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Platelet-activating factor (PAF) is one of the most potent lipid messengers involved in a
variety of physiological events. The acetyl group at the sn-2 position of its glycerol back-
bone is essential for its biological activity, and its deacetylation induces loss of activity.
The deacetylation reaction is catalyzed by PAF-acetylhydrolase (PAF-AH). A series of
biochemical and enzymological evaluations revealed that at least three types of PAF-AH
exist in mammals, namely the intracellular types I and IT and a plasma type. Type I PAF-
AH is a G-protein-like complex consisting of two catalytic subunits (a1l and «2) and a
regulatory B subunit. The B subunit is a product of the LISI gene, mutations of which
cause type I lissencephaly. Recent studies indicate that LIS1/B is important in cellular
functions such as induction of nuclear movement and control of microtubule organiza-
tion. Although substantial evidence is accumulating supporting the idea that the cata-
lytic subunits are also involved in microtubule function, it is still unknown what role
PAF plays in the process and whether PAF is an endogenous substrate of this enzyme.
Type II PAF-AH is a single polypeptide and shows significant sequence homology with

plasma PAF-AH. Type II PAF-AH is myristoylated at the N-terminus and like other N- -

myristoylated proteins is distributed in both the cytosol and membranes. Plasma PAF-
AH is also a single polypeptide and exists in association with plasma lipoproteins. Type
I PAF-AH as well as plasma PAF-AH may play a role as a scavenger of oxidized phos-
pholipids which are thought to be involved in diverse pathological processes, including
disorganization of membrane structure and PAF-like proinflammatory action. In this
review, we will focus on the structures and possible biological functions of intracellular
PAF-AHs.
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1. Introduction

Platelet-activating factor (PAF) is one of the most potent
lipid messengers involved in a variety of physiological
events. The acetyl group at the sn-2 position of its glycerol
backbone is eminent for its biological activity, and its de-
acetylation induces loss of activity. The deacetylation reac-
tion is catalyzed by PAF-acetylhydrolase (PAF-AH). The
PAF-AH activity was first described in 1980 (I). Subse-
quently, Blank and colleagues reported that this enzyme is
widely distributed in mammalian tissues and blood and
that it is specific for deacetylation of phospholipids (2).
They also suggested that PAF-AH activities in the plasma
and kidney soluble.fraction may be due to separate pro-
teins, since only the latter is inactivated by protease treat-
ment. Following these findings, a series of biochemical and
enzymological evaluations revealed that at least two types
of PAF-AH exist, namely the intracellular (cytosolic}) and
extracellular (plasma) type. The extracellular type of PAF-
AH was purified from human plasma in 1987 by Stafforini
and colleagues (3), who also extensively characterized the
protein and cloned its ¢cDNA in 1995 (4, 5). They also re-
ported on the occurrence of PAF-AH activity in human
erythrocytes (6) and partially purified the enzyme. How-
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ever, the cDNA encoding erythrocyte PAF-AH has not been
cloned so far. We found that a bovine brain soluble fraction
contains at least two types of PAF-AH, namely PAF-AH ()
and PAF-AH (II) (7). Similar results were obtained when
bovine kidney and liver were analyzed. We purified the
PAF-AH (1) from bovine brain in 1993 (7) and PAF-AH (ID)
from bovine liver in 1995 (8). We also cloned their ¢cDNAs
(9-12) and demonstrated that I and IT have totally different
structures. PAF-AH (I) is a heterotrimeric enzyme com-
posed of al, a2, and B subunits (7), while PAF-AH (II) is a
40-kDa monomer and its amino acid sequence shows 43%
identity with that of plasma PAF-AH (3, 9, 12). Since excel-
lent reviews on plasma PAF-AH have already been pub-
lished elswhere (13, 14), we focus on the structures and
possible biological functions of mammalian intracellular
PAF-AHs in this review.

2. Intracellular type I PAF-AH

2-1. General characteristics. Intracellular PAF-AH (I)
purified from bovine brain cytosol gives three distinct
bands of 45, 30, and 29 kDa, respectively, on SDS-PAGE.
Originally we named these polypeptides a, B, and vy (7);
however, we renamed them B, a1, and o2, since the overall
structure of the enzyme was later found to be very similar
to that of a trimeric G-protein (15). The amino acid se-
quences of the three subunits show extremely high homolo-
gies among the mammalian species (9-11, 16-19). The
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amino acid sequences of the B subunit from mouse, rat, and
cow are identical and only one amino acid substitution is
observed in the human $ subunit. Similarly, only one
amino acid substitution is observed in the human a2 sub-
unit in comparison with the other three species. The
sequence identities of the al subunits are lower than in the
a2 and B subunits, but are still over 95% among these four
species. The a1l and o2 subunits show approximately 60%
amino acid homology. Both al and o2 have a catalytic cen-
ter (9, 10). PAF-AH (I) exhibits pH optima in the neutral to
mild alkaline region and is unaffected by EDTA. Diisopro-
pyl fluorophosphate, an inhibitor of serine esterase family,
completely inhibited the activity at 0.1 mM. In fact, we
identified Ser*” of the bovine al subunit as an active serine
residue. The sequence surrounding it is different from the
consensus sequence (Gly-Xaa-Ser-Xaa-Gly) of the serine
esterase family. When these subunits are expressed in
Escherichia coli, they form catalytically competent homo-
dimers (15, 9), while the a1 and «2 subunits of the PAF-AH
(D) purified from bovine brain formed a a«l/a2 heterodimer.
The B subunit, which does not possess enzymatic activity,
has a unique domain structure called a WD-repeat, that
may interact with other proteins (20, 21).

2-2. Properties of catalytic subunit homo- and het-
erodimers. PAF-AH (I) has a strong specificity for the
acetyl group attached to the glycerol backbone of PAF,
while phospholipids having a head group other than cho-
line are also good substrates for the enzyme (46). The «2/a2
homodimer shows altered substrate specificity compared to
the al/al homodimer and al/a2 heterodimer. The sub-
strate specificity of the latter two is similar. Of the 1-O-
alkyl-2-acetyl-phospholipids, the a2/a2 homodimer hydro-
lyzes PAF (1-O-alkyl-2-acetyl-sn-glycero-3-phosphophati-
dylcholine) and 1-O-alkyl-2-acetyl-sn-glycero-3-phospho-
phatidylethanolamine most efficiently. In contrast, both a1/
al and «l/a2 hydrolyzes 1-O-alkyl-2-acetyl-sn-glycero-3-
phosphophatidic acid more efficiently than PAF. 1-O-Alkyl-
2-acetyl-sn-glycero-3-phosphophatidylethanolamine is the
poorest substrate for these enzymes. The 8 subunit binds to
all three catalytic dimers but modulates the enzyme activ-
ity depending on catalytic dimer composition. The 8 sub-
unit strongly accelerates the enzyme activity of the a2/a2
homodimer but rather suppresses the activity of the al/al
homodimer and has little effect on that of the a1/a2 het-
erodimer. Thus, the enzyme activity of PAF-AH (I) may be
regulated in multiple ways by altering the composition of
the catalytic subunit and by manipulating the B subunit.

2-3. PAF-AH (I) and lissencephaly. It was found unex-
pectedly that the B subunit gene is identical to the human
LIS1 gene, the causative gene of type I lissencephaly (11,
22). Brain development is severely impaired in children
with lissencephaly. The specific distribution of neurons
within the cerebral cortex is disrupted, a condition that
arises from inadequate migration of neuronal progenitors
to their cortical destinations. This causes the cortex to be
underpopulated with neurons. Consequently, the surface of
the brain is smooth rather than folded as it is in normal
individuals. The defective cortical development causes
severe mental retardation, epilepsy, and usually early
death.

The first clue to understand the role of LIS1/8 in neu-
ronal migration came from the identification of its homo-
logue outside the vertebrate world, namely nudF in As-
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pergillus nidulans. In hyphae of the filamentous fungus, A.
nidulans, numerous nuclei are evenly distributed within
one and the same cytoplasm, and the nuclei migrate out-
wards as the hyphal tips extend (23). Genetic analysis of
nuclear movement in fungi has led to the identification of
genes (called nud genes) required for nuclear migration
and positioning (23, 24). These include genes encoding o-
tubulin, a component of microtubules (25), cytoplasmic
dynein heavy and light chains which are components of a
microtubule associated mechanical motor (26, 27), ARP1, a
component of the dynactin complex which functions as a
dynein activator (14), and some other proteins of unknown
function (28, 29). These data indicate that the nuclei
migrate in the cytoplasm of fungi along microtubules by
the use of a cytoplasmic dynein motor. Interestingly, one of
these genes, the NudF gene, was found to encode a mam-
malian homologue of LIS1 (30). This finding directly sug-
gested that LIS1/B may also be involved in nuclear move-
ment during neuronal migration (31). The hypothesis that
the defective neuronal migration seen in lissencephaly may
be a failure of nuclear translocation has also been tested by
examining the migratory behaviour of cerebellar granule
cell explants from LIS1/8 knockout mice (32). Wild type
explants send out cytoplasmic processes through which the
nuclei then migrate. Explants from LIS1/B knockout mice
extend processes similar to those of wild-type mice, but
migration of the nuclei is impaired. Thus, the LIS1/8
knockout mouse model supports the hypothesis that a
nuclear migration defect is the cause of the neuronal
migration defect in lissencephaly.

A series of studies indicate that LIS1/ not only interacts
with the catalytic subunit of PAF-AH (I) but also with a
number of proteins including the dynein heavy and inter-
mediate chains (33, 34), as well as a-tubulin (35), and
NUDE (36-39), a mammalian homologue of the fungal
nudE gene product. These observations show that the B
subunit functions as a subunit of intracellular PAF-AH and
also exhibits other important cellular functions such as in-
duction of nuclear movement and control of microtubule
organization. This leads to the fact that one has to consider
if the catalytic subunit of PAF-AH (I) and its substrate,
PAF itself, is also involved in these processes. There is no
direct evidence so far proving that the PAF-AH catalytic
subunit is directly involved in neuronal migration. In the
following, some data are presented that support the hy-
pothesis that the PAF-AH (I) catalytic subunits also play a
role in brain development and diseases.

24. Alteration of the catalytic dimer during brain
development. All three subunits of PAF-AH (I) are ex-
pressed in embryonic brain, whereas only the o2 and B
subunits are detected in the adult brain (40). Biochemical
analyses revealed that the a1/a2 heterodimer in embryonic
and o2/a2 homodimer in adult brain are major catalytic
units of PAF-AH. Furthermore, it was found that using pri-
mary cultured cells isolated from neonatal rat brain that
al protein is expressed only in neurons and not in glial
cells. In contrast, a2 and B proteins are detected both in
neuronal and non-neuronal tissues, showing almost con-
stant expression levels from fetal stages to adulthood.
These results demonstrates that al expression is restricted
to actively migrating neurons and that alteration of cata-
Iytic subunits from the al/a2 heterodimer to the a2/a2
homodimer occurs in these cells during brain development.
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It is therefore suggested that these catalytic subunits play

a role in neuronal migration.

2-5. PAF-AH (I) catalytic subumt a.nd brain impair-
ment. Nothwang et al. reported on the molecular charac-
terization of a translocation t(1;19Xq21.3;q13.2) in a female
with mental retardation, ataxia and atrophy of the brain
(41). Sequence analysis of the breakpoints revealed an Alu-
repeat-mediated mechanism of recombination that led to
truncation of two genes: the kinase CLK2 and al subunit
of PAF-AH (I). Two reciprocal fusion genes are present.
One expressed fusion gene encodes the first 136 amino
acids of the al subunit followed by the complete CLK2 pro-
tein. The truncated ol protein lost its hydrolytic activity
and potential to interact with the B subunit. These data
emphasize the importance of the catalytic subunit PAF-AH
(D in brain development and functioning, demonstrating
the first fusion gene apparently not associated with cancer.

2-6. PAF-AH (I) catalytic subunit and lymphoma.
Human chromosome 11923 is a pathologically important
region, particularly in haematopoietic malignancies where
it can be found rearranged with many different chromo-
somal regions in a variety of different leukemia subtypes
(42). Within this region, Lecointe et al. identified two differ-
ent genes, one of which was the human homologue of the
a2 subunit of PAF-AH (I) (43).

A particularly significant finding is that the translocation
breakpoint occurred in the first intron of the o2 subunit
gene in several human lymphomas. This recombination
event does not affect the coding sequences of the gene but
removes the first non-coding exon and places the remaining
exons under the control of immunogloblin heavy chain reg-
ulatory elements (44). This translocation is similar to the
t(8;14) translocation which deregulates the c-myc gene in
human Burkitt’s lymphoma. Using transgenic animal mod-
els, the deregulation of c-myc by loss of the 1st exon and
juxtaposition to the immunoglobulin heavy chain enhancer
sequence has proven to be oncogenic (45). In analogy with
this case, it is expected that this t(11;14)q23;q32) translo-
cation could lead to deregulation of the expression of the a2
subunit in lymphoid cells.

2-7. Tertiary structure of the catalytic subunit.

Vol. 131, No. 5, 2002

637

Although findings that the catalytic subunit as well as the
8 subunit is involved-in-brain development seem plausible,
it is still unclear whether PAF is an endogenous substrate
of this enzyme. This is especially the case due to the fact
that this enzyme can hydrolyse acetyl groups attached to
other lipid substrate besides PAF and sometimes this is
done more efficiently than in the case of PAF. The tertiary
structure of the catalytic subunit has been resolved by X-
ray crystallographic studies (15, 47). This infomation may
give us clues that will assist in identifying the naturally
occuring endogenous substrate for PAF-AH (I).

The crystal structure of the bovine a1 subunit of PAF AH
(I) has been resolved at 1.7 A resolution in complex with a
reaction product, namely acetate. The PAF-AH (I) al sub-
unit contains a single o/ domain with a central, parallel,
6-stranded B-sheet. This fold is very similar to that found
in p21™ and other GTPases. The insertions and deletions
in the a1 structure, compared to p21™, can be summarized
in the following terms: the turn/81 fragment, which is
unique to p21™ and involved in GTP binding, is absent in
the al subunit. The first 8-strand found in the a subunit of
the G-protein transducin and in p21™, which is involved in
other protein interactions, is also unique to these proteins.
On the other hand, the al subunit contains a unique N-ter-
minal a-helix which, together with the loop that follows, is
part of the dimer-forming interface. Finally, the catalytic
center of al is located on two omega loops that are signifi-
cantly different from their analogues in p21™.

The al/al homodimer has a doughnut-shaped structure
with an accessible gorge, about 15 A deep (Fig. 1). The two
active sites are at the bottom of the gorge and only 12 A
apart. The proximity suggests that these sites do not func-
tion independently, consistent with the noted functional
asymmetry of the heterodimer in which the activity of the
a2 subunit can be suppressed by steric effects. PAF-AH (I)
is very selective, being 20 times less active towards propio-
nyl-PAF than PAF itself. Three residues, all conserved in
the al and a2 subunits, come into contact with the ace-
tate’s methy! group: these are Leu*®, Leu'™, and Thr'®,

In general, catalysis by neutral lipases and secretory
phospholipase A2 is markedly enhanced at substrate con-

Fig. 1. Tertiary structure of al/al homodimer.
Yellow and green molecules represent each al sub-
unit. Red represents a catalytic center of each al sub-
unit.
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centration above their critical micellar concentrations
(CMCs). Plasma PAF-AH is significantly more active at a
PAF concentration above its CMC. The structure of the al
homodimer shows that the entrance to the active gorge is
not particularly hydrophobic, and there is no flexible sec-
ondary structural element that might function as a 1id’, a
structural motif in serine-dependent lipases that are active
at the interface. The crystal structure is therefore consis-
tent with the enzyme being active when in contact with a
monomeric substrate.

2-8. Structural similarity with other proteins.
Among eukaryotes, only Drosophila has so far been shown
to harbor a gene coding a homologue of the a subunit of
PAF-AH (I) (¢8). However, the protein is catalytically inert,
at least with PAF-related substrates and probably also
with other esters, given that two of the three residues in
the active site triad are altered. In contrast to the mamma-
lian protein, the Drosophila homologue is largely mono-
meric, as judged by gel filtration experiments and does not
associate with the Drosophila 1.IS1 homologue.

Recent literature suggests that the catalytic subunit of
PAF-AH (1) is distantly related to a diverse family of micro-
bial hydrolases, that have complex saccharides as their
substrate (49-51). Rhamnogalacturnan is one of the com-
plex polysaccharides in the pectin substances that consti-
tute the primary cell-wall of higher plants. The backbone of
its main component, rhamnose and galacturonic acid resi-
dues form the dimer repeat unit. Galacturonic acid resi-
dues can be acetylated in the C2 and/or C3 position. Asper-
gillus aculeatus produces enzymes that work on the degra-
dation of this complex polysaccharide, each having their
own specialized function. One of the first steps in the deg-
radation is the removal of the acetyl group from the galac-
turonic acid residues, which is an essential for the sub-
sequent action of the enzymes that cleave the glycosidic
bond. Rhamnogalacturonal acetylhydrolase from A. aculea-
tus possesses this function. The crystal structure of the
rhamnogalacturonan acetylhydrolase from A. aculeatus
(49) has recently been determined at 1.55 A resolution.
Structural and sequence comparisons have revealed that
despite very low sequence similarity, this enzyme is related
to the al subunit of PAF-AH (I) and several other proteins
of lower organisms. This new serine esterase family is char-
acterized by four conserved blocks of residues, each contain-
ing one completely conserved residue, namely Ser, Gly, Asp,
and His, respectively. Each of the four residues plays a role
in catalysis. The sequence order of the catalytic residues in
these enzymes is Ser-Asp-His, as in the conventional o/f
serine esterase. The last two residues in the o/B esterase
are quite far away from each other, while in the new serine
esterase family described here they are separated by only
two residues. This family includes a bacterial pectin acetyl-
hydrolase from Erwinia chrysanthemi, a cephalosporine C
acetylhydrolase from Bacillus sp., and the al subunit of
PAF-AH (I). It should be noted that all the enzymes func-
tion as acetylhydrolases. Among these families, the struc-
ture of rhamnogalacturonal acetylhydrolase and the PAF-
AH (I) a subunit show great overlapping in tertiary struc-
ture. The active site of rhamnogalacturonal acetylhydrolase
is at the bottom of an open cleft, making it easily accesible
to a large complex polysaccharide as a substrate. In sharp
contrast to this finding, the catalytic dimer of PAF-AH (I)
contained the active site deep at the bottom of a small
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gorge, suggesting different, possibly a small molecule as a
substrate of this enzyme.

3. Intracellular Type II PAF-AH

3-1. General characteristics. In some tissues the pre-
dominant PAF-acetylhydrolase activity is due to PAF-AH
(II) rather than PAF-AH (I). Intracellular PAF-AH (II) was
initially purified from the bovine liver cytosol (8) and con-
sists of a single 40 kDa polypeptide chain. The amino acid
sequence, deduced from the ¢cDNA of PAF-AH (II), has no
homology with any subunit of PAF-AH (I). However, the
amino acid sequence of PAF-AH (II) shows 42% identity
with that of the extracellular, plasma PAF acetylhydrolase
(4, 5, 8 12). PAF-AH (II) has an N-myristoylation signal at
the N-terminus (NH,-Met-Gly-X-X-X-Ser-). In fact, PAF-AH
(I) is myristoylated and distributed in both the cytosol and
membrane fractions similar to other myristoylated protein
(52). On the other hand, the PAF-AH (I) catalytic subunits
are exclusively located in the cytosol. PAF-AH (II) contains
a characteristic lipase/esterase catalytic center (Gly-X-Ser-
X-Gly motif) with Ser as the attacking nucleophile, and His
and Asp likely forming the other two elements of the cata-
lytic triad. In contrast to PAF-AH (I), PAF-AH (II) is easily
inactivated by sulfydryl agents such as 5,5-dithiobis(2-
nitrobenzoic acid), suggesting the presence of a free cystein
residue esgential for catalysis. A hydrophobic portion com-
prising the first 20 residues of plasma PAF-AH appears to
form the signal sequence for secreted proteins. When the
amino acid sequences of both the plasma PAF-AH and
PAF-AH (II) were aligned to maximize matching, PAF-AH
(II) shows lacking of the first 50 residues of the plasma
enzyme. PAF-AH (II) has a N-myristoylation signal instead
of a signal sequence for secretion, confirming its intracellu-
lar location.

3-2. Substrate specificity. PAF-AH (II) shows sub-
strate specificity which is essentially very similar to plasma
PAF-AH. Substrate specificity of plasma PAF-AH as well
as PAF-AH (II) was extensively studied by Min et al. (53).
Both enzymes hydrolyze short-chain diacylglycerols, tria-
cylglycerols, and acetylated alkanols, and display phospho-
lipase Al activity. On the basis of these substrate specificity
results, it seems to be the case that the minimal structural
requirement for a good substrate is the portion of a glycer-
ide derivative that includes an sn-2 ester and a reasonably
hydrophobic chain in the position occupied by the sn-1
chain. Both enzymes do not distinguish between an ester or
an ether at the sn-1 position of PAF or PAF analogues (28),
and both can hydrolyze phospholipids with short to medi-
um length sn-2 acyl chains including truncated chains
derived from oxidative cleavage of long-chain polyunsatu-
rated fatty acyl groups (28). Activity of these enzymes
toward phospholipids with two long (14-18 carbons) fatty
acyl chains is negligible (28-30). The broad specificity of
these enzymes raises the possibility that PAF and phospho-
lipids with oxidatively truncated sn-2 chains are not the
only physiological substrates for these enzymes.

3-3. Cellular functions. PAF-AH (IT) has been shown to
be an antioxidant phospholipase in a number of systems. It
plays a role in the protection of oxidative stress induced cell
death, as demonstrated by Matsuzawa et al. (62). It has
been shown that the enzyme translocates to the membrane
during oxidative stress, and that it inhibits oxidative
stress-induced apoptosis, presumably by scavenging oxi-
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dized phospholipids. Overexpression of the enzyme resulted
in protection against oxidative cytotoxicity. Thus, PAF-AH
(I) recognizes the redox state of the interior environment
of the cell, changes location in response to cellular require-
ments, and prevents lipid peroxidation damage. In other
words, PAF-AH(I) is a scavenger of oxidized phospholipids
which are thought to be involved in diverse pathological
processes, including disorganization of membrane structure
and PAF-like proinflammatory action.

Recently it has been reported that mammalian PAF-AH
(IT) possesses transacetylase activity as well as hydrolase
activity under certain conditions (54). In an in vitro assay,
the enzyme can transfer an acetyl group from PAF to
acceptor lipids such as lysophospholipids and sphingosine.
Analysis of a series of site-directed mutant PAF-AH (IT)
proteins showed that transacetylase activity was de-
creased,whereas PAF-AH activity was not affected in
Cys'®Ser and Gly’Ala mutant protein, suggesting that
Cys'® and myristic acid attached to the N-terminal have a
function in the transacetylase but not in the acetylhydro-
lase. When PAF is added exogenously to cultures of CHO-
K1 cells that overexpress this enzyme, the acetyl group of
PAF is efficiently transferred to certain endogenous accep-
tor lipid(s). This raises the possibility that one of the physi-
ological roles of PAF-AH (II) is to diversify the biological
function of PAF by producing different lipid mediators such
as analogs of PAF and C2-ceramide.

4. Conclusion

Significant progress on the molecular structures of intra-
cellular PAF-AH as well as plasma PAF-AH has been
achieved in the past decade. As a result, we found that both
intracellular PAF-AHs (I) and (II) are a very unique serine
esterase. The catalytic subunits of PAF-AH (I) have no sig-
nificant homology with any other mammalian proteins. In
contrast, its tertiary structure unexpectedly resembles that
of the G-protein family such as p21™ and Go. In addition,
the tertiary structure surrounding the catalytic center has
significant homology with a series of bacterial polysaccha-
ride acetylhydrolases. Although the evidence in favor of
physiological relevance of the association of LIS1 and the
catalytic subunits of PAF-AH (I) appears very strong, it is
not clear what role PAF plays for instance in neuronal
migration. Recent studies have shown that the catalytic
subunits will hydrolyze substrates similar to PAF, except
for their head groups. Furthermore, it is now known that
the a subunit is a member of an old family of hydrolytic
proteins, identified some years ago as a family of lipolytic
enzymes. It i3 therefore conceivable that the natural sub-
strate of the presumed PAF-AH (I) could be an as yet uni-
dentified molecule with an acetyl group attached via an
ester bond. PAF-AH (II) is also a unique serine esterase
with a myristic acid attached at the N-terminal. Although
its function in the protection of oxidative stress induced cell
death has been elegantly demonstrated, recent work sug-
gested that it also functions as a transacetylase. It there-
fore is evident that following experiments must elucidate
whether only PAF itself or possible other endogenous sub-
strates are of major importance for the physiological func-
tioning of PAF-AH (I) and (II).
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