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INTRODUCTION

Several reviews [1-6] have covered various aspects of recent
progress in the platelet-activating factor (PAF) field, but none of
these has focused solely on the specific characteristics of the
individual enzymes involved in the biosynthesis and catabolism
of PAF and its analogues. The need for a quick source of such
information is especially timely and pertinent, since during the
past few years a number of new concepts have emerged about the
close relationship between PAF biosynthesis and the trafficking
of arachidonate and other polyenoates among membrane
phospholipids via transacylation reactions [7-10]. Moreover, Lee
et al. [11] have shown that PAF can serve as an acetate donor to
a variety of acceptor molecules (fatty alcohols and a number of
lyso-phospholipids) in a transacetylation reaction catalysed by a
CoA-independent transacetylase, and very recent studies have
also demonstrated that sphingosine can be acetylated by this
enzyme activity [12,13].

Considerable advances have also been made in our knowledge
of the catabolism and enzymic factors responsible for regulating
the metabolism of PAF. For example, the purification of PAF
acetylhydrolase to near or complete homogeneity from plasma
[14], erythrocytes [15] and brain [16] has greatly expanded our
knowledge of this important enzyme and its role in regulating
both cellular and intracellular levels of PAF.

This abridged review is intended to provide the reader with a
concise summary of the functions and key properties of those
enzymes known to be involved directly or indirectly in PAF
metabolism and to show how these individual enzymic steps are
inter-related and coordinately regulated as integrated metabolic
pathways. Knowledge of the regulatory controls is limited, but
these aspects, when known, are discussed for each specific
enzyme. Also, in this review, a little past history has been
revisited where critical enzymes in the biosynthesis of ether-
linked glycerolipids were discovered in the early 1970s, since
this often neglected area forms the foundation to a complete
understanding of PAF metabolism. Thus, a brief description of
the enzymic machinery responsible for the general intermediary
metabolism of ether-linked lipids, including the formation of the
0-alkyl and O-alk-1-enyl grouping, is also provided. Metabolism
of PAF in intact cells and in in vivo systems is only discussed
when it is essential to emphasize the significance of how the
enzymic reactions relate to specific pathophysiological con-
ditions.

BIOSYNTHETIC ENZYMES

Formation of the ether bond and related steps in the biosynthesis
of ether-linked lipids

In most articles regarding PAF biosynthesis, the enzymic studies
relevant to the formation of the ether bond in PAF or its
plasmalogen analogue and the related metabolic pathways are

usually ignored. Since such knowledge is critical to understanding
the broader aspects of PAF metabolism, I have included in this
section an abbreviated account of the earlier work, long before
the structure of PAF was identified, that established the enzymic
pathways responsible for the formation of ether linkages in
glycerolipids and the corresponding intermediary reaction steps
leading to more complex ether lipids (phospholipids and neutral
lipids) associated with biological membranes. The reader is
referred to an earlier review [17] that focuses on more detailed
coverage of the properties of specific enzymes comprising the
metabolic pathways for the ether-linked glycerolipids and their
precursors.

Alkyldihydroyxacetone-P (DHAP) synthase (EC 2.5.1.26)

Almost a quarter of a century ago, the first cell-free system to
synthesize O-alkyl moieties in glycerolipids was discovered [18].
The enzymes responsible were subsequently characterized in
both cancer cells [19-22], which contain relatively high levels of
ether lipids, and in normal cells [23]. The unique reaction
catalysed by alkyl-DHAP synthase involves the displacement of
the acyl moiety of acyl-DHAP by a long-chain fatty alcohol
[24,25]; methodology for assaying this enzyme activity has
recently been summarized [26,27].

A broad substrate specificity has been noted for the in-
corporation of the fatty alcohols into the ether linkage [28,29],
and results obtained with ®Q-labelled hexadecanol have shown
that the oxygen of the ether linkage is derived from the alcohol
[22,30]. In addition, no 3H is lost upon incorporation of [1-
SH]hexadecanol into alkyl ether lipids [31-35], which further
indicates that the entire alcohol chain is transferred into the O-
alkyl moiety. Other features of the unique reaction that forms the
O-alkyl bond in glycerolipids are: (1) the pro R hydrogen,
located at the carbon atom where the acyl moiety is attached to
DHAP, exchanges with water [36-39]; (2) the configuration of the
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Abbreviations used: PAF, platelet-activating factor; DHAP, dihydroxyacetone-P; DTT, d'ithiothreitol; PMSF, phenylmethanesulphonyl fluoride; LCAT,
lecithin—cholesterol acyltransferase; PMA, phorbol 12-myristate 13-acetate; DFP, di-isopropylfluorophosphate; c.m.c., critical micellar concentration;
LDL, low-density lipoprotein; NEM, N-ethylmaleimide; GTP[yS], guanosine-5’-[ §-thio]triphosphate.
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carbon of the DHAP moiety where the exchange occurs is
preserved [40,41]; (3) the acyl moiety of acyl-DHAP is cleaved
before the addition of the fatty alcohol [42,43]; and (4) both
oxygens associated with the acyl moiety of acyl-DHAP remain in
the fatty acid product released during the acyl exchange with the
alcohol [43,44].

Subcellular studies by Hajra et al. [29] have indicated that both
alkyl- DHAP synthase and acyl-CoA:DHAP acyltransferase
activities [45-49] are highest in peroxisomes but absent in
peroxisomal-deficient cells [50,51]. Nevertheless, it is noteworthy
that Ehrlich ascites cells, from which alkyl-DHAP synthase has
been purified 1000-fold [39,42,43], appear to be devoid of
typical peroxisomal bodies. The molecular mass for the
partially purified alkyl-DHAP synthase has been estimated to be
approximately 300000 Da [42]. Initial velocity kinetic data
obtained in experiments with this highly purified enzyme prep-
aration, free of acylhydrolase or other competing enzymes,
supports a Ping-Pong type of molecular mechanism for the alkyl-
DHAP synthase-catalysed reaction [39,42,43]. The results
obtained with the purified enzyme are consistent with an earlier
conclusion supporting a Ping-Pong type mechanism for the
reaction [52], whereby the fatty acid is first released from acyl-
DHAP to give an activated enzyme-DHAP complex which can
then react with a long-chain fatty alcohol to form alkyl-DHAP
or with a fatty acid to reform acyl-DHAP. The fact that fatty
acids compete with fatty alcohols in the formation of alkyl-
DHAP lends further credence to such a mechanism ; furthermore,
a Schiff base is not formed as an intermediate in the alkyl-DHAP
synthase catalysed reaction [53-55]. It has been proposed that a
nucleophilic cofactor (possibly an amino acid functional group-
ing at the active site) covalently binds the DHAP portion of acyl-
DHAP to form an enzyme-DHAP complex as an intermediate
that reacts with the fatty alcohol to form alkyl-DHAP [39,42,43].
However, despite the strong evidence for the Ping-Pong mech-
anism, the possibility of a sequential type mechanism being
involved in the formation of the ether bond in lipids cannot be
ruled out absolutely until proof for the existence of an enzyme—
DHAP complex is established.

In addition, recent reports have described a 100-fold en-
richment [27] and purification to homogeneity of alkyl-DHAP
synthase [56] from guinea pig liver. The completely purified
enzyme exists as a single polypeptide possessing a molecular
mass of 65000 Da [56]. At optimal concentrations of palmitoyl-
DHAP, the K, value for hexadecanol was 72 uM and at a
concentration of 0.5 mM hexadecanol the K, for palmitoyl-
DHAP was 68 uM [56]; similar results [27] were obtained with
the 100-fold enriched enzyme, which had K s of 45 and 40 4uM
for palmitoyl-DHAP and hexadecanol respectively. An analogue
of acyl/alkyl-DHAP (3-bromo-2-keto-heptadecylphosphate)
was found to inhibit alkyl-DHAP synthase [27]; others [57] have
also described inhibitory alkyl-DHAP analogues (e.g. mono-
palmitoyl-1,2,3-trihydroxyeicosanephosphate).

The enzymes responsible for synthesizing acyl-DHAP and
long-chain fatty alcohols, the precursors of alkyl-DHAP, have
been extensively investigated, but summarizing such studies is
beyond the scope of this brief review. Nevertheless, it should be
noted that the formation of acyl-DHAP, the precursor of ether
lipids, was first demonstrated in guinea pig liver mitochondria
[58-60] and this enzyme activity has been observed in most
mammalian tissues investigated. Acyl-CoA:DHAP acyltrans-
ferase has recently been partially purified (> 3200-fold) from
guinea pig liver peroxisomes [61]. The other precursor, a long-
chain fatty alcohol, is produced via the reduction of an acyl-CoA
by an NADPH-dependent acyl-CoA reductase [17]. Chapters in
two books also provide extensive coverage of the early literature

on the enzymic synthesis of ether-linked lipids and their pre-
cursors in mammalian cells [17,62].

NADPH :alkyl-DHAP oxidoreductase (EC 1.1.1.100)

The ketone grouping of DHAP, the product of the reaction

catalysed by alkyl-DHAP synthase, is subsequently reduced

to alkyl-sn-glycero-3-P by an NADPH-oxidoreductase

[18,24,25,63-65].
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Only the g-hydrogen of the nicotinamide ring of NADPH is
utilized for the enzymic reduction of DHAP [63] and the same
oxidoreductase appears to be involved in reducing both alkyl-
and acyl-DHAP [65]. Although NADH at high concentrations
can substitute for NADPH in the oxidoreductase-catalysed
reaction, the primary requirement for NADPH becomes apparent
at low concentrations of the reduced nucleotides [25,63].

ATP:alkylglycerol phosphotransferase (EC 2.7.1.93)
Alkylglycerol-P can also be synthesized from preformed alkyl-

glycerols by ATP:alkylglycerol phosphotransferase [66,67].
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Scheme 3

Thus, the alkylglycerol phosphotransferase makes it possible for
alkylglycerols derived from dietary intake or the catabolism of
cellular ether-linked lipids to enter the biosynthetic pathways
responsible for the production of PAF or structural lipid
components (ether lipids with long-chain acyl moieties at the sn-
2 position) of membrane bilayers. The alkylglycerol phospho-
transferase is of microsomal origin, requires ATP and Mg?**,
exhibits a rather broad pH profile with an optimum pH at 7.1
and shows a strict stereospecificity for the sn-1 isomer; i.e. sn-
glycerols possessing O-alkyl groups at either the sn-2 or sn-3
positions are not phosphorylated by the phosphotransferase.
Also, it should be noted that alkylethyleneglycols are not
substrates for this phosphotransferase and it is unknown whether
the monoacylglycerol analogue can be utilized as a substrate
since high lipase activities encountered in the systems studied
resulted in extensive hydrolysis of the ester moiety [67]. The
activity of alkylglycerol phosphotransferase can be assayed using
either [*HJalkylglycerol or [y**P]JATP as the radiolabelled sub-
strate.
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Acyl-CoA :alkylglycero-P acyltransferase (EC 2.3.1.63)

1-Alkyl-sn-glycerol-3-P occupies a pivotal position in ether lipid
biosynthesis since this metabolic intermediate is centered at a
branch-point where it can be used in either the de novo synthesis
of PAF (discussed in a later section) or the de novo synthesis of
alkylacylglycerophosphocholines (precursors of PAF in the re-
modelling pathway) and alkylacylglycerophosphoethanolamines
which are both membrane components. Alkylglycero-P is con-
verted into the alkyl analogue of phosphatidic acid via an
acyltransferase [25,34].
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Scheme 4

Alkylacylglycero-P phosphohydrolase

The phosphatidic acid analogue can be converted into 1-alkyl-2-
acyl-sn-glycerols via a phosphohydrolase activity enhanced by
Mg?* [68]. This phosphohydrolase has not been characterized so
it is unknown whether it is the same enzyme activity as
phosphatidate phosphohydrolase.

CDP-choline :alkylacylglycerol cholinephosphotransferase (EC 2.7.8.2) or
ethanolaminephosphotransferase (EC 2.7.8.1)

The alkylacylglycerol product mimics the diacylglycerols in
phospholipid biosynthesis since both of them serve as acceptors
for the Mg?**-dependent transfer of the phosphobase groups of
either CDP-choline or CDP-ethanolamine by a cholinephospho-
transferase or an ethanolaminephosphotransferase [68].
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It has been reported that the diacylglycerol- and alkyl-
acylglycerol cholinephosphotransferase activities in rat liver
microsomes are the same enzyme, based on their similar
pH optima, thermolabilities and inhibition by Mn?** and dithio-
threitol (DTT) [69]. This conclusion is also supported by substrate
competition experiments with microsomal fractions from the
liver and brain of rats that showed that the formation of
phosphatidylcholineor phosphatidylethanolaminevia thecholine-
phosphotransferase or ethanolaminephosphotransferase respect-
ively could be strongly inhibited by alkylacylglycerols [70].

Acyl-CoA:alkylacylglycerol acyltransferase

The alkylacylglycerols can also be converted into alkyl-
diacylglycerols (an ether analogue of triacylglycerols) by an acyl-
CoA acyltransferase which can also acylate 1-alk-1’-enyl-2-acyl-
sn-glycerols to produce the plasmalogen analogue of triglycerides
[71]. As will be discussed later, alkylacetylacylglycerols can be
formed in a similar type of reaction catalysed by acyl-
CoA :alkylacetylglycerol acyltransferase [72].

A1-Alkyl desaturase (1.14.99.19)

Closely related to the alkyl ether lipids are the plasmalogens
which have an O-alk-1-enyl ether linkage at the sn-1 position.
This class of lipids contains a double bond (between C-1 and C-
2 of the alkenyl chain) adjacent to the ether bond. In most tissues
the O-alk-1-enyl linkage occurs primarily as an ethanolamine-
containing phospholipid (plasmanylethanolamine), although in
heart tissue of some species the choline plasmalogens (plasmanyl-
choline) predominate [73]. Enzyme studies have shown that alk-
1-enyl linkages in ethanolamine plasmalogens originate from the
alkyl moieties of alkylacylglycerophosphoethanolamine via a
mixed-function oxidase in tumours [74], intestinal mucosa [75]
and brain [76,77].

H,COCH,CH,CH,R H,COCH = CHR
0 0
| Cytbg, O NADPH+ H* 1) |
RCOCH RCOCH
| 9 n
H,COPOCH,CH,NH, H,COPOCH,CH,NH,
o !
Scheme 6

Requirements for this reaction are molecular oxygen, NADH or
NADPH, and cytochrome b, [74-78]. In this respect, the alkyl
desaturase is similar to, but not identical [79] with acyl-CoA
desaturase [80,81], another mixed-function oxidase; both
desaturases are cyanide sensitive.

Choline plasmalogens  (1-alk-1’-enyl-2-acyl-sn-glycero-3-
phosphocholine) appear to be derived from ethanolamine
plasmalogens via the combined actions of a phospholipase A,,
lysophospholipase D, an acyltransferase, phosphohydrolase and
a cholinephosphotransferase, as well as by a direct base exchange
or coupled phospholipase C—cholinephosphotransferase reac-
tions [82]. Other findings further support the concept of ethanol-
amine plasmalogens being converted into choline plasma-
logens via a phospholipase C [83] or other polar head group
remodelling mechanism [84]. However, no evidence has ever
been presented to indicate that either alkylacylglycero-
phosphocholine or alkyl-lysoglycerophosphocholine can serve as
substrate for the Al-alkyl desaturase.

The remodelling pathway
Overall reaction sequence

As the name implies, the remodelling pathway involves a chemical
modification in the structure of a pre-existing lipid molecule
associated with cellular membranes. In order to produce PAF by
this pathway, the sn-2 long-chain acyl moiety (primarily ara-
chidonate) of 1-alkyl-2-acyl-sn-glycero-3-phosphocholine is
replaced by an acetate group. The enzymes responsible for
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catalysing this sequence of reactions involve a deacylation and an
acetylation step. The role and characteristics of each of the
enzymes involved in the synthesis of PAF via the remodelling
pathway are discussed in the subsequent sub-sections.

Phospholipase A2 versus a CoA-independent transacylase/phospholipase
A2 (deacylation of alkylacylglycerophosphocholine to form lyso-PAF)

Formation of the lyso-PAF intermediate from alkylacylglycero-
phosphocholines, the penultimate reaction step in the bio-
synthesis of PAF via the remodelling pathway, can occur by
either a transacylation sequence involving a phospholipase A,
and a CoA-independent transacylase, or directly by a selective
phospholipase A, activity that utilizes alkylacylglycero-
phosphocholines as a substrate.

sufficient to restore the stimulation of PAF synthesis following
agonist activation of the cells. Interesting results obtained wth
intact human neutrophils and membrane fractions have shown
that the high selectivity for arachidonate by the CoA-independent
transacylase in resting cells is lost following stimulation of the
cells with calcium ionophore A23187 [108].

The coupling of the CoA-independent transacylase with PAF
biosynthesis has been clearly demonstrated in experiments show-
ing that lyso-PAF, formed by the lysoplasmalogen-induced
initiation of the transacylation reaction, can be readily converted
into PAF in the presence of acetyl-CoA by the acetyl-CoA
acetyltransferase in the remodelling pathway [9,10,105). The
lysoplasmalogen-induced transacylase activity appears to be
present in a number of rat tissues tested [105], which suggests a
rather broad cellular distribution of this enzyme in mammals.
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Scheme 7

However, at the present time there is no available enzymic
evidence to document the existence of a specific phospholipase
A, being responsible for the direct hydrolysis of alkylacylglycero-
phosphocholines during cell activation. Even though a number
of phospholipase A,s with a preference for phospholipids con-
taining arachidonate have been characterized [85-104], none
have been directly linked to having a role in PAF biosynthesis.

On the other hand, lyso-PAF has been shown to be generated
from alkylarachidonoylglycerophosphocholines via a CoA-in-
dependent transacylase found in human leukaemic (HL-60) cells
[9,105], human neutrophils [10,106-109], mast cells [110] and rat
tissues [105]. Several of these studies [9,10,105-108] have clearly
shown a stringent requirement for arachidonate or other poly-
enoates at the sn-2 position of the alkylacylglycero-
phosphocholine in order to generate the lyso-PAF via the
transacylation cycle. Moreover, the supplementation of ara-
chidonic acid (10 M) to either undifferentiated or differentiated
(neutrophil form) HL-60 cells enhances both the deacylation and
acyltransfer components of the CoA transacylase activity [105].
All of these findings are consistent with earlier results obtained
with HL-60 cells [111] and rat peritoneal polymorphonuclear
leucocytes [112] that have demonstrated that the supplementation
of arachidonic acid to 20:4-depleted cells increases the precursor
supply of alkylarachidonoylglycerophosphocholines to a level

glycerophosphoethanolamine)

These results provide compelling evidence for the significant, if
not exclusive, role of the CoA-independent transacylase cycle in
PAF biosynthesis. Data obtained with cultured mast cells, using
defined species of lyso-PAF as the acyl acceptor substrate for the
transacylase, have supported the premise that PAF is pre-
ferentially synthesized via the combined actions of the CoA-
independent transacylase and the lyso-PAF acetyltransferase
[110]. Furthermore, the fact that lyso-phospholipids containing
acyl and alk-1-enyl (plasmalogenic) moieties at the sn-1 position
can also be generated by the CoA-independent transacylase,
suggests that the transacylation process is undoubtedly the
primary mechanism for producing significant quantities of the
acyl and plasmalogen analogues of PAF in many cells following
agonist stimulation.

Any of the lysoglycerophospholipids containing choline or
ethanolamine can serve as acceptor molecules or initiators for
the arachidonate transferred from the alkylarachidonoylglycero-
phosphocholine pool [9,10,106,107]. In contrast, other glycero-
lipids with free hydroxyl groups (3-alkyl-2-lyso-sn-glycero-1-
phosphocholine, lysophosphatidylserine, lysophosphatidyl-
inositol, diacylglycerols, alkylglycerols and monoacylglycerols),
cholesterol, phosphatidylcholine and phosphatidylethanolamine
are not acyl acceptor molecules for the transacylase [9]. Also, if
the sn-2 position does not contain a free alcohol moiety (e.g.
alkylmethoxyglycerophosphocholine) the molecule will not in-
duce the release of lyso-PAF from the alkylacylglycero-
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phosphocholine precursor pool [107]. Although all of the lyso
forms of the choline/ethanolamine-containing glycero-
phosphatides can induce the formation of lyso-PAF via a
transacylation reaction, the primary source of the lyso-
phospholipid acceptor for the transacylase appears to be ethanol-
amine plasmalogens, at least in human neutrophils [10,113].
When neutrophils are stimulated with calcium ionophore
A23187, mass measurements showed that these cells rapidly
loose arachidonate almost exclusively from ethanolamine
plasmalogens and this loss is reflected by a corresponding increase
in the amount of lysoplasmalogens formed [10]. Interestingly, the
lysoplasmalogens that accumulate in stimulated neutrophils also
act as a competing substrate for the acylation of lyso-PAF with
arachidonate and, under such conditions of stimulation, the
specificity for the transfer of arachidonate to lyso-PAF to form
alkylarachidonoylglycerophosphocholine is lost [108].

As with the other biosynthetic enzymes in PAF metabolism,
the CoA-independent transacylase linked to PAF biosynthesis is
associated with membranes. However, it is not known whether
the hydrolytic component that removes the 20:4 of alkylara-
chidonoylglycerophosphocholine, and the acyl transfer activity
that transfers the 20:4 to lysoplasmalogen or another acyl
acceptor, reside in a single catalytic protein or in two separate
entities. Such information must await the solubilization and
purification of the enzymic activity(ies), an achievement that
could be a formidable task since it is known that the transacylase
activity is inhibited by detergents such as deoxycholate and
Triton X-100 [9,107]. When it is stated that detergents inhibit the
enzymic activity, the studies were done with substrates that were
either below their critical micellar concentration (c.m.c.) or
where ethanol or other agents were used to solubilize or disperse
the lipid substrates. Initiation of the CoA-independent trans-
acylase reaction is dependent on the availability of the lyso-
phospholipid acceptor, and thus it would appear that the
phospholipase A, responsible for generating the lyso intermediate
is the rate-limiting catalytic step in the reaction sequence. This
supposition has been borne out by the fact that exogenous
[9,10,107] or endogenously-generated lyso-PAF [10] must be
present to trigger the transacylase reaction and that inhibitors of
acyl hydrolysis such as mepacrine and bromophenacyl bromide
also block PAF production in intact differentiated HL-60 cells
[111].

The properties of microsomal CoA-independent transacylases
from a variety of cellular sources involving different types of
substrates have been reviewed in depth elsewhere [7,8]. However,
it is particularly relevant to at least briefly note here some of the
recent findings pertaining to the characteristics of the trans-

CoA-independent transacylase [9,10,107]. Experimental evidence
obtained from both cell systems [9,107] have shown that the
transacylase activity does not require Ca** or CoA and that
detergents, such as deoxycholate and Triton X-100, are strongly
inhibitory. Venable et al. [107] also have demonstrated that a
variety of nucleotides {ATP, GTP, guanosine-5'-[#-thio]-
triphosphate (GTP[yS]), ATP/cAMP, ATP/GTP, GTP/
GTP[yS]}, some protein kinase C activators (Ca®*, ATP, Mg?*,
diacylglycerols) and a catalytic subunit of protein kinase A with
ATP/Mg?** do not influence the transacylase activity in human
neutrophils.

It has been reported that N-tosyl-L-phenylalanine chloro-
methyl ketone (a serine inhibitor) and diethyl pyrocarbonate (a
histidine modifier) inhibits the transacylase activity in human
neutrophil sonicates [107] and U937 microsomes [114]. However,
conflicting results have been obtained in some studies of the
properties of the CoA-independent transacylase activity among
different cell types. Both phenylmethanesulphonyl fluoride
(PMSF; a serine inhibitor) and p-bromophenacyl bromide
(blocks phospholipase A, hydrolysis) have been shown to inhibit
the transacylase activity (deacylation of alkylacylglycerophos-
phocholine and the acylation of lyso-PAF) in sonicates derived
from human neutrophils [107], whereas neither compound
appears to alter the transacylase activity in membranes or homo-
genates prepared from HL-60 cells [9,11]. Winkler et al. [114]
also observed that PMSF inhibited the CoA-independent trans-
acylase in the microsomal fraction of U937 cells but found that
several phospholipase A, inhibitors (quinacrine, aristolochic
acid, arachidonic acid) exerted no effect on the enzyme activity
in the U937 cells. Addition of purported phospholipase A,
inhibitors (aristolochic acid and scalaradial) to homogenates of
human neutrophils revealed no change in the amount of radio-
labelled lyso-PAF generated in the transacylase-catalysed re-
action induced by unlabelled lyso-PAF [109]. The reason for the
inconsistencies in these data obtained with cell-free systems from
different cell types is unknown at this time. Recent findings based
on the comparison of differences observed in the biochemical
and pharmacological properties of the microsomal CoA-inde-
pendent transacyclase from U937 cells with a low molecular
mass (14000 Da) phospholipase A, from human synovial fluid
and a high molecular mass (85000 Da) cytosolic phospholipase
A, from U937 cells suggest these three enzymes are mech-
anistically and structurally different [115].

CoA-independent transacylase (reacylation of lyso-PAF)

Many different investigations have described the acylation of
lyso-PAF by the CoA-independent transacylase.

9 o
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HOCH + (20:4)RCOCH transacylase (20:4)RCO(I:H +  HOCH
H,COPO,Cho H,COPO,Cho H,COPO;Cho  H,COPO,Cho
(Lyso-PAF) (Phosphatidylcholine) (Plasmanylcholine;  (Lysophosphatidylcholine)

acylases in human neutrophils and HL-60 cells since the pro-
duction of lyso-PAF in these cells has been clearly linked to the

alkylacylglycero-
phosphocholine)

In view of the very large scope of these studies, the reader is
referred to two comprehensive reviews on the subject of trans-
acylases [7,8] for more adequate coverage. Despite the fact that
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both the deacylation of alkylacylglycerophosphocholines and the
reacylation of lyso-PAF are catalysed by a CoA-independent
transacylase, it has not yet been established whether a single
catalytic protein is responsible for both the forward and back-
ward reactions. However, the deacylation of alkylacylglycero-
phosphocholines and the acylation of lyso-PAF can be blocked
in parallel by the same inhibitors and both activities respond to
heat inactivation in the same manner, which suggests a single
enzyme activity might possibly be involved in both reactions
[107]. Such a notion is also supported by the highly selective
preference of the transacylase for polyunsaturated acyl moieties
in both the deacylation and reacylation reactions [105].

Acetyl-CoA: lyso-PAF acetyltransferase (EC 2.3.1.67)

The last step in the formation of PAF in the remodelling
pathway is the acetylation of lyso-PAF catalysed by acetyl-
CoA :lyso-PAF acetyltransferase.

preference of alkyl-lysoglycerophosphocholine > acyl-lysogly-
cerophosphocholine ~x alk-1-enyl-lysoglycerophosphocholine >
alkyl-lysoglycerophosphoethanolamine = acyl-lysoglycerophos-
phoethanolamine [127]. These experiments also demonstrated
that acyl-lysoglycerophosphoserine, acyl-lysoglycerophospho-
inositol or acyl-lysoglycero-P (lysophosphatidic acid) were not
substrates for the acetyltransferase. Palmitoyl-CoA [117], oleoyl-
CoA [125], arachidonoyl-CoA [128], unsaturated fatty acids
[129] and 1-palmitoyl-2-lysoglycerophosphocholine [124] have
been reported to be competitive inhibitors of lyso-PAF acetyl-
transferase. Chelating agents such as EDTA or EGTA, Mg*
or Mn?*, p-bromophenacylbromide, p-chloromercuribenzoate,
N-ethylmaleimide (NEM) and di-isopropylfluorophosphate
inhibit the acetyltransferase activity [117,130,131].

Partial purification (1500-fold) of lyso-PAF acetyltransferase
from rat spleens has been reported [132], but the yield of purified

H,COR Q H,COR

HzcogOCHzCHzNYCHa)a HZCOII:'OCHchzN+(CH3)3
o

(Lyso-PAF) (PAF)

Methods for measuring this enzyme activity, as well as relevant
information about its properties, have been summarized by Lee
et al. [116].

Lyso-PAF acetyltransferase occurs in the microsomal fraction
of a variety of tissues [117] and blood cells [118,119] that produce
PAF. A study by Mollinedo et al. [120] reported that the
acetyltransferase activity is distributed in the plasma membrane,
endoplasmic reticulum, tertiary granules of resting human
neutrophils and in poorly defined intracellular granules following
stimulation with calcium ionophore A23187. The subcellular
distribution of the lyso-PAF acetyltransferase in undifferentiated
HL-60 cells [121] was found to be similar to that of human
neutrophils [119,120], with the primary site being the endoplas;nic
reticulum. In Krebs II cells, which are devoid of PAF transfer
proteins, the lyso-PAF acetyltransferase activity was found to be
associated with the ribosome-rich (rough) fraction of the en-
doplasmic reticulum [122,123].

Substrate specificity of the acetyltransferase is rather broad

since 1-acyl-2-lysoglycerophosphocholine [117,124,125], 1-alk-1-

enyl-2-lysoglycerophosphoethanolamine [11,126] and various
other analogues, including 1-alkyl-2-lyso-sn-glycero-3-N’,N'-di-
methylethanolamine, 1-alkyl-2-lyso-glyceromonomethylethanol-
amine and 1-alkyl-2-lysoglycerophosphoethanolamine [124],
serve as substrates. Similarly, short-chain acyl-CoAs (C,—C,) can
be transferred to lyso-PAF by the acetyltransferase, with pro-
pionyl-CoA having a reaction rate equivalent to acetyl-CoA [124]
as the co-substrate. Thus, based collectively on these various
reports, the preferred substrates for the acetyltransferase appear
to be 1-alkyl-2-lysoglycerophosphocholine and acetyl-CoA or
propionyl-CoA. A study of different lyso-phospholipids as po-
tential acetate acceptors with homogenates from control and
thrombin-stimulated human endothelial cells (a cell type that
produces mainly the acyl analogue of PAF) indicated a specificity

enzyme was only 1.6%. The K for acetyl-CoA with this
preparation was 137 M, which compares to a K, of 67 uM in
experiments with the microsomal fraction from rat spleens [117).
Electrophoresis of the partially purified enzyme after the in-
corporation of labelled lyso-PAF revealed that the radioactivity
was associated with a protein possessing a molecular mass of
29000 Da [132]. No subsequent studies have been described with
purified preparations of the enzyme, although solubilization of
the acetyltransferase from rat spleen microsomes in 25 %, glycerol
has been claimed [131].

Lyso-PAF acetyltransferase appears to be activated and inac-
tivated via a phosphorylation—dephosphorylation mechanism
based on studies of rat spleen [133-135], human neutrophils
[136], guinea pig parotid glands [137] and mouse mast cells [138]
as the enzyme source. Moreover, catalytic subunits of cyclic
AMP-dependent protein kinase [136,137] and calcium/
calmodulin-dependent protein kinase [137] are capable of acti-
vating the acetyltransferase in vitro. A serine residue has been
shown to be phosphorylated in studies of a partially purified
preparation of acetyltransferase from rat spleen using [y-3?P]JATP
[135]). Since both phorbol myristate and 1-oleoyl-2-acetyl-sn-
glycerol can activate the acetyltransferase, whereas sphingosine
can block these effects, Leyravaud et al. [139] have concluded
that protein kinase C must be involved in the phosphorylation
reaction. Although the precise mechanism(s) for regulating lyso-
PAF acetyltransferase is not fully understood, and may vary
among cell types, it certainly appears that phosphorylation of the
enzyme is required for optimal expression of the activity.

PAF transacetylase (CoA-independent)

A recent discovery from our laboratory [11] has revealed the
existence of a novel CoA-independent transacetylase that uses
PAF as the acetate donor and a variety of other lyso-
phospholipids (radyl-lysoglycerophosphocholines, radyl-lyso-
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glycerophosphoethanolamine, acyl-lysoglycerophosphoserine,
acyl-lysoglycerophosphoinositol, alkyl-lysoglycero-P and acyl-
lysoglycero-P) and long-chain fatty alcohols as the acetate
acceptor molecule, whereas alkylglycerols, acylglycerols and
cholesterol are inactive as acetate acceptor molecules.

The de novo pathway
Overall reaction sequence
1-Alkyl-2-lyso-sn-glycero-3-P, an important metabolic ‘lyso’

H,COR H,COCH = CHR’ H,COCH = CHR’ H,COR
ﬁ | CoA-indepIendent ﬂ | |
transacetyla
CH,COCH + HOCH tylase CH,COCH + HOCH
H2C0P03Cho H2C0P03Etn Hzcopantn Hzcopozc"o
(PAF) (Lysoplasmalogen; (PAF plasmalogen (Lyso-PAF)
alk-1-enyl-lyso- analogue)

glycerophosphoethanolamine)

Scheme 10

Sphingosine is also known to be acetylated by the transacetylase
to form N-acetylsphingosine [12,13]. In comparative substrate
studies with acetyltransferase versus the PAF transacetylase it
appears that the primary route for the biosynthesis of the
plasmalogen and acyl analogues of PAF is via the CoA-
independent transacetylase [11]. The importance of the trans-
acetylase in forming the plasmalogen analogue in vivo is
strengthened by the fact that [*H]acetate from [*H]JPAF (but not
acetate itself) can be incorporated into the plasmalogen analogue
of PAF in intact HL-60 cells (differentiated into a neutrophil-
type form) after being stimulated with calcium ionophore
A23187.

Properties of the CoA-independent transacetylase differ from
the CoA-independent transacylase in that the former exhibits a
much wider range of substrate acceptor specificity and is slightly
stimulated by PMSF. Also, the two activities differ in their
temperature sensitivity responses: for example, at incubation
temperatures of 15 and 24 °C the activity of the transacetylase is
much lower (7 and 31 %, respectively of control values) than the
transacylase activity (44 and 81 9, respectively of control values).
All of these findings [11] suggest that the transacetylase and

intermediate in the biosynthesis of ether-linked phospholipids
that possess a long-chain acyl moiety at the sn-2 position,
represents the branch-point for the initial enzymic step in the de
novo synthesis of PAF. The sequence of reactions in the de novo
pathway consists of acetylation, dephosphorylation and choline-
P transfer steps catalysed respectively by an acetyltransferase
[141], a phosphohydrolase [142] and a cholinephosphotransferase
[143,144]. Each of these enzymes has different properties than
those involved in the PAF remodelling pathway or other es-
tablished pathways of phospholipid biosynthesis. All three
enzymes are associated with membranes and none have yet been
purified. The role and properties of each of these enzymes in the
de novo synthesis of PAF are described in the remaining portions
of this section.

Acetyl-CoA: alkyl-lysoglycero-P acetyltransferase (EC 2.3.1.105)

The microsomal acetyltransferase in the de novo pathway, like its
counterpart in the remodelling route, utilizes acetyl-CoA as the
acetate donor. However, the two activities exhibit discrete
differences in their preference for lyso-phospholipid acceptors
and acyl donors that serve as co-substrates in the reaction, as
well as in other properties such as their heat sensitivity [141].

H,COR
H,COR z
2 o Dle nm;o 0
" acetyltransferase I CoASH
HOCH | +  CH,C-SCoA CH3C0<|3H0 * (Coenzyme A)
n "
H,COPOH (Acetyl-CoA) H,COPOH
o o
(1-Alkyl-2-lyso-sn- (1-Alkyl-2-acetyl-sn-
glycero-3-P) glycero-3-P)

Scheme 11

transacylase activities represent two distinctly different catalytic
proteins.

It has also been reported that a purified preparation of
lecithin—cholesterol acyltransferase (LCAT) from human plasma
can catalyse the transfer of the acetate moiety of PAF to
lysophosphatidylcholine [140]. The LCAT and transacetylase
activities appear to be two separate enzymes since the trans-
acetylase has an intracellular location, a lower molecular mass
and does not transfer either long-chain acyl or acetyl moieties
from phosphatidylcholine to cholesterol. The transacetylase also
is not inhibited by PMSF and exhibits a broad specificity toward
acetyl acceptor lipids [11].

It is necessary to measure alkyl-lysoglycero-P acetyltransferase
in the presence of vanadate and fluoride ions and at lower
temperatures (e.g. 23 °C) in order to minimize the phospho-
hydrolase activity that is also present in microsomal preparations.
In the absence of the phosphohydrolase inhibitors, alkyl-
acetylglycerol is the principal product. The pH optimum for the
acetyltransferase is rather broad (pH 8.0-8.8), with a maximum
activity observed at pH 8.4 in microsomes from rat spleen as the
enzyme source [141]. In these studies, the apparent K, for acetyl-
CoA was 226 uM and the optimal concentrations for alkyl-
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lysoglycero-P (the co-substrate) ranged between 16 and 25 uM.
It appears that the de novo acetyltransferase is ubiquitously
distributed in mammalian cells since significant activities are
present in a variety of rat tissues [141].

Substrate specificity experiments have revealed that the acyl
analogue (1-oleoyl-2-lyso-sn-glycero-3-P) can also be acetylated
by the acetyltransferase, albeit at a considerably lower rate than
the 16:0 or 18:0 alkyl-lysoglycero-P. Acyl-CoAs possessing
from C, to C; chains are all excellent sn-2 acyl donors in the
acetyltransferase catalysed reaction. In fact, even long-chain
acyl-CoAs participate as substrates for the acetyltransferase but
the activity under these circumstances was 279, less for ara-
chidonoyl-CoA and 809, less for linoleoyl-CoA than the rates
obtained for acyl-CoAs having the shorter acyl chains. In
contrast, the acetyltransferase in the remodelling pathway prefers
either acetyl-CoA or propionyl-CoA and is inactive with acyl-
CoAs with carbon chains beyond the hexanoyl (6:0) species
[124].

The fact that the acetyltransferase activity is lower than either
the phosphohydrolase or cholinephosphotransferase activities in
the de novo route for all rat tissues examined [145] implies that
this acetylation reaction is a rate-limiting step in the de novo
synthesis of PAF. Evidence has also been presented to suggest
that the acetyltransferase in the de novo route is regulated by
phosphorylation—dephosphorylation [146,147]. The changes in
the activity of the acetylglycero-P acetyltransferase induced by
phorbol 12-myristate 13-acetate (PMA) indicates that
phosphorylation of the enzyme is probably catalysed by protein
kinase C [146]. All of these findings indicate that alkyl-
lysoglycero-P acetyltransferase is an important regulatory en-
zyme in the de novo route. However, as discussed later, it is
noteworthy that cytidylyltransferase (produces CDP-choline)
and that the DTT-insensitive cholinephosphotransferase can
play an important role in regulating the de novo synthesis of
PAF.

Alkylacetylglycero-P phosphohydrolase (EC 3.1.3.59)

Alkylacetylglycero-P phosphohydrolase catalyses the removal of
the phosphate moiety from alkylacetylglycero-P [142,148] in an
intermediary reaction that bridges the initial and final steps of
the de novo pathway.

used for the assays), the optimal pHs are 7.4 and 6.2 for
alkylacetylglycero-P  phosphohydrolase and phosphatidate
phosphohydrolase respectively. When using the optimal assay
conditions for alkylacetylglycero-P phosphohydrolase, the
phosphatidate phosphohydrolase with dioleoylglycero-P as the
substrate had 809, less activity than when alkylacetylglycerol
was the substrate. The two types of phosphohydrolase activities
also exhibit differences in their response to temperature and
detergents. The activity of phosphatidate phosphohydrolase
increases over a temperature range up to 60 °C, whereas the
activity of alkylacetylglycero-P phosphohydrolase already begins
to decrease above 37 °C. Furthermore, the latter activity is
severely inhibited (& 609%) by 12 mM deoxycholate, a con-
centration that stimulates the phosphatidase activity. Although
both phosphohydrolases are inhibited by Ca®* (0.5-10 mM) and
Mg?* (> 0.5 mM), the activity of phosphatidate phospho-
hydrolase is actually stimulated at lower levels of Mg?* (0.1 mM).
Even at the higher concentrations of Mg?* (5 mM), phosphatidate
phosphohydrolase is only inhibited to a level of 569, of the
control value compared with an inhibition of 26 %, of the control
value for alkylacetylglycero-P phosphohydrolase. A paper sum-
marizing the specific assay method for this enzyme activity has
been published [148].

Alkylacetylglycero-P phosphohydrolase is widely distributed
among various rat tissues [142], which further suggests the
importance of the de novo pathway in producing the endogenous
levels of PAF found in mammalian cells and blood. The highest
phosphohydrolase activities in microsomal preparations isolated
from various rat tissues were from kidney > brain > spleen >
lung > liver.

The alkylacetylglycerol intermediate occupies a particularly
important position in the de novo pathway. This metabolite is not
only the immediate precursor of PAF in this route, but the
alkylacetylglycerols are also capable of triggering the differen-
tiation of HL-60 cells into cells resembling mononuclear phago-
cytes [149] and attenuating the stimulation of protein kinase C by
diacylglycerols [150].

DTT-insensitive CDP-choline: alkylacetylglycerol cholinephosphotransferase
(EC 2.7.8.16)

The final step in the de novo pathway of PAF biosynthesis is

H,COR H,COR
(I)I Phosphohydrolase (I)I |
osphohydr
CHyCOCH _— CH300<|3H + (Phl-c'aas':)%glte)
1]
HZCOIl’OH H,COH
o

(1-Alkyl-2-acetyl-sn-glycero-3-P)

Scheme 12

Thus, this enzyme has a role similar to phosphatidate
phosphohydrolase in the biosynthesis of phosphatidylcholine.
However, there are a number of differences in the properties of
the alkylacetylglycero-P and phosphatidate phosphohydrolases
to suggest that these activities represent two separate catalytic
proteins. For example, when assays of alkylacetylglycerol-P
phosphohydrolase and phosphatidate phosphohydrolase are
done under the same conditions (i.e. substrates solubilized in
ethanol and identical microsomal preparations from rat spleen

(1-Alkyl-2-acetyl-sn-glycerol)

catalysed by a DTT-insensitive cholinephosphotransferase
[143,144,151] that transfers the phosphocholine moiety from
CDP-choline to 1-alkyl-2-acetyl-sn-glycerol.

A synopsis of the assay system needed to measure the choline-
phosphotransferase in the de novo synthesis of PAF is available
[151].

The availability of CDP-choline, which is formed by cytidylyl-
transferase, can be rate-limiting in the production of PAF by this
pathway. Therefore, any factor or condition that activates
cytidylyltransferase, such as fatty acids [152,153], or elevates the
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H,COR H,COR
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CH3C0(|:H + (CDP*Chaline) CH,COCH0 + CDP
n
H,COH HzCOTOCHchzﬁ(CHs):,
o
(1-Alkyl-2-acetyl-sn-glycerol) (PAF)

Scheme 13

intracellular levels of CDP-choline [154] can enhance the bio-
synthesis of PAF via the de novo pathway (see next subsection).

‘DTT-insensitive’ is not entirely accurate in describing the de
novo cholinephosphotransferase since DTT actually stimulates
this cholinephosphotransferase to a small extent. Nevertheless,
the term ‘DTT-insensitive’ is helpful to distinguish the de novo
cholinephosphotransferase from the DTT-sensitive choline-
phosphotransferase that is responsible for catalysing the bio-
synthesis of the commonly occurring phosphatidylcholine or
plasmanylicholine since the latter activity is strongly inhibited by
DTT, reaching > 959, inhibition at a concentration of 10 mM
DTT. Other sulphydryl reagents (2-mercaptoethanol, reduced
glutathione and cysteine) have no effect on the de novo enzyme
and also exert little influence on the DTT-sensitive choline-
phosphotransferase that forms phosphatidylcholine.

The differences in DTT sensitivity have suggested that the
cholinephosphotransferase activities involved in the biosynthesis
of PAF and phosphatidylcholine reside in separate proteins. This
supposition is further strengthened by other intrinsic differences
in the properties of the two cholinephosphotransferase activities
[144]. For example, the optimal pH for the de novo choline-
phosphotransferase is 8.0 versus 8.0-9.0 for the choline-
phosphotransferase in phosphatidylcholine biosynthesis. Also,
the former activity is strongly inhibited by deoxycholate, whereas
the latter activity is stimulated at low concentrations (0.05-
0.50 mM) of this detergent. In addition, the DTT-insensitive
cholinephosphotransferase is considerably more stable to el-
evated temperatures than the DTT-sensitive enzyme. Another
notable difference between the two cholinephosphotransferase
activities in microsomes isolated from rat kidney is in their
sensitivity to ethanol, the solvent required for solubilizing the
diradylglycerol substrates. The DTT-insensitive choline-
phosphotransferase activity is significantly reduced at concen-
trations of ethanol above 2-3 9, in contrast to the DTT-sensitive

+
CTP + (CH3);NCH,CH,P
(Choline-P)

Scheme 14

Cytidylyltransferase
——_)

cholinephosphotransferase activity which remains relatively con-
stant over a concentration range of ethanol from 2.5 to 5 %. One
exception with regard to ethanol sensitivity has been reported for
rat brain microsomes where concentrations of 2-59%, ethanol
were found to inhibit the DTT-insensitive choline-
phosphotransferase [155].

The cholinephosphotransferases involved in both PAF and

phosphatidylcholine biosynthesis have similar requirements for
Mg?** (10-20 mM) and although Mn?** can also substitute for
Mg?*, it is less effective in sustaining as high an enzyme activity
at equimolar concentrations. In contrast, Ca?* (> 10 uM)
inhibits the cholinephosphotransferase activities of both path-
ways [144].

As with the other enzymes of the de novo pathway, inflam-
matory stimuli have no effect on the DTT-insensitive choline-
phosphotransferase. On the other hand, physiological factors
such as acetylcholine and dopamine are capable of activating the
de novo cholinephosphotransferase [156,157]. PMA is also
capable of stimulating the DTT-insensitive choline-
phosphotransferase activity in human neutrophils [158] and
endothelial cells [146]. A similar activation of this enzyme has
been seen when human neutrophils are treated with increasing
concentrations of 1-oleoyl-2-acetylglycerol [159], which suggests
the possibility for a role of protein kinase C in regulating the de
novo pathway of PAF biosynthesis. During the development of
experimental necrosis of the renal medulla induced by 2-
bromoethylamine hydrobromide, the DTT-insensitive choline-
phosphotransferase is selectively inhibited without any change in
the activity of other enzymes in the de novo reaction sequence
[160]. The fact that the activity of the DTT-insensitive choline-
phosphotransferase can be both negatively and positively
influenced suggests that this final step in the de novo synthesis of
PAF could also have an important role in the regulation of
endogenous PAF levels.

CTP:phosphocholine cytidylyltransferase (EC 2.7.7.15)

It is well established that one of the rate-limiting steps in the
biosynthesis of phosphatidylcholine is the formation of CDP-
choline (the substrate for cholinephosphotransferase) in a re-
action catalysed by cytidylyltransferase [161-163].

CDP-choline + CMP

Therefore, it is not surprising that the cytidylyltransferase
reaction is also rate-limiting in the de novo synthesis of PAF
[152-154]. These investigations documented that PAF synthesis
can be significantly stimulated in Ehrlich ascites cells [152], HL-
60 cells [153] and rabbit platelets [154] after treatment with oleic
acid. The latter is known to cause the activation of cytidylyl-
transferase in a variety of cells [161-163], including those where
stimulation of PAF biosynthesis also occurs [152-154]. In ad-
dition, it has been shown that by increasing the level of CDP-
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choline in saponin-permeabilized HL-60 cells, the conversion of
alkylacetylglycerols into PAF is greatly increased [154]. All of
these findings clearly demonstrate that cytidylyltransferase is a
rate-controlling enzyme in the production of PAF via the de novo
pathway.

ATP:alkylacetylglycerol phosphotransferase

Only a brief report [164] has described some of the characteristics
of an ATP-dependent phosphotransferase in microsomal pre-
parations from rabbit platelets that catalyses the phosphorylation
of alkylacetylglycerols.

H,COR
o)
" |

CH,COCH  + ATP

H,COH
(1-Alkyl-2-acetyl-sn-glycerol)
Scheme 15

Maximum reaction rates occur when the lipid substrate is
dissolved in 19, ethanol and the microsomes are incubated with
2-10 mM ATP-Mg?* at pH 7.2. Since similar results were
obtained when diacylglycerols and oleoylacetylglycerols were
tested as substrates, it would appear that a single phospho-
transferase probably utilizes both the ether- and ester-linked
substrates.

Biosynthesis of alkylacetylacylglycerols by an acyl-
CoA:alkylacetylglycerol acyltransferase (EC 2.3.1.125)

Alkylacetylglycerols, formed via the de novo pathway or by
phospholipase C hydrolysis of PAF, can be acylated by an
acyltransferase to form an acetylated O-alkyl analogue of tri-
glycerides [72].

Phosphotransferase
-

whereas the latter has a broad pH optimum reaching a maximum
at 6.1; also the diacylglycerol acyltransferase is stimulated by
Mg?* and exhibits different substrate specificities and a greater
degree of temperature sensitivity than the alkylacetylglycerol
acyltransferase. Moreover, substrate competition experiments
with 1-hexadecyl-2-oleoyl-sn-glycerol and 1-oleoyl-2-acetyl-sn-
glycerol indicated that these lipids behave as competitive and
mixed types of inhibitors respectively in the synthesis of 1-
hexadecyl-2-acetyl-3-acylglycerol. All of these results suggest
that the alkylacetylglycerol acyltransferase activity is uniquely
different from other diradylglycerol acyltransferases.

H,COR
o)
|

CHCOCH_ +  ADP

1]
H,COPOH

o
(1-Alkyl-2-acetyl-sn-glycero-3-P)

Although the function of the alkylacetylglycerol acyl-
transferase is not established, the fact that its activity is expressed
in intact cells [72] indicates that the neutral acetylated ether lipid
product might be of physiological significance. It has been
proposed that the acetylated ether analogue of triglycerides
might represent a storage form of acetylated lipids that could,
upon the action of a lipase, become available as a precursor
(alkylacetylglycerols) for PAF biosynthesis.

CATABOLIC ENZYMES
PAF acetylhydrolase (EC 3.1.1.48)
Deacetylation of PAF to lyso-PAF is achieved by a Ca?*-

H,COR H,COR
0l 9 ‘ °
1 Acyltransferase n
CH,COCH + RC~-SCOA —mM@Mmmmm> CH,COCH + CoASH
(Acyl-CoA) | 9 (Coenzyme A)
H,COH H,COCR

(1-Alkyl-2-acetyl-sn-glycerol)

Scheme 16

The acyltransferase activity detected in a microsomal fraction
isolated from HL-60 cells has a pH optimum of 6.5 and does not
require divalent cations. The enzyme prefers linoleoyl-CoA over
a variety of other acyl-CoA substrates (8:0-20:4) tested. K, and
Vax. Values were 8.5 uM and 1.7 nmol-min~-mg™ of protein
respectively when 1-hexadecyl-2-acetyl-sn-glycerol was the sub-
strate for the acyltransferase from HL-60 cells. The acyl-
transferase that utilizes the alkylacetylglycerols as substrates
appears to be different from the acyltransferase that uses diacyl-
glycerols, since the former has a very sharp pH optimum at 6.8

(1-Alkyl-2-acetyl-3-
sn-glycerol)

independent PAF acetylhydrolase, an enzyme that is distributed
ubiquitously in mammalian tissues and blood [165,166] and also
occurs in lower animal species [167-170].

Initial studies characterized some of the properties of both the
extracellular [171-174] and intracellular [165] forms of PAF
acetylhydrolase; the primary difference between the extracellular
and intracellular acetylhydrolases in these crude preparations are
that the latter form is resistant to proteolysis [166,174]. The
extracellular acetylhydrolase is loosely bound to lipoproteins
in blood [14,175,176], whereas the intracellular acetylhydrolase
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Table | Characteristic properties of several purified acetylhydrolases
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HOCH +  CH,COH

I 9 . (Acetate)
H2C0l|’OCH2CH2N(CH3)3
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(Lyso-PAF)

Enzyme source

Human plasma [14]

Human erythrocyte [15] Bovine brain [16]

Fold purification 25000

Molecular mass 43000
(Da)

Specific activity 947
(wmol - min~"-mg~" of protein)

K, 13.7

15600 2000
25000 100000

0.80 1.45
125 -

has been found in both the cytosolic and membrane fractions of
rat liver [165], Krebs II ascites cells [122] and HL-60 cells
[177].

Both the intracellular and extracellular forms of the PAF
acetylhydrolase exhibit similar substrate specificities [14-16,178].
In addition to hydrolysing the acetyl group of PAF, acetyl-
hydrolase is also able to utilize other phospholipids with short-
chain sn-2 acyl groups as substrates, including oxidized phospho-
lipid fragments (see below). Specific techniques for assaying PAF
acetylhydrolase have been summarized [179,180].

The acetylhydrolase activities associated with human plasma
[14], human erythrocytes [15] and bovine brain [16] have been
purified and some of their properties are summarized in Table 1.
Differences in the behaviour of these purified enzymes towards
various reagents have been reported. Acetylhydrolase isolated
from human erythrocytes requires the addition of sulphydryl
agents for optimal activity and is inhibited by 5,5'-dithiobis(2-
nitrobenzoic acid), NaF, diethyl pyrocarbonate and p-bromo-
phenacyl bromide (which derivatizes histidine residues) and
proteases [15,166], whereas none of these treatments affect the
purified enzyme activity isolated from human plasma. Heavy
metals such as cadmium, lead and copper have also been shown
to inhibit the erythrocyte acetylhydrolase, presumably through
their interaction with sulphhydryl groups [166]. Di-isopropyl
fluorophosphate (DFP) and p-nitroguanidinobenzoate (which
derivatizes serine residues) strongly inhibit the acetylhydrolase
from erythrocytes but do so to a much lesser extent with the
enzyme from human plasma [166]. The acetylhydrolase from
bovine brain is also inhibited by p-bromophenacylbromide and
DFP, which further suggests the existence of essential histidine
and serine residues at the active site [16]. However, like the
plasma enzyme, there was no indication that free sulphydryl
groupings are essential for the expression of maximum activity
by the bovine enzyme, since iodoacetamide (an SH group
inhibitor) had no effect on the enzyme activity [16]. At concen-
trations of PAF greater than the c.m.c. of approximately
2.5-3.0 M [165], detergents inhibit the acetylhydrolase activity
[14,15,166). Furthermore, based on dilution kinetics, it appears

that the hydrolysis of PAF by acetylhydrolase occurs at lipid
interfaces, where it serves as a scavenger enzyme for both PAF
and oxidized phospholipid fragments [15].

The active form (&~ 60-70 %) of the acetylhydrolase in plasma
is associated with the low-density lipoprotein (LDL) fraction,
whereas the remaining activity associated with the high-density
lipoproteins is much less efficient in hydrolysing the acetate
moiety of PAF [14,175,176]. Although the acetylhydrolase can
be transferred in either direction between both of these lipo-
protein particles, the much higher activity in the LDL fraction
appears to be due to how the substrate itself (i.e. PAF) distributes
preferentially into the LDL particles [175]. Other experiments
where the acetylhydrolase activity in either lipoprotein fraction
was first inactivated and then reconstituted with the active
enzyme from the opposite particle also demonstrated that the
acetylhydrolase activity was most pronounced in the LDL
particles [176].

PAF acetylhydrolase seems also to be of considerable relevance
to diseases other than inflammatory disorders. For example,
oxidized phospholipid fragments, possessing short-chain acyl
moieties at the sn-2 position, in addition to PAF, can serve as
substrates for PAF acetylhydrolase [15,181-183]. These findings
are especially noteworthy since oxidized phospholipid fragments
are thought to play a significant role in the transformation of
macrophages to foam cells during the development of athero-
sclerotic plaques in the vascular compartment [184,185).

Various cells could be a contributing source of the PAF
acetylhydrolase in plasma since it has been shown that the
acetylhydrolase can be secreted by platelets [186,187], hepatocytes
[188], HepG2 cells [188,189], macrophages [179,190-192] and
HL-60 cells following their differentiation into macrophage-like
[192] or neutrophil-like [177] forms. Moreover, factors such as
hormones [188,192-194], cigarette smoke [195], a bacterial en-
dotoxin, lipopolysaccharide, tumour necrosis factor-a and inter-
leukins la and 18 [196] can markedly influence the secretion of
PAF acetylhydrolase. It is also known that many diseases and
other conditions are capable of altering the levels of PAF
acetylhydrolase in plasma (see review [6]).
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Alkylacetylglycerol acetylhydrolase

Another type of Ca*-independent acetylhydrolase hydrolyses
the acetate of alkylacetylglycerols, the immediate precursor of
PAF in the de novo biosynthetic pathway [197].

ponent from the soluble fraction of cells; the pH optimum of this
enzyme is 9.0 [200]. Only a single investigation has focused on the
involvement of the alkyl mono-oxygenase in PAF metabolism

H,COR H,COCH,CH,R
[0} Neutral lipid | (o}
n | acetylhydrolase I
CH,COCH > HOCH +  CH4COH
| (Acetate)
H,COH H,COH
(1-Alkyl-2-acetyl-sn-glycerol) (Alkylglycerol)

Scheme 18

This enzyme activity has been partially characterized in Ehrlich
ascites cells where the bulk of the activity (> 909, of the total)
resides with membrane fractions, which differs from PAF acetyl-
hydrolase where the major portion of activity is in the cytosolic
fraction. Kinetic studies done at physiological pH (7.5), in order
to avoid isomerization of the acetyl group, gave an apparent K,
and V,_,, of 45 M and 179 nmol-min™'-mg™! of protein re-
spectively. Calcium, magnesium, EDTA, nitrophenylacetate (an
esterase substrate), p-chloromercuribenzoate or NEM did not
affect the enzyme activity, whereas NaF was highly inhibitory.
Both the subcellular distribution and the NaF results indicate
that the alkylacetylglycerol acetylhydrolase activity is different
from the PAF acetylhydrolase. Data from these experiments also
showed that the alkylacetylglycerol acetylhydrolase is not the
same as diacylglycerol lipase, monoacylglycerol lipase or a non-
specific esterase [197].

Alkylglycerol mono-oxygenase (EC 1.14._16.5)

Cleavage of the O-alkyl linkage in glycerolipids is catalysed by a
mono-oxygenase that requires tetrahydropteridine (Pte- H,); this
enzyme is often referred to as the alkyl cleavage enzyme. The
proposed transient intermediate in this reaction is an unstable
hemiacetal that spontaneoulsy breaks down to produce a long-
chain fatty aldehyde as the lipid product. The latter can either be
reduced to a fatty alcohol or oxidized to a fatty acid by an
oxidoreductase [17].

[201] and these results documented that PAF is not a substrate;
however, the data did demonstrate that the O-alkyl moiety of
lyso-PAF could be cleaved by the enzyme. These findings are in
agreement with earlier experiments that demonstrated that
glycerophospholipids (e.g. octadecylglycero-P) must contain at
least one free hydroxyl moiety in order to be a substrate for the
alkyl cleavage enzyme [202]. Thus, the alkyl mono-oxygenase
could act in concert with acetylhydrolase in the degradation of
PAF to a lipid product (e.g. fatty aldehydes) not containing
glycerol. However, most cells [203], other than liver and
intestines [204,205], possess very little alkyl cleavage enzyme
activity. Thus, this mono-oxygenase would not appear to be a
significant factor in the catabolism of PAF.

Lysophospholipase D (EC 3.1.4.39)

Lysophospholipase D is a microsomal enzyme that only attacks
ether-linked lysoglycerophosphatides containing either choline
or ethanolamine [206-209]. PAF is not a substrate for lyso-
phospholipase D provided that inhibitors (p-bromophenacyl
bromide, di-isopropylfluorophosphate) are present to block the
initial hydrolysis of the sn-2 acetate moiety by PAF acetyl-
hydrolase [208]. The products of the lysophospholipase D-
catalysed reaction with lyso-PAF as the substrate are 1-alkyl-2-
lyso-sn-glycero-P and choline.

OH

H,COCH,CH,R

- H,COCCH,R
HOCH Mono-oxygenace | H —— RCH,CHO

| P /H o, ; H HOCH (Fatty aldehyde) + Glycerol
. Q.
H,COH -t 2
H,COH

(Alkylglycerol) (Hemiacetal)

Scheme 19

The mechanism of oxidative attack in forming the hemiacetal,
originally proposed by Tietz et al. [198], is based on the
hydroxylation step for phenylalanine as described by Kaufman
[199].

In addition to the oxygen requirement [198], the cleavage
enzyme exhibits maximum activity in the presence of ammonium
ions, sulphydryl groups and a heat-labile, non-dialysable com-

Lysophospholipase D from rat tissues requires Mg?* ions
[206,207], whereas the same activity from rabbit kidneys requires
Ca?* [209]. The enzyme in rat tissue microsomes is not stimulated
by Ca?* and, in fact, at concentrations of Ca?* ranging from
1 mM to 10 mM, the activity of the Mg?*-activated enzyme is
inhibited [207]. In contrast, the renal lysophospholipase D from
rabbits is not affected by Mg?* ions [209]. The difference in



H,COR
Lysophospholipase D
HOCH phote >
| (o}

1" +
HchTOCH2CH2N(CH3)3

o

(Lyso-PAF)

Scheme 20

enzymic properties between animal species was also observed in
the pH optima for lysophospholipase D (7.0-7.6 rat liver ; 8.0-8.6
rabbit kidney). Results obtained in studies of lysophospholipase
D in rat liver microsomes [207] demonstrated that the activity
could be inhibited by sulphydryl reagents [p-hydroxy-
mercuribenzoate, 5,5'-dithiobis(2-nitrobenzoic acid), NEM,
iodoacetamide], detergents (Triton X-100, deoxycholate) and
Jow-temperature extraction with organic solvents (butanol,
acetone). Another distinction among animal species is that SH
group reactive agents have no influence on lysophospholipase D
activity in rabbit kidney microsomes [209], which is the opposite
to the data obtained with the rat liver enzyme. Resistance of the
enzyme activity to trypsin indicates that the lysophospholipase D
in rat liver is tightly bound or internalized within microsomal
vesicles [207].

Phospholipase C (EC 3.1.4.3)

A phospholipase C activity in % light mitochondrial fraction of
rabbit liver has been reported to catalyse the hydrolysis of the
phosphocholine moiety of PAF to produce alkylacetylglycerols
[210].
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H,COR
+
HOCH + (CH,4);NCH,CH,0H
| © {Choline)
H,COPOH
o

(1-Alkyl-2-lyso-sn-glycero-3-P)

of 8.2 and 8.5 respectively, were identified in this investigation. A
high degree of specificity of the enzyme activity was observed for
PAF as a substrate, although some activity toward other
phospholipids was also described. EDTA inhibited the enzyme
activity and this inactivation could be restored by Ca?* ions. The
presence of SH groups at the active site of the enzyme was
suggested by the inhibitory action of p-chloromercuribenzoate
on the phospholipase C activity.

The possibility of a phospholipase C being involved in the
metabolism of PAF by intact cells has also been described in
studies of PAF metabolism carried out in cultured adult rat
hepatocytes [211]. However, the overall role of phospholipase C
in the inactivation of PAF does not appear to be too important,
since many other investigations of PAF metabolism or PAF-
related enzyme systems have never provided any evidence to
support the involvement of a phospholipase C activity in PAF
catabolism. Moreover, the high specific activities of PAF acetyl-
hydrolase found in almost all cells and tissues examined so far
would seem to preclude the significance of a phospholipase C
activity in the catabolism of PAF, even when present.

H,COR H,COR
(o] | 0
" Phospholipase C " +
CH;COCH _— CH;COCH +  (CH3);NCH,CH,P
9 + (Choline-P)
H,COTOCH,CH,N(CHg);, H,COH
o
(PAF) (1-Alkyl-2-acetyl-sn-glycerol)

Scheme 21

The enzyme, which appears to be of lysosomal origin, was
purified 600-700-fold after being solubilized from the mito-
chondrial fraction using 2% Triton X-100. Two forms of this
phospholipase C activity, possessing molecular masses of 33000
and 75000 Da, had K, values of 55.6 and 45.5 M and pH optima

Lysophospholipases | and Il

Lysophospholipases I and II appear to be involved in the
catabolism of the acyl PAF and the acyl analogue of lyso-PAF
since these enzymic activities are able to catalyse the hydrolysis
of the acyl moiety at the sn-1 position and in some instances the
acetate at the sn-2 position.

0
H,COCR H,COH
(o} | (o}
n Lysophospholipase | "
CH,COCH _— CH,COCH b + RCOOH
9 + " + (Fatty acid)
H,COTOCH,CH,N(CH,), H2C0II’OCH2CH,N(CH3)3
on (o

(PAF acyl analogue)

Scheme 22

(2-Acetyl-sn-glycero-3-phosphocholine)
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It has been suggested that lysophospholipases could detéfmine
the relative proportion of the acyl versus ether-linked forms of
PAF present in cells [212-216]. Cell-free systems from mouse
mast cells [215] and human neutrophils [214] indicate that
lysophospholipase and acetylhydrolase activities participate in
the metabolic breakdown of the acyl analogue of PAF. Moreover,

the purified lysophospholipases I and II from bovine liver are
capable of hydrolysing the acyl moiety of acyl-PAF. In addition,
the lysophospholipase II can also hydrolyse the acetyl moiety of
PAF [213]. However, the purified lysophospholipases from rat
kidney and human and rat platelets are devoid of PAF acetyl-
hydrolase activity [213]. Despite these reports, evidence is still

Acyldihydroxyacetone-P + ROH

Alkyldihydroxyacetone-P

[

Alkyllysoglycero-P

y

Choline + ATP
lxvm Alkylacetylglycero-P
P-choline A [XV
XVI
XIX Alkylacetylglycerol ————— Alkylacetylacylglycerol
CDP-choline s
XX Alkylglycerol

Xl

Alkylacylglycero-P (L Alkylglycerol

s

Alkylacylglycerol ——— Alkylacylglycerophosphoethanolamine

\ Plasmalogen

\

!

IX

PAF «——— Alkyllysoglycerophosphocholine < > Alkylacylglycerophosphocholine

XXI
Acetylated lipids

Plasmalogen

e
s W
Xa
X .

Lysoplasmalogen

Figure 1 Metabolic pathways for the biosynthesis of PAF and related ether-linked glycerolipids

The Roman numerals designate the following enzymes: |, alkyl-DHAP synthase; Il, NADPH:alkyl-DHAP oxidoreductase; Ill, acyl-CoA:alkylglycero-P acyltransferase; IV, ATP:alkylglycerol
phosphotransferase; V, alkylacylglycero-P phosphohydrolase; VI, CDP-ethanolamine : alkylacylglycerol ethanolaminephosphotransferase; VII, A1-alkyl desaturase; VIIl, CDP-choline: alkylacylglycerol
cholinephosphotransferase; IX, phospholipase A2 (direct deacylation of alkylacylglycerophosphocholine substrate); Xa, CoA-independent transacylase (deacylation of alkylacylglycerophosphocholine
via transacylation of lysoplasmalogen); Xb, CoA-independent transacylase (reacylation of lyso-PAF); X, phospholipase A2 (plasmalogen substrate); XII, acetyl-CoA:lyso-PAF acetyltransferase; XIll,
acetyl-CoA:alkyllysoglycero-P acetyltransferase; XIV, alkylacetylglycero-P phosphohydrolase; XV, ATP:alkylacetylglycerol phosphotransferase; XVI, acyl-CoA:alkylacetylglycerol acyltransferase; XVII,
alkylacetylglycerol acetylhydrolase; XVIII, ATP:cholinephosphotransferase; XIX, CTP:phosphocholine cytidylyltransferase; XX, DTT-insensitive CDP-choline:alkylacetylglycerol cholinephospho-
transferase; and XXI, PAF transacetylase (CoA-independent). Reactions shown in red designate the main enzymic pathways responsible for the biosynthesis of PAF and its precursors.

Alkylacetylglycerol

\Y
PAF
1
\%
Alkylacyl(20:4)glycerophosphocholine
Vi
Lyso-PAF ————— Fatty aldehyde

Vil

Alkylglycero-P Alky'~'ycerol

Figure 2 Catabolic reactions involving PAF and its metabolites

The Roman numerals designate the following enzymes: |, PAF acetylhydrolase; II, lysophospholipase D; Ill, alkylglycero-P phosphohydrolase; IV, phospholipase C; V, CoA-independent transacylase
(reacylation of lyso-PAF); VI, (-alkyl cleavage enzyme (mono-oxygenase); and VII, alkylacetylglycerol acetylhydrolase. The primary reaction responsible for the inactivation of PAF is shown in red;
the major mechanism for the removal of lyso-PAF is the reacylation reaction designated by the bold arrow.
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lacking about the quantitative contribution of lysophospho-
lipases I and II in the catabolism of PAF and its related
analogues.

CONCLUDING REMARKS

The metabolic pathways illustrated in Figures 1 and 2 depict the
overall integrated sequence of reactions known to be involved in
the biosynthesis and catabolism of PAF and related lipids; these
charts are intended to show how the various enzymes described
in this review article relate to each other. Except for PAF
acetylhydrolase, none of the other enzymes directly related to
PAF metabolism have been purified to homogeneity. This is
undoubtedly due to difficulties in solubilizing these enzyme
activities from the membrane environment where they reside in
order to proceed with the currently available conventional
chromatographic approaches for enzyme purification. However,
in spite of such problems, alternative molecular biology tech-
niques for obtaining the purified forms of these membrane-
associated enzymes of PAF metabolism via cloning techniques
appear promising. Only after this difficult task of enzyme
purification is accomplished will our understanding of the precise
molecular enzymic mechanisms and regulatory controls be
forthcoming. Such information will not only provide a more
complete biochemical understanding of the mode of action of
PAF but also could lead to novel new approaches of phar-
macological intervention that target specific biosynthetic or
catabolic enzymes involved in PAF-linked pathological pro-
cesses.
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