the water content in the
reaction medium, organic solvent also increases the
solubilities of lipids, improves thermostabilities of li-
pases, and possibly “freezes” the active conformation of
the lipases (Neidleman and Geigert, 1984; Zaks and
Klibanov, 1984, 1985; Ahearn and Klibanov, 1986;
Russell and Fersht, 1987; Reetz et al., 1996). Recently,
interesterification of milkfat in the absence of an organic
solvent was reported by Kalo et al. (1990), Elloitt and
Parkin (1991), and Bornaz et al. (1994), which indicates
that butteroil could act as dispersant as well as sub-
strate in the reaction mixture (Elliott and Parkin, 1991).
By not using organic solvents, requirements for their
removal after interesterification could be eliminated and
their possible toxicity to humans thus avoided.

The purpose of this study was to investigate the
feasibility of modifying the physical properties of milkfat
by P. fluorescens lipase immobilized by bioselective
adsorption. Previously, we have shown that biotinyl-
ated C. cylindracea lipase immobilized on biotinylated
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matrices through an avidin spacer exhibited better
interesterification activity than did soluble lipase in an
organic solvent (Lee and Swaisgood, 1997a). Also, we
have constructed a streptavidin—lipase expression vec-
tor and demonstrated that the streptavidin—lipase
chimeric protein produced by Escherichia coli could be
simultaneously purified and immobilized on biotinlyated
matrices in a single step (Lee and Swaisgood, 1997b).
In this study, the immobilized streptavidin—lipase
fusion protein was used to catalyze the interesterifica-
tion of milkfat with a variety of fatty acids either in the
presence or in the absence of organic solvent, and the
resulting compositional changes were determined by
reversed-phase HPLC, while the melting points and
solid fat contents were analyzed by differential scanning
calorimetry.

MATERIALS AND METHODS

Preparation of Biotinylated Beads. Controlled-pore
glass beads with a particle size of 120/200 mesh and a mean
pore diameter of 302 nm (CPG-3000) were obtained from CPG
Inc. (Fairfield, NJ). The beads were derivatized with (3-
aminopropyl)triethoxysilane according to the methods of Jano-
lino and Swaisgood (1982). The aminopropyl beads were
biotinylated using sulfosuccinimidyl-6-(biotinamido)hexanoate
(NHS-LC-biotin) (Pierce, Rockford, IL) dissolved in 50 mM
sodium bicarbonate buffer, pH 8.5, at a concentration of 5 mg/
mL.

Immobilization of Streptavidin—Lipase Fusion Pro-
tein. The construction of plasmid pSTLP2 was described
previously by Lee and Swaisgood (1997b). Briefly, the lipase
gene from P. fluorescens B52 (Tan and Miller, 1992) was
modified by a polymerase chain reaction (PCR) to introduce
Sall and Kpnl restriction sites into 5' and 3' ends of the gene,
respectively. The PCR-modified lipase gene was cloned in-
frame at the 3'-end of streptavidin gene in plasmid pStp4
(Walsh and Swaisgood, 1994). The constructed plasmid,
pSTLP, was used to transform E. coli NM 522 (Invitrogen, San
Diego, CA). Lipase-producing colonies were identified by
screening on tributyrin and trioleoylglycerol-rhodamine B agar
plates. Expression of the streptavidin—lipase fusion gene was
induced by adding 2 mM isopropyl 3-b-thiogalactopyranoside
(IPTG) (Ambion, Austin, TX) to the lipase-producing E. coli
cell cultures. Induced cell cultures were further incubated
overnight before harvesting by centrifugation. Cell pellets
were resuspended in 10 mM Tris-HCI buffer, pH 7.5, contain-
ing 1 mM EDTA, 0.5 M NacCl, and 10 mM MgClI;, (lysis buffer),
and the cells were disrupted using a sonic dismembrator
(Fisher Scientific, Atlanta, GA). Cell lysate was centrifuged
at 8000g at 4 °C for 15 min, and the supernatant was collected
as soluble protein fraction 1. The cell precipitate was washed
twice with the lysis buffer supplemented with 0.1% Triton
X-100, and a supernatant (soluble protein fraction 2) was
collected by centrifugation and combined with the soluble
protein fraction 1 to give the total soluble protein fraction. The
combined soluble protein fraction was circulated through the
biotinylated CPG-3000 overnight at 4 °C. Immobilized enzyme
beads were washed, first with 2 M urea followed by 4 M NaCl,
to remove any nonspecifically bound proteins and finally with
0.1 M Tris-HCI, pH 7, containing 0.02% sodium azide.

Modification of Butteroil by Immobilized Lipase-
Catalyzed Interesterification. Anhydrous butteroil (0.5 g;
Danish Maid, Chicago, IL) with or without 100 mg of free fatty
acid (myristic acid, palmitic acid, stearic acid, linoleic acid, or
linolenic acid; Sigma Chemical, St. Louis, MO) was dissolved
in 20 mL of hexane. Immobilized streptavidin—lipase beads
(0.2 g) were added to the mixture, and the mixture was
incubated in a 42 °C shaker operating at 200 rpm (New
Brunswick Scientific Inc., Edison, NJ). For interesterification
conducted in the absence of hexane, 10 g of butteroil was
preincubated in the 42 °C shaker for 30 min before 0.2 g of
immobilized enzyme beads was added to the melted butteroil.
A small amount (~60 uL) of sample was withdrawn from the
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reaction mixture every 24 h. The samples were filtered
through a 0.2-um filter disk, dried under nitrogen gas, redis-
solved in diethyl ether/acetonitrile (90:10, v/v), and analyzed
by reversed-phase HPLC. The HPLC system was composed
of a SSI 222B HPLC pump (SSI Scientific Inc., State College,
PA), two in-series 250-mm x 4.6-mm Zorbax ODS columns
(Mac-Mod Analytical Inc., Chadds Ford, PA), and a Waters
differential refractometer R401 (Millipore Corp., Milford, MA).
The mobile phase used was acetone and acetonitrile (63.5:36.5,
v/v) at a flow rate of 1 mL/min (EI-Hamdy and Perkins, 1981;
Frede and Thiele, 1987).

After 120 h of incubation, the added free fatty acid was
separated from mono-, di-, and triacylglycerols of the butteroil
by thin-layer chromatography (TLC) according to the method
of Linfield et al. (1984). The butteroil was filtered through a
0.45-um filter disk, dried under nitrogen gas, and redissolved
in methylene chloride at a concentration of ~60 mg of acids
and acyglycerols/mL of solvent. One milliliter was applied on
a 20- x 20-cm silica gel G plate (Fisher Scientific). The
developing solution was prepared fresh daily by combining 210
mL of petroleum ether, 90 mL of anhydrous ethyl ethee, and
0.4 mL of formic acid. The separated bands were visualized
by exposing the plate to iodine vapor, and the bands corre-
sponding to mono-, di-, and triacylglycerols were scraped from
the TLC plate, extracted twice with diethyl ether, dried under
nitrogen gas, and stored at —20 °C. These samples were used
for thermal analyses.

Thermal Analysis. A Perkin-Elmer 7 series differential
scanning calorimeter (DSC) (Norwalk, CT) was used to mea-
sure the melting curves of the butteroil. The machine was
calibrated against indium (156.61 °C) and dodecane (—9.6 °C)
according to the manufacturer’s instruction manual. Before
the melting curve was measured, the butteroil samples were
cooled from 30 to —60 °C at 8 °C/min and heated to 50 °C at
the same rate to destroy any previous crystalline structures
(Kalo et al., 1986). The DSC was programmed to cool the
samples to —60 °C at 8 °C/min. After a 10-min holding period
at —60 °C, the melting curves were measured during heating
of the samples to 50 °C at 8 °C/min. The solid fat content of
the butteroils as a function of temperature ranging from 0 to
50 °C was determined by integration of the DSC melting curve
using the analysis program supplied by Perkin-Elmer.

RESULTS

Triacylglycerol Composition of Butteroils. The
triacylgylcerols of butteroil were separated by reversed-
phase HPLC according to their equivalent acyl carbon
number (ECN; EI-Hamdy and Perkins, 1981) and degree
of saturation. Typical HPLC profiles of butteroil tri-
acylglycerols, similar to those observed by Frede and
Thiele (1987) and Bornaz et al. (1994), were obtained.
Forty different peaks, which correspond to triacylglyc-
erols with ECNs from 30 to 50, could be distinguished
in the chromatogram. Because the separation of but-
teroil triacylglycerols by reversed-phase HPLC was
conducted at room temperature, the highest ECN of
butteroil triacylglycerols that eluted from the reversed-
phase HPLC was 50, compared with an ECN of up to
52 at elution temperatures of 30 or 35 °C (Frede and
Thiele, 1987). Peaks in the chromatogram were ob-
served in groups of four, each representing a single class
of triacyglycerols having the same ECN. In each class,
the first peak is triunsaturated triacylglycerols, whereas
the second, third, and fourth peaks are mainly diun-
saturated, monounsaturated, and trisaturated triacyl-
glycerols, respectively (Frede and Thiele, 1987; Bornaz
et al., 1994). The percentages and the changes of
butteroil triacylglycerol compositions before and after
immobilized lipase-catalyzed interesterification in hex-
ane are shown in Figure 1. Changes resulting from
interesterification were mainly in the triacylglycerols
with ECN values ranging from 36 to 42 (peaks 9—24)
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Figure 1. Composition (A) and percentage change (B) of the triacylglycerols of butteroil modified by immobilized lipase-catalyzed
interesterification at reaction times of 0 and 120 h. The interesterification reaction mixture contained 0.2 g of immobilized lipase
beads and 0.5 g of butteroil dissolved in 20 mL of hexane. The reaction temperature was 42 °C.

and from 48 to 50 (peaks 33—40) (Figure 1B). A
decrease in product percentages was observed for the
triacylglycerols with ECN values of 36—42 (peaks 9—21,
23, and 24), whereas an increase was observed for those
with ECN values of 48—50 (peaks 33—40). Similar
changes in milkfat composition were reported by Kalo
et al. (1986) when they used C. cylindracea lipase or
sodium methoxide to catalyze interesterification. Also,
similar but less intense compositional changes of but-
teroil triacylglycerols were observed when butteroil was
used as both a reaction substrate and a dispersed
solvent (data not shown). Although reversed-phase
HPLC analyses do not identify the fatty acid component
in each peak, those triacylglycerols whose quantities
were increased after interesterification corresponded to
the nature of the fatty acid added to the reaction
mixture. El-Hamdy and Perkins (1981) reported that
the presence of each double bond in a triacylglycerol
would decrease the ECN of that triacylglycerol by 2.
Thus, triacylglycerols containing linolenic (octadecatri-
enoic) acid would be eluted from the reversed-phase
HPLC together with those containing lauric (dodecanoic)
acid [18 — (2 x 3) = 12]. The effects of adding linolenic
acid to the interesterification reaction mixture on the
triacylglycerol composition of butteroil are shown in
Figure 2. The main changes were in the triacylglycerols
with 36—48 acyl carbons (peaks 9—36). Triacyglycerols
with ECN values of 36—40 (peaks 9—20) decreased, and
those with ECN values of 42—46 (peaks 21-32) in-
creased after 120 h of interesterification. The increased
amounts of triacylglycerols (ECN from 42 to 46; peaks
21-32) after interesterification corresponded to those
that incorporated linolenic acid into glycerol backbone.

Similarly, a decrease of triacylglycerols with ECN
values ranging from 36 to 44 (peaks 9—28) and an
increase of triacylglycerols with ECN values ranging
from 46 to 50 (peaks 29—40) were observed when
palmitic (hexadecanoic) acid was added to the interest-
erfication reaction mixture (Figure 3). The ECN of
palmitic acid (C16:0) is 16; thus, triacylglycerols whose
concentrations were increased after interesterification
were observed in those with ECN values of 46 or higher
(peaks 29—40).

Melting Properties and Solid Fat Content of
Butteroil. The melting temperatures of interesterifi-
cation-modified and untreated butteroil determined by
DSC are listed in Table 1. There were noticeable
differences between the melting curves observed for
interesterification-modified and untreated butteroils.
Three peaks were discernible in the melting curves of
unmodified butteroil and those that had been modified
by interesterification with immobilized lipase in the
presence of an added fatty acid. However, only two
peaks were observed in the melting curves of butteroil
interesterified in hexane without any added fatty acid
in the reaction mixture. The untreated butteroil had
mean melting points of 8.99, 15.76, and 32.43 °C in the
low-, medium-, and high-melting ranges, respectively.
The medium- and high-melting points of butteroil were
changed from 15.76 to 11.43 °C and from 32.43 to 29.15
°C, respectively, following immobilized lipase-catalyzed
interesterification in the presence of hexane. Decreases
of melting temperature were also observed for butteroil
modified by immobilized lipase-catalyzed interesterifi-
cation in the presence of unsaturated fatty acids such
as linoleic (octadecadienoic) acid or linolenic (octadec-
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Figure 2. Composition (A) and percentage change (B) of the triacylglycerols of butteroil modified by immobilized lipase-catalyzed
interesterification at reaction times of 0 and 120 h. The interesterification reaction mixture contained 0.2 g of immobilized lipase
beads, 0.5 g of butteroil, and 100 mg of linolenic acid dissolved in 20 mL of hexane. The reaction temperature was 42 °C.

atrienoic) acid (Table 1). The more double bonds the
fatty acid contained, the lower the melting temperature
of the modified butter after interesterification. By
contrast, the medium-melting temperature of butteroil
was increased from 15.76 to 17.41 °C after interesteri-
fication in the presence of myristic (tetradecanoic) acid.
Adding palmitic (hexadecanoic) acid to the interesteri-
fication mixture increased both medium- and high-
melting temperatures from 15.76 and 32.43 °C for
unmodified butteroils to 24.07 and 41.40 °C after
interesterification, respectively. Only the high-melting
temperature of modified butteroil was increased by
interesterification in the presence of stearic (octade-
canoic) acid.

The solid fat contents of untreated and modified
butteroils interesterified in the presence of fatty acids
at temperatures ranging from 10 to 50 °C are shown in
Figure 4 and Table 2. Untreated butteroil contained
~26% solid fat at 25 °C and was completely melted at
temperatures above 35 °C. After interesterification, the
solid fat content of butteroil that was modified by
immobilized lipase in the presence of stearic acid was
increased by 1.7-fold (~44%) at 25 °C and still contained
33% solid fat at 35 °C. On the other hand, adding
linoleic acid or linolenic acid to the interesterification
mixture decreased the solid fat content of modified
butteroil as compared with that of untreated butteroil
at temperatures ranging from 10 to 25 °C. Butteroils
that were modified by immobilized lipase in the pres-
ence of linoleic acid or linolenic acid contained only 8
and 1% solid fat, respectively, at 25 °C. Furthermore,
those butteroils were completely melted at temperatures
above 30 °C, whereas untreated butteroil still contained

~10% solid fat. In the absence of added fatty acids, our
results showed a 35% decrease in the solid fat content
of butteroil at 20 °C after interesterification by im-
mobilized streptavidin—P. fluorescens lipase in hexane
after 120 h.

DISCUSSION

Interesterification catalyzed by bioselectively ad-
sorbed streptavidin—lipase bifunctional fusion protein
changed the triacylglycerol composition of butteroil and
thus its functional properties. The compositional changes
that occurred depended upon the reaction conditions,
such as the addition of fatty acids and the type of acid
added. The major changes in triacylglycerol composi-
tion due to immobilized lipase-catalyzed reactions in
hexane solutions were for those with ECN values
ranging from 36 to 42 and from 48 to 50. Similar
observations were made for interesterification reactions
catalyzed by C. cylindracea lipase and sodium methox-
ide (Kalo et al., 1986), probably because both C. cylin-
dracea and P. fluorescens lipases are nonspecific and
therefore the acyl exchanges among the triacylglycerols
are random (Kalo et al., 1990). Although the percent-
ages of triacylglycerols within the ECN range of 48—50
increased after 120 h of reaction in hexane, the modified
butteroil exhibited lower melting points in both the
medium- and high-melting point ranges as compared
with unmodified butteroil. This apparent contradiction
has been attributed to the presence of mono- and
diacylglycerols in the final product, which yields a softer
butteroil (Kalo et al., 1986). Butteroil has been frac-
tionated into solid and liquid fractions on the basis of
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Figure 3. Composition (A) and percentage change (B) of the triacylglycerols of butteroil modified by immobilized lipase-catalyzed
interesterification at reaction times of 0 and 120 h. The interesterification reaction mixture contained 0.2 g of immobilized lipase
beads, 0.5 g of butteroil, and 100 mg of palmitic acid dissolved in 20 mL of hexane. The reaction temperature was 42 °C.

Table 1. Mean Melting Temperatures? of Untreated and
Immobilized Lipase-Modified Butteroils As Determined
by DSCP

sample T, (°C) T2 (°C) T3 (°C)

untreated butteroil 899 +0.35 15.76 £0.13 32.43 +£0.37

treated in hexane NP¢ 11.43+0.97 29.15+0.10
treated without 7.22 +£3.06 15.25+4+0.19 29.45+1.76
solvent
C14:0 added 8.11+0.76 17.41+0.43 28.47 +4.33
C16:0 added 6.35+1.26 24.07+1.92 41.40+ 3.83
C18:0 added 1.76 +£1.49 17.29 +1.07 41.14 +0.96
C18:2 added 3.58 £ 0.47 10.66 &+ 0.62 28.55 + 0.62
C18:3 —1.62 +0.40 8.05+0.49 27.84 +0.08

a Average of three measurements. ? Reaction mixture composi-
tions and reaction conditions are described under Materials and
Methods. ¢ Not present.

temperature in the range of 17—29 °C (Fouad et al.,
1990). The liquid fractions produced at temperatures
ranging from 21 to 29 °C have two transition temper-
atures (DSC) corresponding to the medium- and high-
melting ranges. Consequently, the melting properties
of the softer butteroil produced by immobilized lipase-
catalyzed interesterification are similar to those of the
butteroil liquid fraction produced by thermal fraction-
ation.

Interesterification can be carried out in liquid but-
teroil without dissolution in an organic solvent (Kalo et
al., 1990; Elliott and Parkin, 1991; Bornaz et al., 1994).
Acyl exchanges of butteroil triacylglycerols catalyzed by
immobilized lipase in the absence of hexane were
similar to those dissolved in hexane; however, the
reaction rate was much slower. The slower change in
percentage composition and corresponding change in
functional properties was partly due to the presence of
a larger quantity of butteroil (10 g) in the reaction

70.00

60.00 -

50.00

40.00+

30.00

20.00

Solid Fat Content (%)

Temperature(°C)

Figure 4. Solid fat contents of untreated butteroil and
butteroil interesterified with added fatty acids by immobilized
lipase as determined from their melting curves by DSC at
temperatures ranging from 10 to 50 °C: (O) C14:0; (<) C16:0;
(O) C18:0; (») C18:2; (box with cross) C18:3; (®) untreated.

without hexane as compared with that for the hexane
solution (0.5 g); thus, the amount yielding a 10% change
in the butteroil composition in hexane would yield only
a 0.5% change in the composition for the reaction in
butteroil. Nevertheless, the liquid butteroil was quite
viscous at 42 °C. Organic solvents are frequently used
because they enhance the reaction rate both by lowering
the viscosity of the medium and by solubilizing nonpolar
substrates (Dordick, 1989). Elliott and Parkin (1991)
observed a decline in the initial rate of esterification of
hendecanoic acid (C11:0) to butteroil in 100% butteroil
as compared with that in organic solvent, which they
attributed to an increase in viscosity. These authors
also found that the optimum temperature for acyl
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Table 2. Solid Fat Contents? of Untreated Butteroil and Butteroil Modified by Immobilized Lipase-Catalyzed

Interesterification As Determined by DSC

Lee and Swaisgood

butteroil 10°C 15°C 20°C 25°C 30 °C 35°C 40 °C 45 °C
untreated 65+2.1 509 +24 38.3+2.6 25.7+1.6 99+1.0 0
treated in hexane 61.2+24 281+29 24.7+0.8 87+11 0
no solvent 56.5 + 3.2 383+27 328+ 34 235+31 108+ 25 15+0.7 0
C14:0 added 542 +5.1 40.7 = 4.4 285+43 155+ 27 47+18 09+0.7 0
C16:0 added 500+ 4.4 50.3 +3.9 414+ 38 31.5+42 22.5+3.8 11.3+6.0 15+07 0
C18:0 added 628+ 3.1 56.24+ 2.0 46.0 + 4.2 441 + 3.7 41.0+1.0 333+1.0 179+ 3.6 28+18
C18:2 added 424 +3.1 27.1+23 19.4+£25 82+1.8 0
C18:3 added 40.0+1.5 242 +0.9 13.2+1.6 11+£0.3 0

a Average of three measurements.

exchange between hendecanoic acid and butteroil was
70 °C, at which the viscosity is considerably lower.

Adding unsaturated fatty acids to the interesterifi-
cation reaction mixture, such as linoleic or linolenic acid,
decreased melting temperatures of the modified but-
teroils in all three melting ranges. On the other hand,
adding saturated fatty acids to the reaction mixture
significantly increased either the medium or high, or
both, melting temperatures of the modified butteroils,
depending on the fatty acids added. For example,
myristic acid, which is a medium-chain-length acid,
increased the medium-range melting point by nearly 2
°C, whereas palmitic acid, which is two carbons longer,
increased both the medium- and high-range melting
points by approximately 8 and 9 °C, respectively.
However, stearic acid, which is a long-chain fatty acid,
affected only the high-range melting point, increasing
it by about 9 °C. Lowering of the melting points in the
low-melting range of the modified butteroil, even when
saturated fatty acids were in the reaction mixture, has
been attributed to hydrolysis of the butteroil (Kalo et
al., 1986; Bornaz et al., 1994). Previously, we have
shown that hydrolysis occurred during immobilized
streptavidin—lipase-catalyzed interesterification of the
model substrate mixture of tricarylin and oleic acid (Lee
and Swaisgood, 1997b).

The solid fat content of butteroil at 20 °C (38%)
decreased to 25% after interesterification catalyzed by
immobilized streptavidin—lipase in hexane. However,
Kalo et al. (1986) observed a 2% increase in the solid
fat content of butteroil at 20 °C after interesterification
for 10 days with C. cylindracea lipase, and Kalo et al.
(1990) found a 39% increase after interesterification of
butteroil in isooctane with immobilized P. fluorescens
lipase. These differences are probably caused by a
greater amount of hydrolysis in this study that resulted
from higher water content of the immobilized enzyme.
However, addition of palmitic or stearic acid to the
reaction mixture increased the solid fat content of the
modified butteroil, as would be expected when these
medium- and long-chain saturated fatty acids are
exchanged into the triacylglycerols. The amount of
incorporation should depend upon the concentration of
the added fatty acids, as was shown for immobilized
lipase-catalyzed interesterification of tricaprylin with
oleic acid (Lee and Swaisgood, 1997a,b) and the lipase-
mediated acyl exchange between C11:0 and butteroil
(Elliott and Parkin, 1991). Also, the solid fat content
of modified butteroil was increased by adding high-
melting triacylglycerols, such as trimyristin and tri-
palmitin, to a lipase-mediated interesterification reac-
tion mixture (Bornaz et al., 1994).

Addition of unsaturated fatty acids to the interest-
erification reaction mixture resulted in a modified
butteroil that contained less solid fat at various tem-
peratures than the unmodified fat or that modified in

hexane without any added fatty acid. As would be
expected when unsaturated fatty acids were exchanged
into the triacylglycerols, as the number of double bonds
in the fatty acid increased, the solid fat content de-
creased. Presumably both hydrolysis and interesteri-
fication of the triacylglycerols contributed to the low-
ering of the solid fat content of butteroils treated with
immobilized lipase in the presence of unsaturated fatty
acids.

These studies are the first to demonstrate that a
recombinant bifunctional streptavidin—lipase, immobi-
lized via bioselective adsorption directly from the crude
cell lysate, could be used in a bioreactor for interesteri-
fication of butteroil either as the liquid butteroil or
dissolved in hexane. Furthermore, the functional prop-
erties such as the softness or melting points can be
designed by choice of interesterification reaction condi-
tions including addition of appropriate fatty acids.
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