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The incorporation of a free fatty  acid into the sn-1 posi- 
tion of phosphatidylcholine by lipase-catalyzed transester- 
ification was investigated. The thermodynamic water ac- 
t iv i ty  of both the enzyme preparation and the substrate 
solution was adjusted to the same value prior to the reac- 
tion. The reaction rate increased with increasing water 
activity but the yield of modified phosphatidylcholine 
decreased due to hydrolysis. By  using a large excess of 
the free fatty acid {heptadecanoic acid}, the hydrolysis 
reaction was slowed down, so a higher yield was obtained 
at a given degree of incorporation. The best results were 
obtained with Rhizopus arrhizus lipase immobilized by 
adsorption on a polypropylene support. With this prepara- 
tion, a yield of 60% and nearly 50% incorporation of 
heptadecanoic acid (100% incorporation in the sn-1 posi- 
tion} was obtained at a water activity of 0.064. The en- 
zyme preparation had good operational stability and posi- 
t ion specificity. Little incorporation (<1%) was observed 
in the sn-2 position, when almost all the fat ty  acid in the 
sn-1 position was exchanged. 

KEY WORDS: Lipase, phosphatidylcholine, transesterification, 
water activity. 

There are several reasons why lipases and phospholipases 
are useful for modifying the acyl group composition in 
natural phospholipids. The mild reaction conditions and 
the high enzymatic regiospecificity are strong advantages, 
especially if the lipids are to be used in human food or 
for medical purposes. By exchanging fatty acids asym- 
metrically in the phospholipid molecule, new physical 
properties can be achieved. These modified lipids can be 
used in lipid]membrane research or as emulsifiers for food, 
cosmetics or medical substances. A special application of 
the enzymatic transesterification is the position-specific 
labelling of phospholipids with radioactive or photoactive 
acyl groups. Furthermore, biologically active polyunsatu- 
rated fatty acids that are chemically unstable can be in- 
corporated under mild conditions. 

The normal hydrolytic action of lipases and phospho- 
lipases has been used for preparing phospholipids with 
different fatty acids in the two carboxyl ester bond posi- 
tions. After hydrolysis, the lysophospholipid formed can 
be nonenzymatically esterified with the desired fatty acid. 
To achieve acylation in a specific position not only must 
the lipase be position-specific but spontaneous acyl migra- 
tion must also be considered (1). By reversing the lipase 
action to esterification or transesterification, it is possible 
to use the regioselectivity of the lipases in the acylation 
step and thereby reduce the problem of acyl migration. 

A report of lipasmcatalyzed regiospecific 1-position 
(1-pos) transesterification of fatty acid in phosphatidyl- 
choline (PC) and phosphatidylethanolamine (PE) was 
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made by Brockerhoff et aL (2). They used Rhizopus 
delemar lipase in buffer with phosphatidylcholine and 
oleic acid as substrates. Yoshimoto et al. (3) used poly- 
ethyleneglycol-modified Candida cylindracea lipase dis- 
solved in benzene to incorporate polyunsaturated fatty 
acids into phosphatidylcholine. A two-phase water/oil 
system was used by Yagi et al. (4) for transesterification 
of PC and PE with different fatty acids. Yoichiro and Set- 
suko (5) also used a water/oil system but  used sardine oil 
as source of polyunsaturated fatty acids for incorporation 
into soy phospholipid. We used a system with immobiliz- 
ed lipase in toluene for incorporation of heptadeeanoic acid 
in egg phosphatidylcholine (6). In all systems the predomi- 
nant problems were the hydrolysis reactions and low 
yields. Our system is practical because of the easy recov- 
ery of enzyme and the possibility to keep the water con- 
tent low to avoid undesired hydrolysis. 

Transesterification of the fatty acid in the sn-2 position 
should be possible with phospholipase A 2, but so far no 
practical method for doing this has been presented. It has 
been easier to carry out esterification between lysophos- 
phatidylcholine (LPC) and free fatty acid, but  the yield 
of PC formed was only in the range of 6-7% (7,8). 

In this work the previous reaction system (6) has been 
improved. Both the yield of product PC and the amount 
of new fat ty acid incorporated into the sn-1 position of 
egg PC have been increased. 

EXPERIMENTAL PROCEDURES 

Chemicals. I~a-Phosphatidylcholine (PC from egg, 98.5% 
purity, average molecular weight 762 g/mole) was a gift 
of Karlshamns AB, Division Lipid Teknik (Stockholm, 
Sweden). L--a-phosphatidylethanolamine (PE from egg 
yolk, 98%), L-a-phosphatidylinositol (PI from soybean, 
sodium salt, 99%), L-a-phosphatidic acid (PA from egg 
yolk, sodium salt, 98%), heptadecanoic acid (purity 99%) 
and phospholipase A 2 from porcine pancreas (Type II) 
were obtained from Sigma Chemicals (St. Louis, MO). Im- 
mobilized lipases from Rhizomucor miehei (Lipozyme IM 
20 and IM 60) were gifts of Novo Industri A/S (Bagsvaerd, 
Denmark). Lipase from Rhizopus arrhizus (Lipase 80,000) 
was a gift of Gist-Brocades S.A. (Delft, The Netherlands). 
Polypropylene support (EP 100, 400-1000 ~m) was do- 
nated by Akzo (Obernburg, Germany). Sodium methox- 
ide was obtained from Merck (Darmstadt, Germany). Sol- 
vents used were of high-performance liquid chromatog- 
raphy (HPLC)-grade, and all other chemicals were of ana- 
lytical grade. 

Preparation of  immobilized enzyme. Lipase from Rhizo- 
pus arrhizus (200 mg unless otherwise stated) was dis- 
solved in 20.0 mL sodium phosphate buffer (20 mM, pH 
6.0). The enzyme solution was mixed with 1.0 g polypro- 
pylene support (EP 100), which was prewet with ethanol 
(normally 0.5 mL). After incubation for 24 h in a shaking 
bath at 25°C, the preparation was filtered and washed two 
times with distilled water. The preparation was dried over~ 
night under reduced pressure. 
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Transesterification reaction. To obtain a defined initial 
water activity of the enzyme preparation and the sub- 
strate solution, both were equilibrated over saturated salt 
solutions in closed vessels for 24 h at 25°C (9}. Lipozyme 
was equilibrated with a solution of LiC1 (a~ = 0.113) and 
Rhizopus arrhizus lipase on EP100 with a solution of 
K2CO3 (aw = 0.43] unless otherwise indicated. Other salt 
solutions used were: LiBr (aw = 0.064], KAc (aw = 0.22), 
MgC12 (aw = 0.33} and NaCI (a~ = 0.75}. To start the reac- 
tion, the enzyme]support preparation (150 mg) and 1.0 mL 
of a solution of PC (10 mM} and heptadecanoic acid 
(400 mM) in toluene were mixed in Teflon-lined screw-cap 
vessels (4 mL}. The vessels were then incubated in a shak- 
ing water bath at 40°C and 150 rpm. 

Isolation of reaction products. The immobilized enzyme 
was removed from the product solution by filtration, and 
it was washed with 3 X 1 mL CHC13/MeOH (2:1} to ex- 
tract phosphatidylcholine adsorbed on the enzyme prep- 
aration. These extracts were added to the product solu- 
tion (in toluene} and the solvents were removed with a 
rotary evaporator. The dry residue was redissolved in 
1.0 mL of toluen~ and 50 ~L was withdrawn for thin-layer 
chromatography to separate PC and LPC. The quantita- 
tion of PC and LPC was done by measuring the total fatty 
acid content in phospholipid fractions (see below). 

Thin-layer chromatography. Samples (50/~L} from the 
reaction solutions were applied as bands on thin-layer 
chromatography (TLC) plates (Kieselgel 60, 0.2 mm, 
Merck). The solvent system used to separate phospha- 
tidylcholin~ lysophosphatidylcholine (LPC) and free fatty 
acid consisted of CHC13/MeOH/H20 (65:35:5). Spots on 
the TLC plates were visualized by spraying the plates with 
0.1% 2,7-dichloro-fluorescein in ethanol and air drying. The 
PC spots (Rf = 0.37} were scraped off and stored in 
screw-cap reaction tubes at -20°C for fatty acid analysis. 

Fatty acid analysis of phosphatidylcholine. Fatty acid 
methyl esters were formed by mixing 2.0 mL of 0.5 M 
sodium methoxide in methanol with the scrapings from 
the TLC plates, and 10 pL internal standard (129.5 nmol 
docosanoic acid methyl ester) in heptane was added. After 
incubation for 10 rain in a water bath at 50°C, 400 ~L of 
hexane and 4 mL of saturated NaC1 solution were added 
to each tube After vor~xing (3 X 5 s} and centrifugation, 
1 ~L of the upper layer was withdrawn for gas chroma- 
tography (GC} analysis. 

Gas chromatography analysis. Fatty acid methyl esters 
were analyzed on a Shimadzu gas chromatograph GC-14A 
with flame-ionization detector (Shimadzu, Kyot~ Japan}. 
The column was a SP-2380 {30 m, 0.32 mm i.d., 0.20 ~m 
film thickness, Supelco, Bellefont~ PA); the column tem- 
perature was programmed between 180-200°C. Experi- 
mental response factors for the different fatty acid methyl 
esters and internal standard were used, and corrections 
were made for the methylation yield. 

Fatty acid position analysis of phosphatidylcholine. 
Heptadecanoic acid-enriched phosphatidylcholine was 
purified from the reaction mixture on preparative thin- 
layer chromatography plates (Kieselge160 F254, 2.0 mm, 
Merck} developed in CHCI3/MeOH/H20 (65:35:5). The 
silica containing the PC band was extracted with 6 × 
10 mL of CHC13/MeOH/H20 (5:5:1). Phosphatidylcholine 
was hydrolyzed to LPC with lipase (Rhizopus arrhizus) 
to remove the fatty acid in the sn-1 position or with 
phospholipase A 2 for the sn-2 position. Phosphatidylcho- 

line (3 mg) was dissolved in 1.0 mL buffer (10 mM tris- 
HC1 buffer, pH 9.0, 10 mM sodium cholate and 5 mM 
CaCl2 with phospholipase A2 and 20 mM phosphate buf- 
fer pH 7.0, 10 mM sodium cholate with the lipase} and 
incubated with enzyme (7 U of phospholipase A 2 or 
20 mg lipase}. After rapid shaking at 40°C for 30 min, the 
LPC was extracted to the lower chloroform phas~ that  
was formed by adding 4 mL CHC13/MeOH (2:1), and 
isolated by thin-layer chromatography. The fatty acids in 
LPC were analyzed in the same way as those in PC. 

RESULTS AND DISCUSSION 

The influence of the substrate concentration on the lipase- 
catalyzed transesterification of PC was investigated. 
When the concentration of the fatty acid to be incor- 
porated (heptadecanoic acid} was varied, the degree of in- 
corporation after 10 h of reaction varied only slightly 
(Fig. 1A). However, the amount of PC remaining increased 
with increasing fat ty acid concentration. With low fat ty 
acid concentrations, a large proportion of the PC was lost 
through hydrolysis. To obtain a good yield of modified PC, 
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FIG. 1. Incorporation of heptadecanoic acid (D) in phosphatidyl- 
choline (PC) and the amount of PC (11) remaining after 10 h of reac- 
tion as a function of (A) initial fat ty  acid concentration (10 mM PC) 
or (B) initial concentration of PC (400 mM C17:0). The enzyme was  
Lipozyme IM20 and initial water act ivity  was  0.113. 
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it is thus important to have a high fatty acid concentra- 
tion; a concentration of 400 mM was used in the rest of 
the experiments unless otherwise stated. These reactions 
were carried out in toluene. The reaction rate in hexane 
was slightly higher, but the solubility of fat ty acids was 
considerably lower than in toluene, so the latter was con- 
sidered the best solvent for this application. The degree 
of incorporation of heptadecanoic acid in 10 h decreased 
with increasing concentration of PC (Fig. 1B). This was 
expected since the enzyme/substrate ratio decreased with 
increasing PC concentration. The amount of PC remain- 
ing increased with increasing PC concentration up to 
20 mM. Higher concentrations of PC do not seem suitable 
if a high yield of modified PC is to be achieved because 
the same degree of hydrolysis was then obtained and a 
lower degree of incorporation of the new fatty acid. In the 
rest of the experiments, a PC concentration of 10 mM was 
used, unless otherwise stated. 

It  is clear that hydrolysis is the cause of the low yields 
of modified PC under some conditions. On the other hand, 
some hydrolysis must occur because the mechanism of the 
transesterification reaction involves LPC as an intermedi- 
ate. In the first reaction step, a molecule of PC is hydro- 
lyzed in the 1-position. The LPC can react with an acyl 
enzyme complex formed from the enzyme and the fat ty 
acid to be incorporated. The extent of hydrolysis is to a 
large extent dependent on the amount of water on the 
biocatalyst. A good measure of the amount of water is the 
thermodynamic water activity. A series of experiments 
was carried out at fixed water activities; the water activity 
of the enzyme preparations and the substrate solutions 
were adjusted prior to the reaction by vapor phase equili- 
bration with saturated salt solutions. 

In these experiments another type of lipase catalyst was 
also tried for the PC transesterifications. Lipase from 
Rhizopus arrhizus was immobilized on the polypropylene 
support EP100 by adsorptiorL The adsorption process was 
effective; at least 99% of the hydrolytic lipase activity 

(measured by pH-stat method on emulsified tributyrin, 
pH 8.0 and 30°C) was removed from the solution. To ob- 
tain such high removal of lipase activity, it was necessary 
to use sufficient ethanol to prewet the polypropylene 
(3 mL/g EP100). The effect of the enzyme loading on the 
transesterification of PC is shown in Figure 2. A loading 
of 2000 U/g EP100 (200 mg lipase/g EP100) was chosen 
for the water activity study. 

After 10 h of incubation with Lipozyme IM60 as 
catalyst, the incorporation of heptadecanoic acid varied 
between 33 and 45% (Fig. 3A). The highest incorporation 
was observed at aw = 0.43. At low water activities, incor- 
poration of heptadecanoic acid into LPC was also ob- 
served. The amount of remaining PC (Fig. 4A) decreased 
with increasing water activity, as expected. The highest 
amount of LPC was observed at the highest water activ- 
ity used, but a large proportion of the phospholipid was 
further hydrolyzed to sn-glycero-3-phosphorylcholine, so 
that  the sum of the yields of PC and LPC was around 40% 
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FIG. 2. Incorporation of heptadecanoic acid (1-1) and amount 
phosphatidylcholine (PC) remaining ([I) after 4 h of reaction at dif- 
ferent amounts of R. arrhizus lipase activity adsorbed onto EP100 
support. Conditions described in Experimental Procedures. 
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FIG. 4. Amount  of remaining phosphatidylcholine (0)  and formed 
lysophosphatidylcholine (•) after 10 h reaction as a function of ini- 
tial water activity. Lipase preparation; (A) Lipozyme IM60, (B) R. 
arrhizus/EPlO0 prep (0.2 g/g support). Conditions as described in Ex- 
perimental Procedures. 

at  high water activity. If  the enzyme acts only in the 
1-position, fur ther  hydrolysis of LPC or incorporation of 
heptadecanoic acid in LPC must  be a consequence of acyl 
migration of the acyl group from the 2-position to the 
1-position. 

After  10 h of reaction with the R. arrhizus lipase 
preparation, the degree of incorporation of heptadecanoic 
acid in PC increased with increasing water activity; no 
incorporation into LPC was observed {Fig. 3B}. On the 
other hand, the amount  of remaining PC decreased with 
increasing water activity {Fig. 4B). Most  of the rest  of the 
phospholipid was in the form of LPC; fur ther  hydrolysis 
occurred only to a minor extent.  

From the results presented, it  is clear tha t  during l ipase 
catalyzed transesterification of PC, net  hydrolysis occurs 
concomitant ly with the incorporation of the new fa t ty  
acid. An increase in the degree of incorporation can be 
achieved by an increase in reaction t ime  but  then the yield 
is also reduced. When comparing results obtained under 
different conditions, both  yield and incorporation must  
be considered. The best  way to compare results obtained 

with different reaction parameters,  such as different sup- 
ports  or different water activities, is to s tudy  the t ime 
courses under  the different conditions. The amount  of r~  
maining PC can then be plot ted vs. the incorporation of 
new fa t ty  acid. Under the different conditions quite dif- 
ferent curves were obtained. From the two curves obtained 
with Lipozyme, it  was observed tha t  the curve for the 
lower water act ivi ty was above the curve for the higher 
water activity in the entire range (Fig. 5). This means that  
regardless of which degree of incorporation is needed, the 
lower water act ivi ty gives a higher yield of the product. 
The curves obtained with R. arrhizus lipase on EP10D 
were much flat ter  than those for Lipozym~ This means 
tha t  during the incorporation of the new fa t ty  acid in PC, 
there was a long period (between 15 and 45% incorpora- 
tion) when little net  hydrolysis occurred. As a result, high 
yields of modified PC were achieved at  high degrees of in- 
corporation. One aspect not  shown in Figure 5 is time; 
the reaction rate increases with increasing water activity. 
To obtain reasonable reaction times at  low water activities, 
it  was necessary to use a high loading of R. arrhizus lipase 
on EP100 (2 g/g). Exper iments  at  a water act ivi ty of 0.43 
were also carried out with a lower enzyme loading (0.2 g/g}, 
and at  a given degree of incorporation a higher yield of 
modified PC was obtained at  this lower enzyme loading. 
This was probably due to the larger amount  of water pres- 
ent  in the preparation with high enzyme loading; some 
of this water may have part icipated in a hydrolysis reac- 
tion, thus decreasing the yielcL However, at  water ac- 
tivities below 0.4 it  was not  possible to achieve a high in- 
corporation of the new fa t ty  acid in a reasonable t ime  due 
to the low reaction rate with the low enzyme loading. With 
the high enzyme loading, the higher yields obtained by 
conducting the reaction at  low water act ivi ty more than  
compensated for the loss by hydrolysis. The highest yields 
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FIG. 5. Amount  of remaining phasphatidyleholine as a function of 
incorporation of heptadecanoic acid with different enzymes and at 
different water activities. Reactions were carried out as described 
in Experimental Procedures with incubation times between 15 min 
and 120 h. Each point represents a separate reaction. Lipozyme IM 20 
was used at water activities of 0.113 (O) and 0.43 (D) a n d / ~  arrhizus 
l ipase on EP100 at water activities of 0.064 (-F), 0.113 (e ) ,  and 0.43 
(A) with an enzyme loading of 2 g/g support. One series of ex- 
periments was done with a lower loading (0.2 g/g) of R. arrh/zus lipase 
on EP100 at a water act ivity  of 0.43 (11). 
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were obtained at the lowest water activity (0.064); a yield 
of 60% was obtained at 50% incorporation. This is con- 
siderably higher than what was obtained with Lipozyme 
as catalyst. 

One important aspect in the use of enzymes for the 
preparation of chemicals is the operational stability of the 
catalyst. This was investigated by carrying out repeated 
batch reactions. After one batch, the catalyst was washed 
with toluene, excess solvent was evaporated and the water 
activity was again adjusted to the desired value by vapor 
phase equilibration with saturated salt solutions before 
new substrate solution was added. Hardly any decrease 
in reaction rate was observed for Lipozyme or R. arrhizus 
lipase when three consecutive batch reactions were car- 
ried out (Fig. 6). Most of the reaction products were re- 
moved from the biocatalyst in the toluene-washing step. 
However, to be sure of removing even strongly adsorbed 
reaction products, the biocatalysts were also washed with 
water after the third batch. Because of the strong adsorp- 
tion of the enzyme on the support, no detectable loss of 
enzyme occurred in this operation. The fourth batch was 
then carried out at the same water activity as before. In 
the case of Lipezyme, about the same activity was observed 
after this extra washing as before. For R. arrhizus lipase, 
a slight increase in activity was observed after washing. 

When enzyme preparations are used for preparative ptm 
poses, it is important that the product obtained has a well- 
defined composition. To test the repeated use of a lipase 
preparation to produce modified PC, an experiment was 
carried out with R. arrhizus lipase on EP100. The reac- 
tion was continued to give almost complete exchange of 
the fatty acid in the 1-position (50% incorporation of 
heptadecanoic acid). A larger amount of enzyme was im- 
mobilized on the support to speed up the reaction (2 g 
lipase adsorbed on 1 g EP100). The variations in reaction 
rate between the different batches were small, and the in- 
corporation of heptadecanoic acid reached close to 50% 
in 2 h for all 4 batches (Fig. 7). Position analysis of the 
fatty acids in this modified PC showed that the new fatty 
acid, heptadecanoic acid, was incorporated almost exclu- 
sively in the 1-position (Table 1). The degree of incorpora- 
tion of heptadecanoic acid in the sn-1 position (97.7%) was 
close to what was expected considering the amounts of 
the two substrates: 10 mM PC and 400 mM fatty acid. 
This should give 97.6% incorporation, provided the free 
fatty acid and those in the sn-1 position were randomly 
distributed. The fat ty acid composition in the sn-2 posi- 
tion was largely the same as in the starting material. The 
small but detectable amount of heptadecanoic acid in the 
sn-2 position was probably due to acyl migration in the 
LPC fraction during the reaction. 

The applicability of the lipase~catalyzed transesterifica- 
tion reaction for different kinds of phospholipids was in- 
vestigated with Lipozyme IM20 as catalyst. The reaction 
conditions were as described in Experimental Procedures, 
but the phospholipid concentrations were 7.6 mg/mL. It 
was possible to incorporate heptadecanoic acid in all 
phospholipids tried and the reaction rate varied as follows: 
phosphatidylcholine > phosphatidic acid > phosphatidyl- 
ethanolamine > phosphatidylinositol (data not shown). 
Probably better conditions (concerning enzyme, substrate 
concentrations, eta) can be found for these new substrates, 
and maybe these reactions can be made to proceed as 
rapidly as the one with phosphatidylcholin~ 
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FIG. 6. Operational stabil i ty of lipases in the transesterification of 
phosphatidylcholine. Time courses of the incorporation of hepta- 
decanoic acid into phosphatidylcholine for repeated batch reactions. 
Reaction conditions were as described in Experimental Procedures 
but the scale was 5 times as large. Samples (50 ttL) were taken directly 
from the reaction mixture for analysis. After each batch the lipase 
preparations were washed with 4 X 3 mL toluene, dried at reduced 
pressure and equilibrated to a water act ivity  of 0.43 before new 
substrate solution was  added. After the third batch, the lipase 
preparations were washed three t imes with water after the toluene 
washing. Batch ne~ 1 [:3; 2 o ;  3 O; 4 I .  Lipase preparations: 
(A) Lipozyme IM60, (B) /~  arrhizus/EPlO0 prep (0.2 g/g support). 

In conclusion, a practical method to prepare phospha- 
tidylcholine with one single fat ty acid in the 1-position 
is described. To further increase the yield of transesterified 
phospholipid, we believe that acyl migration must be 
avoided, and controlled removal of water at the end of the 
reaction may force the equilibrium between LPC and PC 
to yield more PC. 
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Regioselectivity of R. arrhizus-Catalyzed Transesterification 
of Phosphatidylcholine (PC) and Heptadecanoic Acid a 

Position Position (position sn-1) + (position sn-2)b Direct analysis 
Fatty acid sn-1 sn-2 2 of modified PC 

C16:0 1.6 1.0 1.3 1.9 
C16:1 0.0 0.9 0.5 0.3 
C17:0 97.7 0.9 49.3 49.9 
C18:0 0.6 0.2 0.4 0.7 
C18:1 0.1 64.9 32.5 31.3 
C18:2 0.0 26.6 13.3 13.6 
C20:4 0.0 5.6 2.8 2.3 

aThe fatty acid composition (mole %) in positions sn-1 and sn-2 of enzymatically modified 
phosphatidylcholine (reaction time 2 h) was determined after regiospecific enzymatic 
hydrolysis of product. 

bFatty acid composition of the enzymatically modified phosphatidylcholine based on the 
data from selective hydrolysis (the two columns to the left). 
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FIG. 7. Repeated use of a preparation with a high load of Hpase (2 g 
IL arrhizus/g EP100). The experiment was performed as described 
in the legend of Figure 6 but each reaction was stopped after 2 h. 
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