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1. Introduction In order to provide a simple term for the ‘diradylgly-

cerophospho-’ radicals that would be comparable to
Both choline and ethanolamine glycerophospho- ‘phosphatidyl,” which designates the ‘1,2-diacyl-sn-

lipids in mammalian tissues consist of three sub- glycero-3-phospho’ radical, the Working Group on
classes, namely, 1,2-diacyl-sn-glycero-3-phospho- Lipid Nomenclature for the IUPAC-IUB Commis-
choline (-ethanolamine), 1-alkyl-2-acyl-sn-glycero-3- sion on Biochemical Nomenclature in 1976 [1] rec-
phospho-choline (-ethanolamine), and 1-alk-1’-enyl- ommended the terms plasmanyl(alkyl) and plasmenyl

2-acyl-sn-glycero-3-phospho-choline (-ethanolamine). (alk-1-enyl) for the 1-alkyl-2-acyl and 1-alk-1’-enyl-2-
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acyl types of glycerophospholipids, respectively.
Thus, plasmanic acid represents the alkyl analog,
and the plasmenic acid represents the alk-1-enyl ana-
log of phosphatidic acid. Plasmanylcholine and plas-
menylcholine can be interchanged with 1-alkyl-2-
acyl-sn-glycero-3-phosphocholine  (alkylacyl-GPC)
and 1-alk-1"-enyl-2-acyl-sn-glycero-3-phosphocholine
(alkenylacyl-GPC), respectively, whereas plasmenyl-
ethanolamine is 1-alk-1’-enyl-2-acyl-sn-glycero-3-
phosphoethanolamine  (alkenylacyl-GPE). Those
glycerophospholipids with alk-1-enyl groups at the
sn-1 position of the glycerol are also referred to as
plasmalogens (i.e. choline plasmalogens or ethanol-
amine plasmalogens) (Fig. 1).

In general, the alkyl moieties are found in both
choline and ethanolamine glycerophospholipids,
whereas the alk-1-enyl linkage occurs mainly in etha-
nolamine glycerophospholipids [2-4]. However, nota-
ble exceptions do exist. For instance, the content of
the alkylacyl-subclass is relatively low in most tissues
examined [2-6], but cells that can be stimulated to
produce the potent biological mediator, platelet-acti-
vating factor (PAF), contain elevated levels of alkyl-
acyl-GPC [4-6]. Among these are human polymor-
phonuclear leukocytes and rat alveolar macrophages
where alkylacyl-GPC represents 50.2 and 35.2% of
the total choline glycerophospholipids, respectively
[4-6]. Similarly, the plasmenylcholine content of
hearts from several species (except rat) and bovine
epididymal spermatozoa can be as high as 33-63% of

Table 1
Plasmenylcholine (alk-1-enylacyl-GPC) levels in the choline
glycerophospholipids of selected mammalian tissues and cells

Tissue Percentage of total
diradyl-GPC

Mouse brain 4.4

Human heart 36-41

Bovine/ox heart 33-52

Rabbit heart 39-41

Guinea pig heart 36

Canine myocardial sarcolemma 57

Rat heart 2-4

Rat small intestinal smooth muscle 7.2

Human polymorphonuclear leukocytes 9.4

Bovine epididymal spermatozoa 63

Porcine spermatozoa 23

Adapted from the review by Sugiura and Waku [4].

the total diradyl-GPC fraction (also see Table 1, and
[4D.

Extensive research studies in the late sixties and
early seventies identified the enzyme activities that
catalyze the biosynthesis of the ether linkage and
generate the alk-l-enyl bond in plasmenylethanol-
amine [7,8]. However, the origin of the alk-I-enyl
linkage of plasmenylcholine has only recently begun
to unravel. The intent of the present review is to
briefly summarize the current available knowledge
regarding the biosynthesis of alkyl glycerophospholip-
ids and ethanolamine plasmalogens (plasmenyletha-
nolamine), to highlight the evidence indicating that
choline plasmalogens (plasmenylcholine) are not
made directly from plasmanylcholine via microsomal
Al alkyl desaturase as shown for that of ethanol-
amine plasmalogens, and to provide an overview
showing that ethanolamine plasmalogens are con-
verted through a series of metabolic reactions to
choline plasmalogens. Finally, the possible biological
functions of ethanolamine and choline plasmalogens
will be discussed.

2. Biosynthesis of alkyl glycerophospholipids

2.1. Enzymes participating in the committed steps of
introducing the ether-linkage in lipids

Two substrates, namely long chain fatty alcohols
(ROH) and acyldihydroxyacetone phosphate (acyl-
DHAP), are required in order to introduce the
ether-linkage into the glycerophospholipids. Fig. 2
illustrates a brief schematic representation for the
biosynthesis of alkylglycerophosphate (alkyl-GP, an
ether analog of the lysophosphatidic acid) from acyl-
CoA and DHAP (a glycolytic intermediate).

Acyl-CoA reductase catalyzes the two consecutive
reductions of acyl-CoA to alcohols with NADPH
serving as the specific coenzyme (acyl-CoA — aldehy-
de — alcohol) (Fig. 2, reaction I) [8]. DHAP acyl-
transferase catalyzes esterification of the free hydrox-
yl group of DHAP by utilizing long chain (> Cyg)
acyl CoAs to form acyl-DHAP (Fig. 2, reaction II)
[9]. Alkyl-DHAP synthase then replaces the acyl
chain in acyl-DHAP with a long-chain fatty alcohol
to form alkyl-DHAP, the first detectable ether-linked
product in the ether lipid biosynthetic pathway (Fig.
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Fig. 1. Subclasses of choline and ethanolamine glycerophospholipids.

2, reaction III) [8]. Finally, alkyl-DHAP reductase
reduces the ketone group of alkyl-DHAP using
NADPH to generate alkyl-GP (Fig. 2, reaction 1V)
[8].

It has been postulated that the low activity of the
acyl-CoA reductase accounts for this enzyme as the
rate-limiting reaction for the overall biosynthesis of
ether lipids in animal tissues [10]. In addition, this
reductase is shown to be fairly specific for palmitate
(16:0), stearate (18:0), and oleate (18:1). Similarly,
the alkyl and alk-1-enyl moieties of both choline and
ethanolamine phospholipids in a variety of tissues

and tumors are also mainly 16:0, 18:0, and 18:1
[10]. On the other hand, alkyl-DHAP synthase incor-
porates both polyunsaturated and shorter chain al-
cohols [8]. Therefore, acyl-CoA reductase is believed
to determine the distribution of ether chains found in
tissues.

A recent report by Hayashi and Sato [11] indicates
that rat liver peroxisomes are able to catalyze the
chain elongation of dodecanoyl-CoA by acetyl-
CoA, which is supplied by B-oxidation, and then
subsequently form hexadecanol in the presence of a
reducing factor (NADH/NADPH). It has been fur-
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Fig. 2. Peroxisomal enzymes participating in the committed reaction steps responsible for introducing the ether-linkage into lipids.

ther shown that acetyl-CoAs derived from peroxiso-
mal B-oxidation are readily incorporated into the
alk-1-enyl group of ethanolamine plasmalogens [12].
However, the quantitative contribution of this path-
way to the synthesis of ether lipids is currently un-
clear.

DHAP acyltransferase has been purified to appa-
rent homogeneity from guinea pig liver [13] and hu-
man placental [14] peroxisomes with a single 69- and
65-kDa band on SDS-PAGE, respectively. Using
antibodies raised against the purified DHAP acyl-
transferase in rabbits, Ofman and Wanders [14]
showed, by immunological titration with the pre-
pared antiserum, that fibroblasts from Zellweger cer-

ebrohepatorenal syndrome (ZS) patients (whose liver
and kidney tissues lack peroxisomes) contain only
~10% of the DHAP acyltransferase found in nor-
mal fibroblasts.

Recently, Thai et al. [15] have been able to extract
and partially purify the DHAP acyltransferase from
rabbit Harderian gland peroxisomes. From peptide
sequences, matching EST-clones were obtained,
which allowed cloning and sequencing of the
cDNA from a human cDNA library. The nucleo-
tide-derived amino acid sequence revealed a protein
consisting of 689 amino acid residues of molecular
mass 77 187 containing a C-terminal type 1 peroxi-
somal targeting signal. Screening of protein data-
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bases revealed homologies of human DHAP acyl-
transferase with glycerol-3-phosphate acyltransferase
established for a wide variety of species. The homol-
ogies are restricted to distinct domains of about 35—
80 amino acid residues in lengths with 78% similar-
ities and up to 45% identities.

Alkyl-DHAP synthase prepared from a peroxiso-
mal membrane fraction of guinea pig liver has also
been purified to a single 65-kDa band on SDS-
PAGE [16]. Both cDNAs of alkyl-DHAP synthase
from guinea-pig liver [17] and human fibroblasts
[18] have been cloned and revealed the presence of
a peroxisomal targeting signal 2.

There has been a steady debate over the years
concerning the subcellular localizations of DHAP
acyltransferase and alkyl-DHAP synthase [8,13-17]
and whether mitochondrial and microsomal sn-glyc-
erol-3-phosphate (GP) acyltransferase also catalyze
the acylation of DHAP [13,18]. The question also
still remains as to the extent, in addition to its
main function in the formation of the obligate pre-
cursor of ether lipid (acyl-DHAP), that DHAP acyl-
transferase is involved in the biosynthesis of non-
ether lipids in animals.

It is generally accepted now that all animal perox-
isomes contain anabolic acyl-DHAP pathway en-
zymes. Acyl-CoA reductase is localized on the out-
side (cytosolic side) of the peroxisomal membrane,
and DHAP acyltransferase and alkyl-DHAP syn-
thase are localized on the inside face (lumenal side)
of the peroxisomal membrane [7]. Alkyl-DHAP re-
ductase, the same enzyme that also catalyzes the re-
duction of acyl-DHAP [19], is found in both perox-
isomes (cytosolic side) and the endoplasmic
reticulum (ER) [7]. These results are consistent with
the findings that both DHAP acyltransferase [15] and
alkyl-DHAP synthase [17,18] have type 1 and type 2
peroxisomal targeting signals, respectively.

Both mitochondria and microsomes were reported
to have DHAP acyltransferase activities [7]. How-
ever, it has not been resolved whether these activities
are derived from the presence of GP acyltransferases
present in those fractions using DHAP as a non-spe-
cific substrate. Mammalian mitochondrial GP acyl-
transferase has recently been purified and its gene
has been cloned and expressed in baculovirus-in-
fected cells [20]. However, it has not been reported
whether this enzyme will acylate DHAP or not.

In a number of tissues including tumors, alkyl-
DHAP synthase was shown to be enriched in the
microsomal fractions [8]. Considering the microper-
oxisomes (smaller than peroxisomes in liver and kid-
ney, <0.1 to 1.0 wm) [21] in these tissues whose
sedimentation properties are similar to that of ER
vesicles (i.e. brain and intestine mucosa), it turns
out that the presence of alkyl-DHAP synthase in
microsomes is due to the contaminating microperox-
isomes in the ER [7]. However, tumor cells have no
demonstrable peroxisomes [7], but nevertheless con-
tain high concentrations of ether lipids and high lev-
els of alkyl-DHAP synthase in the microsomes [8]. It
will be interesting to determine where alkyl-DHAP
synthase is located in cancer cells enriched in ether
lipids.

It is not clear whether non-ether glycerolipids are
synthesized via a combination of peroxisomal DHAP
acyltransferase and acyl-DHAP reductase to generate
acyl-GP (lysophosphatidic acid) intermediate; how-
ever, 50-60% of non-ether glycerolipids was esti-
mated to be synthesized by this particular pathway
using p-[U-'*C,3-3H]glucose as a labeled precursor
[7,22]. This substrate generates intracellular labeled
glycerol, and also [4-*H]NADPH. The latter selec-
tively transfers hydrogen to C-2 glycerol in glycero-
lipid via the acyl-DHAP pathway and thus the *H/
14C ratio can serve as an indicator for the participa-
tion of the acyl-DHAP pathway in non-ether glycero-
lipid synthesis. However, it should be pointed out
that this method may be subject to isotope effects,
and the acyl-DHAP reductase may not be absolutely
specific for NADPH [23]. Recently, a mutant isolated
from the fibroblast-like cell line, CHO-K1 (Chinese
hamster ovary cells), with a deficiency in acyl/alkyl-
DHAP reductase activity showed a decrease of 45—
50% in overall phospholipid biosynthesis [24]. Both
diacyl- and ether-linked species were affected. Thus,
these results support the notion and also provide
direct evidence that the ‘DHAP pathway’ contributes
significantly to diacyl phospholipid biosynthesis.

2.2. Enzymes involved in the biosynthesis of alkyl
glycerophospholipids

There are three/four enzymes, namely, alkyl-GP
acyltransferase, alkylacyl-GP phosphohydrolase,
and alkylacyl-G:CDP-choline (CDP-ethanolamine)
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Fig. 3. Microsomal enzymes involved in the biosynthesis of
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choline (ethanolamine) phosphotransferase, in-
volved in the conversion of alkyl-GP to two major
alkyl glycerophospholipids (alkylacyl-GPC/alkylacyl-
GPE) (Fig. 3). It appears that all of these enzymes
are located in the microsomes [8]. Based on the fact
that alkyl-DHAP synthase is located at the Iuminal
side of the peroxisomal membrane, and alkyl-DHAP/
acyl-DHAP reductase is positioned at the cytoplas-
mic side of peroxisomal membrane and ER, it is
reasonable to assume that alkyl-DHAP has to be
translocated across the peroxisomal membrane for
further conversions to other phospholipids in the
ER.

Alkyl-GP acyltransferase is not identical to acyl-
GP (lysophosphatidic acid) acyltransferase based on
indirect data showing that these two enzyme activ-
ities have different relative specific activities in differ-
ent tissues and different kinetic parameters towards a
series of acyl-CoA donors [25]. Human lysophospha-
tidic acid acyltransferase has recently been cloned
and expressed; however, whether this enzyme could

use alkyl-GP as a substrate requires further testing
[26].

Phosphohydrolase activities that can remove the
phosphate moiety from alkylacyl-GP have been re-
ported to be present in microsomes and lysosomes
[8]. However, properties of these alkylacyl-GP phos-
phohydrolase activities have not been characterized
in detail. Also, no studies are currently available to
show the relationships between alkylacyl-GP phos-
phohydrolase and the well-characterized diacyl-GP
(phosphatidate) phosphohydrolases [27,28].

The requirement for CDP-choline or CDP-etha-
nolamine and magnesium, and the involvement of
choline- or ethanolamine-phosphotransferase in the
synthesis of alkylacyl-GPC or alkylacyl-GPE, is anal-
ogous to the requirement established much earlier for
the diacyl phospholipid counterparts [8]. Substantial
evidence, including genetic criteria, support the no-
tion that the cholinephosphotransferase and etha-
nolaminephosphotransferase are separate enzymes
[8,29-31].

Similar pH optima, thermolabilities, inhibitions by
Mn2*, and dithiothreitol exhibited by diacyl-G and
alkylacyl-G cholinephosphotransferases indicate that
a closely related or identical enzyme catalyzes the
formation of diacyl-GPC and alkylacyl-GPC [32].
Besides, diacyl-G, alkylacyl-G, and alkenylacyl-G
are labeled in a common fashion from metabolic
precursors (i.e. [*H]choline) in the heart and liver
that are high (32% of choline glycerophospholipids)
and low (3% of choline glycerophospholipids) in
plasmenylcholine content, respectively, and are com-
petitive inhibitors in vitro. This also implies that one
enzyme may catalyze all three cholinephosphotrans-
ferase reactions [30]. In addition, results from meta-
bolic labeling of the ethanolaminephosphotransferase
mutants is consistent with the notion that ethanol-
aminephosphotransferase utilizes both diacyl-G and
alkenylacyl-G as substrates in vivo [29]. The avail-
ability of diradylglycerols and the turnover rate of
ether-linked lipids are important factors in control-
ling the diradyl-GPC levels in tissues [32,33].

It has been a difficult task to purify membrane-
bound cholinephosphotransferase or ethanolamine-
phosphotransferase to homogeneity from any source
[30,31]. However, a cholinephosphotransferase-en-
coding gene and a dual specificity choline-/ethanol-
amine-phosphotransferase gene have been isolated
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from Saccharomyces cerevisiae, and the structure and
properties of these two genes have been characterized
extensively [30,31]. Furthermore, a CDP-ethanolami-
ne:diglyceride ethanolaminephosphotransferase from
a bovine liver has recently been purified with a puri-
fication factor of about 13000-fold and analyzed to
be a single protein band of 38 kDa on SDS-PAGE
[34]. This isolated protein exhibits both ethanolami-
nephosphotransferase and cholinephosphotransferase
activity [34].

3. Biosynthesis of alk-1-enyl (plasmalogen)
glycerophospholipids

3.1. Ethanolamine plasmalogens

Conversion of alkylacyl-GPE to alk-1-enylacyl-
GPE (ethanolamine plasmalogen) is carried out by
a cytochrome bs-dependent microsomal electron
transport system (Fig. 4). This electron transport sys-
tem is analogous to that of stearoyl-CoA desaturase
containing three components, namely cytochrome bs,
NADH :cytochrome bs reductase, and a cyanide-sen-
sitive Al alkyl desaturase [8]. These two desaturase
systems respond differently to fat-free diets [35]. The
stearoyl-CoA desaturase activity was increased by
the fat-free diet, while no increase in the desaturation
of alkylacyl-GPE was observed. This study suggests
that the two desaturase systems are not identical and
probably depend on different cyanide-sensitive termi-
nal desaturases.

3.2. Choline plasmalogens

It has been known since the early seventies that in

NADH + H*\

NADH : Cytochrome
b, Reductase

NAD*

/ Fe?* / Fe?*
\ \ A1 alkyl

Cytochrome

various compounds tested in enzyme systems that
converted up to 50% of the corresponding ethanol-
amine precursors to ethanolamine plasmalogens, no
synthesis of choline plasmalogens was observed [8].
Indeed, the biosynthesis of choline plasmalogens was
poorly understood for many years. This is partly due
to the small amounts of choline plasmalogens present
in most mammalian tissues, in addition to the slow
conversion of radioactive precursors into alk-1-enyl-
acyl-GPC. As evident from the descriptions below,
the biosynthesis of choline plasmalogens seems to
involve several complex metabolic pathways. The
first conclusive evidence to establish that choline
plasmalogens are not directly derived from alkyl-
acyl-GPC or alkyllyso-GPC in intact cells is based
on results obtained in 1991 from experiments
where  [1’2’-3H]hexadecyllyso-[ N-methyl-'“C]-GPC
(*H/'™*C= 2.7) was incubated with neonatal rat my-
ocytes for various times up to 24 h [36]. Under these
conditions, the *H/'“C ratios remained relatively con-
stant in alkyllyso-GPC and alkylacyl-GPC through-
out the incubation times, but decreased in the alk-1-
enylacyl-GPC to less than the expected ratio of 1.35,
assuming that half of the radiolabel is lost from the
[1'2’-3H]alkylacyl-GPC due to desaturation and that
there is no isotope effect of the substrate on the de-
saturase. These data further imply the incorporation
of the [N-methyl-'*C]choline polar-head group of al-
kyllyso-GPC into alk-1-enylacyl-GPC is considerably
faster than that of the [*HJalkyl portion of alkyllyso-
GPC. Consistent with these results is the metabolic
conversion of [*HJalkylacyl-GPC, or [*H]alkylacetyl-
GPC, via [*HJalkylacyl-GPE to [*H]alk-1-enylacyl-
GPE instead of [*H]alk-1-enyacyl-GPC reported in
Madin Darby canine kidney (MDCK) cells [37] and
an amnion-derived cell line [38], respectively,
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Fig. 4. Microsomal electron transport system that contains Al alkyl desaturase complex.
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group modification. Adapted from the previous review by us [83].

throughout a 24-h incubation. In addition, Strum
et al. [37] established that it is not the phospho-
lipase C or phospholipase D, but the reverse reac-
tion of cholinephosphotransferase that is respons-
ible for the conversion of [*Hlalkylacyl-GPC to
[*HJalkylacyl-GPE.

The first indication suggesting that the alk-1-enyl
linkage in choline plasmalogens originates from
ethanolamine plasmalogens came from the obser-
vations made by Lee et al. [36]. These results
showed that when equal concentrations of
[*H]alkyllyso-GPC or [*H]Jalkyllyso-GPE were incu-
bated with neonatal rat myocytes for 4, 12, and 24 h,
the conversion sequence to [*HJalk-1-enylacyl-GPC
appeared to be alkyllyso-GPC — alkylacyl-GPC — al-
kylacyl- GPE — alk-1-enylacyl- GPE — alk-1-enylacyl-
GPC or via alkyllyso-GPE — alkylacyl-GPE — alk-1-
enylacyl- GPE — alk-1-enylacyl-GPC [36]. These data

clearly show that alk-1-enylacyl-GPE (ethanolamine
plasmalogens) serves as a precursor of alk-1-enyl-
acyl-GPC (choline plasmalogens). A similar conclu-
sion on the precursor—product relationship between
plasmenylethanolamine and plasmenylcholine was
also reached with pulse-chase experiments in rabbit
hearts using [1-*H]hexadecanol as the precursor [39].

There are several metabolic routes that could lead
to the biosynthesis of plasmenylcholine (alk-1-enyac-
yl-GPC) from plasmenylethanolamine (alk-1-enylac-
yl-GPE. These metabolic pathways can be divided
into two major groups. Fig. 5 illustrates the enzy-
matic reactions that involve only the polar-head
group modifications such as: (1) base-exchange en-
zyme; (2) N-methyltransferase; (3) phospholipase C/
cholinephosphotransferase; (4) the reverse reactions
of ethanolaminephosphotransferase/cholinephospho-
transferase; and (5) phospholipase D/phosphohydro-
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lase/cholinephosphotransferase. In contrast, Fig. 6
shows the enzymatic reactions that require a series
of both sn-2 position and polar-head group modifi-
cations. In this scheme, alk-1-enylacyl-GPE is first

converted to alk-1-enyl-GP via a sequence of reac-
tions catalyzed by phospholipase Aj/lysophospholi-
pase D or phospholipase A,/lysophospholipase
C/phosphotransferase. The product, alk-1-enyl-GP,
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could then be converted to alk-1-enylacyl-GPC
through the classic de novo ‘Kennedy’s’ pathway.

Reactions catalyzed by N-methyltransferase and
the base-exchange enzyme do not seem to contribute
significantly to the synthesis of alk-1-enylacyl-GPC
from alk-1-enylacyl-GPE. Although enzymatic meth-
ylation of alk-1-enylacyl-GPE has been reported in
rabbit myocardial membranes [40] and human plate-
let lysates [41], the activity was relatively low
(3.9 pmol/mg/h) in rabbit myocardial membranes,
and diacyl-GPE was the preferred substrate for the
methylation rather than alk-1-enylacyl-GPE. In ad-
dition, alk-1-enylacyl-GPC only contained 0.3% of
the radioactivity incorporated into alk-1-enylacyl-
GPE when guinea pig hearts were perfused with ra-
diolabeled ethanolamine for up to 120 min [42]. Fur-
thermore, when the alk-1-enylacyl-GPE pool in my-
ocytes was first prelabeled with [*H]alkyllyso-GPE,
and then the prelabeled cells were incubated further
in the presence of either ['“C]choline or
['*C]methionine, only an estimated 7-17% of the syn-
thesized alk-1-enylacyl-GPC was derived from meth-
ylation through methionine [36]. Finally, when
MDCK cells were incubated with [*H]alk-1-enylly-
s0-[*’P]GPE for up to 24 h, only 0.4% of the total
cellular [**P]radioactivity was recovered in alk-1-
enylacyl-GPC [43]. Collectively, these results not
only imply that N-methyltransferase (Fig. 5, reaction
(2)) and the base-exchange enzyme (Fig. 5, reaction
(1)) play a minor role in the biosynthesis of alk-1-
enylacyl-GPC from alk-1-enylacyl-GPE, but they
also indicate that a sequence of reactions results in
the replacement of both the phosphate and ethanol-
amine groups with different phosphate and choline
groups.

Wolf and Gross [44] have partially purified a neu-
tral phospholipase C from canine myocardium. This
enzyme can not only use phosphatidylcholine and
plasmenylcholine as substrates, but it also appears
that the same enzyme can hydrolyze plasmenyletha-
nolamine to alk-1-enylacyl-G and phosphoethanol-
amine (Fig. 5, reaction (3)). Noteworthy, as that
the reverse reaction of alk-1-enylacyl-G:CDP-etha-
nolamine ethanolaminephosphotransferase (Fig. 35,
reaction (4)) has been observed in the presence of
CMP and [*H]Jalk-1-enylacyl-GPE in MDCK cell mi-
crosomes [43]. Also, the further addition of CDP-
choline to the incubation mixture results in the gen-

eration of a small, but significant, amount of
[*H]diradyl-GPC. These data indicate that alk-1-
enylacyl-GPE can be converted to alk-1-enylacyl-
GPC by a combination of the reverse reaction of
ethanolaminephosphotransferase and the forward re-
action of the cholinephosphotransferase (Fig. 5, re-
actions (4) and (7)) in vitro.

Substantial advances have been made in the enzy-
mology and regulation of phospholipase D, and sev-
eral phospholipase D isoforms have been purified
and cloned from many sources [45]. The ability of
these various types of phospholipase D to cleave
plasmenylethanolamine has not been described [45].
However, the hydrolysis of alk-1-enylacyl-GPE with
the liberation of ethanolamine (an indication of
phospholipase D activity) was shown to be stimu-
lated by 12-O-tetradecanoylphorbol-13-acetate in
NIH 3T3 cells [46] and MDCK cells [47]. Addition-
ally, when a phosphono analog of alkyllyso-GPE
([PH]alkyllyso-sn-glycero -3-phosphonoethanolamine)
was used to investigate the contribution of phospho-
lipase D/phosphohydrolase (Fig. 5, reactions (5) and
(6)) to the synthesis of choline plasmalogen, signifi-
cant amounts of this phosphono analog were con-
verted to [*HJalk-1-enylacyl-GPC by the MDCK
cells following 24 h of incubation [43]. The fact
that the phosphono analog is not a substrate for
phospholipase D indicates that alk-1-enylacyl-GPE
can be converted in the absence of phospholipase
D/phosphohydrolase activities to alk-1-enylacyl-
GPC via alternate routes.

Quantitative assessments on the contributions of
various metabolic pathways depicted in Figs. 5 and
6 to the biosynthesis of choline plasmalogens
from ethanolamine plasmalogens were derived
from the work by Blank et al. reported in 1993
[48]. When either [*HJalk-1-enylglycerol or [*H]alk-
l-enyllyso-GPE was incubated with intact HL-
60 cells, both [*H]plasmenylethanolamine and
[*H]plasmenylcholine were produced [48]. However,
molecular species analysis showed the dissimilarities
in distribution between [*H]alk-1-enylacyl-GPC and
[*H]alk-1-enylacyl-GPE that originated from both
substrates. Importantly, a closer agreement of tritium
distribution in the molecular species of [*H]alk-1-
enylacyl-GPC synthesized from the [*H]alk-1-enylac-
yl-GPE would be obtained if one assumes that 70%
of the [*HJalk-1-enylacyl-GPC was produced from a
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pool originated from alkylglycerols and 30% was
from a pool of alk-1-enylacyl-GPE [48].

Direct conversion of alk-1-enylacyl-GPE to alk-1-
enylacyl-GPC can be achieved through base ex-
change (Fig. 5, reaction (1)) or methylation (Fig. 5,
reaction (2)). On the other hand, conversion of alk-1-
enylglycerol to alk-1-enylacyl-GPC requires a series
of reactions catalyzed by alk-1-enylglycerol:ATP
phosphotransferase (Fig. 6, reaction (5)), alk-1-enyl-
GP:acyl-CoA acyltransferase (Fig. 6, reaction (6)),
alk-1-enylacyl-GP phosphohydrolase (Fig. 6, reac-
tion (7)), and alk-1-enylacyl-G:CDP-choline choline-
phosphotransferase (Fig. 6, reaction (8)). All the en-
zymes mentioned above have been proven to be
present in mammalian tissues [14]. In addition, Xu
et al. [49] concluded that cholinephosphotransferase
(Fig. 5, reaction (7) and Fig. 6, reaction (8)) catalyzes
the formation of both phosphatidylcholine and plas-
menylcholine and that the rate of plasmenylcholine
biosynthesis is dependent on the availability of alk-1-
enylacyl-G. Furthermore, Strum and Daniel [43]
have detected a Mg?*-dependent lysophospholipase
C (Fig. 6, reaction 3) in the microsomes of MDCK
cells that catalyzes the conversion of alk-1-enyllyso-
GPE to alk-1-enylglycerol. The participation of this
enzyme in the synthesis of choline plasmalogens from
ethanolamine plasmalogens was suggested by the fact
that the conversion of alk-1-enylacyl-GPE to alk-1-
enylacyl-GPC in MDCK cells prelabeled with
[*H]alk-1-enyllyso-GPE was stimulated with a con-
comitant increase in alk-1-enylglycerol following 12-
O-tetradecanoylphorbol-13-acetate treatment. Addi-
tionally, Ford and Gross [39] observed that there
were discordant rates between sn-1 aliphatic chain
incorporation and polar head group/sn-2 remodeling
into plasmalogens; polar head group/sn-2 remodeling
occurred at a rate of 100- to 300-fold greater than
that of the sn-1 aliphatic chain incorporation (de
novo plasmalogen biosynthesis) into plasmalogens.
These results also emphasize the fundamental impor-
tance of polar-head group/sn-2 remodeling metabolic
pathways in both choline and ethanolamine plasmal-
ogen biosynthesis.

The properties of CoA-independent transacylase
(Fig. 6, reaction (2)) that are involved in the conver-
sion of alk-1-enyllyso-GPE to alk-1-enylacyl-GPE
have been reviewed extensively [50-52]. A diversified
group of phospholipase A, has also been recently

identified [53,54]; however, the phospholipase A, re-
sponsible for the hydrolysis of alk-1-enylacyl-GPE to
alk-1-enyllyso-GPE (Fig. 6, reaction (1)) has not
been firmly established. It is not known whether or
not lysophospholipase D (Fig. 6, reaction (4)) is in-
volved in the biosynthesis of choline plasmalogens
from ethanolamine plasmalogens.

In light of the above summaries on the possible
metabolic pathways involved in the biosynthesis of
choline plasmalogens, it seems most likely that chol-
ine plasmalogens are formed via both the sun-2 and
polar-head group modifications when ethanolamine
plasmalogens of the cells undergo high turnover
through activation by various agonists. In part, the
balances among activities of PLA, (Fig. 6, reaction
(1)), lysophospholipase C (Fig. 6, reaction (3)), and
CoA-independent transacylase (Fig. 6, reaction (2))
will determine the amounts of ethanolamine plasmal-
ogens that convert to choline plasmalogens. On the
other hand, when phospholipase C, phospholipase
D/phosphohydrolase, or CDP-choline formation are
activated under certain cellular conditions, one can
envision the conversion of ethanolamine plasmalo-
gens through polar-head group modification as de-
scribed in Fig. 5.

4. Possible biological functions of plasmalogens
4.1. Generation of potent lipid mediators

The possible role of ether lipids as membrane con-
stituents has been determined from studies on the
biophysical properties of model membranes (see
[55] for a review). However, other biological func-
tions of plasmalogens, especially choline plasmalo-
gens, are not firmly established or well understood.

Plasmenylethanolamines are the major storage de-
pot for arachidonic acid [56,57]. Lysoplasmalogens
generated from ethanolamine plasmalogens via phos-
pholipase A, hydrolysis can induce the biosynthesis
of the potent lipid mediator, platelet-activating fac-
tor, through CoA-independent transacylases [58—60)].
Furthermore, several plasmalogen-selective and cal-
cium-independent phospholipase Ajs have been
found and identified in mammalian cells, namely, a
40-kDa myocardial cytosolic phospholipase A, [61]
and a 39-kDa bovine brain cytosolic phospholipase
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A, [62]. It is hypothesized that stimulation of recep-
tors on the cell surface by an agonist results in the
stimulation of a calcium-independent plasmalogen-
selective phospholipase A, that hydrolyzes plasmal-
ogens into lysoplasmalogens and arachidonic acid
[62]. Arachidonic acid is metabolized to eicosanoids
and the lysoplasmalogen is either reacylated or de-
graded by lysoplasmalogenase [62]. However, Wil-
liams and Ford [63] recently reported lysoplasmenyl-
choline can activate myocardial cAMP-dependent
protein kinase. This suggests that a potential role
for lysoplasmalogen is to serve as a second messenger
in signal transduction [63].

4.2. Peroxisomal disorders and defect in plasmalogen
biosynthesis

The genetic diseases in humans involving peroxi-
somes can be classified into three groups depending
on the degree to which peroxisomal functions are
deficient: (1) generalized impairment of peroxisomal
functions (absence of peroxisomes) consisting of dis-
orders such as the Zellweger syndrome, the neonatal
type of adrenoleukodystrophy, and the infantile type
of Refsum disease; (2) a multiple loss of peroxisomal
functions (peroxisomes are present) comprising the
rhizomelic type of chondrodysplasia punctata and
Zellweger-like syndrome; and (3) a single loss of per-
oxisomal functions [21]. In addition, six complemen-
tation groups of disorders of peroxisome biogenesis
have been established by cell fusion experiments us-
ing the restoration of plasmalogen biosynthesis and
the ability to form peroxisomes, as evidenced by the
formation of particle-bound catalase as criteria for
successful genetic complementation [21].

An early indication suggesting that plasmalogens
may have important functions is apparent from the
studies of Datta et al. [64] and Schrakamp et al. [65].
These investigators demonstrated that in tissues
of patients with the cerebrohepatorenal (Zellweger)
syndrome, the plasmalogen content is very low and
that peroxisomes are absent. Furthermore, fibro-
blasts from patients with Zellweger syndrome had
deficient activities in DHAP acyltransferase and al-
kyl-DHAP synthase. In parallel, incorporation of
['“C]hexadecanol into the alk-1-enyl moiety of plas-
malogens was strongly reduced in Zellweger patients
as compared to controls. On the other hand,

[*H]alkylglycerol was incorporated into plasmalogens
with the same efficiency in Zellweger patients as in
controls [65]. These results imply that only the reac-
tion(s) involved in the introduction of the ether bond
(i.e. DHAP acyltransferase, and alkyl-DHAP syn-
thase) in the process of plasmalogen synthesis are
deficient in Zellweger patients. Similar incorporation
patterns of [!*Clhexadecanol and [*H]alkylglycerol
were also found in the fibroblasts of patients with
other peroxisomal disorders (one or more dysfunc-
tions of peroxisomal metabolism, [21]), such as rhi-
zomelic chondrodysplasia punctata, neonatal adreno-
leukodystrophy, and infantile Refsum disease; these
results also indicated a deficient formation of the
glycero—ether bond [66]. Using an identical ap-
proach, normal de novo plasmalogen biosynthesis
was found in X-linked chondrodysplasia punctata,
adult Refsum disease, as well as in heterozygotes
of Zellweger syndrome and infantile Refsum disease
[63]. Similar conclusions were reached when a
plasmalogen ratio (defined as area ratio of lysophos-
phatidylethanolemine produced from plasmenyletha-
nolamine to the diacyl form of phosphatidylethanol-
amine) was used as an index [67].

It should be pointed out that the demonstration of
plasmalogen deficiency in the tissues from patients
suffering from Zellweger syndrome emphasizes the
indispensable role of peroxisomes for ether phospho-
lipid biosynthesis. On the other hand, the patholog-
ical consequences associated with peroxisomal disor-
ders may not necessarily reflect the effect of
plasmalogen insufficiency, but may be the result of
the loss of other peroxisomal functions, such as a
defect in the degradation of very long-chain fatty
acids. Recently, de Vet et al. [68] identified a point
mutation in a patient with an isolated deficiency in
alkyl-DHAP synthase activity, but not in the level of
this protein. Also, a fibroblast cell line, which is only
defective in alkyl-DHAP synthase but contains in-
tact, functional peroxisomes, has been isolated and
characterized [69]. These cell systems will allow us to
examine the role of ether lipids in cellular function
without complications associated with peroxisome
deficiency.

4.3. Potential antioxidant property of plasmalogens

Zoeller and Raetz [70] have isolated several CHO
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cell mutants that are deficient in both plasmalogen
biosynthesis and peroxisome assembly. CHO cells
could incorporate 12-(1’-pyrene)dodecanoic acid
(P12) into membrane lipids [71]. Exposure of P12-
labeled cells to long wavelength ultraviolet (UV) light
causes cell killing, presumably because excitation of
the pyrene moiety (a photosensitizer) leads to the
generation of oxygen species (i.e. singlet oxygen
and radicals). In contrast, when mutant CHO cells
lacking plasmalogens are labeled with the photosen-
sitizer, P12, they are rendered much more susceptible
to killing by long wavelength UV light than are P12-
labeled, plasmalogen-containing cells. Supplementa-
tion of the mutants with 1-O-hexadecyl-sn-glycerol
restores plasmalogen levels and nearly normal resist-
ance to P12/UV treatment, whereas the biogenesis of
peroxisomes is not restored. Therefore, it is reason-
able to conclude that plasmalogen deficiency is not
the cause of the failure of peroxisome biogenesis in
the mutant. Moreover, plasmalogens are selectively
decomposed in P12/UV-induced wild-type cells.
These data suggest that plasmalogens might protect
animal cell membranes from singlet oxygen and/or
radical-initiated oxidation by functioning as scav-
engers and decomposing to products that can be reu-
tilized [71]. Subsequently, Morand et al. [72] con-
firmed that plasmenylethanolamine is rapidly and
preferentially destroyed to 2-monoacyl-GPE, formic
acid, and pentadecanal during P12/UV treatment of
CHO-K1 cells.

The influence of pyrene-fatty acids on the resist-
ance of cells to UV radiation was investigated in
cultured fibroblasts from patients with five types of
peroxisomal disorders [73]. Reduced survival was ob-
served in cells deficient in plasmalogens (rhizomelic
chondrodysplasia punctata) and in cells deficient in
peroxisomal fatty acid oxidation (bifunctional en-
zyme deficiency), which accumulated pyrene-fatty
acids. X-linked adrenoleukodystrophy fibroblasts ac-
cumulated pyrene-fatty acids and showed increased
UV sensitivity only when exposed to longer-chain
pyrene fatty acids. UV radiation resistance was low-
est in cells with combined impairment of plasmalo-
gen synthesis and fatty acid oxidation (Zellweger
syndrome, neonatal adrenoleukodystrophy), suggest-
ing that UV sensitivity correlates inversely with the
ratio of plasmalogens to radical-producing substan-
ces.

Vance [74] was the first investigator to report that
ethanolamine plasmalogens comprise 20-30% of to-
tal ethanolamine glycerophospholipids in nascent lip-
oproteins secreted by cultures of rat hepatocytes.
Likewise, about 60% of radylacyl-GPE is plasmenyl-
ethanolamine, and 4% of radylacyl-GPC is plasme-
nylcholine in LDL [75]. The sum of plasmenylcholine
and plasmenylethanolamine constitutes approxi-
mately 4.5% of total phospholipids in this particle.
The content of total plasmalogen phospholipids is in
the same concentration range as the amount of vita-
min E in LDL. In vitro oxidation of LDL by 2,2’-
azobis-(2-amidinopropane hydrochloride) (AAPH)
or copper induced a selective reduction of plasmalo-
gen level. The sensitivities of plasmalogen towards an
oxidative attack by AAPH and copper are in a com-
parable range with that of o-tocopherol (vitamin E).
In vitro enrichment of LDL with lysoplasmenylcho-
line or lysoplasmenylethanolamine increases the lag
phase of formation of conjugated double bonds (a
measure of the resistance of LDL lipids against ox-
idation) induced by oxidation of the particles with
copper. Thus, choline plasmalogens and ethanol-
amine plasmalogens may play a significant role in
the defense of LDL particles against oxidative stress.
Compared to that of LDL, HDL has a lower sus-
ceptibility to autoxidation initiated with Fe**/ascor-
bate [76]. Mechanistically, when liposomal suspen-
sion of egg yolk phosphatidylcholine was used as a
system to study the effect of ethanolamine plasmal-
ogen on lipid peroxidation, it was found that etha-
nolamine plasmalogens inhibited iron- and copper-
dependent peroxidation in the presence of preformed
hydroperoxides through inhibition of preformed per-
oxide decomposition by trapping transition metal
ions [77]. However, ethanolamine plasmalogens
were not effective in preventing radical initiator
mediated lipid peroxidation [77].

4.4. Preferential plasmalogen—protein interactions

Several additional studies suggest that preferential
plasmalogens and protein interactions may explain
the correlation between the cellular plasmalogen con-
tents and their cellular functional roles. For instance,
two host human hepatoma cell lines associated with
hepatitis B virus (HBV) infection contained ex-
tremely high concentrations (more than 60% of cho-
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line- and ethanolamine-containing glycerophospho-
lipids) of ether-linked phospholipids and an elevated
level of DHAP acyltransferase activities [78]. These
investigators [78] suggest the existence of a possible
relationship between HBV-induced hepatocellular
carcinogenesis and massive changes in ether lipid
metabolism. Also, the increase in the percentage of
hexadec-1-enylarachidonoyl-GPE (plasmenylethanol-
amine) in red blood cells was shown to be signifi-
cantly related to the increase in maximal activity of
the Nat/K* pump [79]. It was proposed that the
putative preferential lipid—protein interaction of this
plasmalogen species with membrane-embedded por-
tions of the pump molecule could induce a confor-
mational change of the protein, thereby hindering the
access of intracellular Na+ to its binding site. Sim-
ilarly, plasmenylcholine has the ability to facilitate
the gramicidin ion channel function [80].

Reconstituted sodium-—calcium exchanger (en-
riched in the sarcolemma of excitory cells) activity
increased as the ratio of plasmalogen to diacyl mo-
lecular subclasses of phospholipids increased in the
vesicles [81]. The addition of phosphatidylserine to
plasmalogen vesicles enhanced the observed so-
dium-calcium exchange activity further. These re-
sults suggest that the biophysical conformation of
plasmalogen vesicles provided an enhancement of
sodium—calcium exchange activity either directly or
indirectly through alterations in ionic phospholipid
membrane dynamics in plasmalogen vesicles. Since
plasmalogens are selectively hydrolyzed during myo-
cardial ischemia [82], it is possible that alterations in
sarcolemmal plasmalogen content during ischemia
may contribute to ischemia-induced alterations in
calcium metabolism through effects on sarcolemmal
sodium—calcium exchange.

5. Concluding remarks

Even though the metabolic pathways involved in
the biosynthesis of choline plasmalogen have begun
to unravel in recent years, the exact route(s), quanti-
tative contributions, or regulatory control of individ-
ual pathways are far from firmly established. Besides,
most of the enzymes that participate in these path-
ways are associated with membranes, and, therefore,
are not well characterized or purified. Additionally,

the physiological functions of choline plasmalogens
are poorly defined. Using the techniques of isolating
and characterizing mutants defective in plasmalogen
biosynthesis should help to elucidate the role of ether
lipids in cellular functions. Furthermore, using mo-
lecular biological approaches, such as cloning the
cDNAs and functional expressing the enzymes, gen-
erating mice deficient in specific enzyme(s), or infu-
sion of animals with recombinant enzyme(s) that are
involved in the production of plasmalogens etc.,
would be expected to provide a more in-depth under-
standing of plasmalogen functions and biosynthesis.

Acknowledgements

This work was supported in part by Grant
HL52492 from NHLBI of the National Institutes
of Health. I thank Dr. Fred Snyder for his critical
review and Ms. Joanna Wilkins for editing this
manuscript.

References

[1] ITUPAC-IUB Commission on Biochemical Nomenclature,
The nomenclature of lipids, Lipids 12 (1977) 455-468.

[2] L.A. Horrocks, Content, composition, and metabolism of
mammalian and avian lipids that contain ether groups, in:
F. Snyder. (Ed.), Ether Lipids: Chemistry and Biology, Aca-
demic Press, New York, 1972, pp. 177-272.

[3] A. Diagne, J. Fauvel, M. Record, H. Chap, L. Douste-Blazy,
Studies on ether phospholipids. II. Comparative composition
of various tissues from human, rat and guinea pig, Biochim.
Biophys. Acta 793 (1984) 221-231.

[4] T. Sugiura, K. Waku, Composition of alkyl ether-linked
phospholipids in mammalian tissues, in: F. Snyder (Ed.),
Platelet Activating Factor and Related Lipid Mediators, Ple-
num Press, New York, 1987, pp. 55-85.

[5] F. Snyder, T.-c. Lee, M.L. Blank, Metabolism of the ether
analogues of phosphatidylcholine, including platelet activat-
ing factor, in: D.E. Vance (Ed.), Phosphatidylcholine Me-
tabolism, CRC Press, Boca Raton, FL, 1989, pp. 143-
164.

[6] T.-c. Lee, Enzymatic control of the cellular levels of platelet-
activating factor, in: F. Snyder (Ed.), Platelet Activating
Factor and Related Lipid Mediators, Plenum Press, New
York, 1987, pp. 115-133.

[71 A.K. Hajra, Glycerolipid biosynthesis in peroxisomes (mi-
crobodies), Prog. Lipid Res. 34 (1995) 343-364.

[8] F. Snyder, T.-c. Lee, R.L. Wykle, Ether-linked glycerolipids
and their bioactive species: enzymes and metabolic regula-



T. Leel Biochimica et Biophysica Acta 1394 (1998) 129-145 143

tion, in: A.N. Martonosi (Ed.), The Enzymes of Biological
Membranes, Vol. 2, Plenum Press, New York, 1985, pp. 1-
58.

[9] A.K. Hajra, Dihydroxyacetone phosphate acyltransferase,
Biochim. Biophys. Acta 1348 (1997) 27-34.

[10] F. Snyder, Ether-linked lipids and fatty alcohol precursors in
neoplasms, in: F. Snyder (Ed.), Ether Lipids: Chemistry and
Biology, Academic Press, New York, 1972, pp. 273-295.

[11] H. Hayashi, A. Sato, Fatty alcohol synthesis accompanied
with chain elongation in liver peroxisomes, Biochim. Bio-
phys. Acta 1346 (1997) 38-44.

[12] H. Hayashi, M. Oohashi, Incorporation of acetyl-CoA gen-
erated from peroxisomal B-oxidation into ethanolamine plas-
malogen of rat liver, Biochim. Biophys. Acta 1254 (1995)
319-325.

[13] K.O. Webber, A.K. Hajra, Purification of dihydroxyacetone
phosphate acyltransferase from guinea pig liver peroxisomes,
Arch. Biochem. Biophys. 300 (1993) 88-97.

[14] R. Ofman, R.J. Wanders, Purification of peroxisomal acyl-
CoA :dihyroxyacetonephosphate acyltransferase from human
placenta, Biochim. Biophys. Acta 1206 (1994) 27-34.

[15] T.-P. Thai, H. Heid, H.-R. Rackwitx, A. Hunziker, K. Gor-
gas, W.W. Just, Ether lipid biosynthesis: isolation and mo-
lecular characterization of human dihydroxyacetonephos-
phate acyltransferase, FEBS Lett. 420 (1997) 205-211.

[16] A.W.M. Zomer, W.F.C. de Weerd, J. Langeveld, H. van den
Bosch, Ether lipid synthesis: purification and identification
of alkyl dihydroxyacetone phosphate synthase from guinea-
pig liver, Biochim. Biophys. Acta 1170 (1993) 189-196.

[17] E.C.J.M. de Vet, A W.M. Zomer, G.J.H.J. Lahaut, H. van
den Bosch, Polymerase chain reaction-based cloning of al-
kyl-dihydroxyacetonephosphate synthase complementary
DNA from guinea pig liver, J. Biol. Chem. 272 (1997)
798-803.

[18] E.C.J.M. de Vet, B.T.E. van den Broek, H. van den Bosch,
Nucleotide sequence of human alkyl-dihydroxyacetonephos-
phate synthase cDNA reveals the presence of a peroxisomal
targeting signal 2, Biochim. Biophys. Acta 1346 (1997) 25—
29.

[19] S.C. Datta, M.K. Ghosh, A.K. Hajra, Purification and prop-
erties of acyl/alkyl dihydroxyacetone-phosphate reductase
from guinea pig liver peroxisomes, J. Biol. Chem. 265
(1990) 8268-8274.

[20] L.K. Dircks, H.S. Sul, Mammalian mitochondrial glycerol-3-
phosphate acyltransferase, Biochim. Biophys. Acta 1348
(1997) 17-26.

[21] H. van den Bosch, R.B.H. Schutgens, R.J.A. Wanders, J.M.
Tager, Biochemistry of peroxisomes, Annu. Rev. Biochem.
61 (1992) 157-197.

[22] R.J. Pollock, A.K. Hajra, B.W. Agranoff, Incorporation of
p-[3-*H, U-!*C]glucose into glycerolipid via acyl dihydroxy-
acetone phosphate in untransformed and viral-transformed
BHK-21-c13 fibroblasts, J. Biol. Chem. 251 (1976) 5149-—
5154.

[23] R. Manning, D.N. Brindley, Tritium isotope effects in the
measurement of the glycerol phosphate and dihydroxyace-

tone phosphate pathways of glycerolipid biosynthesis in rat
liver, Biochem. J. 130 (1972) 1003-1012.

[24] P.F. James, A.C. Lake, A.K. Hajra, L.D. Larkins, M. Rob-
inson, F.G. Buchanan, R.A. Zoeller, An animal cell mutant
with a deficiency in acyl/alkyl-dihydroxyacetone-phosphate
reductase activity, J. Biol. Chem. 272 (1997) 23540-23546.

[25] P.J. Fleming, A.K. Hajra, 1-Alkyl-sn-glycero-3-phospha-
te:acyl-CoA acyltransferase in rat brain microsomes,
J. Biol. Chem. 252 (1977) 1663-1672.

[26] C. Eberhardt, P.W. Gray, L.W. Tjoelker, Human lysophos-
phatidic acid acyltransferase:cDNA cloning, expression, and
localization to chromosome 9q 34.3, J. Biol. Chem. 272
(1997) 20299-20305.

[27] Z. Jamal, A. Martin, A. Gomez-Munoz, D.N. Brindley,
Plasma membrane fractions from rat liver contain a phos-
phatidate phosphohydrolase distinct from that in the endo-
plasmic reticulum and cytosol, J. Biol. Chem. 266 (1991)
2988-2996.

[28] M. Kai, I. Wada, S.-i. Imai, F. Sakane, H. Kanoh, Cloning
and characterization of two human isozymes of Mg>*-inde-
pendent phosphatidic acid phosphatase, J. Biol. Chem. 272
(1997) 24572-24578.

[29] M.A. Polokoff, D.C. Wing, C.R.H. Raetz, Isolation of so-
matic cell mutants defective in the biosynthesis of phospha-
tidylethanolamine, J. Biol. Chem. 256 (1981) 7687-7690.

[30] C.R. McMaster, R.M. Bell, CDP-choline:1,2-diacylglycerol
cholinephospho-transferase, Biochim. Biophys. Acta 1348
(1997) 100-110.

[31] C.R. McMaster, R.M. Bell, CDP-ethanolamine:1,2-diacyl-
glycerol ethanolamine-phosphotransferase, Biochim. Bio-
phys. Acta 1348 (1997) 117-123.

[32] T.-c. Lee, M.L. Blank, V. Fitzgerald, F. Snyder, Formation
of alkylacyl- and diacylglycerophosphocholine via diradyl-
glycerol cholinephosphotransferase in rat liver, Biochim.
Biophys. Acta 713 (1982) 479-483.

[33] H. Jamil, A.K. Utal, D.E. Vance, Evidence that cyclic AMP-
induced inhibition of phosphatidylcholine biosynthesis is
caused by a decrease in cellular diacylglycerol levels in cul-
tured rat hepatocyte, J. Biol. Chem. 267 (1992) 1752-1760.

[34] A. Mancini, F. Del Rosso, R. Roberti, L. Binaglia, Purifi-
cation and properties of CDP-ethanolamine:diglyceride
ethanolaminephosphotransferase from bovine liver, Chem.
Phys. Lipids 88 (1997) 119.

[35] T.-c. Lee, R.L. Wykle, M.L. Blank, F. Snyder, Dietary con-
trol of stearyl CoA and alkylacylglycerophosphorylethanol-
amine desaturase in tumor, Biochem. Biophys. Res. Com-
mun. 55 (1973) 574-579.

[36] T.-c. Lee, C. Qian, F. Snyder, Biosynthesis of choline plas-
malogens in neonatal rat myocytes, Arch. Biochem. Biophys.
286 (1991) 498-503C.

[37] J.C. Strum, A. Emilsson, R.L. Wykle, L.W. Daniel, Con-
version of 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholine to
1-O-alk-1’-enyl-2-acyl-sn-glycero-3-phospho-ethanolamine,

J. Biol. Chem. 267 (1992) 1576-1583.

[38] R.A. Frendel, J.M. Johnston, Metabolic conversion of pla-

telet-activating factor into ethanolamine plasmalogen in an



144 T. Leel Biochimica et Biophysica Acta 1394 (1998) 129-145

amnion-derived cell line, J. Biol. Chem. 267 (1992) 19186—
19191.

[39] D.A. Ford, R.W. Gross, The discordant rates of sn-1 ali-
phatic chain and polar head group incorporation into plas-
malogen molecular species demonstrate the fundamental im-
portance of polar head group remodeling in plasmalogen
metabolism in rabbit myocardium, Biochemistry 33 (1994)
1216-1222.

[40] S. Mogelson, B. Sobel, Ethanolamine plasmalogen methyla-
tion by rabbit myocardial membranes, Biochim. Biophys.
Acta 666 (1981) 205-211.

[41] R Mozzzi, P Gresele, D Siepi, G Goracci, G.G Nenci, G
Porcellati, Choline plasmalogen biosynthesis by transmethyl-
ation in human platelets, Thromb. Res. 45 (1987) 687-
693.

[42] M. Wientzek, R.Y.K. Man, P.C. Choy, Choline glycero-
phospholipid biosynthesis in the guinea pig heart, Biochem.
Cell Biol. 65 (1987) 860-868.

[43] J.C. Strum, L.W. Daniel, Identification of a lysophospholi-
pase C that may be responsible for the biosynthesis of cho-
line plasmalogens by Madin—-Darby canine kidney cells,
J. Biol. Chem. 268 (1993) 25500-25508.

[44] R.A. Wolf, R.W. Gross, Identification of neutral active
phospholipase C which hydrolyzes choline glycerophospho-
lipids and plasmalogen selective phospholipase A, in canine
myocardium, J. Biol. Chem. 260 (1985) 7295-7303.

[45] J.H. Exton, New developments in phospholipase D, J. Biol.
Chem. 272 (1997) 15579-15582.

[46] Z. Kiss, W.B. Anderson, Phorbol ester stimulates the hydrol-
ysis of phosphatidyl-ethanolamine in leukemic HL-60, NIH
3T3, and baby hamster kidney cells, J. Biol. Chem. 264
(1989) 1483-1487.

[47] L.W. Daniel, C. Huang, J.C. Strum, P.K. Smitherman, D.
Greene, R.L. Wykle, Phospholipase D hydrolysis of choline
phosphoglycerides is selective for the alkyl-linked subclass of
Madin-Darby canine kidney cells, J. Biol. Chem. 268 (1993)
21519-21526.

[48] M.L. Blank, V. Fitzgerald, T.-c. Lee, F. Snyder, Evidence
for biosynthesis of plasmenylcholine from plasmenylethanol-
amine in HL-60 cells, Biochim. Biophys. Acta 1166 (1993)
309-312.

[49] Y.-F. Xu, K.O.P.C. Choy, Plasmenylcholine (1-O-alk-1'-
enyl-2-acyl-sn-glycero-3-phosphocholine)  biosynthesis in
guinea-pig heart and liver: cholinephosphotransferase is a
bifunctional enzyme for the synthesis of phosphatidylcholine
and plasmenylcholine, Biochem. J. 301 (1994) 131-137.

[50] J.L.S. MacDonald, H. Sprecher, Phospholipid fatty acid re-
modeling in mammalian cells, Biochim Biophys. Acta 963
(1991) 105-121.

[51] F. Snyder, T.-c. Lee, M.L. Blank, The role of transacylase in
the metabolism of arachidonate and platelet activating fac-
tor, Prog. Lipid Res. 31 (1992) 65-82.

[52] A. Yamashita, T. Sugiura, K. Waku, Acyltransferases and
transacylases involved in fatty acid remodeling of phospho-
lipids and metabolism of bioactive lipids in mammalian cells,
J. Biochem. 122 (1997) 1-16.

[53] J. Balsinde, E.A. Dennis, Function and inhibition of intra-
cellular calcium-independent phospholipase A,, J. Biol.
Chem. 272 (1997) 16069-16072.

[54] C.C. Leslie, Properties and regulation of cytosolic phospho-
lipase A,, J. Biol. Chem. 272 (1997) 16709-16712.

[55] F. Paltauf, Ether lipids in biomembranes, Chem. Phys. Lip-
ids 74 (1994) 101-139.

[56] M.L. Blank, R.L. Wykle, F. Snyder, The retention of arach-
idonic acid in ethanolamine plasmalogens of rat testes during
essential fatty acid deficiency, Biochim. Biophys. Acta 316
(1973) 28-34.

[57] D.A. Ford, R.W. Gross, Plasmenylethanolamine is the ma-
jor storage depot for arachidonic acid in rabbit vascular
smooth muscle and is rapidly hydrolyzed after angiotensin
II stimulation, Proc. Natl. Acad. Sci. USA 86 (1989) 3479-
3483.

[58] T. Sugiura, T. Fukuda, Y. Masuzawa, K. Waku, Ether ly-
sophospholipid-induced production of platelet-activating
factor in human polymorphonuclear leukocytes, Biochim.
Biophys. Acta 1047 (1991) 223-232.

[59] Y. Uemura, T.-c. Lee, F. Snyder, A coenzyme A-independ-
ent transacylase is linked to the formation of platelet-activat-
ing factor (PAF) by generating the lyso-PAF intermediate in
the remodeling pathway, J. Biol. Chem. 266 (1991) 8268-
8272.

[60] M.L. Nieto, M.E. Venable, S.A. Bauldry, D.G. Greene, M.
Kennedy, D.A. Bass, R.L. Wykle, Evidence that hydrolysis
of ethanolamine plasmalogens triggers synthesis of platelet-
activating factor via a transacylation reaction, J. Biol. Chem.
266 (1991) 18699-18706.

[61] S.L. Hazen, R.J. Stuppy, R.W. Gross, Purification and char-
acterization of canine myocardial cytosolic phospholipase
A;: a calcium-independent phospholipase with absolute sn-
2 regiospecificity for diradyl glycerophospholipids, J. Biol.
Chem. 265 (1990) 10622-10630.

[62] H.-C. Yang, A.A. Farooqui, L.A. Horrocks, Plasmalogen-
selective phospholipase A2 and its role in signal transduc-
tion, J. Lipid Mediators Cell Signal. 14 (1996) 9-13.

[63] S.D. Williams, D.A. Ford, Activation of myocardial cAMP-
dependent protein kinase by lysoplasmenylcholine, FEBS
Lett. 420 (1997) 33-38.

[64] N.S. Datta, G.N. Golder, N. Wilson, A.K. Hajra, Deficiency
of enzymes catalyzing the biosynthesis of glycerol-ether lip-
ids in Zellweger syndrome: a new category of metabolic
disease involving the absence of peroxisomes, New Engl. J.
Med. 311 (1984) 1080-1083.

[65] G. Schrakamp, R.B.H. Schutgens, R.J.A. Wanders, H.S.A.
Heymans, J. M Tager, H. Van den Bosch, The cerebro-hep-
ato-renal (Zellweger) syndrome. Impaired de novo biosyn-
thesis of plasmalogens in cultured skin fibroblasts, Biochim.
Biophys. Acta 833 (1985) 170-174.

[66] G. Schrakamp, C.G. Schalkwijk, R.B.H. Schutgens, R.J.A.
Wanders, J.M. Tager, H. van den Bosch, Plasmalogen bio-
synthesis in peroxisomal disorders: fatty alcohol versus al-
kylglycerol precursors, J. Lipid Res. 29 (1988) 325-334.

[67] Y. Sakai, Y. Antoku, I. Goto, Plasmalogen deficiency in



68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

T. Leel Biochimica et Biophysica Acta 1394 (1998) 129-145

cultured skin fibroblasts from neonatal adrenoleukodystro-
phy, Exp. Neurol. 94 (1986) 149-154.

E.C.J.M. e Vet, L. IJIst, W. Oostheim, R.J.A. Wanders, H.
van den Bosch, Alkyl-dihydroxyacetonephosphate synthase:
fate in peroxisome biogenesis disorders and identification of
the point mutation underlying a single enzyme deficiency,
J. Biol. Chem. 273 (1998) 10296-10301.

N. Nagan, A.K. Hajra, A.K. Das, H.W. Moser, A. Moser,
P. Lazarow, P.E. Purdue, R.A. Zoeller, A fibroblast cell line
defective in alkyl-dihydroxyacetone phosphate synthase: a
novel defect in plasmalogen biosynthesis, Proc. Natl. Acad.
Sci. USA 94 (1997) 4475-4480.

R.A. Zoeller, C.R.H. Raetz, Isolation of animal cell mutants
deficient in plasmalogen biosynthesis and peroxisome assem-
bly, Proc. Natl. Acad. Sci. USA 83 (1986) 5170-5174.

R.A. Zoeller, O.H. Morand, C.R.H. Raetz, A possible role
for plasmalogens in protecting animal cells against photo-
sensitized killing, J. Biol. Chem. 263 (1988) 11590-11596.
O.H. Morand, R.A. Zoeller, C.R.H. Raet, Disappearance of
plasmalogens from membranes of animal cells subjected to
photosensitized oxidation, J. Biol. Chem. 263 (1988) 11597-
11606.

G. Hoefler, E. Paschke, S. Hoefler, A.B. Moser, H.W. Mos-
er, Photosensitized killing of cultured fibroblasts from pa-
tients with peroxisomal disorders due to pyrene fatty acid-
mediated ultraviolet damage, J. Clin. Invest. 88 (1991) 1873—
1879.

J.E. Vance, Lipoproteins secreted by cultured rat hepato-
cytes contain the antioxidant 1-alk-1-enyl-2-acylglycerophos-
phoethanolamine, Biochim. Biophys. Acta 1045 (1990) 128-
134.

B. Engelmann, C. Brautigam, J. Thiery, Plasmalogen phos-
pholipids as potential protectors against lipid peroxidation
of low density lipoproteins, Biochem. Biophys. Res. Com-
mun. 204 (1994) 1235-1242.

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

145

W. Jira, G. Spiteller, Plasmalogens and their oxidative deg-
radation products in low and high density lipoprotein,
Chem. Phys. Lipids 79 (1996) 95-100.

M. Zommara, N. Tachibana, K. Mitsui, N. Nakatani, M.
Sakono, 1. Ikeda, K. Imaizumi, Inhibitory effect of ethanol-
amine plasmalogen on iron- and copper-dependent lipid per-
oxidation, Free Radic. Biol. Med. 18 (1995) 599-602.

O. Satoh, M. Umeda, H. Imai, H. Tunoo, K. Inoue, Lipid
composition of hepatitis B virus surface antigen particles and
the particle-producing human hepatoma cell lines, J. Lipid
Res. 31 (1990) 1293-1300.

J. Duhm, B. Engelmann, U.M. Schonthier, S. Streich, Accel-
erated maximal velocity of the red blood cell Na+/K+ pump
in hyperlipidemia is related to increase in 1-palmitoyl,2-
arachidonoyl-plasmalogen phosphatidylethanolamine, Bio-
chim. Biophys. Acta 149 (1993) 185-188.

X. Chen, R.W. Gross, Potassium flux through gramicidin
ion channels is augmented in vesicles comprised of plasme-
nylcholine: correlations between gramicidin conformation
and function in chemically distinct host bilayer matrices,
Biochemistry 34 (1995) 7356-7364.

D.A. Ford, C.C. Hale, Plasmalogen and anionic phospholi-
pid dependence of the cardiac sarcolemmal sodium-calcium
exchanger, FEBS Lett. 394 (1996) 99-102.

S.L. Hazen, D.A. Ford, R.W. Gross, Activation of a mem-
brane-associated phospholipase A, during rabbit myocardial
ischemia which is highly selective for plasmalogen substrate,
J. Biol. Chem. 266 (1991) 5629-5633.

F. Snyder, T.-c. Lee, M.L. Blank, Plasmalogens: their me-
tabolism and central role in the production of lipid media-
tors, in: R.W. Gross (Ed.), Advances in Lipobiology, JAI
Press, Connecticut, 1997, pp. 261-286.



