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N-Acylethanolamines (NAEs) represent a class of endogenous bioactive lipids generated from
glycerophospholipids, and they include N-palmitoylethanolamine (an anti-inflammatory substance) and
N-arachidonoylethanolamine (anandamide, an endogenous ligand of cannabinoid receptor). It is generally
accepted that NAEs are hydrolyzed to free fatty acids and ethanolamine by the catalysis of fatty acid amide
hydrolase (FAAH) acting principally at alkaline and neutral pH. Several years ago, our laboratory found
another enzyme catalyzing the same reaction only at acidic pH. However, the molecular cloning and detailed
analysis of this enzyme, termed “N-acylethanolamine-hydrolyzing acid amidase (NAAA)”, have not yet
been performed. In the present study, we purified the enzyme from rat lung, and cloned its cDNA from human,
mouse, and rat. The primary structures revealed that NAAA had no homology to FAAH, but revealed 33-35%
amino acid identity to lysosomal acid ceramidase, which hydrolyzes ceramide to free fatty acids and sphin-
gosine at acidic pH. Recombinant human NAAA hydrolyzed various NAEs, and exhibited the highest activity
toward N-palmitoylethanolamine. In addition, a low ceramide-hydrolyzing activity was detected with NAAA.
We also observed a lysosome-like distribution of NAAA-green fluorescence protein fusion protein, as ex-
pressed in HEK293 cells. The organ distribution of mMRNA and enzyme activity in rats revealed its wide distri-
bution with the highest level in lung. Interestingly, macrophages expressed NAAA abundantly, suggesting a
role of this enzyme in inflammation. By using an NAAA-selective inhibitor which we developed, we showed
that NAAA and FAAH cooperatively degraded NAEs in macrophages. Taken together, our results indicated
that NAAA is a novel lysosomal enzyme having structural and functional similarity to acid ceramidase, and
functions as a second NAE hydrolase in mammalian tissues.
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Fig.1 Chemical structures of NAEs

Occurrence and biological activities of
N-acylethanolamines

N-Acylethanolamines (NAEs) are ethanolamides of long-chain
fatty acids, which represent a class of endogenous bioactive li-
pids". Since the late 1950s, saturated and monounsaturated NAEs
such as N-palmitoylethanolamine, N-stearoylethanolamine, and
N-oleoylethanolamine (Fig.1) have been recognized to be trace,
but ubiquitous components in animal tissues?. In 1992, Devane
et al. isolated an endogenous ligand of cannabinoid receptor
(referred to as “endocannabinoid”) from porcine brain, and iden-
tified it as N-arachidonoylethanolamine (anandamide) (Fig.1).
Thereafter, other polyunsaturated NAEs were also reported to
be endocannabinoids®. It is now established that anandamide
functions as a partial or full agonist of the central cannabinoid
receptor CB1, which is abundantly expressed in the nervous sys-
tem, and shows a variety of cannabimimetic activities*>. Unlike
CBI1 receptor, the peripheral cannabinoid receptor CB2 is ex-
pressed mainly in immune cells. 2-Arachidonoylglycerol is well
known to be a full agonist of CB2 as well as CB1, and shows pro-
inflammatory actions through CB2%. However, the efficacy of
anandamide to bind to CB2 is low, and the role of anandamide
in inflammation is unclear. More recently, anandamide was also
reported to act as an agonist of transient receptor potential
vanilloid type 17.

In contrast to polyunsaturated NAEs, saturated and monoun-
saturated NAEs are inactive with cannabinoid receptors. How-
ever, these NAEs show a variety of biological activities'*”. For
example, N-palmitoylethanolamine exhibits anti-inflammatory'®!?,
immunosuppressive'?, neuroprotective'®, and analgesic'¥ actions.
The molecular targets of N-palmitoylethanolamine accounting
for these biological actions have been a matter of debate'. The

neuroprotective action and anti-inflammatory effect were re-

ported to be at least partially mediated by an unknown G pro-
tein-coupled receptor in microglial cells'® and peroxisome
proliferator-activated receptor-a (PPAR-«)'?, respectively. In-
terestingly, in inflammatory pain models, the analgesic actions
of N-palmitoylethanolamine were partially suppressed by
SR144528, a selective CB2 receptor antagonist'®, in spite of the
poor affinity of N-palmitoylethanolamine for CB2 receptor!”.
This apparently contradictory observation might be explained
by the presence of another SR144528-sensitive receptor or by an
“entourage” effect of N-palmitoylethanolamine, which enhances
the action of endogenous endocannabinoids by inhibiting their
enzymatic degradation®. More recently, N-palmitoylethanolamine
as well as anandamide was reported to be an agonist of GPRS5S5,
a G protein-coupled receptor®. In addition, the anorexic action
of N-oleoylethanolamine was reported and suggested to be medi-
ated by PPAR- «?V. N-Stearoylethanolamine was pro-apoptotic??
and anorexic®. It was also reported that N-stearoylethanolamine
exerted cannabimimetic actions in the central nervous system

through interacting with its specific binding sites in the brain®®.

Biosynthesis and degradation of NAEs
It is generally accepted that NAEs are principally biosynthe-
sized from membrane phospholipids by two steps of enzyme re-
actions in animal tissues (Fig.2)"%>. The first step is the transfer
of an acyl group at the sn-1 position in glycerophospholipids
to the amide group of phosphatidylethanolamine to yield N-
acylphosphatidylethanolamine (NAPE). In the second step,
NAPE is hydrolyzed to NAE and phosphatidic acid by a spe-
cific phospholipase D (PLD), termed NAPE-PLD. Our laboratory
cloned cDNA of NAPE-PLD from mouse, rat, and human?®.
NAPE-PLD belonged to the metallo- 3-lactamase family, and was
highly specific for NAPE among various glycerophospholipids”.
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Recent analysis on NAPE-PLD-deficient mice revealed its con-
siderable contribution to the in vivo formation of NAEs, but also
suggested the involvement of other enzyme(s) or pathway(s) in
the NAE formation®2.

NAE:s including anandamide are hydrolyzed to free fatty ac-
ids and ethanolamine after their cellular uptake. This intracellu-
lar degradation is mostly attributable to a membrane-bound en-
zyme, fatty acid amide hydrolase (FAAH)**3V. The cDNA was
cloned in 1996, and found to be a member of the amidase signa-

ture family??.

FAAH is widely distributed in mammalian tissues
including liver and brain, and analysis of FAAH-deficient mice
revealed the central role of this enzyme in the degradation of
anandamide and other NAEs in the brain®*3%. The catalysis by
FAAH is characterized by an optimal pH value at 8.5-10 and high
sensitivity to serine hydrolase inhibitors, such as phenylmethyl-
sulfonyl fluoride and methyl arachidonyl fluorophosphonate. It
is also noted that this enzyme prefers anandamide to other NAEs
including N-palmitoylethanolamine. A number of specific FAAH
inhibitors have been developed®. They are expected as new thera-
peutic drugs for anxiety, cancer, and neurodegenerative disor-
ders. Very recently, an isozyme of FAAH was discovered in

human, and termed FAAH-2 to distinguish this isozyme from

the known FAAH (FAAH-1)%.

Molecular characterization of NAAA

In 1999, Ueda et al. reported that human megakaryoblastic
(CMK) cells have an NAE-hydrolyzing activity, and suggested
that the activity is attributable to an enzyme different from FAAH*”.
The most important property of this enzyme was the optimal pH
value around 5, which was in sharp contrast to FAAH being active
at neutral and alkaline pH. The enzyme was also distinguishable
by the less sensitivity to two FAAH inhibitors, phenylmethyl-
sulfonyl fluoride and methyl arachidonyl fluorophosphonate.
Later, such an activity was also detected with various rat tissues
including lung, spleen, and macrophages®. This enzyme, which
we later termed “N-acylethanolamine-hydrolyzing acid amidase
(NAAA)”, could be solubilized from the 12000 x g pellet of rat
lung homogenate by freezing and thawing, and was purified to
apparent homogeneity by the use of four steps of column chro-
matography*®. The purified NAAA exhibited a protein band
around 31 kDa as analyzed by SDS-PAGE.

We purified NAAA from rat lung by this method, and then
determined its N-terminal amino acid sequence by Edman
degradation®. With the aid of database, we found cDNAs which
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Human NAAR 58 DLVRAAMAQVIGDR---VPKWVHVL--IGKVVLE-LERFLPQPFTGEIRGMCDFMNLS LADCLLVNLAYESS 123
Rat NAAR 63 DFVRARVAQVIGDR---VPQWILEM--IGEIVQK-VESFLPQPFTSEIRGICDYLNLSLARGVLVNLAYEAS 128
Mouse NAAR 63 DFLRTAVAQVIGDR---VPQWVLGM--VGEIVSK-VESFLPQPFTDEIRSICDSLNLSLADGI LVNLAYEAS 128

Human AC 71 -MLKVIVNSLENMINTFVP-S3GKVMOVVDEK-LPGLLGNFPGPFEEEMKGIAARVTDIPLGEIISFNIFYELF 140
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Human NAAA 183 GQSPHKFTVSGDERDKGWWWENA-IAALFRRHIPVS--WLIRAT---LSESENFERAVGKLAKTPLIADVYY 248

Rat NARA 188 GQSPHKFTISGDERDKGWWWENM-IAALSLGHSPIS--WLIRKT---LTESEDFEARVYTLAKTPLIADVYY 253

Mouse NAARA 188 GQSPHKFTISGDERDKGWWWENM-IAALSLGHSPIS--WLIRKT---LSESESFEAAVYTLAKTPLIADVYY 253

Human AC 213 GFKPGLFSLTLNER---FSINGGYLGILEWILGKKDAMWIGFLTRTVLENSTSYEEAKNLLTKTKILAPAYF 281

Rat AC 212 GFKPGLLSLTLNER---FSLNGGYLGILEWMFGKENAQWVGF ITRSVLENSTSYEEAKNI LTKTKITAPAYF 280
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Human NARR 249 IVGGTSPREGVVITENRDGPADIWPLDPLNGAWFRVETNYDHWKPAPKEDDRRTSAIKALNATGOANLSLEAR 320
Rat NAAR 254 IVGGTSPQEGVVITRDRGGPADIWPLDPLNGAWFRVETNYDHWEPVPKRDDRRTPAIKALNATGQAHLSLET 325
Mouse NARA 254 IVGGTSPKEGVVITRDRGGPADIWPLDPLNGEWFRVETNYDHWKPAPKVDDRRTPAIKALNATGQAHLNLET 325
Human AC 282 ILGGNQSGEGCVITRDRKESLDVYELDAKQGRWYVVQTNYDRWKHPFFLDDRRTPAKMCLNRTSQENISFET 353
Rat AC 281 ILGGNQSGEGCVITRERKESLDVYELDPKHGRWYVVQTNYDRWKNTLFLDDRRTEAKKCLNHTTQKNLSFAT 352
Mouse AC 281 ILGGKKSGEGCVITRERKESLDVYELDFKHGRWYVVQTNYDRWKNTLFIDDRRTPAKKCLNHTTQKNLSFAT 352
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Human NAAA 321 LFQILSVVEVYNNFTIYTTVMSAGSPDKYMTRIR-NESRK 359
Rat NAARA 326 LFQVLSVFPVYNNYTIYTTVMSAAEPDKYMTMIR-NES 362
Mouse NAAR 326 LFQVLSLFEVYNNYTIYTTVMSAAEPDKYLTMIR-NES 362
Human AC 354 MYDVLSTKPVLNKLTVYTTLIDVTKGQ-FETYLRDCPDPCIGW 395
Rat AC 353 IYDVLSTKPVLNKLTVFTTLIDGTKDP-FESHLRDCPDECIGW 394
Mouse AC 353 IYDVLSTKPVLNKLTVFTTLMDVTKGQ-FESHLRDCPDPCIGW 394
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Fig.3 Amino acid sequences deduced from cDNAs for NAAA and acid ceramidase

Amino acid sequences deduced from NAAAs and acid ceramidases (ACs) of human, rat, and mouse are aligned.
Asterisks and dots indicate identity shared by three or two NAAA proteins, respectively. Sharps and colons denote
identity shared by six proteins or four to five proteins (among NAAAs and acid ceramidases), respectively. A line
indicates the sequences corresponding with the N-terminal sequence of the purified rat NAAA protein, which we
actually determined.
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contained nucleotide sequences corresponding to this peptide
sequence from rat, mouse, and human. We cloned the entire cod-
ing regions of these cDNAs by PCR, and confirmed NAAA ac-
tivity of the recombinant protein overexpressed in HEK293 cells.
The deduced amino acid sequences of NAAA are shown in Fig.3.

The sequences consisted of 362 (rat and mouse) or 359 (human)

residues with predicted molecular masses of 40.3 kDa (rat) or
40.1 kDa (mouse and human). The amino acid identities were
90.1% between rat and mouse, 76.5% between rat and human,
and 76.7% between mouse and human. Five (rat and mouse) or
six (human) potential N-glycosylation sites (Asn-Xxx-Ser/Thr)

were found in the sequences. Importantly, NAAA had no ho-
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mology with FAAH. The human NAAA sequence was essen-
which

was earlier cloned from human placenta by Hong et al.*?. They

tially identical to that of “acid ceramidase-like protein”,

found the gene product as a homologous protein with acid
ceramidase, a lysosomal enzyme catalyzing the hydrolysis of
ceramide under acidic conditions. However, they could not de-
tect ceramide-hydrolyzing activity with this protein, and its func-
tion remained unclear until we identified it as NAAA. The amino
acid sequences of acid ceramidase from human, rat, and mouse
are also shown in Fig.3. Human NAAA revealed 33% identity
and 70% similarity with human acid ceramidase over their en-
tire length at protein level. Both of NAAA and acid ceramidase
belong to the choloylglycine hydrolase family, which contains
several hydrolases cleaving carbon-nitrogen bonds in linear
amides except peptide bonds. As shown in Fig.4, the chemical
structure of ceramide (N-acylsphingosine) is similar to that of
NAE, and acid ceramidase and NAAA hydrolyze the amide bonds
of ceramide and NAE, respectively. Such a functional similarity
between the two enzymes was in agreement with their high se-
quence similarity. Human acid ceramidase consists of two dif-
ferent subunits (« and [3) that are generated by the cleavage of
a single precursor protein*". The N-terminal sequence of /3-sub-
unit of human acid ceramidase (CTSIVAED) exactly corre-
sponded with the N-terminal sequence of the purified rat NAAA
(CTSIVAQD), which we actually determined. Thus, NAAA and
acid ceramidase appeared to be subjected to proteolytic cleav-
age at the same site. However, it remains unclear whether NAAA

also exists as a heterodimer.

Catalytic properties of NAAA
As overexpressed in HEK293 cells, human NAAA hydrolyzed

various NAEs including anandamide (Fig.5). The activity was
stimulated in the presence of non-ionic detergent Nonidet P-40
(0.1%, w/v). The activity was also enhanced by dithiothreitol,
and the optimal pH value was around 4.5. Under these assay
conditions, N-palmitoylethanolamine was by far the most reac-
tive substrate. These catalytic properties were in good agreement
with those of native NAAA from rat lung®®, confirming the au-
thenticity of NAAA cDNA. It should be noted that these catalytic
properties were in contrast to those of FAAH, which is the most
active around pH 8.5-10, is insensitive to dithiothreitol, and pre-
fers anandamide to N-palmitoylethanolamine as substrate®”.
Since NAAA showed considerable sequence similarity to acid
ceramidase as described above, we examined whether recombi-
nant human acid ceramidase could hydrolyze NAEs. As expected,
acid ceramidase hydrolyzed various NAEs at low rates, but N-
lauroylethanolamine (ethanolamide of lauric acid) was the most
reactive (Fig. 5). This substrate specificity regarding N-acyl spe-
cies of NAEs was in good agreement with the previous observa-
tion that N-lauroylsphingosine (Ci2:0-ceramide) was the best sub-
strate among various ceramides with different N-acyl groups*.
Conversely, we could also detect a low ceramide-hydrolyzing
activity with recombinant NAAA. These observations further
emphasized analogy of NAAA to acid ceramidase in catalytic

functions.

Glycosylation, processing, and intracellular
localization of NAAA

As discussed above, the amino acid sequence of human NAAA
had six potential N-glycosylation sites. Furthermore, the molecular
mass (31 kDa) of the purified rat NAAA estimated by SDS-PAGE

was larger than the calculated value based on the amino acid
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Fig. 5 Reactivity of NAAA and acid ceramidase with various NAEs

The homogenates of HEK293 cells overexpressing recombinant NAAA or acid ceramidase or con-
trol cells were allowed to react with various NAEs at pH 4.5 in the presence (open columns) or
absence (closed columns) of 0.1% (w/v) Nonidet P-40. Mean & S.D. are shown (n = 3). 12:0, N-
lauroylethanolamine; 14:0, N-myristoylethanolamine; 16:0, N-palmitoylethanolamine; 18:0, N-
stearoylethanolamine; 18:1, N-oleoylethanolamine; 20:4, anandamide.

sequence (26 kDa for the sequence from Cys-131 to Ser-362).
These observations suggested the presence of N-glycan chains
in NAAA. In fact, the treatment of recombinant hexahistidine-
tagged NAAA with an endoglycosidase (peptide: N-glycosidase
F) caused a decrease in the molecular weight, as examined by
Western blotting with anti-hexahistidine antibody*”. Further-
more, the putative glycosylated NAAA band was not detected
when NAAA-transfected cells were cultured in the presence of
tunicamycin, an inhibitor of N-type protein glycosylation. The
tunicamycin treatment also resulted in the decrease in the spe-
cific enzyme activity, suggesting that glycosylation is necessary
for maturation or stabilization of NAAA protein.

As mentioned above, native rat NAAA appeared to be cleaved
between Phe-130 and Cys-131, and exist as the processed form.
We found that recombinant NAAA was present as both the pro-
cessed form and the unprocessed form when overexpressed in
HEK?293 cells. Interestingly, the latter form was converted to
the former form under acidic conditions in a cell-free system®”.
Similar in vitro processing was reported with several lysosomal
enzymes including cathepsin L* and tripeptidyl-peptidase I*¥.
Although the processing of these two enzymes was suggested to
be self-catalyzed, it remains unclear whether the cleavage of
NAAA is catalyzed by NAAA itself or another enzyme.

We also examined intracellular localization of NAAA by the

use of a fusion protein with green fluorescent protein. When
cDNA for this fusion protein was constructed and introduced
into HEK?293 cells, the fluorescent signal showed lysosome-like
distribution®”. Similar intracellular distribution of recombinant
“acid ceramidase-like protein” (identical to NAAA) was previ-
ously reported with COS-1 cells*”. These observations suggested
that native NAAA also localizes in lysosomes, and this localiza-
tion was in consistence with its acidic pH optimum and its high

sequence homology with lysosomal acid ceramidase.

Expression of NAAA in mammalian
tissues

We could detect mRNA and activity of NAAA in a variety of
rat organs®*. Among the tested rat organs, the lung showed the
highest level, followed by several organs including thymus,
spleen, and intestine (Fig.6). Interestingly, Fegley et al. reported
that URB597, a FAAH specific inhibitor, did not affect the en-
dogenous levels of anandamide, N-palmitoylethanolamine, and
N-oleoylethanolamine in rat duodenum*?. Furthermore, an
NAAA-like activity was observed with the duodenum of FAAH-
deficient mice. Based on these results, the authors suggested a
role of NAAA to degrade NAE:s in this tissue. We also examined
the tissue distribution of NAAA mRNA in mouse*®. Overall, the

distribution in mouse organs was similar to that in rat organs
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dehydrogenase (GAPDH) as an inter-

nal control.

with the highest level in lung. However, the level in mouse lung
was not so prominent among various mouse organs. In contrast
to the similarity between rat and mouse, the organ distribution of
human NAAA appeared to be considerably different according to
the previous report on that of mRNA for human “acid ceramidase-
like protein”*?. High expression levels were observed with liver
and kidney, which exceeded that in lung. It should be also noted
that the tissue distribution of NAAA in rodents is largely differ-
ent from that of rodent FAAH, which was highly expressed in
liver and brain. This difference suggests distinct physiological
roles of the two enzymes.

In addition to various organs, NAAA was suggested to be ex-
pressed in various blood cells. NAAA activity was reported ear-
lier with human megakaryoblastic cells (CMK)??, and later with
rat alveolar and peritoneal macrophages®, rat basophilic leuke-
mia cells (RBL-1)*”, and mouse macrophage cells (RAW264.7)*.
Especially, a very high NAAA activity of rat alveolar and peri-
toneal macrophages was noted®®. We also revealed expression
of NAAA mRNA in various macrophage or macrophage-like
cells of mouse (peritoneal macrophages, RAW264.7, and P388-
D1) and human (U937 and THP-1)*°.

Development and application of NAAA
inhibitors

Selective inhibitors are useful tools to elucidate the physi-
ological role of an enzyme. We have developed several NAAA
inhibitors which had lower inhibitory effects on FAAH*#®, The

most potent compound was N-cyclohexanecarbonylpentadecy-

lamine (CCP), which dose-dependently inhibited rat lung NAAA
with an ICso value of 4.5 1M, but did not inhibit rat liver FAAH
at concentrations up to 100 xM. The inhibition was reversible
and non-competitive. Since macrophage cells express both of
NAAA (mentioned above) and FAAH*?, we investigated how
these two enzymes share in the degradation of NAEs by the use
of CCP and URB597%. First, we confirmed that intact RAW
264.7 and mouse peritoneal macrophage cells have ability to
degrade exogenous radiolabeled NAEs including anandamide,
N-palmitoylethanolamine, N-oleoylethanolamine, and N-
stearoylethanolamine. Next, we showed that pretreatment of the
cells with CCP or URB597 partially inhibited the degradation,
respectively, and a combination of the two inhibitors caused more
profound inhibition. These results suggested that NAAA and
FAAH cooperatively degraded various NAEs in macrophages.

Conclusion

In the present study, we identified cDNA of NAAA for the
first time. Its primary structure and catalytic properties demon-
strated that NAAA is a second mammalian NAE-hydrolyzing
enzyme distinguishable from FAAH. Moreover, NAAA ap-
peared to be a novel lysosomal hydrolase with similarity to acid
ceramidase. The high expression of NAAA in macrophages and
the anti-inflammatory activity of NAEs suggest a role of this
enzyme in inflammation. However, its physiological signifi-
cance remains to be solved. Further investigation on NAAA,
including immunohistochemistry and development of more po-

tent inhibitors, will be required.
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