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Abstract

An improved safe method that does not contaminate the environment with cadmium chloride, a toxic heavy metal salt, was
developed for the synthesis of phosphatidylcholine (PC). PC was synthesizedrfglgtero-3-phosphocholine (GPC) and
fatty acid in one step under mild conditions without the use of cadmium chloride. GPC was prepared from egg yolk PC and
adsorbed by kieselguhr in a Teflon vessel. The GPC on kieselguhr was acylated with fatty acid in the presence of two reagents
dicyclohexylcarbodiimide for synthesis of fatty acid anhydride and 4-dimethylaminopyridine as an acylating cataly3t, at 30
overnight. The PC thus produced was purified by silica gel column chromatography. The yield of dioleoyl PC was 90% based
on the starting material, GPC.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction 1980. Conventional procedures involve the prepara-
tion of sn-glycero-3-phosphocholine (GPC) and esteri-
The diacyl phosphatidylcholines (PC) are common fication of the GPC with fatty acid. Most of the methods
membrane phospholipids, whose physical, chemical for synthesis of PC from GPC employ the cadmium
and biological properties have been extensively studied chloride complex of GPC, because GPC itself is not
utilizing arange of PCs varying in their acyl chain com- soluble in organic solvents except for lower alcohols,
position. Many methods have been developed for the such as methanol. Obviously, alcohols cannot be used
chemical synthesis of PQénsen and Pitas, 1976; Eibl, as solvents for esterification of the hydroxyl groups
of GPC. The cadmium chloride complex of GPC, the
"+ Corresponding author. structure of which is (GPGJCdCh)s, can be handled
E-mail address: ichihara@kpu.ac.jp (K. Ichihara). more easily than neat GPC and can be suspended in
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organic solvents for synthesiBder and Kates, 1948; minum oxide (70-230 mesh) for column chromatogra-
Hanahan, 1962; Chada, 197®However, the CdGlI phy was obtained from Merck (Darmstadt, Germany)
must be removed from the acylation product of the and its water content was adjusted to 2%. Silica gel 60
GPC/CdC} complex by either ion exchange resin or (0.063—-0.200 mm) was also obtained from Merck for
silica gel column chromatograph@(pta et al., 1977;  column chromatography. The kieselguhr product used
Patel et al., 1979; Radhakrishnan et al., 1981; Davis was Hyflo Super-Cel (Celite Co., Santa Barbara, CA).
and Keough, 1983; Rhodes et al., 1392llowed by Prior to use, the silica gel and kieselguhr were washed
disposal of the column material in a licensed landfill several times with methanol and then dried at 120
according to local regulations in order to avoid pollut-

ing the environment. 2.2. Lipid analysis
Heavy metals persist in the environment and bioac-
cumulation takes place in the food chalifigler, 2003. The purity of the diacyl PCs was checked by sil-

According to the Merck Index and International Labor ica gel thin-layer chromatography (TLC) using sol-
Organization, cadmium is toxic to aquatic organisms. vent systems of choloroform/methanol/15 M b{65:
In humans, cadmium has effects on the kidneys and 35:5, v/v/v) and chloroform/methanol/acetone/water
lungs, resulting in kidney impairment and tissue lesions (65:35:5:4, viv/v/v). Phospholipids on TLC plates (sil-
by long-term exposure. Cadmium is also carcinogenic ica gel 60 ks4) were visualized with the molybdenum
and may have toxic effects on human reproduction. In blue reagent oDittmer and Lester (1964)xnd lipid
Japan, the oral intake of cadmium in food and water classes were visualized by spraying 50% (w/w) sulfu-
is known to cause a skeletal disease associated withric acid and then heating at 136. Acylation catalysts
a cadmium-induced renal disordeBhjroishi et al., on TLC plates were detected under ultraviolet light
1977, Friberg et al., 1985; Aoshima, 198This dis- at 254 nm, and dicyclohexylcarbodiimide (DCC) and
ease, known as Itai-itai disease, is characterized by dicyclohexylurea (DCU) were detected under ultravi-
progressive bone demineralization with painful joints olet light at 352 nm after spraying with 0.001% primu-
and bones. For this reason, steps need to be taken tdine in ethanol. The acyl chain composition of these
prevent cadmium entering the environment. PCs was analyzed by gas—liquid chromatography of
The present paper deals with a convenient method their fatty acid methyl esters prepared using an alkali-
for the synthesis of diacyl PCs from GPC and a fatty catalyzed transesterification with KOH/methanolin the
acid, without the use of cadmium or any other heavy presence of hexan&chihara et al., 1996, 2003 nfra-
metal salt. red (IR) spectra were recored on a Hitachi 260-10
spectrophotometer. Analysis by matrix-assisted laser
desorption/ionization time of flight mass spectrometry
2. Experimental was performed on an AXIMA CFR Plus (Shimadzu,
Kyoto, Japan).
2.1. Reagents
2.3. Preparation of GPC from egg yolk PC
Oleic and linoleic acids, 99% pure, were kindly
provided by Nippon Oil & Fats Co. (Amagasaki, Because commercial GPC which had been stored
Japan). Palmitic and heptadecanoic acids, and glassfor long time might be contaminated with impurities
distilled chloroform of HPLC grade were obtained formed by hydrolysis and migration of the phosphoryl
from Sigma-Aldrich (St. Louis, MO). Dehydrated, choline group in the molecule and because commercial
amylene-stabilized chloroform was purchased from egg yolk PC may also contain impurities, we prepared
Wako Pure Chemicals Industries (Osaka, Japan) andGPC from fresh egg yolk by solvent extraction and col-
was used as the solvent for synthesis. Methanol, ace-umn chromatography. In brief, egg yolk (80 g) obtained
tone and hexane (Wako Pure Chemicals Industries) from five hen’s eggs was extracted with acetone three
were purchased as glass-distilled solvents for anal- times to remove neutral lipids, pigments and water, and
ysis of residual pesticides and contained only very the phospholipids were extracted from the precipitate
small amounts of evaporation residues. Neutral alu- with chloroform/methanol (1:1, v/v). The PC was then
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purified using column chromatography on neutral alu- kieselguhr residue was washed with a small volume of
mina (Renkonen, 1962; Singleton et al., 1966rude chloroform, and the washing was combined with the
phospholipids (7.6 g) were applied to a glass column first filtrate. The diacyl PC was the only hydrophobic
packed with 76 g of aluminum oxide in chloroform. phosphorus product and no lysoPC was detected on
After neutral lipids and pigments were washed away TLC. The combined chloroform solutions were evap-
with acetone, PC was eluted with 500 ml of chloro- orated to dryness and the oily residue was dissolved in
form/methanol (90:10, v/v). Sphingomyelin (SPM)and 10 ml chloroform. After removal of precipitated DCU
phosphatidylethanolamine (PE) were retained on the by filtration, the solution was applied to a glass col-
alumina column. The yield of PC was 3.5g. umn (internal diameter, 2.2 cm) packed with 17.0 g of
GPC was prepared by the methodRrockerhoff the methanol-washed silica gel in chloroform. The col-
and Yurkowski (1965)In brief, a portion (0.817g, umn was first washed with 120 ml of chloroform and
1.06 mmol) of the pure egg yolk PC was dissolved then with 500 ml of chloroform/methanol (95:5, v/v),
in 8.2 ml of diethyl ether and deacylated with 0.82ml 500 ml chloroform/methanol (92:8, v/v) and with one
of 1.0 M methanolic tetrabutylammonium hydroxide 100-ml volume of chloroform/methanol (90:10, v/v)
for 1h at room temperature. The glassy precipitate to elute oleic anhydride, free oleic acid, DCC, DCU
of GPC was washed with diethyl ether and then dis- and DMAP. Dioleoyl PC was then eluted with 1100 ml
solved in 0.3 ml of methanol. GPC was reprecipitated of chloroform/methanol (80:20, v/v). The dioleoyl PC
from the methanol solution by the addition of 9 ml of gave a single spot on TLC plateEi¢. 1), when it
diethyl ether, and then the precipitate was washed with was detected with primuline, the molybdenum blue
diethyl ether. After drying in vacuo over phosphorus reagent, or 50% sulfuric acid. Although a trace amount
pentoxide overnight, GPC was obtained in a yield of of DMAP was detected under UV light o254 nm,

96.8% (0.264 g, 1.03 mmol). Calcd. fogl200sNP: its content was estimated to be less than 0.1%. No
C,37.36;H,7.84; N, 5.45; P, 12.04%. Found: C, 36.76; contamination with silica gel was found in the PC
H, 7.88; N, 5.34; P, 11.81%. product. The yield was 0.744 g (0.926 mmol, 90.3%).

Calcd. for G4HgsO9NP: C, 65.72; H, 10.78; N, 1.74;

2.4. Synthesis of dioleoyl PC from GPC
50% H2804/135°C UV 254 nm
The GPC (1.03 mmol) was dissolved in 0.88 ml of . = :
methanol. The solution was added dropwise to 0.793 g F- | o
of Hyflo Super-Cel in a Teflon vessel (30 ml centrifuge
tube) with vortexing. The amount of kieselguhr must .
be 3g or more per 1g of GPC. Use of glassware for
this treatment should be avoided because GPC adheres '
to the glass surface and is not adsorbed by kiesel-
guhr. The GPC-adsorbed kieselguhr powder was dried
over phosphorus pentoxide in vacuo overnight. If GPC-
adsorbed kieselguhr hardened into beads, they were .
broken up with a spatula. The GPC—kieselguhr com-
plex was transferred to a dried, ground-jointed Erlen-
meyer flask and suspended in 20 ml of dry, alcohol-free
chloroform. To the suspension were added 0.310 g of 4- 0-
dimethylaminopyridine (DMAP), 1.38 g of oleic acid
and 1.01g of DCC. The molar ratios of GPC/oleic Fig. 1. TLC of the synthesized dioleoyl PC. Lane 1, DCC; lane 2,
acid/DCC/DMAP were 1.0:4.8:4.8:2.5. After flushing DCU; lane 3, oleic acid; lanes 4 and 6, PC that was synthesized and
with N2, the flask was closed with a ground-glass stop- then purified by cqlumn chromatography; Ian_e 5, DMAP. Spots were
. . . . detected by spraying 50%180, and then heating at 13% for lanes

per. The reaction m_IXture was stirred atO:EDovernlght 1-4, or under UV light at 254 nm for lanes 5 and 6. F, solvent front;
or more than 14 h in the dark, and then the kieselguhr o origin. The solvent system was chloroform/methanol/15 MgNH
was removed by filtration under reduced pressure. The (65:35:5, viviv).
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Fig. 2. Mass spectrum of the synthesized dioleoyl PC. The matrix used was 2,5-dihydroxybenzoic acid.

P, 3.85%. Found: C, 66.01;H,11.05; N, 1.72; P, 3.92%. PC fractions with chloroform/methanol (90:10, v/v).

The structure and purity were confirmed by the IR Although PC does not decompose on silica gel column

spectrum (2920, 2850, 1730, 1460, 1240, 1090, 1060 chromatography, it takes a longer time to separate PC

and 970 cml) and the mass spectrurfig. 2). When from PE with silica gel than with aluminum oxide.

removal of the trace amount of DMAP was required,

the PC was dissolved in 100 ml chloroform and then 3.2. Preparation of the GPC—kieselguhr substrate

the solution was washed with 100 ml of 0.2 M HCI in

50% methanol. After the chloroform layer was washed GPC, but not its cadmium chloride complex, can

with 100 ml of 50% methanol twice, the solvent was be acylated with fatty acid anhydride in the pres-

evaporated to dryness. ence of fatty acid potassium salt as a catal@sti{ero
Robles and Van den Berg, 1969; Barton and Gunstone,
1979. Although a large amount of soap can solubi-

3. Results and discussion lize GPC in fatty acid anhydride, this method has some
disadvantages. The reaction requires high temperatures
3.1. Preparation of pure PC from egg yolk (65-80°C) and long times (48—72 h) under vacuum and

with mechanical stirring. It also requires 2 mol of fatty
Egg phospholipids consist of 73% PC, 15% PE, 6% acid potassium salt and 4 mol of fatty acid anhydride
lysoPC and 2.5% SPMRhodes and Lea, 1957and per 1 mol of GPC, i.e., at least 10 mol of fatty acid is
the chromatographic behavior of egg-SPMis similarto needed per 1 mol of GPC to obtain yields of 81% for
that of PC. Thus, PC tends to be contaminated by SPM distearoyl PC and 71% for dioleoyl PBorsotti et al.
and lysoPCg®ingleton et al., 1965PC showingonlya  (2001)synthesized PC from cadmium-free GPC, but
single spot by TLC can be readily prepared from crude the yields were 23—65%.

egg yolk phospholipids using alumina column chro- Warner and Benson (197dgveloped a method for
matography at atmospheric pressure without resorting preparation of unsaturated PC from GPC suspended
to high-performance liquid chromatograph§@uerts in dimethylsulfoxide and unsaturated fatty acid imida-

van Kessel et al., 1981Using the above-mentioned zolide in the presence of sodium methylsulfinylmethide
procedure, lysoPC was eluted from the alumina column as a catalyst, but they were not able to synthesize satu-
with chloroform/methanol (80:20, v/v), and neither rated PC by this procedure because of the limited solu-
sphingomyelin nor lysoPC was eluted even in the last bility of long-chain saturated fatty acid imidazolides in
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dimethylsulfoxide. The starting materials for dioleoyl although the reaction time required for acylation was
PC were 1 mmol of oleic acid and 0.25 mmol of GPC, more than 14 h, as compared with less than 8 h with
and the yield was 68%. In their reaction system, GPC 4-pyrrolidinopyridine.

adhered to the walls of the reaction vessels and it was
necessary to warm the GPC suspension atCi%or
several minutes to dislodge the adhering material prior

to addition of acid anhydride. However, we could not In most methods for synthesis of PC from GPC or its
successfully suspend GPC in dimethylsulfoxide and cadmium chloride complex, the acyl donors used were
could not dislodge GPC from glass vessels using their acid anhydrides3elinger and Lapidot, 1986acid imi-
treatment. These difficulties were overcome by prepar- gazolide or acid chloride. The donors were prepared
ing the GPC-kieselguhr complex and by using Teflon prior to mixing with the GPC substrates, except for

3.4. PC synthesis by acylation

instead of glass vessels.
3.3. Catalyst for acylation

4-Dialkylaminopyridines act as nucleophilic acy-
lation catalysts with broad substrate selectivity, and
the active acylating reagents are the acyl pyridinium
speciesiioefle etal., 1978 DMAP is the most widely
used dialkylaminopyridine, and the cadmium complex
of GPC has been acylated with fatty acid anhydride
in the presence of this catalyst under mild conditions
(Gupta et al., 1977 4-Pyrrolidinopyridine is more
active than DMAP as an acylation catalybtdttai et
al., 1987, and hence it has been used more often for
synthesis of PC from the cadmium complex of GPC
(Patel etal., 1979; Mason et al., 198dowever, when
4-pyrrolidinopyridine was employed in the present
synthetic system, small amounts of a by-product were
formed. The amount of the by-product was very small,
but it could not be separated from PC by silica gel or
alumina column chromatographiyatel et al. (1979)
removed 4-pyrrolidinopyridine together with cadmium
chloride by passing the reaction mixture through an
ion exchange column. The catalyst could be removed
by washing the chloroform solution of the reaction
mixture with 0.5M HCI in 50% methanol three
times, but the by-product impurity could not. This
phosphorus-negative impurity migrated close under
authentic lysoPC on a TLC plate that was developed
with chloroform/methanol/15 M NEl(65:35:5, viviv),

and its amount was estimated to be less than 1% of

PC by charring with 50% sulfuric acid on the plate.
In contrast to 4-pyrrolidinopyridine, DMAP gave

no by-products that were difficult to remove and the
catalyst itself could be separated from PC by silica gel
column chromatography and by washing with diluted
HCI. Therefore, DMAP was selected as the catalyst,

methods using fatty acid sodium salt as the acylation
catalystKodali et al. (1984¥ynthesized 1,2-dilauroyl-
sn-glycerol from 1,2-isopropylidengs-glycerol and
free lauric acid in the presence of DCC and DMAP. Ina
similar method, GPC—cadmium complex was esterified
with a G g fatty acid containing conjugated acetylenic
bonds by stirring for 60 hRhodes et al., 1992In the
present study, PC was synthesized using a one-step
method, in which two sequential reactions, the forma-
tion of fatty acid anhydride from fatty acid and the
acylation of GPC on kieselguhr with the anhydride,
are performed in a single reaction vessel. This one-
step procedure is superior to the two-step method in its
simplicity, efficiency and yield.

Dipalmitoyl PC was prepared using the above pro-
cedure with ayield of about 80%, which was lower than
that of the corresponding dioleoyl PC. This was proba-
bly due to the reduced amount of DMAP (1.5 mol/mol
GPC and not 2.5 mol/mol). Some acylating conditions
caused the formation of 1,3-diacyl PCammers et al.,
1978; Keough and Davis, 19Y,%ut that isomer was
not formed in the present procedure.

3.5. Concluding remarks

The present method has a number of advantages as
compared with other methods for synthesis of PC: (1)
no cadmium compounds are included; (2) the reaction
proceeds under mild conditions; (3) the procedure is
simple and no sophisticated apparatus is required; (4)
the purity and yield are similar to or better than those
obtained by the methods reported previously.
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