JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2006, 54, 5175-5181 5175

Candida rugosa Lipase LIP1-Catalyzed Transesterification To
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Structured lipids (SLs) containing palmitic and oleic acids were synthesized by transesterification of
tripalmitin with either oleic acid or methyl oleate as acyl donor. This SL with palmitic acid at the sn-2
position and oleic acid at sn-1,3 positions is similar in structure to human milk fat triacylglycerol.
LIP1, an isoform of Candida rugosa lipase (CRL), was used as biocatalyst. The effects of reaction
temperature, substrate molar ratio, and time on incorporation of oleic acid were investigated. Reaction
time and temperature were set at 6, 12, and 24 h, and 35, 45, and 55 °C, respectively. Substrate
molar ratio was varied from 1:1 to 1:4. The highest incorporation of oleic acid (37.7%) was at 45 °C
with methyl oleate as acyl donor. Oleic acid resulted in slightly lesser (26.3%) incorporation. Generally,
higher percentage incorporation of oleic acid was observed with methyl oleate (transesterification)
than with oleic acid (acidolysis). In both cases percentage incorporation increased with reaction time.
Incorporation decreased with increase in temperature above 45 °C. Initially, oleic acid incorporation
increased with increase in substrate molar ratio up to 1:3. LIP1 was also compared with Lipozyme
RM IM as biocatalysts. The tested reaction parameters were selected on the basis of maximum
incorporation of C18:1 obtained during optimization of LIP1 reaction conditions. Reaction temperature
was maintained at 45, 55, and 65 °C. Lipozyme RM IM gave highest oleic acid incorporation (49.4%)
at 65 °C with methyl oleate as acyl donor. Statistically significant (P < 0.05) differences were observed
for both enzymes. SL prepared using Lipozyme RM IM may be more suitable for possible use in
human milk fat substitutes.

KEYWORDS: Acidolysis; Candida rugosa lipase; human milk fat substitute; Lipozyme RM IM; LIP1;
structured lipids; transesterification; tripalmitin

INTRODUCTION (8). TAG are the main source of energy in both breast milk
and infant formula, providing 50% of dietary ener@).(Human
d’n”k fats (HMF) mostly contain long-chain fatty acids. The
major saturated fatty acid in human milk fat TAG is palmitic
acid (16:0), which represents about a fourth of the fatty acids
in breast milk. HMF contains-70% of its palmitic acid at the
sn-2 position. Stearic acidM5—7%), oleic acid £30—35%),
and linoleic acid 7—14%) are generally esterified to tka-

1,3 positions §). This gives a unique structure to HMF, and
lard is the only fat that has a similar structud. (The palmitate

Structured lipids (SLs) are often referred to as the new
generation of fats that can be considered as nutraceuticals: foo
or parts of food that provide medical or health benefits, including
potential for the prevention and/or treatment of diseadgs (
The SL is produced by chemical or enzymatic modification of
triacylglycerols (TAG) (2). In the past few years preference for
enzymatic modification of TAG over chemical modification has
gained attention due to its ability to catalyze reactions under

mild conditions and to produce specific composition and at thesn-2 position is not hydrolyzed by pancreatic lipase, and
functionality of the end product. Therefore, much research has posttion ydrolyzed by pancreatic lpase,
as 2-monopalmitin it forms a mixed micelle with bile salt, which

been performed for the production of SLs using lipases as .

. . o - is efficiently absorbed1(0, 11). The palmitic acids in then-
biocatalysts §—5). Typical applications of SLs are margarines, e S .
modifieg fis:fl o?l p);gducts[,)pcocoa butter, human gwilk fat 1,3 positions are hydrolyzed by pancreatic lipase, producing free

substitute, and many other lipid products-(7). palmitic acids, which form poorly absorbed calcium soap in

. : . . the intestine, and results in reduced absorption of calcium and
Human m!Ik cor_wta|n5\«3—5% total lipids, andzgo% of m'!k. fat (12—14). Because of the formation of these calcium soaps,
fat is TAG, in which fatty acids represent 88% of total lipids stool hardness, constipation, and in some cases bowel obstruc-
tions may occur. The presence of palmitic acid at &me2
* Author to whom correspondence should be addressed [e-mail position of HMF increases the absorption of 16:0 in the infant
cakoh@uga.edu; telephone (706) 542-1067; fax (706) 542-1050]. and reduces calcium loss in the fec#S)( Therefore, this unique

University of Georgia. h 0 . - -
8 Academia Sinica. TAG molecule with palmitic acid esterified at tlse-2 position
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Figure 1. Oleic acid incorporation at substrate molar ratios of 1:1, 1:2, 1:3, and 1:4 (tripalmitin/oleic acid and tripalmitin/methyl oleate). Samples were
analyzed at 6, 12, and 24 h. The X-axis represents substrate molar ratio. The Y-axis represents mole percent of C18:1 incorporation. Enzyme (LIP1)
amount was 10 wt % of total substrates. Incubation was at 200 rpm. Reaction was performed in n-hexane. Incubations were at (A) 35 °C, (B) 45 °C,
and (C) 55 °C. OA, oleic acid; MO, methy! oleate.

has a significant function in the development of infants.  The objectives of the present work were as follows: (1) The
Recently, many studies were done to produce SLs with similar reaction conditions required to synthesize SL using lipase
configuration for use in infant milk formula or as HMF substitute isoform 1 (LIP1) fromC. rugosaas biocatalyst were determined.
(16,17). Many of these studies were done using Lipozyme RM Tripalmitin, oleic acid, and methyl oleate were used as
IM as biocatalyst for the transesterification reactioh8, (L6). substrates. The reactions were followed with respect to oleic
Lipase fromCandida rugosas also one of the most attractive acid incorporation. Substrate molar ratio, reaction time, and
commercially available lipases for the complete hydrolysis of reaction temperature were studied. Products were also analyzed
TAG. The main advantage of this enzyme is that it works under for sn-2 positional fatty acids. (2) A comparative study using
mild conditions with optimum reaction temperature at 4D Lipozyme RM IM, a 1,3-positional preferential lipase from
(18). Commercial preparations @f. rugosalipase (CRL) are Rhizomucor meihgand a nonpositionally specific lipase (LIP1)
mixtures of lipase isomers. This enzyme is nonpositionally from C. rugosawas performed.

specific. There are seven isoforms (LHPIP7) present in crude

CRL (19—23). Lipase genes for LIP1, LIP2, and LIP3 were MATERIALS AND METHODS

successfully identified, and LIP1 and LIP3 were purified from Materials. Tripalmitin (glycerol tripalmitate, minimum purity=
commercial CRL preparations (24). 99%), oleic acid £99%), methyl oleate~99%), and porcine pancreatic
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Figure 2. Oleic acid/palmitic acid ratio at substrate molar ratios of 1:1, 1:2, 1:3, and 1:4 (tripalmitin/oleic acid and triplamitin/methyl oleate). Samples
were analyzed at 6, 12, and 24 h. The X-axis represents substrate molar ratio. The Y-axis represents mole percent of C18:1 incorporation. Enzyme
(LIP1) amount was 10 wt % of total substrates. Incubation was in n-hexane at 200 rpm. Incubations were at (A) 35 °C, (B) 45 °C, and (C) 55 °C. OA,
oleic acid; MO, methyl oleate.

lipase (type Il, crude) were purchased from Sigma Chemical Co. (St. were set for 6, 12, and 24 h. All reactions were performed in duplicate,
Louis, MO). LIP1, a nonspecific€C. rugosalipase isoform 1, was and average results were reported. In comparative study incubation
supplied by the Institute of Botany, Academia Sinica, Taipei, Taiwan. temperature was set at 45, 55, and°65 reaction time was set for 24
Immobilized 1,3-specific lipase, Lipozyme RM IM, was purchased from h, and substrate molar ratio was maintained at 1:3. LIP1 or Lipozyme
Novo Nordisk A/S (Bagsvaerd, Denmark). Organic solvents and thin- RM IM at 10 wt % of total reactants was added to the reaction mixture.
layer chromatography (TLC) plates were purchased from J. T. Baker  Fatty Acid Composition Analysis. The reactions were stopped, and
Chemical Co. (Phillipsburg, NJ) and Fisher Scientific (Fair Lawn, NJ), 4 mL of diethyl ether was added and the mixture vortexed. Products
respectively. All solvents and reagents used in analysis were of were passed through an anhydrous sodium sulfate packed in a Pasteur
chromatographic or analytical grade. pipet column to remove the enzyme and moisture. Diethyl ether was
Enzymatic Modification Reactions. For transesterification and removed by nitrogen aeration. The sample was redissolved in chloro-
acidolysis reactions, 100 mg of tripalmitin was mixed with methyl oleate form and concentrated to 300L using nitrogen aeration. Fifty
or oleic acid in a screw-cap 30 mL test tube at substrate molar ratios microliters of the reaction product was applied to TLC plates (20 cm
of 1:1, 1:2, 1:3, and 1:4 using 3 mL of hexane as organic solvent. x 20 cm) coated with silica gel G. The developing solvent was
LIP1 in powder form was added to the mixture (10 wt % of total petroleum ether/ethyl ether/acetic acid (80:20:0.5, v/v/v). The bands
reactants). Shaker water bath was adjusted to 200 rpm, and incubatiorwere sprayed with 0.2% 2,7-dichlorofluorescein in methanol and
temperature was set at 35, 45, and°&h whereas incubation times  visualized under UV light. The band corresponding to TAG was scraped
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Figure 3. (A) Oleic acid incorporation at a substrate molar ratio of 1:3 (tripalmitin/oleic acid and tripalmitin/methyl oleate). The X-axis represents substrate
molar ratio. The Y-axis represents mole percent of C18:1 incorporation. (B) Oleic acid/palmitic acid ratio at a substrate molar ratio of 1:3 (tripalmitin/oleic
acid and triplamitin/methy! oleate). The X-axis represents substrate molar ratio. The Y-axis represents C18:1/C16:0 ratios. Samples were analyzed after
24 h. Enzyme (LIP1 or Lipozyme RM IM) amount was 10 wt % of total substrates. Incubation was in n-hexane at 200 rpm. Incubations were at 45, 55,
and 65 °C. OA, oleic acid; MO, methyl oleate.

off and methylated with 3 mL of 6% HCI in methanol at 70—80 repeated to extract the product thoroughly. After extraction, diethyl
for 2 h. The fatty acid methyl ester (FAME) was analyzed by-gas ether was completely evaporated under nitrogen and redissolved in 2
liquid chromatography (GLC). The gas chromatograph was an Agilent mL of chloroform. The mixture was transferred to small vials, and
Technologies 6890 N equipped with fused silica capillary column (DB- chloroform was concentrated to 3@0. A 200 uL aliquot was spotted
225, 30 mx 0.25 mm i.d.; J&W Scientific, Folsom, CA) and a flame  onto a silica gel G TLC plate and developed with hexane/diethyl ether/
ionization detector (FID) and operated in a splitless mode. The injector acetic acid (50:50:1, v/v/v). The 2-monoacylglycerol (2-MAG) band
and detector temperatures were maintained at 250 and °260 was visualized under UV light after being sprayed with 0.2% 2,7-
respectively. The column temperature was held at ¥Gdor 3 min dichlorofluorescein in methanol. The 2-monoolein standard (Sigma)
and programmed to 21%C for 10 min at the rate of 10C/min. The was used for TLC confirmation of 2-MAG of reaction products. The
carrier gas was helium, and the total gas flow rate was 23 mL/min. band corresponding to then-2 MAG was scraped from the plates,
One microliter sample was injected into GLC, and relative content of methylated and analyzed by GLC as described ear®gy. (
FAME as mole percent was calculated by computer using C17:0 as  Statistical Analysis. Statistical analysis was done with the SAS
internal standard (25). software package26). One-way analysis of variance (ANOVA) was
Pancreatic Lipase-Catalyzedsn-2 Positional AnalysisThe TAG performed to determine the difference among SL samples. When
band of SL was scraped off from the TLC plate as described earlier yajues for the ANOVA were significant, differences in means were
and used for then-2 analysis. One milliliter of 1 M Tris buffer (adjusted  determined using Duncan’s multiple-range tests as a procedure of mean
to pH 8.0 with HCI) was first added to the test tubes containing the separation (P< 0.05).
TAG samples. Then 0.25 mL of 0.05% bile salt solution (sodium
cholate), 0.1 mL 2.2% calcium chloride solution, and 20 mg of purified
pancreatic lipase (porcine pancreatic lipase, crude type 1) were added.RESULTS AND DISCUSSION

The mixture was incubated at 3T for 3 min. After 3 min, the tubes Tripalmiti tained domi tl Imiti id (97.7%
were vortexed for 2 min and then 0.5 mL of 6 N HCI solution and 4 ripalmitin contained predominantly palmitic acid (97.7%)

mL of anhydrous diethyl ether were added. This mixture was vortexed With traces of oleic acid (0.4%). LIP1, a nonpositionally specific
and centrifuged, and the diethyl ether layer containing tripalmitin, free lipase, was the biocatalyst for tripalmitin modification. This
fatty acid, and SLs was passed through the sodium sulfate column.lipase can catalyze hydrolysis or esterification atshel,sn-

Four milliliters of diethyl ether was added again, and the process was 2, andsn-3 positions of TAG molecules with preference for
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Table 1. Total Fatty Acid Composition (Mole Percent)? and Fatty Acid at the sn-2 Position (Mole Percent)? of Structured Lipids (SL)

temperature
45°C 55°C 65°C
SL¢ FA total sn-2 total sn-2 total sn-2

1 C16:0 73.8+1.5B 81.5+0.7A 77.9+0.7B 43.5+0.4B 822+ 1.2A 44.0+0.6B
Ci18:1 26.3+1.5A 18.5+0.7B 22.1+0.7A 56.5 + 0.4A 17.8+1.2B 56.0 £ 0.6A
C18:1/C16:0 04+£15 03+£0.7 02+12

2 C16:0 63.4 £ 0.0A 91.9+0.0A 60.2 £ 0.0B 79.2+0.1C 56.6 £0.1B 79.8+0.1B
C18:1 36.6 = 0.0A 08.1+0.0C 39.8+1.0A 20.8+£0.1A 43.4+0.1A 20.2+0.1B
C18:1/C16:0 0.6+0.0 0.7+0.0 0.8+0.1

3 C16:0 62.3+1.5B 53.9+0.2B 76.1+3.3A 56.6 + 0.2A 75.4 + 0.0A 48.6 +0.4C
C18:1 37.7+15A 46.2+0.2B 239+3.3B 435+£0.2C 246+ 0.0B 51.5+0.4A
C18:1/C16:0 06+15 03+33 03+0.0

4 C16:0 62.4 + 1.5A 86.6 £ 0.3A 52.4+0.6B 74.3+0.0C 50.6 £ 1.6C 76.7+0.0B
C18:1 37.6+15C 13.4+£0.3B 47.6 £0.6B 25.8 £ 0.0A 49.4 £ 1.6A 23.3+0.0B
C18:1/C16:0 06+15 0.9+0.6 1.0+0.0

a Abbreviations: total fatty acid compositions were compared, with mean + SD, n = 2. ? Fatty acids at sn-2 positions were compared with mean + SD, n = 2; means
with the same letter in the same row are not significantly different (P < 0.05) for either fatty acid comparison or sn-2. SL 1 was produced from tripalmitin and oleic acid
as substrates using LIP1 as biocatalyst; SL 2 was produced from tripalmitin and oleic acid as substrates using Lipozyme RM IM as biocatalyst; SL 3 was produced from
tripalmitin and methyl oleate as substrates using LIP1 as biocatalyst; and SL 4 was produced from tripalmitin and methyl oleate as substrates using Lipozyme RM IM as
biocatalyst. All reactions were carried out with a substrate molar ratio of 1:3 and incubation for 24 h.

the medium-chain acyl substrates{{C;). Similar activity was above 45°C. There was an increase in oleic acid incorporation
shown by commercial CRL, indicating that the major component with an increase in substrate molar ratio up to 1:3. Thereafter,
of commercial CRL is LIP1Z7). SL produced in the present incorporation was reduced.
study shows that the LIP1 has no positional specificity but an  Oleic Acid/Palmitic Acid Ratio Using LIP1. The oleic acid/
inclination towardsn-1,3 specificity, whereas Lipozyme RM  palmitic acid ratio at different temperatures and substrate molar
IM is sn-1,3-specific as reported by several researcHE28). ratios is given inFigure 2. The ratio of oleic acid to palmitic
Oleic Acid Incorporation Using LIP1 and Oleic Acid as acid increased as the incorporation of oleic acid increased and
Acyl Donor. Oleic acid incorporation at different temperatures vice versa. The highest ratio (0.6) was observed &t@after
and substrate molar ratios is givenkigure 1. Incorporation 24 h of reaction with methyl oleate as acyl donor. The lowest
of oleic acid was affected by all of the parameténgeraction ratio (0.04) was observed at 3& after 6 h ofreaction time.
terms were found to be statistically significaft € 0.05). The Oleic Acid Incorporation Using Lipozyme RM IM and
highest value of oleic acid incorporation (26.3%) was achieved LIP1. Oleic acid incorporation at different temperatures using
at 45°C with a substrate molar ratio of 1:3 and a reaction time Lipozyme RM IM and LIP1 is given ifFigure 3A. Reactions
of 24 h. Incorporation of oleic acid decreased with increase in were performed using a substrate molar ratio of 1:3 (tripalmitin/
temperature above 4&. As reported earlier, this enzyme works acyl donor) for 24 h. Reaction temperature was maintained at
under mild conditions with optimum temperature of CRL 45, 55, or 65°C. The statistical significance of difference was
activity at 40 °C (18). Lowest incorporation (3.5%) was determined by a one-way ANOVA with Duncan’s multiple-
observed with a substrate molar ratio of 1:1 and a reaction time range test of comparison for oleic acid incorporation. Statistically
of 6 h at 35°C. Initially, percentage incorporation increased significant (P < 0.05) differences were observed for the two
with substrate molar ratio up to 1:3. Above this ratio the enzymes and incorporation of oleic acid. The interaction term
incorporation was slightly reduced or remained constant. One temperaturex enzyme was also a useful variable in the
of the possible reasons for this could be inhibition of enzyme incorporation of oleic acid. Duncan’s multiple-range tests
activity due to high substrate concentration or the fact that showed highest incorporation of oleic acid (49.4%) with

equilibrium has been reached. Lipozyme RM IM at 65°C and methyl oleate as acyl donor.
Oleic Acid Incorporation Using LIP1 and Methyl Oleate The lowest incorporation (17.8%) was observed with LIP1 at

as Acyl Donor. Oleic acid incorporation at different tempera- 65 °C and oleic acid as acyl donor. Statistically significant

tures and substrate molar ratios is also givenFigure 1. differences P < 0.05) were observed under all temperature

Highest incorporation (37.7%) was obtained at 45 at a conditions (45, 55, and 6%C) with LIP1 and Lipozyme RM
substrate molar ratio of 1:3 and a reaction time of 24 h. Highest IM when oleic acid was used as acyl donor. However, when
incorporation was observed with methyl oleate as acyl donor methyl oleate was used as acyl donor, there were no significant
compared to oleic acid. This indicates that the methyl ester is differences P < 0.05) observed at 55 and 86 with Lipozyme

a better acyl donor than free acid for LIP1 lipase. This could RM IM. Similar observationsk < 0.05) were obtained for LIP1

be attributed to better solubility of methyl oleate in hexane than at 55 and 65C. The best incorporation was at 46 for LIP1

oleic acid and/or easy removal of methoxy group. It was reported enzyme, indicating lack of stability at higher temperatures.
that C. rugosa lipase does not prefer methyl ester when Oleic Acid/Palmitic Acid Ratio. Oleic acid incorporation
compared with free acid for the synthesis of canola phytosterol at different temperatures and substrate molar ratios is given in
oleate esters (29). This was mainly due to the sensitivitg¢.of  Figure 3B. The overall ratio of oleic acid to palmitic ac{d@able
rugosa lipase to methanol, which was released during the 1) was low (0.6) when LIP1 was used as biocatalyst and higher
esterification reactions (29). We observed an increase in (1.0) when Lipozyme RM IM was used as biocatalyst, indicating
incorporation of oleic acid with an increase in reaction time. that Lipozyme RM IM gave higher oleic acid incorporation than
Incorporation decreased with further increase in temperatureLIP1. Reaction products with oleic acid/palmitic acid ratio of
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1.2, similar to that of HMF, were considered to meet the desired
ratio for HMF or infant formula 80, 31).

Pancreatic Lipasesn-2 Positional Analysis:The fatty acid
composition and fatty acids ah-2 positions of SLs are given
in Table 1. Structured lipid obtained after 24 h, with a substrate
molar ratio of 1:3 and reaction temperature of 45, 55, of®5
were used forsn-2 analysis. Duncan’s multiple-range test of
comparison shows that no statistically significant differeriee (
< 0.05) was observed between the two acyl donors (methyl
oleate and oleic acid) and incorporation of C18:1 at she?
position. Oleic acid contents at the sn-2 position were from 18.5
to 56.5% (Table 1) with LIP1 and from 8.1 to 25.8% (Table
1) with Lipozyme RM IM. The random incorporation of oleic
acid at thesn-2 position indicates nonpositional specificity of
LIP1 and possibly acyl migration at temperatures aboveGl5
High palmitic acid (91.9%) was observed at @2 position
due to thesn-1,3 specificity of Lipozyme RM IM. Despite the
specificity of Lipozyme RM IM atsn-1,3 positions, incorpora-
tion of fatty acid into TAG at thesn-2 position occurred due to
acyl migration during reaction (32). At a low temperature of
45 °C, acyl migration was only 8.1 for the Lipozyme RM IM
reaction.

On the basis of our study, SL produced using Lipozyme RM
IM may be more suitable for possible use in infant formulas or
human milk fat substitutes when compared with SL produced
using LIP1. This is due to then-1,3 specificity of Lipozyme
RM IM, which resulted in high palmitic acid content at thie2
position. Earlier studies provide convincing information regard-
ing the relationship between calcium absorption and higher
saturated fatty acid at then-2 position and unsaturated fatty
acids atsn-1,3 positions33, 34). LIP1 gave variable results at
thesn-2 position for palmitic and lower incorporation of C18:1
in SL.
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