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Anandamide ( ¼ N-arachidonoylethanolamine) is the first discovered endocannabinoid, and belongs
to the class of bioactive, long-chain N-acylethanolamines (NAEs). In animal tissues, anandamide is
principally formed together with other NAEs from glycerophospholipid by two successive enzymatic
reactions: 1) N-acylation of phosphatidylethanolamine to generate N-acylphosphatidylethanolamine
(NAPE) by Ca2 þ -dependent N-acyltransferase; 2) release of NAE from NAPE by a phosphodiesterase
of the phospholipase D type (NAPE-PLD). Although these anandamide-synthesizing enzymes were
poorly understood until recently, our cDNA cloning of NAPE-PLD in 2004 enabled molecular-biological
approaches to the enzymes. NAPE-PLD is a member of the metallo-b-lactamase family, which
specifically hydrolyzes NAPE among glycerophospholipids, and appears to be constitutively active.
Mutagenesis studies suggested that the enzyme functions through a mechanism similar to those of other
members of the family. NAPE-PLD is widely expressed in animal tissues, including various regions in rat
brain. Its expression level in the brain is very low at birth, and remarkably increases with development.
Analysis of NAPE-PLD-deficient mice and other recent studies revealed the presence of NAPE-PLDindependent pathways for the anandamide formation. Furthermore, calcium-independent N-acyltransferase was discovered and characterized. In this article, we will review recent progress in the studies on
these enzymes responsible for the biosynthesis of anandamide and other NAEs.

1. Introduction 1). – Endocannabinoids are endogenous ligands of cannabinoid
receptors in animal tissues [1]. Shortly after cDNA cloning of the central cannabinoid
receptor CB1 [2], anandamide was isolated from porcine brain as the first
endocannabinoid, and its chemical structure was determined as N-arachidonoylethanolamine ( ¼ N-(2-hydroxyethyl)arachidonamide) 2 ) [3]. Later, anandamide was
reported to show a variety of cannabimimetic activities such as the induction of
1)

2)
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hypothermia, analgesia, and motor defects [1]. In addition, anandamide was found to
be a ligand of the transient receptor potential vanilloid type 1 (TRPV1) [4]. However,
anandamide is a relatively minor component among various N-acylethanolamines
(NAEs) in tissues [5]. Saturated and monounsaturated long-chain NAEs are major
components [5], and have been reported to exhibit a variety of biological activities such
as antinociceptive and anti-inflammatory effects of N-palmitoylethanolamine [6] [7],
anorexic effects of N-oleoylethanolamine [8], and pro-apoptotic and anorexic effects of
N-stearoylethanolamine [9] [10]. Although these NAEs do not bind to or activate
cannabinoid receptors [11], recent studies suggested that they activate peroxisome
proliferator-activated receptor (PPAR)-a [12] [13] and TRPV1 [14]. Moreover, Npalmitoylethanolamine and N-oleoylethanolamine were reported to bind to the Gprotein-coupled receptors GPR55 [15] and GPR119 [16], respectively.

As a member of the NAE class, anandamide is generally thought to be formed by a
pathway common to all NAEs in animal tissues. Earlier studies confirmed the principal
pathway of the NAE biosynthesis, often called Jthe transacylation-phosphodiesterase
pathwayK, which is composed of two steps of enzyme reactions, starting from membrane
glycerophospholipids (see Scheme 1 below) [5] [17] [18]. The first step is the transfer of
an acyl chain from the sn-1 position of a glycerophospholipid to the amino group of the
hydroxyethyl moiety of phosphatidylethanolamine (PE), catalyzed by calciumdependent N-acyltransferase (NAT), and the second step is the hydrolysis of the
generated N-acylphosphatidylethanolamine (NAPE) to NAE and phosphatidic acid by
a phosphodiesterase of the phospholipase (PL) D-type (NAPE-hydrolyzing PLD,
usually abbreviated as NAPE-PLD). These anandamide-synthesizing enzymes have
been poorly understood until recently. In 2004, our group succeeded in cDNA cloning
and functional expression of NAPE-PLD, and for the first time introduced molecularbiological approaches in the study of the biosynthesis of anandamide [19]. More
recently, further studies, including the analysis of NAPE-PLD-deficient mice, suggested
the presence of alternative pathways for the formation of anandamide [20].
In this article, we will review recent advances in the studies on the enzymes involved
in the biosynthesis of anandamide and other NAEs, with special reference to molecular
and catalytic characterization of NAPE-PLD.
2. N-Acyltransferase (NAT). – NAT Catalyzes the first reaction of the transacylation-phosphodiesterase pathway, and transfers a fatty acyl chain at sn-1 position of
various glycerophospholipids to the amino group of ethanolamine phospholipids,
leading to the formation of NAPE (Scheme 1). NAT is generally considered to be the
rate-limiting step in the NAE biosynthesis, which is probably regulated by intracellular
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Ca2 þ [5] [17] [18] [21]. Although its cDNA has not yet been cloned, NAT has been
characterized with crude or partially purified enzyme preparations from the brain [22 –
24] and testis [25] of rats, and the brain [26] and heart [27] [28] of dogs.
Phosphatidylcholine (PC), 1-acyl-lyso-PC, PE, and cardiolipin were used as acyl
donors, while free fatty acid or acyl-CoA were not used [22 – 30].
Scheme 1. The Biosynthesis of Anandamide and Other N-Acylethanolamines via the TransacylationPhosphodiesterase Pathway

It should be noted that the acyl chain was exclusively abstracted from the sn-1
position of these phospholipids. It seemed that the enzyme has no substrate specificity
in terms of the fatty acid species at the sn-1 position of the acyl donors [25]. Various
ethanolamine phospholipids (diacyl-PE, alkylacyl-PE, ethanolamine plasmalogen and
lyso-PE) acted as acyl-acceptor substrates [22 – 30]. NAT is a membrane-bound protein
[24] [27], and can be solubilized with Nonidet P-40 [24]. As for the subcellular
distribution of NAT, the activity of canine brain was the highest in microsomal
fractions, followed by synaptosomes and mitochondria [27]. The optimal pH for the
enzyme reaction was in the range 7 – 10, depending on different preparations and
different assay conditions [22] [23] [27] [28]. High-energy compounds such as ATP were
not necessary for the transacylation [27]. Ca2 þ potently stimulated the activity, and it
could be replaced with Sr2 þ , Mn2 þ , and Ba2 þ [24] [28]. Although treatment of cultured
cells with calcium ionophores leads to accumulation of NAPEs and NAEs [31] [32], it is
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unclear whether or not the enzyme is activated directly by the increased Ca2 þ level. It
was also reported that cAMP potentiated the ionomycin-stimulated generation of
NAPE [31]. Regarding the tissue distribution in rats, the enzyme activity was the
highest in brain, followed by testis, muscle, and many other organs [24]. The enzyme
was widely distributed in various brain regions of rat, with the highest activity in the
brain stem [24]. The enzyme activity in rat brain changed during development, and
infant rats showed a several-fold higher activity than adult rats [23] [33].
Very recently, our group identified a novel NAT to generate NAPE [34]. On the
basis of the functional similarity of NAT to lecithin retinol acyltransferase (LRAT), we
examined a possible PE N-acylation activity of LRAT-homologous proteins of rat by
overexpressing their cDNAs in COS-7 cells, and found that one protein, named rat
LRAT-like protein 1 (RLP-1) (Fig. 1), catalyzed the transfer of an acyl group from PC
to PE, resulting in the formation of NAPE. However, several experimental results
revealed that RLP-1 is catalytically distinguishable from the above-mentioned NAT.
First, recombinant RLP-1 showed a higher specific enzyme activity in the cytosolic
fraction than that in the membrane fraction. Second, the activity was only slightly
stimulated by Ca2 þ . Third, RLP-1 did not distinguish sn-1 and sn-2 acyl groups of PC as
an acyl donor, and, therefore, could generate N-arachidonoyl-PE (the anandamide
precursor) by utilizing the arachidonoyl group of 2-arachidonoyl-PC. Forth, the

Fig. 1. Deduced amino acid sequences of rat LRAT and RLP-1. Asterisks (*) and dashes (- - -) denote
identity and lack of amino acid residues, resp., between these sequences. GenBank Accession numbers of
LRAT and RLP-1 are BC099084 and AF 255060, resp.
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expression level of RLP-1 mRNA was by far the highest in testis among various rat
organs, and the cytosol of testis actually exhibited a Ca2 þ -independent, cytosolic
activity of N-acylation. To distinguish RLP-1 from the known Ca2 þ -dependent NAT
(Ca2 þ -NAT), we propose to refer to this novel enzyme as Ca2 þ -independent NAT
(iNAT). Although the physiological significance of iNAT currently remains unclear,
the enzyme may be responsible for the effective formation of anandamide in testis.
3. N-Acylphosphatidylethanolamine-Hydrolyzing Phospholipase D (NAPE-PLD).
– 3.1. Molecular Properties. Although NAPE-PLD has been recognized for more than
20 years, its molecular cloning was only recently achieved by our group [19]. We highly
purified this enzyme from the particulate fraction of rat heart using four steps of
column chromatography [19]. When the final preparation was analyzed by sodium
dodecylsulfate (SDS) polyacrylamide gel electrophoresis (PAGE), a 46-kDa protein
was a promising candidate for NAPE-PLD. This protein was digested with trypsin, and
the resulting peptides were micro-sequenced. The determined sequences of two
peptides were then found in a single cDNA clone of mouse with the aid of a database.
By further database search, rat and human homologous sequences of this mouse cDNA
were also found.
We next cloned the putative NAPE-PLD cDNAs from mouse, rat, and human, and
confirmed their nucleotide sequences. The deduced amino acid sequences (Fig. 2) from
the three animal species were composed of 396 (mouse and rat) or 393 (human)
residues, and their amino acid identity was 95.5% between mouse and rat, 89.1%
between mouse and human, and 90.4% between rat and human, respectively. The
molecular masses were calculated to be in the range 45 – 46 kDa, in good agreement
with the value estimated on the basis of SDS-PAGE.
The sequences of NAPE-PLD did not show any homology with those of PLDs so far
reported from various organisms. Instead, NAPE-PLD was suggested to belong to the
metallo-b-lactamase family, a superfamily including a wide variety of hydrolases
[35] [36]. Members of this superfamily are characterized by a highly conserved motif:
H-X-[E/H]-X-D-[C/R/S/H]-X(50–70)-H-X(15–30)-[C/S/D]-X(30–70)-H [35] [36]. The aspartic
acid and histidine residues, highly conserved in this motif, have been suggested to be
involved in binding and processing of substrates [35] [36]. Based on the multiple
sequence alignment, three aspartic acid residues (Asp147, Asp189, and Asp284 ) and five
histidine residues (His185, His187, His190, His253, and His331) of NAPE-PLD were
presumed to be such conserved residues, being completely conserved among rat,
mouse, and human NAPE-PLDs [19].
When various aspartic acid and histidine residues of rat NAPE-PLD were
separately replaced with asparagine by site-directed mutagenesis [37], the NAPEPLD activity was abrogated with D147N, H253N, and D284N, and was remarkably
reduced ( < 0.1% of the activity of the wild type) with H185N, H187N, D189N, and
H190N. However, H331N still showed a significant activity, but H321N was completely
inactive. These results of our mutagenesis studies on NAPE-PLD were in good
agreement with those obtained for other members of the metallo-b-lactamase family
such as Escherichia coli and Arabidopsis thaliana ribonuclease Z [38] [39], human
Artemis [40] [41], Bacillus thuringiensis N-acyl-l-homoserine lactone hydrolase [42],
and IMP-1 metallo-b-lactamase [43 – 45]. In Fig. 2, the catalytically important aspartic

Fig. 2. Amino acid sequences of NAPE-PLD with representative members of the metallo-b-lactamase family. Highly conserved Asp (D) and His (H) residues
are boxed. Alignment over five segments of the highly conserved motif is shown. GenBank accession numbers of mouse NAPE-PLD, Escherichia coli, and
Arabidopsis thaliana ribonuclease (RNase) Z, human Artemis, Bacillus thuringiensis N-acyl-l-homoserine lactone hydrolase (AHL-lactonase), and Serratia
marcescens IMP-1 b-lactamase are BAD02397, P0A8V0, Q8LGU7, Q96SD1, ABD93924, and BAD34719. resp.
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acid and histidine residues conserved among NAPE-PLD and these family members
are shown. Thus, the catalytic mechanism of NAPE-PLD was suggested to be similar to
those of the well-characterized members of this family.
With the aid of ModBase [46] and 3D-JIGSAW [47], we performed homologybased protein modeling of the conserved domain spanning L125-D389 of NAPE-PLD
using the known crystal structure of Bacillus subtilis ribonuclease Z (PDB code 1y44)
[48] as a template (Fig. 3) [37]. This model predicted that His185, His187, and His253 of
NAPE-PLD bind to the first metal ion, Asp189, His190, and His343 bind to the second
metal ion, and Asp284 forms a bridge between these two metal ions. Because we found
that H343N is as active as the wild type, further examination is required to clarify the
role of His343 in metal binding. His321 may be involved in positioning of the phosphate
moiety of the substrate NAPE. Asp147 was assumed to form salt bridges to the
conserved motif backbone, probably stabilizing the conformation of the motif to
coordinate optimally the metal ions [35].
Zn2 þ is generally contained in the members of the metallo-b-lactamase family
[35] [36]. However, we were not able to determine the precise number of Zn2 þ ions per
NAPE-PLD molecule by means of atomic-absorption spectroscopy (AAS), but
revealed that the Zn2 þ content of each preparation of the purified enzyme is wellcorrelated with its specific activity, suggesting the presence of catalytically crucial Zn2 þ
in NAPE-PLD [37].

Fig. 3. Predicted model of Zn coordination in NAPE-PLD. The conserved domain spanning L125 – D389
was modeled based on the crystal structure of Bacillus subtilis ribonuclease Z (PDB ID 1y44) [48] using
ModBase [46] and 3D-JIGSAW [47].

Recombinant NAPE-PLD was inhibited by the SH blocker para-chloromercuribenzoic acid, with an IC50 value of ca. 3 mm [49], which suggested the presence of
catalytically important cysteine residue(s) in NAPE-PLD. Six cysteine residues (Cys170,
Cys222, Cys224, Cys237, Cys255, and Cys288 ) – conserved among rat, mouse, and human
NAPE-PLDs – were replaced individually with serine by site-directed mutagenesis, and
these mutants were examined for their NAPE-PLD activities. The results showed that
only C224S caused a considerable reduction in activity, suggesting that Cys224 is a target
for development of inhibitors [37]. The NCBI human database for single nucleotide
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polymorphism (SNP) revealed four SNPs in the open reading frame of the human
NAPE-PLD gene. Although these SNPs did not appear to link to any diseases
according to the database, they caused the substitution of an amino acid residue, and
generated S152A, L207F, H380R, and D389N. Importantly, these four amino acid
residues were completely conserved among human, rat, and mouse NAPE-PLDs, and
L207F and H380R revealed a markedly reduced NAPE-hydrolyzing activity [37].
By further database search, we found that Caenorhabditis elegans Y37E11AR.3c
and Saccharomyces cerevisiae YPL103c show considerable homology with NAPE-PLD
[50]. These genes had 42.5% and 30.5% identity with mouse NAPE-PLD at amino acid
level, respectively, when the amino acid residues 52 – 361 of mouse NAPE-PLD were
compared with the corresponding regions of these genes. Although the functions of the
gene products remain unclear, Merkel et al. [51] reported the endogenous NAPE and
NAE levels with a yeast strain lacking the YPL103c gene. The deletion of the YPL103c
gene caused a slight increase in the total amount of NAPE, and a concomitant decrease
in that of NAEs by 60% compared with the wild-type, suggesting that the YPL103c
product partially contributes to the conversion of NAPE to NAE in yeast. A recent
report based on BLAST search also suggested that the genes of S. cerevisiae and C.
elegans are functional NAPE-PLD orthologues [52].
Information on the locus and intron – exon structure of the NAPE-PLD gene is also
available from database [53]. The NAPE-PLD genes from human (GeneID 222236)
and mouse (242864) are assigned to chromosomes 7 and 5, respectively. The coding
regions of both human and mouse NAPE-PLD cDNAs are composed of four exons,
and the highly conserved metallo-b-lactamase motif is localized in exons 3 and 4.
3.2. Catalytic Properties. Earlier characterization of NAPE-PLD has been
performed with crude preparations or partially purified preparations [22] [25] [54 –
58]. We intended the characterization of a purified recombinant NAPE-PLD.
However, our initial attempt to purify the recombinant NAPE-PLD from E. coli by
a conventional method was unsuccessful, because the expressed protein was mostly
insoluble and inactive [19]. Later, we expressed a fusion protein of rat NAPE-PLD and
glutathione S-transferase (GST) in E. coli, together with the chaperone protein GroEL
and cochaperonin GroES [37]. The expressed fusion protein was solubilized with 3-[(3cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), and was purified
by chromatography using glutathione-Sepharose 4B. By the digestion with PreScission
protease and the second cycle of glutathione-affinity chromatography, the GST tag was
removed, and the resultant GST-free NAPE-PLD was further purified by chromatography on hydroxyapatite. With N-palmitoyl-PE as substrate, the purified enzyme
showed a specific activity of ca. 2.0 mmol/min/mg protein [37].
The activity of the purified enzyme was enhanced in a dose-dependent manner up
to 15- to 30-fold by increasing concentrations of MgCl2 and CaCl2 , with EC50 values of
2.3 and 1.4 mm, respectively. The effect of Mg2 þ could be replaced not only with Ca2 þ ,
but also with other divalent cations such as Co2 þ , Mn2 þ , Ba2 þ , and Sr2 þ , although their
stimulatory effects varied. In contrast, Fe2 þ , Cu2 þ , Hg2 þ , and Zn2 þ were found
inhibitory. These results with the purified recombinant enzyme were in agreement with
our previous findings for the partially purified NAPE-PLD from rat heart [57] [58].
Considering the intracellular Mg2 þ , present at a concentration of 20 mm, the enzyme
appeared to be constitutively active in the cell. Triton X-100 [22] [54] [55] [57] and
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spermine [58] were also reported to stimulate NAPE-PLD. However, a synergistic
effect of Ca2 þ , Triton X-100, and spermine was not observed [58]. Octyl glucoside
(0.1%, w/v) acted as a weak activator for the purified recombinant enzyme, and showed
a synergistic effect with Mg2 þ [37].
Earlier studies with crude enzyme preparations suggested high specificity of NAPEPLD toward NAPEs [54]. We investigated substrate specificity of the pure
recombinant enzyme [37]. The enzyme was almost inactive with major glycerophospholipids in biomembranes (PC, PE, phosphatidylserine (PS), and phosphatidylinositol). As compared at 25 mm, the enzyme reacted with these lipids at rates of less than
0.1% of that with NAPE. Moreover, the enzyme hardly hydrolyzed phospholipids
structurally related to NAPE, including N-acyl-PS, phosphatidylethanol, and phosphatidylbutanol. Such high substrate specificity may be critical for constitutively active
NAPE-PLD to minimize damage of membrane phospholipids. Crude preparations of
NAPE-PLD were previously reported not to show selectivity with respect to long-chain
N-acyl groups of NAPEs [19] [22]. Our extensive studies with the pure recombinant
enzyme demonstrate that NAPE-PLD does not discriminate the length (C4 – C20) of
medium- and long-chain N-acyl species of NAPEs, suggesting that NAPE-PLD is
responsible for the degradation of a variety of NAPEs with different N-acyl groups in
vivo [37].
To examine the role in the substrate recognition of the sn-1 and sn-2 acyl chains and
glycerol structure of NAPE, partially digested compounds were prepared from Npalmitoyl-PE [37]. The specific activities with N-palmitoyl-lyso-PE and glycerophospho(N-palmitoyl)ethanolamine were only 4% and 1% of that with N-palmitoyl-PE,
respectively. Furthermore, N-palmitoylethanolamine phosphate was totally inactive.
Thus, enzymes other than NAPE-PLD may be responsible for rather high reactivities
with these partially digested compounds in rat brain [37].
3.3. Distribution in Organs. NAPE-PLD Activity has been shown to be widely
distributed in mammalian tissues. With homogenates from various rat organs, the heart
exhibited the highest activity, followed by brain, testis, kidney, spleen, liver, and lung
[54]. Our group also showed a similar organ distribution in rat with proteins solubilized
from microsomes [58]. Among bovine organs, the brain exhibited the highest specific
activity, followed by kidney, spleen, lung, heart, and liver [59]. Moreover, we detected
NAPE-PLD activity in almost all of the mouse organs, with higher specific activities in
brain, kidney, and testis [19]. As examined by RT-PCR and Western blotting, the
expression levels of the mRNA and protein of NAPE-PLD showed a similar
distribution to that of the NAPE-PLD activity [19]. It should be noted that the brain
consistently exhibits a high NAPE-PLD activity in all animal species.
We further investigated regional distribution of NAPE-PLD in rat brain by enzyme
assay, Western blotting, and real-time PCR [49]. The results revealed wide distribution
of this enzyme in various brain regions, with the highest expression level in thalamus. In
rat brain, the expression level of fatty acid amide hydrolase (FAAH), the principal
NAE-hydrolyzing enzyme, was previously reported to be significantly high in
hippocampus, cortex, and cerebellum [60] [61], and we also observed a similar
distribution pattern of the FAAH activity [49]. This distribution is known to be similar
to that of the CB1 receptor [60] [62]. Therefore, the regional distribution of NAPE-
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PLD was not necessarily consistent with those of FAAH and CB1 receptor, suggesting
a role of NAPE-PLD not related to the endocannabinoid system.
Age-dependent increase of the NAPE-PLD activity was previously reported with
brains of rat [23] [33] and mouse [63]. We showed that the NAPE-PLD activity of rat
brain increased dramatically with development, being very low at birth, and the
increase of the NAPE-PLD activity was in parallel with the increase of expression
levels of NAPE-PLD protein and mRNA, suggesting induction of NAPE-PLD at
transcriptional level [49]. This was in contrast with the NAT activity in rat brain, which
decreased age-dependently, as described above. The opposite age dependency of the
NAPE-PLD and NAT levels may rationalize the remarkable postmortem accumulation
of NAPEs in the brains of infant rats, but not in those of adult rats [33]. Age-dependent
increase in FAAH activity was also reported with rat brain [23]. However, when
compared between 1-day- and 56-day-old rats, the increase in the NAPE-PLD activity
was much larger than that in the FAAH activity (40-fold vs. 3-fold) [49]. Earlier, it was
noted that NAEs as well as NAPEs remarkably accumulated in the lesion of canine
models of cardiac infarction [64] [65]. However, unlike the brain, obvious species
difference was observed in the NAPE-PLD activity of heart, being very high in rat and
guinea pig, but relatively low in mouse, rabbit, frog, cat, dog, cow, mini pig, and human
[66]. Interestingly, the species difference in the NAT activity of heart was considerably
different from that of NAPE-PLD, being high only in dog and cat [66]. In contrast to
the brain, the NAPE-PLD activity in rat heart did not change for 70 d after birth [66].
Although we reported an age-dependent increase in the NAPE-PLD level with rat
heart [49], this result was not clearly reproduced in our later assays (unpublished
data).
Recently, the role of the endocannabinoid system in the regulation of female and
male fertility in mammals has attracted much attention [67 – 73]. NAPE-PLD was
expressed in mouse oviduct on days one to four of pregnancy and pre-implantation
embryos [70]. NAPE-PLD was detected in the oviduct epithelium at the isthmus
region, with much lower levels in the ampullary region by in situ hybridization, and in
embryos at all stages from fertilized one-cell embryos to blastocysts by RT-PCR and
Western blotting [70]. In contrast, FAAH was expressed at higher levels in the
epithelium at the ampullary region, with lower levels in the isthmus, and its expression
was dramatically upregulated at the morula and blastocyst stages after first detected in
two-cell embryos [70]. These different expression patterns of NAPE-PLD and FAAH
suggested that a coordination of the anandamide synthesis and degradation contributes
to pre-implantation embryo development and oviductal transport of developing
embryos [70]. It was also reported that a low level of NAPE-PLD was detected
primarily in the luminal and glandular epithelia in mouse uterus prior to implantation
(on days one to four of pregnancy) by in situ hybridization, and that, in interimplantation sites, its expression level was increased significantly after the initiation of
implantation (on days five to seven) [68]. The endogenous anandamide level in uterus
was also changed in parallel with the NAPE-PLD activity during implantation.
Furthermore, it was shown that ovarian steroid hormones including progesterone and
17b-estradiol down-regulated the uterine NAPE-PLD expression via their nuclear
receptors. These results suggested that NAPE-PLD is a major player in regulating the
anandamide level in the uterus during early pregnancy [68].
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In addition, boar sperm cells were shown to have NAPE-PLD as well as other
endocannabinoid-related proteins, including CB1, TRPV1, anandamide membrane
transporter, and FAAH [69]. Endogenous anandamide was in fact detected in sperm
cells as well as seminal plasma [69] [73]. A high concentration of anandamide appeared
to inhibit capacitation via a cAMP-dependent pathway, but to be associated with the
stabilization of acrosome membranes by activating TRPV1 once the capacitation is
completed [69]. These findings suggested regulation of mammalian sperm functions by
anandamide signaling.
3.4. NAPE-PLD-Deficient Mice. Recently, Leung et al. [20] successfully generated
mice that possess a targeted disruption of the NAPE-PLD gene (NAPE-PLD  /  ).
Western blotting with anti-NAPE-PLD antibody confirmed the defect of NAPE-PLD
in the brain and spinal cord of the mice. These NAPE-PLD  /  mice were viable and
healthy, and showed no obvious abnormality in their cage behavior. The activity
forming N-palmitoylethanolamine from N-palmitoyl-PE was found to decrease to
varying degrees with homogenates of the brain, heart, kidney, testis and spinal cord.
The activity forming anandamide from N-arachidonoyl-PE was also significantly
reduced in brain, but was unchanged in testis. Interestingly, differences in endogenous
levels of NAPEs and NAEs between NAPE-PLD  /  mice and wild-type mice were
dependent on N-acyl species of NAPEs and NAEs. Namely, disruption of NAPE-PLD
caused a remarkable increase in the endogenous brain levels of saturated and
monounsaturated NAPEs, with a concomitant decrease in the levels of their
corresponding NAEs. In contrast, little or no changes were observed for the levels of
polyunsaturated NAPEs and NAEs. These results suggested that NAPE-PLD is
actually responsible for the conversion of NAPEs to NAEs in vivo, but other enzyme(s)
or pathway(s) are also involved in the syntheses of NAEs, especially polyunsaturated
NAEs, including anandamide.
4. Other Biosynthetic Pathways of Anandamide and Other N-Acylethanolamines
from N-Acylphosphatidylethanolamines. – As discussed above, our molecular cloning
and subsequent analysis of NAPE-PLD confirmed the presence of an enzyme
specifically hydrolyzing NAPEs. This finding supported the physiological importance
of the transacylation-phosphodiesterase pathway in the biosynthesis of anandamide
and other NAEs. However, considering the existence of multiple pathways for the
phospholipid metabolism, it was likely that NAEs are formed from NAPEs by different
enzymes or pathways. Earlier, Natarajan et al. [55] referred to such pathways, which
were composed of two or three steps of hydrolysis reactions (Scheme 2). In these
pathways, NAPEs were hydrolyzed to release one or two O-acyl chains from the
glycerol backbone, followed by hydrolytic cleavage of the phosphodiester bond of the
resulting N-acyl-lyso-PE or glycerophospho-NAE (GP-NAE) [55]. In rat brain, the
PLD-type hydrolyzing activity for N-acyl-lyso-PE and GP-NAE was actually observed
[37] [55]. Since NAPE-PLD has poor or no activities for these compounds, as described
above, it was suggested that phosphodiesterases other than NAPE-PLD are mostly
responsible for the PLD-type hydrolysis of these compounds [37].
Our group reported a PLA1/A2 activity to hydrolyze N-palmitoyl-PE to Npalmitoyl-lyso-PE in various rat tissues, with by far the highest activity in stomach. The
stomach enzyme was purified and identified as a group-IB secretory PLA2 (sPLA2-IB)

Scheme 2. Multiple Biosynthetic Pathways Involved in the Formation of Anandamide and Other NAEs from NAPEs. NAE-P refers to
N-acylethanolamine phosphate.
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[74]. Recombinant preparations of group IB, IIA, and V of sPLA2 were also active with
N-palmitoyl-PE, while group X PLA2 and cytosolic PLA2-a were much less active. We
also detected a lyso PLD-like activity releasing N-palmitoylethanolamine from
N-palmitoyl-lyso-PE in various rat tissues, with higher activities in brain and testis.
The lyso PLD-like enzyme was membrane-associated, and its catalytic properties
were different from those of NAPE-PLD. However, we did not perform its further
purification or characterization. N-Arachidonoyl-PE and N-arachidonoyl-lyso-PE,
the anandamide precursors, were also active substrates for sPLA2-IB and the lysoPLD-like enzyme. These results could indicate that the pathway composed of steps 2
and 3 in Scheme 2 contributes to the biosynthesis of NAEs, including that of
anandamide.
As mentioned above, based on the metabolic analysis of NAPE-PLD-deficient
mice, CravattKs group [20] suggested the presence of another pathway(s) in the
conversion of NAPEs to NAEs. Especially, the anandamide formation appeared to be
independent of NAPE-PLD. Furthermore, the same group proposed a new pathway in
which a phospholipase catalyzes double-deacylation of NAPE, followed by the
hydrolysis of the resultant GP-NAE to NAE and glycerol-3-phosphate (steps 2, 4, and 5
in Scheme 2) [75]. Inhibition by methyl arachidonyl fluorophosphonate suggested that
the phospholipase is a serine hydrolase. Using functional-proteomic isolation, they
identified a/b-hydrolase-4 (Abh4) as a lipase to deacylate both N-acyl-lyso-PE and
NAPE. Distribution of the N-acyl-lyso-PE lipase activity in mouse organs showed the
highest activity in brain, spinal cord, and testis, followed by liver, kidney, and heart. The
mRNA level of Abh4 was similarly distributed in mice, suggesting that Abh4 is
responsible for this activity in various mouse organs. Abh4 showed a high reactivity
with N-acyl-lyso-PE as compared with other lysophospholipids, but did not discriminate different N-acyl species of N-acyl-lyso-PE, including N-arachidonoyl-lyso-PE.
Furthermore, it was shown that mouse brain and testis have an enzyme to rapidly
cleave the phosphodiester bond of GP-NAE to generate NAE. Thus, the combination
of Abh4 and a GP-NAE phosphodiesterase might participate in the formation of NAEs
from NAPEs as an NAPE-PLD-independent pathway. However, it remained unclear
whether the anandamide formation in NAPE-PLD  /  mice can be rationalized by this
pathway. The above-mentioned lyso PLD-like activity (step 3 in Scheme 2) may be
explained, at least in part, by this pathway (steps 4 and 5).
Liu et al. [76] recently reported another anandamide biosynthetic pathway from Narachidonoyl-PE with lipopolysaccharide (LPS)-stimulated RAW264.7 macrophages
and mouse brain [76]. They suggested that the pathway comprises a PLC-like enzyme
generating anandamide phosphate from N-arachidonoyl-PE and a phosphatase
dephosphorylating anandamide phosphate (steps 6 and 7 in Scheme 2). The expression
of NAPE-PLD mRNA in RAW264.7 cells was downregulated by LPS, while the PLC
inhibitor neomycin reduced the anandamide-generating activity. Thus, this pathway
appeared to contribute to the increase of anandamide level by LPS. Moreover, the
extracts from RAW264.7 cells and mouse brain converted anandamide phosphate to
anandamide in a sodium orthovanadate (a non-selective tyrosine phosphatase
inhibitor)-sensitive manner. Using the cDNA subtraction method between LPStreated and untreated RAW264.7 cells, they identified PTPN22, a non-receptor protein
tyrosine phosphatase, as a candidate for the enzyme dephosphorylating anandamide
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phosphate. However, since this reaction was not completely eliminated even in the
absence of PTPN22, other enzymes might also be involved.
5. Perspectives. – cDNA Cloning and characterization of NAPE-PLD strongly
suggested the physiological significance of the transacylation-phosphodiesterase
pathway in the formation of bioactive NAEs. Further studies, including the analysis
of NAPE-PLD  /  mice, revealed the presence of other NAE-generating pathways
independent of NAPE-PLD in animal tissues. It will be of interest to clarify whether or
not an anandamide-specific pathway exists in vivo. Identification of key enzymes
involved in these novel pathways such as lyso-PLD, GP-NAE phosphodiesterase, and
NAPE-hydrolyzing PLC will be essential to elucidate the roles of these pathways.
Although we discovered Ca2 þ -independent NAT, the cDNA of the known Ca2 þ dependent NAT has not been cloned yet. Its cDNA cloning and detailed analysis on the
structure and function are expected.
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