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Abstract Terpenes such as geraniol, geranylgeraniol,
farnesol, and phytol are known as functional compounds
which exhibit anticancer effects and activate nuclear
receptors. For the application of functional terpenes in
various fields, including the cosmetic and food industries,
we attempted to synthesize phosphatidylated terpenes
(terpene-PLs) by using phospholipase D (PLD). Trans-
phosphatidylation of phosphatidylcholine with terpenes
was carried out using PLD in a biphasic system containing
ethyl acetate/water or in an aqueous system without
organic solvent. The yield of terpene-PL increased with the
reaction time and the amount of PLD in both the biphasic
and aqueous systems. Further, the yield of terpene-PL in
the aqueous system was higher than that in the biphasic
system. In addition, among four PLDs from Streptomyces
sp., Streptomyces chromofuscus, cabbage, and peanut, only
the PLD from Streptomyces sp. could synthesize terpene-
PL. The reaction yield, based on substrate phospholipid,
of phosphatidylgeraniol reached 90 mol% under the fol-
lowing optimal reaction conditions: 50 pmol soyPC;
2,000 pmol geraniol; 1.6 U PLD; 0.8 ml of 0.2 M sodium
acetate buffer (pH 5.6); temperature, 37 °C ; and reaction
time, 24 h. The reaction yields of phosphatidylfarnesol,
phosphatidylgeranylgeraniol, and phosphatidylphytol were
73, 54, and 17 mol%, respectively.
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Introduction

Phospholipase D (PLD) (EC 3.1.4.4) is a lipolytic enzyme
that hydrolyzes the terminal phosphodiester bond on
phospholipids. Due to its ability to transfer the phosphati-
dyl moiety of glycerophospholipids to various alcohols,
PLD is also used to synthesize phospholipids with desired
head groups that are poorly accessible via the chemical
route. In previous studies, phosphatidylglycerol was pro-
duced from phosphatidylcholine (PC; 1) and glycerol
through transphosphatidylation by PLD [1,2]. Moreover,
the transphosphatidylation reaction has been shown to be
useful for preparing phosphatidylserine and phosphati-
dylethanolamine [3-6]. In addition, novel types of
phospholipids with various functional head groups have
been synthesized. Nagao et al. [7] synthesized 6-phos-
phatidyl-L-ascorbic acid that had antioxidative activity.
Phosphatidylnucleosides [8] and phospholipid-phytosterol
conjugates [9] have also been synthesized via transphos-
phatidylation mediated by PLD. These phospholipids with
functional polar head groups are expected to be used as fine
chemicals or drugs.

Terpene is the generic term for compounds that are
based on an isoprene unit, such as geraniol (2), farnesol (3),
geranylgeraniol (4), and phytol (5) (Fig. 1). Geraniol and
farnesol, found in the essential oils of rose, herb, lemon-
grass, and other plants, are well known to exhibit many
pharmacological or chemopreventive effects. They exert
antitumor activity against various cancer cells both in vitro
and in vivo [10-13]. Antibacterial effects of geraniol and
farnesol against Anisakis and Staphylococcus aureus have
also been reported [14,15]. Geranylgeraniol, a carbon side
chain of vitamin Kj, is known to induce apoptosis in var-
ious tumor cell lines [16,17] and inhibit osteoclast
formation [18]. In addition, it has been recently reported
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Fig. 1 Structures of terpenes and their phosphatidyl derivatives

that phytol and geranylgeraniol activate peroxisome pro-
liferator-activated receptors (PPARs), thereby regulating
lipid metabolism [19,20].

Therefore, we attempted to synthesize phospholipids
containing terpene (terpene-PLs) in order to extend their
application field. Generally, transphosphatidylation by
PLD is carried out in a biphasic system containing water
and an organic solvent such as diethyl ether or ethyl ace-
tate. However, these organic solvents are not acceptable in
the food industry. Therefore, an aqueous system is more
desirable, and some researchers have attempted to syn-
thesize phosphatidylglycerol and phosphatidylserine with-
out using toxic organic solvents [21,22].
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In the current study, the transphosphatidylation of PC
with four terpenes, namely, geraniol, farnesol, geranyl-
geraniol, and phytol, was conducted in an aqueous system
as well as in a biphasic system. At the optimum conditions
determined in this study, the highest yield of 90 mol% was
obtained in the case of transphosphatidylation with PC and
geraniol in an aqueous system.

Experimental Procedures
Materials

PLDs from Streptomyces sp., Streptomyces chromofuscus,
cabbage, and peanut and geranylgeraniol (>85%, MW
290.48) were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). SoyPC (soybean phosphatide extract;
L-o-phosphatidylcholine, 95%) and 1,2-dioleoyl-sn-glyce-
ro-3-phosphocholine (DOPC; MW 786.15) were purchased
from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Far-
nesol (97%, MW 208.35) and bovine serum albumin were
purchased from Merck (Darmstadt, Germany). Geraniol
(98%, MW 154.25) was purchased from Aldrich (St. Louis,
MO, USA). Phytol (80-90%, MW 296.54) was purchased
from Extrasynthése (Genay, France). All solvents and other
chemicals used in this study were of analytical grade.

Transphosphatidylation of PC with Terpene

Either soyPC or DOPC (50 pumol) and 500 pmol terpene
were dissolved in 1.6 ml ethyl acetate. To start the trans-
phosphatidylation, 0.8 ml of 0.2 M sodium acetate buffer
(pH 5.6) containing 1.6 U PLD and 9 mg albumin was
added to the above solution. In the case of PLDs from
cabbage and peanut, 0.8 ml of 0.2 M sodium acetate buffer
(pH 5.6) containing 80 mM CaCl, was used, while for the
PLD from S. chromofuscus, 0.8 ml of 0.2 M Tris—HCI
buffer (pH 8.0) containing 80 mM CaCl, was used. Syn-
thetic reaction of terpene-PL was carried out at 37 °C by
stirring with magnetic stirrer at 350-400 rpm in the dark.
The reaction was stopped by the addition of methanol.
Subsequently, chloroform and water were added to the
reaction mixture to obtain a chloroform-methanol-water
ratio of 10:5:3 (v/v/v). The lipid fraction, including syn-
thesized phospholipids, substrate terpene, and soyPC, was
obtained from the chloroform layer.

In a typical aqueous system, 50 pmol soyPC was
initially dissolved by sonication in 2,000 pmol terpene.
The transphosphatidylation was started by the addition of
0.8 ml of 0.2 M sodium acetate buffer (pH 5.6) containing
1.6 U PLD. The lipid fraction was extracted by the same
procedure used in the biphasic system. For nuclear mag-
netic resonance (NMR) and mass spectra (MS) analyses
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of synthesized phospholipids, DOPC was used as the
substrate PC.

Thin-layer Chromatography of Terpene-PL

Lipid fractions extracted from the reaction mixture that
contained DOPC and terpenes were applied onto a silica gel
thin-layer chromatography (TLC) plate with a fluorescence
dye (Silica gel 60 F254, Merck, Darmstadt, Germany) and
developed by chloroform—methanol-water (65:25:4, v/v/v).
After detection by UV at 254 nm and I, synthesized phos-
pholipids were scraped off from TLC plate and then eluted
using chloroform—methanol (3:7, v/v). The isolated phos-
pholipids were used for structure analysis.

Spectral Analysis of Synthesized Phospholipids

To confirm the structure of synthesized terpene-PLs, MS
and NMR analyses were performed. MS spectra were
measured in the negative electrospray ionization (ESI)
mode with JEOL JMS-700TZ (Japan Electronic Optics
Laboratory Co., Tokyo, Japan). 'H-and '*C-NMR spectra
were measured with a JOEL ECP400 FT NMR spectrom-
eter at 399.78 and 100.53 MHz, respectively. Samples
were dissolved in CDCl;, and tetramethylsilane was used
as an internal standard. The 2D-NMR spectra, namely,
heteronuclear single quantum correlation (HSQC) and
heteronuclear multiple bond coherence (HMBC), were also
measured for the assignment of NMR data.

Yield of Terpene-PL

The yield of synthesized terpene-PLs was measured using
a high-performance liquid chromatography (HPLC) system
(L-7100, Hitachi, Tokyo, Japan) equipped with a silica gel
column (Mightysil Si 60, Kanto Chemical Co. Inc., Tokyo,
Japan). The lipid fraction separated from the reaction mixture
was injected into the HPLC system. We used acetonitrile/
methanol (100:12, v/v) [solvent (A)] and methanol [solvent
(B)] as the mobile phase at 1 ml/min. The elution program was
as follows: 0-5 min: 100% solvent (A), 5-15 min: linear
gradient (A) — (B) and 15-24 min: 100% solvent (B). The
retention time of each terpene-PL was around 12 min. The
synthesized terpene-PL was detected at 210 nm with a diode
array detector (L-7455, Hitachi, Tokyo, Japan). The yield of
terpene-PL synthesized from soyPC and the four terpenes,
namely, geraniol, farnesol, geranylgeraniol, and phytol, was
calculated based on the HPLC peak area and a calibration
curve using synthesized standard terpene-PLs. The yield was
estimated according to following equation.

Yield (mol%) = (synthesized phospholipids/soyPC)
x 100

Results and Discussion

Synthesis of Terpene-PL

We attempted to synthesize terpene-PL via PLD-mediated
transphosphatidylation of DOPC with geraniol. A new
spot was detected between DOPC and geraniol on the
silica gel TLC plate (Fig. 2). This spot gave a blue color
with Dittmer’s reagent [23], indicating the presence of
phosphate and a red-purple color with SbCls, indicating
the presence of the terpene moiety in the molecule. We
also detected new spots in the reaction mixtures obtained
after the transphosphatidylation of DOPC with farnesol,
geranylgeraniol, and phytol (data not shown). Subse-
quently, the synthesized terpene-PLs were isolated from
TLC plate, and their structures were identified by high
resolution (HR) ESI-MS (Table 1) and NMR (Tables 2, 3)
analyses.

Identification of Synthesized Phospholipids

Negative high resolution ESI-MS of terpene-PLs showed
pseudo-molecular ions (M-H)™ (Table 1). These data
coincided with the predicted molecular formulas of the

# <« synthesized phospholipid

«— phosphatidic acid

A @ (©

Fig. 2 TLC analysis of phosphatidylated terpene from phosphatidyl-
choline (PC) and geraniol by PLD. a DOPC, b geraniol, ¢ reaction
product, reaction condition; 50 pmol dioleoyl-PC, 500 pmol geraniol,
1.6 ml ethyl acetate, 9 mg albumin, 1.6 U PLD and 0.8 ml of 0.2 M
sodium acetate buffer (pH 5.6) at 37 °C for 24 h. Spots were
separated on the TLC plate by the development of chloroform—
methanol-water (65:25:4, v/v) and detected by I,
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Table 1 Negative high

resolutif)n ESLMS data of Terpene-PL (Otltl)esgzteiccla(ll\:ll;lll-lu)e) (m/z) ]iel\r/r[liall-}tal composition
synthesized terpene-PLs
Phosphatidylgeraniol (6) 835.6205 (835.6217) C4oHggOgP
Phosphatidylfarnesol (7) 903.6825 (903.6843) Cs4HoOgP
Phosphatidylgeranylgeraniol (8) 971.7446 (971.7469) Cs9H;040gP
Phosphatidylphytol (9) 977.7928 (977.7938) CsoH;100gP
Table 2 'H-NMR chemical shifts of PC, terpenes, and synthesized Table 2 continued
terpene-PLs —
Position 4 8 5 9
Position 1 2 6 3 7
t4 1.68 1.65 1.67 1.63
gl 4.40 4.40 4.40 t5 1.92-2.00 1.92-2.00 1.99 1.94
4.12 4.18 4.18 t6 1.95-2.15 1.96-2.10 1.20-1.30 1.20-1.30
g2 5.19 5.24 5.25 t7 5.11 5.08 1.00-1.10* 1.00-1.10°
g3 3.91 3.93 3.93 18 1.33° 1.33¢
a2 2.28 (x2) 2.28,2.26 2.29,2.27 t9 1.60 1.59 0.84 0.84
a3 1.58 (x2) 1.59 1.59 t10 1.92-2.00 1.92-2.00 1.20-1.30* 1.20-1.30°
a4-a7, al2-al7 1.27 (x10) 1.27 1.27 tl1 1.95-2.15 1.96-2.10 1.20-1.30 1.20-1.30
a8, all 2.00 (x2) 2.00 2.00 t12 5.11 6.08 1.00-1.10* 1.00-1.10°
29, al0 5.34 (x2) 5.32-5.37 5.32-537  t13 1.25° 1.25¢
al8 0.88 0.88 0.88 t14 1.60 1.59 0.84 0.84
bl 4.25 t15 1.92-2.10 1.92-2.00 1.20-1.30* 1.20-1.30°
b2 3.70 tl6 1.95-2.15 1.96-2.10 1.20-1.30 1.20-1.30
b4 3.37 t17 5.11 5.08 1.15 1.15
tl 4.15 4.38 4.15 4.38 t18 1.52 1.50
2 541 5.34 5.42 5.34 t19 1.60 1.59 0.87 0.87
t4 1.68 1.64 1.68 1.65 20 1.68 1.68 0.87 0.87
t5 2.09 1.97 1.90-2.00 1.90-2.00 -
4 Exchangeable within same characters
t6 2.03 2.30 1.96-2.10 1.99-2.10
t7 5.10 5.07 5.09-5.12 5.08
9 1.60 1.59 1.60 1.59 terpene-PLs phosphatidylgeraniol (6), phosphatidylfarnesol
t10 1.68 1.67 1.90-2.00 1.90-2.00 (7), phosphatidylgeranylgeraniol (8), and phosphatidylphy-
t11 1.96-2.10 1.99-2.10 tol (9). The 'H- and "*C-NMR data of compounds 1-9 were
t12 5.09-5.12 5.07 assigned with consideration of 1D 'H- and 3C-NMR, and
t14 1.60 1.60 2D-HSQC and HMBC spectra (Tables 2, 3). On compar-
t15 1.68 1.68 ing the NMR data of phosphatidylgeraniol (6) (Tables 2, 3)
i, with the DOPC (1) data, it was observed that the choline
Position 4 8 5 9 . . . . .
moiety had disappeared, while the geraniol moiety had
gl 4.40 4.40 appeared. Methylene signals (g 4.38 and d¢c 62.61) at the
4.19 4.19 tl-position of 6 were shifted to down-field, compared with
[:2) 5.25 5.25 the data (dg 4.15 and Jc 59.36) of 2. Other signals of 6
g3 3.93 3.93 coincided with the corresponding data of DOPC (1) and
a2 2.29,2.27 2.28 geraniol (2). Additionally, carbon signals (dc 62.61 and
a3 1.56 1.57 121.01) at the tl- and t2-position showed broad signals
a4-a7, al2-al7 1.27 1.27 because of 2Jcp and 3JCP couplings. These data suggested
a8, all 1.94-2.40 2.00 that phosphoryl and geraniol moieties were connected with
a9, al0 534 5.33 phosphodiester linkage. Other terpene-PLs, namely, phos-
al8 0.88 0.88 phatidylfarnesol (7), phosphatidylgeranylgeraniol (8), and
t1 4.15 434 4.15 4.37 phosphatidylphytol (9), showed similar NMR patterns
© 5.42 5.34 5.41 5.34 (Tables 2, 3). Thus, the synthesized products 6-9 were
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Table 3 >*C-NMR chemical shifts of PC, terpenes, and synthesized

terpene-PLs
Position 1 2 6 7
gl 63.04 62.92 62.90
g2 70.57° 70.92% 70.94
23 63.34 63.66° 63.61
al 173.52, 173.55 173.56
173.16 (20) (20)
a2 34.34, 34.35, 34.36,
34.14 34.11 34.11
a3 24.98, 24.96, 24.97,
24.90 24.89 24.94
ad-a7, al2- 29.20— 29.35- 29.35-
als 29.80 29.84 29.84
a8, all 27.24- 27.26 (4C) 27.26 (4C)
27.22
a9, al0 129.69— 129.71- 129.69—
130.03 129.99 129.98
al6 31.92 (2C) 31.94 (2C) 31.94 (2C)
al7 22.69 (2C) 22.70 (2C) 22.70 (2C)
al8 14.12 2C) 14.12 (2C) 14.12 (2C)
bl 59.34
b2 66.33*
b4 54.37 (3C)
tl 59.36  62.61° 59.37  62.61°
12 123.41 121.01° 123.40 120.95°
t3 139.65 139.67 139.73 139.89
t4 1627 16.37 1628 16.44
t5 39.58  39.68 39.70° 39.79¢
t6 2642 26.57 26.74° 26.83°
t7 123.94 124.03 123.81 123.87
t8 131.74 131.49 13536 135.26
t9 17.69 17.69 16.00 16.00
t10 25.68 25.69 39.57° 37.73¢
t11 26.32° 26.64°
t12 124.34 124.36
t13 131.34 131.24
t14 17.68 17.69
t15 2569 25.70
Position 4 8 5 9
gl 62.93 62.87
g2 70.93% 70.02%
g3 63.65% 63.59*
al 173.56 (2C) 173.54, 173.47
a2 34.32, 34.11 34.32, 34.11
a3 24.96, 24.86 24.95, 24.85
ad-a7, al2-al5 29.34-29.80 29.34-29.80
a8, all 27.27 (4C) 27.35 (4C)
a9, al0 129.67-129.98 129.67-129.98
al6 31.93 (2C) 31.93 (2C)
al7 22.70 (2C) 22.69 (2C)

Table 3 continued

Position 4 8 5 9
al8 14.12 (2C) 14.12 (20)
tl 5940  62.61° 5940 6270
12 12331 120.89* 123.14 120.66
13 139.79 139.89 140.23 140.38
t4 1630  16.46 16.18 1627
t5 39.74°  39.82f 39.90 40.12
t6 2679 26.83¢ 25.17% 25.43P
t7 124.20 124.22" 39.39"  37.569
t8 135.40° 135.37 32.79™ 32.86"
19 16.02  16.03' 19.73" 19.73°
t10 39.71°  39.76 37.40"  37.569
t11 26.65°  26.808 25.00% 24.63°
t12 123.82¢ 123.81" 37.34"  37.48¢
t13 134.98° 134.93 32.70™ 31.93°
t14 16.02  16.00 19.69" 19.65°
t15 39.58°  39.76 37.31'  37.369
t16 2635 26.70° 24.49% 24.58°
t17 12441 12441 39.39  39.40
t18 131.28 131.20 2799  27.99
t19 17.69  17.68 22.74° 22.73
20 2571  25.70 22.63° 22.64'

 Observed “Jcp or *Jep coupling
b= Exchangeable within same characters

Transphosphatidylation of Terpene-PL in the Biphasic
System

We investigated the optimum conditions for the PLD-medi-

ated transphosphatidylation of soyPC with terpenes in a
biphasic system. Figure 3 shows the effect of the amount of
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Terpene (Lmol)

Yield (mol %)

Fig. 3 Effect of the amount of substrate terpene on the terpene-PL
synthesis in biphasic system. Reaction mixture: 50 pmol soyPC,
250-4000 pmol geraniol or farnesol, 1.6 ml ethyl acetate, 9 mg
albumin, 1.6 U PLD and 0.8 ml of 0.2 M sodium acetate buffer (pH
5.6). The reaction was conducted at 37 °C for 24 h. (filled circles)
phosphatidylgeraniol, (filled diamonds); phosphatidylfarnesol
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the substrates geraniol and farnesol on the reaction yield of
phosphatidylgeraniol and phosphatidylfarnesol, respectively.
In each reaction, the yield of terpene-PLs gradually increased
with the amount of substrate terpene, and after peaking
at approximately 2,000 umol of substrate, the yield
decreased with the amount of substrate terpene. In the case of
geraniol, the yield of phosphatidylgeraniol was 53 mol% at
2,000 pmol substrate in the biphasic system containing ethyl
acetate and water. Further, the yield of phosphatidylfarnesol
was lower than that of phosphatidylgeraniol.

We also studied the time course of the yield of terpene-
PLs and the effect of the PLD amount on phosphatidyl-
geraniol synthesis. The yield increased with the reaction
time and plateaued at 24 h at approximately 45 mol%
(Fig. 4). The optimal amount of PLD was 16 U in the
biphasic system (data not shown). Furthermore, the yield of
phosphatidylgeraniol was higher than those of other ter-
pene-PLs under the reaction conditions of 50 pmol soyPC;
2,000 pmol terpenes; 1.6 U PLD; 9 mg albumin; 1.6 ml
0.2 M sodium acetate buffer (pH 5.6); temperature, 37 °C;
and reaction time, 24 h (Table 4). The terpene-PL yield
decreased with the chain length of the substrate terpene in
the biphasic system.

100

80

60

40-//0/‘\‘

20 |

Yield (mol %)

0 10 20 30 40 50 60 70 80
Reaction time (h)

Fig. 4 Time course of phosphatidylgeraniol synthesis in biphasic

system. Reaction mixture: 50 pmol soyPC, 500 pmol geraniol, 0.8 ml

ethyl acetate, 1.6 U PLD, 9 mg albumin and 0.8 ml of 0.2 M sodium

acetate buffer (pH 5.6). The reaction was conducted at 37 °C for
3-72 h

Table 4 The yield of terpene-PL synthesized by PLD in biphasic
system or aqueous system

Terpene-PL Yield (mol%)

Biphasic system  Aqueous system
Phosphatidylgeraniol 53 90
Phosphatidylfarnesol 26 73
Phosphatidylgeranylgeraniol 17 54
Phosphatidylphytol 14 17
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Transphosphatidylation of Terpene-PL in the Aqueous
System

Ethyl acetate is unsuitable for the production of terpene-
PLs to be used in fields such as the nutraceutical and food
industries. The synthesis of terpene-PLs was attempted in
an aqueous system, without a toxic solvent.

Figure 5 shows the effect of the amounts of substrate
geraniol and PLD on the synthesis of phosphatidylgeraniol
in the aqueous system. With 2,000 umol geraniol, 50 pmol
soyPC, 1.6 U PLD, and 0.8 ml of 0.2 M sodium acetate
buffer (pH 5.6), the yield of phosphatidylgeraniol reached
90 mol% at a temperature of 37 °C and reaction time of
24 h (Fig. 5a). At geraniol levels between 250 and
4,000 pmol geraniol, the yield of phosphatidylgeraniol was
high. In contrast, this yield increased with PLD amounts
and plateaued between 0.8 and 1.6 U (Fig. 5b). From these
results, the optimal reaction conditions for phosphatidylg-
eraniol were estimated to be 50 pmol soyPC, 2,000 pmol
geraniol, 1.6 U PLD, and 0.8 ml of 0.2 M sodium acetate
buffer (pH 5.6). Furthermore, the time course of phos-
phatidylgeraniol synthesis was examined using the above-
mentioned optimum reaction mixture (Fig. 6). The yield of

(A) 100
%0 - .-—0\./.\.
S
= L
E 60
=
240 F
b=
20 F
0 1 1 L 1
0 1000 2000 3000 4000
Geraniol (Lmol)
(B) 100
4.
80
S
= 5
é 60
=
240 |
Pl
20
0 L 1 L 1 L L
0 05 1 15 2 25 3 35
PLD (U)

Fig. 5 Effect of the amount of geraniol and phospholipase D on the
synthesis of phosphatidylgeraniol in aqueous system. Reaction
mixture: 50 pmol soyPC, 250-2,000 pmol geraniol, 0.2-3.2 U PLD
and 0.8 ml of 0.2 M sodium acetate buffer (pH 5.6). The reaction was
conducted at 37 °C for 24 h
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Fig. 6 Time course of phosphatidylgeraniol synthesis in aqueous
system. Reaction mixture: 50 pmol soyPC, 2,000 pumol geraniol,
1.6 U PLD and 0.8 ml of 0.2 M sodium acetate buffer (pH 5.6). The
reaction was conducted at 37 °C for 3-72 h

phosphatidylgeraniol increased with the reaction time and
was highest at 24 h.

We also examined the relation between terpene-PL yield
and the chain length of substrate terpenes in the aqueous
system (Table 4). The yields of terpene-PLs decreased with
the chain length of substrate terpenes, similar to the findings in
the biphasic system. Furthermore, the yield of phosphatidyl-
phytol was lower than that of phosphatidylgeranylgeraniol.

In previous studies, a large variety of phospholipids
were synthesized through transphosphatidylation by PLD.
It is known that primary hydroxyl group is good as accepter
compared to secondary hydroxyl group, while tertiary
hydroxyl group can not be acceptors. In addition, sugars
[24], phenols [25], nucleotides [8], ascorbic acid [7], and
1,8-octandiol [26] have been also reported to act as
acceptors. In the current study, we indicated for the first
time that terpenes such as geraniol, farnesol, geranylger-
aniol, and phytol can also act as acceptors in PLD-
mediated transphosphatidylation. The preference of PLD
for geraniol and farnesol was higher than that for gera-
nylgeraniol and phytol. In addition, the yields of terpene-
PLs in the aqueous system were higher than those in the
biphasic system for each terpene. The emulsion state of the
substrate may affect the PLD-mediated transphosphatidy-
lation of PC with terpene. In the aqueous system, substrate
PC was suspended in a buffer and terpene mixture, while it
was dissolved in an organic solvent phase in the biphasic
system. Dittrich and Ulbrich-Hofman [21] reported that the
addition of Triton X-100 enhances the conversion of PC to
phosphatidylglycerol mediated by immobilized PLD in an
aqueous system. Their results showed that PLD-mediated
transphosphatidylation was strongly influenced by the
physical state of substrate phospholipids in the reaction
system. Furthermore, the contact frequency of the substrate
and PLD in the aqueous system was supposedly higher than
that in the biphasic system because the substrate in the
aqueous system was not diluted by the organic solvent.

It is known that PLDs show different activities and
specificities depending on their origin [27]. We therefore
compared the activities of terpene-PL synthesis using some
PLD isozymes under the following reaction conditions:
50 pmol soyPC; 2,000 pmol geraniol; 1.6 U PLD; 0.8 ml
of each buffer; temperature, 37 °C; and reaction time, 24 h.
Of the four enzymes from Streptomyces sp., S. chromo-
fuscus, cabbage, and peanut, only the PLD from
Streptomyces sp. could catalyze the transphosphatidylation
of soyPC with geraniol in both biphasic and aqueous sys-
tems (data not shown). This result indicates that PLD from
Streptomyces sp. is a suitable enzyme for terpene-PL
synthesis.

Because of their interfacial activity, phospholipids have
many applications such as in food emulsifiers and cos-
metics. In particular, the ability of liposome formation is
one of the important characteristics of phospholipids that
can be applied in the medical field. Further studies are
required to investigate the functions of synthesized ter-
pene-PLs.

In conclusion, the present study showed that PLD from
Streptomyces sp. drives the transphosphatidylation of PC
with geraniol, farnesol, geranylgeraniol, and phytol in both
biphasic and aqueous systems. In particular, the aqueous
system was superior to the biphasic system for terpene-PL
production. Furthermore, the yield of terpene-PL decreased
with the chain length of the substrate terpene. The yield of
phosphatidylgeraniol reached 90 mol% in the aqueous
system, under the following optimum conditions: 50 pmol
soyPC; 2,000 umol geraniol; 1.6 U PLD; 0.8 ml of 0.2 M
sodium acetate buffer (pH 5.6); temperature, 37 °C; and
reaction time, 24 h.
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