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ABSTRACT

N-Acylethanolamines form a class of lipid mediators and include an endocannabinoid arachidonoylethanolamide
(anandamide), analgesic and anti-inflammatory palmitoylethanolamide, and appetite-suppressing
©oleoylethanolamide. In animal tissues, N-acylethanolamines are synthesized from N-acylated ethanolamine phos-
pholipids directly by N-acylphosphatidylethanolamine-hydrolyzing phospholipase D or through multi-step path-
ways via N-acylethanolamine lysophospholipids. We previously reported that glycerophosphodiesterase (GDE) 4,
a member of the GDE family, has lysophospholipase D (lysoPLD) activity hydrolyzing N-acylethanolamine

:ﬁﬁ;nd Pt lysophospholipids to N-acylethanolamines. Recently, GDE7 was shown to have lysoPLD activity toward
Glycerophosphodiesterase lysophosphatidylcholine to produce lysophosphatidic acid (LPA}. Here, we examined the reactivity of GDE7 with
Lysophosphatidic acid N-acylethanolamine lysophospholipids as well as the requirement of divalent cations for its catalytic activity.
Lysophospholipase D When overexpressed in HEK293 cells, recombinant GDE7 proteins of human and mouse showed lysoPLD activity
Phospholipid toward N-palmitoyl, N-oleoyl, and N-arachidonoyl-lysophosphatidylethanolamines and N-palmitoyl-
lysoplasmenylethanolamine to generate their corresponding N-acylethanolamines and LPAs. However, GDE7
hardly hydrolyzed glycerophospho-N-palmitoylethanolamine, Qverexpression of GDE7 in HEK293 cells increased
endogenous levels of N-acylethanolamines and LPAs. Interestingly, GDE7 was stimulated by micromolar concen-
trations of Ca® © but not by millimolar concentrations of Mg?*, while GDE4 was stimulated by Mg?* but was in-
sensitive to Ca®*, GDE7 was widely distributed in various tissues of humans and mice with the highest levels in
their kidney tissues. These results suggested that GDE7 is a navel Ca* " -dependent lysoPLD, which is involved in

the generation of both N-acylethanolamines and LPAs.
© 2016 Elsevier B.V. All rights reserved.
1. Introduction N-acylethanolamines are synthesized in cells on demand

Fatty acyl ethanolamides, also denoted as N-acylethanolamines, com-
prise a series of endogenous lipid mediators and are ubiquitously present
in various organisms, including mammals [1,2]. These molecules are in-
volved in a variety of biological responses through specific receptors.
Among different N-acylethanolamines, arachidonoylethanolamide
(anandamide, N-arachidonoylethanolamine) was discovered as an
endogenous agonist of cannabinoid receptors [3] and transient receptor
potential vanilloid type-1 (TRPV-1) [4]. Palmitoylethanolamide
(N-palmitoylethanolamine) mediates anti-inflammatory and analgesic
actions through peroxisome proliferator-activated receptor-ot (PPAR-ct)
[5.6]. Furthermore, oleoylethanolamide (N-oleoylethanolamine), an ago-
nist of PPAR-ct, TRPV-1, and GPR119, has appetite-suppressing and anti-
obesity effects [5,7,8].

* Corresponding author.
E-mail address: nueda@med.kagawa-uac.jp (N. Ueda).

http://dx.doi.org/10.1016/}.bbalip.2016.09.008
1388-1981/© 2016 Elsevier B.V. All rights reserved.

from membrane phospholipids. Phosphatidylethanolamine (PE)
is N-acylated in the first reaction of this pathway by N-
acyltransferase, forming N-acyl-PE (NAPE) [9,10]. The second
step is the direct release of N-acylethanolamine from NAPE by
NAPE-hydrolyzing phospholipase D (NAPE-PLD) [11] (Fig. 1A). In
addition, N-acylethanolamine can be formed from NAPE in alter-
native multistep pathways via N-acyl-lysoPE [12,13]. Alkenylacyl-
glycerophosphoethanolamine (plasmenylethanolamine, PisEt) is
another class of ethanolamine phospholipids, and N-acyl-PIsEt exists
in brain [13,14]. N-acylethanolamine is also formed from N-acyl-PIsEt
through both NAPE-PLD-dependent and -independent pathways
(Fig. 1B) [13]. Glycerophosphodiesterase (GDE) 1 was considered to
be a constituent of NAPE-PLD-independent pathway because this
enzyme generated N-acylethanolamine from glycerophospho-N-
acylethanolamine, an intermediate metabolite in this pathway
(Fig. 1A) [15]. We also found that GDE1 has a relatively low
lysophospholipase D (lysoPLD) activity forming N-acylethanolamine
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Fig. 1, Biosynthetic pathways of N-acylethanolamine from NRAPE (A} and N-acyl-PIsEt (B). *, GDE7 was shown (o catalyze the indicated reactions for the @irst time in the present study.

ABHDM, ex/p-hydrolase domain-containing protein 4; sPLA;, secretory phospholipase A;.

from N-acyl-lysoPIsEt {13]. Moreover, we recently reported that GDE4,
another member of the GDE family, also shows lysoPLD activity and
produces N-acylethanclamine from both N-acyl-lysoPisEt and N-acyl-
lysoPE [16}. The results showed a possibility that GDEA4 is alsc involved
in the NAPE-PLD-independent N-acylethanclamine formation.

Very recently, Ohshima et al. reported that GDE7 is the closest pro-
tein to GDE4 amang seven members of the mammalian GDE family
and that GDE7 as well as GDE4 has lysoPLD activity toward
{ysophosphatidylcholine {lysoPC), producing lysophesphatidic acid
(LPA) [17]. Tlws, we were interested whether GDE7 contributes to the
N-acylethanolamine biosynthesis by its lysoPLD activity. In the present
study, we compared the catalytic properties of recombinant proteins
of human GDE7 (hGDE7), mouse GDE7 {mGDE7), human GDE4
{hGDE4), and mouse GDE4 {mGDE4). The results showed that hGDE7
and mGDE7 function as iysoPLDs which hydrolyze N-acyl-lysoPE and

N-acyl-lysoPIsEt to yield N-acylethanolamine. Moreover, we revealed
for the first time that the generation of N-acylethanolamine and LPA
by GDE7 is dependent on Ca® ™.

2. Materials and methods
2.1. Materials

[1-*CPalmitic acid, 1,2-[1*-'*C]dipalmitoyl-sn-glycero-3-phos-
phochaline  (1,2-['“Cidipalmitoyl-phesphatidylcholine (1,2-
[**C]dipalmitoyl-PC)3, and 1-[1'-"“Clpalmitoyl-2-hydroxy-sn-glycero-
3-phosphocholine (1-[**Cjpalmitoyl-lysaPC) were purchased from
PerkinElmer Life Science (Boston, MA, USA); [1-'“Cloleic and
[1-YClarachidonic acids were from Moravek Biochemicals (Brea, CA,
USA); horseradish peroxidase-linked anti-mouse 1gG antibody was
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from GE Healthcare {Piscataway, NJ, USA); arachidonic acid was from
Nu-Chek Prep {Elysian, MN, USA); palmitic and oleic acids, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (1,2-dioleoyl-PE), 1-
palmitoyl-lysoPC, and anti-FLAG M2 monoclonal antibody were
from Sigma-Aldrich (St. Louis, MO, USA); 1-0-1'-(2)-octadecenyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (1-octadecenyl-2-oleoyl-
PIsEt) and 1-heptadecanoyl-2-hydroxy-sn-glycerol-3-phosphate
{1-heptadecanoyl-LPA) were from Avanti Polar Lipids {Alabaster, AL,
U5SA}; N-(2-hydroxyethyl)}-hexadecanamide-7,7,8,8-d; (deuterated
palmitoylethanolamide) and URB597 were from Cayman Chemical
{Ann Arbor, MI, USA); sodium orthovanadate, dithiothreitol (DTT),
3(2)-t-butyl-4-lydroxyanisole {BHA), Triton X-100, and Tween 20
were fram Wako Pure Chemical {Osaka, Japan); protein assay dye re-
agent concentrate was from Bio-Rad (Hercules, CA, USA); pDsRed2-ER
vector and human MTC Multiple Tissue cDNA Panels were from
Clontech/Takara Bio (Mountain View, CA, USA); Ex Taq polymerase
and random hexamer were from Takara Bio (Ohtsu, Japan); precoated
silica gel 60 Fysy aluminum sheets for thin-layer chromatography
{TLC) (20 x 20 c¢m, 0.2-mm thickness) and Immobilon-P were from
Merck Millipore (Darmstadt, Germany); Dulbecco's modified Eagle's
medium (DMEM), non-essential amino acid sclution, Lipofectamine
2000, TRIzol, Moloney murine leukermia virus reverse transcriptase,
Alexa 488-conjugated anti-rouse IgG antibody, and the expression
vectors, pcDNA3.1{+), pcDNA3.1/Hygro(—}, pcDNA3.1/Hygro(+),
and pCR3.1, were from Invitrogen/Thermo Fisher Scientific {Carlsbad,
CA, USA); fetal caif serum (FCS) was from Biowest {Nuaillé, France):
Pierce Western Bloiting Substrate Plus was from Thermo Fisher Scien-
tific (Waltham, MA, USA); normal goat serurm was from Vector Labora-
tories {Burlingame, CA, USA); 4% Paraformaldehyde Fixative solution
was from Muto Pure Chemicals (Tokyo, Japan); Permafluor was from
lmmunotech (Marseille, France); human embryonic kidney 293
(HEK293) cells were from Health Science Research Resources Bank
(Osaka, Japan).

2.2. syntheses of radioactive molecules

1,2-Dioleoyl-sn-glycero-3-phospho(N-[14Clacyl)ethanolamines
(N-["4Clacyl-1,2-dioleoyl-PEs) were prepared by allowing their cor-
responding 1-1C-labeled fatty acids to react with 1,2-dioleoyl-PE
according to the method of Schmid et al. [18]. 1-0-1"-(2)-Octadecenyl-
2-oleoyl-sn-glycero-3-phospho( N-["*C]palmitoyl)ethanolamine
{N-{*“CJpalmitoyl- 1-octadecenyl-2-oleoyl-PlsEt) was also synthesized
from [1-'*C]paimitic acid and 1-octadecenyl-2-oleoyl-PisEt by the
same method. 1-Oleoyl-2-hydroxy-sn-glycero-3-phospho{N-[ *Clacyl)
ethanclamines  (N-["“CJacyl-1-oleoyl-lysoPEs) and  1-0-1-(2)-
octadecenyl-2-hydroxy-sn-glycero-3-phospho(N-{'*C]palmitoyl}
ethanalamine (N{"C{palmitoyl-1-octadecenyl-lysoPisEt) were pre-
pared from their corresponding N~{**Clacyl-PEs and N-{**C]palmitoyl-
1-octadecenyl-2-oleoyl-PIsEt, respectively, with group IB secretory
phospholipase A; purified from rat stomach as described previous-
ly {19]. sn-Glycero-3-phospho(N-['*C]palmitoyl)ethanolamine
{glycerophosphe-N-[ "*C]palmitoylethanolamine (['4C]GP-NPE))
was prepared from N-[**C]palmitoyl-1,2-dioleoyl-PE by alkaline hy-

drolysis and recovered in the organic layer by the method of Bligh and -

Dyer {20} after neutralization of the reaction mixture, The synthesized
radioactive molecules were purified by TLC prior to use,

2.3, Constructions of expression vectors

The cDNAs encoding C-terminally FLAG-tagged mGDE4 and mGDE7

were generated by RT-PCR. Construction of a pcDNA3,1(+) expression -

vector harboring cDNA for C-terminally FLAG-tagged mGDE4 was de-
scribed previously [16]. For mGDE7, total RNA was isolated with TRIzol
reagent from the kidney of mouse {C57BL/6, Japan SLC), and ¢cDNA was
then prepared by using Moloney murine leukemia virus reverse tran-
scriptase and random hexamer. We next prepared two ¢cDNA fragments

of mGDE7 by PCR using this cDNA as a template. The 5'-portion of
mouse GDE7 ¢cDNA was amplified with the forward primer 5'-CCAA
GCTTGGCGCCATGATCCCTCTCCTGTACT-3 and the reverse primer 5'-
GAAGGCCACTTCAAAATCCG-3, and its digestion with Hindlll and Pstl
gave a 0.34-kb fragment. The 3'-portion was amplified with the forward
primer 5'-GACCGGAATGAGATTACTATTTGGG-3' and the reverse primer
5'-ATCTCGAGCTACTTATCGTCGTCATCCTTGTAATCTGCGGCTTTTTITAAG
AGAAAGACAGGACAGGGC-3', and its digestion with Pstl and Xhol gave a
0.49-kb fragment. These primers were designed according to the cDNA
sequence (Genbank™ accession number NM_0242282), The two frag-
ments were sequentially inserted between HindIll and Xho! sites of
PCR3.1 vector. The obtained full-length cDNA for C-terminally FLAG-
tagged mGDE?7 was finally subcloned into an expression vecior

-pcDNA3.1(+) at the same sites, The cDNAs encoding C-terminally

FLAG-tagged hGDE4 and hGDE7 were synthesized by Takara Bio accord-
ing to the reported sequences (EU192951.1 and NM_024307.2, respec-
tively). The sequence for the FLAG-tagged hGDE4 consisted of 5'-
gegecaacaGGTACC, the coding region of EU192951.1 without the stop
codon, and ggatccgactacaaggatgacgatgacaagtagtaaTCTAGActgegec-3
{uppercase letters show the restriction sites). The synthesized DNA
was digested with Kpnl and Xbal, and inserted into the corresponding
sites of an expression vector pcDNA3.1/Hygro(+). The sequence for
the FLAG-tagged hGDE7 consisted of 5'-gcgccaacaCTCGAGgce, the
coding region of NM_024307.2 without the stop codon, and
ggatccgactacaaggatgacgatgacaagtagtAAGCT Tactgegec-37. The synthe-
sized DNA was digested with Xho! and Hind1ll, and inserted into the cor-
responding sites of pcDNA3.1/Hygro{—)}. The inserted cDNAs were
sequenced in both directions using an Applied Biosysterns 3130 Genetic
Analyzer (Thermo Fisher Scientific).

24. Immunocytochemistry

HEK293 cells were cultured at 37 °C on poly-L-lysine-coated 18-mm
glass coverslips in DMEM containing 10% FCS and 0.1 mM non-essential
amino acids in a humidified 5% CQ, and 95% air incubator, The cells were
then transfected with both of pDsRed2-ER vector (1 ug) and the expres-
sion vecter harboring ¢cDNA for GDE7 or GDE4 (1 ug) by using 6 ul of
Lipofectamine 2000 according to the manufacturer’s instruction. After
24 h, the cells were fixed with 4% paraformaldehyde in 0.1 M
phosphate-buffered saline (PBS) {pH 7.4) for 15 min. The fixed cells
were rinsed in PBS twice and permeabilized with 0.2% {w;/v} Triton X-
100 in PBS for 15 min, After blocking with 10% normal goat serum in
FBS for 1 h, the cells were incubated with anti-FLAG antibody (1:500 di-
lutiont} in 1% normal goat serum/PBS for 1 h at room temperature, The
cells were washed with PBS twice and labeled with Alexa 488-
conjugated anti-mouse IgG antibody (1:1000 dilution) in 1% normal
goat serum/PBS for 1 h. The specimen coverslips were mounted on
glass slides using Permafluor, a mounting medium, and were observed
with an LSM 700 confocal laser microscope {Carl Zeiss, Germany).

2.5, Expressions of recombinant GDE7 and GDE4

HEK293 cells were cultured to 70% confluency in a poly-t-lysine-
coated 100-mm dish containing DMEM with 10% FC5 and 0.1 mM
non-essential amino acids. The cells were then transfected with 16 pg
of the expression vector harboring ¢cONA for GDE7 or GDE4 by using
40 pl of Lipofectamine 2000. Control cells were also prepared by trans-
fection with the insert-free pcDNA3.1/Hygro(—) vector, For liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analyses,
the medium was changed to FCS-free DMEM at 24 h after the transfec-
tion. The cells were further cultured for 24 b, harvested by scraping, and
subjected to lipid extraction. For enzyrme assays, the celis were harvest-
ed by scraping at 48 h after the transfection and sonicated three times
each for 3 s in 50 mM Tris-HCl (pH 7.4). The cell homogenates were
then centrifuged at 105,000 x g for 55 min. The resultant pellets were
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suspended in 20 mM Tris-HCl {pH 7.4) and used as membrane
fractions.

2.6. Preparations of tissue homogenates

Male C57BL/G mice (8 weelks old, Japan 5LC) were anesthetized by
intraperitoneal injection of pentobarbital and sacrificed by decapitation.
The brains and kidneys were isolated, cut into small pieces, and homog-
enized in 9 times the volume (v/w) of ice-cold 20 mM Tris—-HC|
{pH 7.4)/0.32 M sucrose with a Polytron homogenizer. The homoge-
nates were centrifuged at 800 x g for 15 min, and the resuitant superna-
tants were used as “homogenates”. The protein concentration was
determined by the method of Bradford {21} with bovine serun alburnin
as a standard.

2.7. Western blotting

Protein samples were denatured in 20 mM Tris-HCl (pH 6,8} con-
taining 1% SDS, 4 M urea, 5% 2-mercaptoethanol, and 0.005%
bromophenol blue at 60 °C for 10 min, separated by SDS-PAGE on a
12% gel, and electrotransferred to a hydrophobic polyvinylidene
difluoride membrane (Immobilon-P), The following procedures were
performed at room temperature. The membrane was blocked with
PBS containing 5% non-fat dried milk and 0.1% Tween 20 for 1 h and
then incubated with anti-FLAG antibody (1:4000 dilution) in the
blocking buffer for 1 h, followed by incubation with horseradish
peroxidase-linked anti-mouse IgG antibody (1:10,000 dilution) in the
blocking buffer for 1 h. After the treatment with Pierce Western Blotting
Substrate Plus, FLAG-tagged proteins were visualized and their intensi-
ties were quantified with an ImageQuant LAS 4010 lumino-imaging an-
alyzer {GE Healthcare), Their expression levels were then estimated by
using a standard curve drawn with different amounts (1-30 pg of pro-
tein) of the membrane fraction from the hGDE7-expressing cells, The
enzyme activities were normalized to the respective expression levels
and expressed as relative values {(shown in parentheses, Fig. 4E).

2.8. Enzyme assays

Unless otherwise mentioned, the enzyme samples were incubated
with 25 pM N-["“C]palmitoyl-lysoPE (25,000 cpm, dissolved in 5  of
ethanol) at 37 °C for 30 min in 100 pi of 50 mM Tris-HCl {(pH 7.4} con-
taining 3 mM DTT, 3 pM URB597, and either 2 mM CaCl, {for GPE7} or
2 mM MgCl; (for GDE4). URB597 was used to inhibit fatty acid amide
hydrolase, an enzyme degrading N-acylethanolamines [22,23]. The re-
actions were terminated by the addition of 0.32 ml of a mixture of chlo-
roform/methanol (2:1, v/v) containing 5 mM BHA. After centrifagation,
100 pl of the organic phase was spotted on a silica gel thin-layer
plate (10-crn height), and TLC was developed at 4 °C for 20 min with a
mixture of chloroform/methanot/acetic acid {90:10:5, v/v). For
the assays in Fig. 5, 25 M of N-['*C|palmitoyl-PE, N-[**Cloleoyl-
lysoPE, N-[**Clarachidonoyl-lysoPE, and N-['“C]palmitoyl-lysoPIsEt
(25,000 cpm, dissclved in 5 p! of ethanol) were also used as radicac-
tive substrates in the same reaction mixture,

For the assay of glycerophospho-N-acylethanclamine-hydrolyzing
activity (Fig. 5), the enzyme samples were incubated with 25 pM
["C]GP-NPE (25,000 cpm, dissolved in 5 wl of ethanol) under the
same assay cenditions 13,16}, The reactions were terminated by the ad-
dition of 0.32 ml of a mixture of chloroform/methanel/1 M citric acid
{8:4:1, v/v} containing 5 mM BHA. The organic phase was subjected to
TLC at 4 °C for 20 min with a mixture of chloroform/methanol/28% am-
monium hydroxide (80:20:2, v/v). ’ :

For the assay of lysoPC-hydrolyzing activity (Figs. 5 and 6E), the en-
zyme samples were incubated with 25 UM of 1-["*C]palmitayl-lysaPC
(25,000 or 10,000 cpm, dissolved in 5 [ of ethanol) under the same
assay conditions except that the phosphatase inhibitor sedium
orthovanadate at 100 pM, instead of URB597, was added [1G] to protect

the produced [**CJLPA from degradation [24], The reactions were termi-
nated by the addition of 0.32 ml of a mixture of chloroform/methanol/
1 M citric acid (8:4:1, v/v) containing 5 mM BHA, TLC was developed
at 4 °C for 25 min with a mixture of chloroform/methanol /formic acid/
water (60:30:7.3, viv).

After TLC development, the radioactivities of the substrates and
products on the plate were quantified by a FLA7000 image anaiyzer
{FUJIFILM, Tokyo, Japan). The enzyme activity was then calculated
based on both the radioactivities, Since the recovery rate of [**C]GP-
NPE in the organic layer was as low as around 50%, the radioactivities
of this substrate were normalized by multiplying the measured values
by 2. All the enzyme assays were performed in triplicate.

2.9. Lipid analyses by LC-MS/MS

Lipids were extracted from cells by the modified method of Bligh and
Dyet, essentially as described previously [25]. [n this method, celis were
suspended in 3.8 ml of a mixture of chloroform/methanol/0.05 M Kl
(1:2:0.8, v/v) on ice followed by souication for 10-20 s. Internal stan-
dards were then added to this suspension. After standing for 20 min on
ice, the mixture was centrifuged at 1200 x g for 10 min. The supernatant
was withdrawn, and the resultant pellet was mixed with 1.9 ml of chlo-
roform/methanol/water (1:2:0.8) followed by centrifugation. The super-
natants were combined, and 1.5 mt each of chloroform and water were
added to the sample to produce phase separation. After centrifugation
of the mixture, the organic lower phase was withdrawn. The upper
layer was mixed with 3 mi of chloroform/methanel (17:3}, and the mix-
ture was centrifuged. The solvent of the combined lower layers was
evaporated under a stream of nitrogen gas, and the obtained lipid extract
(Extract A} was reconstituted in 0.1 mi of methanol/water (95:5) con-
taining G.05 M ammenium formate (Solvent A) in a glass insert set in a
brown glass vial for LC-MS/MS for N-acylethanolamines. The remaining
aqueous layer was acidified to pH 2.0-2.5 with 1 M HCI, and 3 m! of chlo-
roform/methanol (17:3) mixture was added, followed by centrifugation.
Alarge portion of LPA was recovered into the resultant organic layer. This
procedure was repeated. Thus obtained lipid extract (Extract B) was
dried down in a glass insert set in a brown vial under a stream of nitrogen
gas, and reconstituted in 0.1 ml of Solvent A for quantification of LPAs.

LC-MS/MS was performed on a quadrupole-linear ion trap hybrid
mass spectrometry system, 4000 Q TRAP {Applied Biosystems/MDS
Sciex, Concord, Ontario, Canada} with a 1100 liquid chromatography
system {Agilent Technologies, Witmington, DE, USA)} combined with
an HTS-PAL autosampler (CTC Analytics AG, Zwingen, Switzerland), as
described previously [13,16]. N-acylethanolamine species in Extract A
were analyzed by liquid chrematography on a Supelco Ascentis Express
C18 reverse phase column (100 mm x 2.1 mm, 2.7-um particle size)
with Solvent A at a flow rate of 0.15 ml/min. LPA species in Extract B
were separated by the use of a Tosoh TSK-ODS-100Z column
{150 mm x 2 mm, 5-um particle size) with Solvent A at a flow rate of
0.20 ml/min. Routinely, 5- aliquots of the test solutions in an insert’
were applied using the autosampler. The positive ion mode of operation
with multiple reaction monitoring was used for N-acylethanolamine
species. Q1 was set to the protonated molecular ion as the precursor
ion, and [ethanolamine]™ at m/z 62 was selected as the fragment
ion for Q3. The negative ion mode of operation with multiple reaction
monitoring was used for LPA species, and [deprotonated cyclic
glycerophosphate}™ at m/z 153 was selected for Q3 in combination
with the deprotonated molecular ion as Qt. The molecular species of
N-acylethanolamine and LPA were quantified using deuterated
palmitoylethanolamide and 1-heptadecanoyl-LPA as internal standards,
respectively. Values were represented as pmol/mg of protein.

210, RT-PCR

Total RNAs were isolated with TRIzol reagent from various tissues of
C57BL/6 mice (male, 8 weeks old, Japan SLC). ¢cDNAs were then
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prepared from 5 ug of total RNA by using Moloney murine leukermia virus
reverse transcriptase and random hexamer, and were subjected to PCR
amplification by Ex Taq DNA polymerase. To examine distribution in
human tissues, human MTC Multiple Tissue cDNA Panels I and IT were
used as templates for PCR amplification. The forward and reverse
primers were as follows: for mGDE7, 5'-CCTGTCCCGCCAGTCAGGCCTA
AATAAGG-3' and 5'-GCCCCAGGTAGTAGAGCAGCAGTATCCAG-3' {nucle-
otides 324-352 and 672-700, respectively, in GenBank™ accession
number NM_024228.2); hGDE?, 5-CCTGTGCCGCCAGTCGGGCCTAAACA
GGG-3 and 5'-GCCCCAGGTAGTAGGAAAGCAGCACCCAG-3' (nucleotides
346-374 and 694-722, respectively, in NM_024307.2); hGDE4, 5'-CAGC
GATTCCTCAGTAAACACATCTCTCAC-3 and 5'-GGTTCTTTTAGCTTCAGTAT
AATAGAAGGC-3' (nucleotides 249-278 and 836-865, respectively, in

NM_182569.3). The PCR conditions used were as follows: for mGDE7, -

denaturation at 94 °C for 48 s, annealing at 66 °C for 48 s, and extension
at 72 °Cfor 48 s {30 cycles); for hGDE7, denaturation at 94 °C for 48 s, an-
nealing at 51 °C for 48 s, and extension at 72 *C for 48 5 {30 cycles); for
hGDE4, denaturation at 94 °C for 48 s, annealing at 54 °C for 48 s, and ex-
tension at 72 °C for 48 s (33 cycles). PCRs for glyceraldehyde-3-
phosphate dehydrogenase {GAPDH), a housekeeping gene, of humans
[26] and mice [11} were performed as described previously. PCR prod-
ucts were electrophoresed on agarose gels and stained with ethidium
bromide. PCR analyses of human tissue ¢cDNA panels were repeated
three times, and RT-PCR analyses of mouse tissue RNAs were performed
three times with different animals. Similar results were obtained from
each analysis, and representative results were shown in Fig, 8,

3. Results
3.1, Functional expressions of GDE7 and GDE4

Fig. 2 shows the dignment of the deduced amino acid sequences of
hGDE7, mGDE7, hGDE4, and mGDE4. The estimated molecular masses

were 36.6, 38.5,36.2, and 35,9 kDa, respectively. The identities of the de-
duced amino acid sequences between GDE7 and CDE4 were 42.2%
(human} and 40.3% (mouse). The identity between hGDE7 and
mGDE7 was 77.6%, These proteins were predicted to contain two trans-
membrane domains. We prepared cDNAs encoding these four proteins
tagged with a FLAG sequence at C-termini and transiently expressed
these FLAG-tagged proteins in HEK293 cells as described in Materials
and Methods. Te examine the intracellular distribution, the cells were
immunostained with anti-FLAG antibody and observed with a confocal
laser-scanning microscope. As for hGDE7, punctate signals were ob-
served throughout the cytoplasm (Fig. 3A). Co-intreduction of
DsRed2-ER, a fluorescent protein targeted to endoplasmic reticulum
(ER) with the aid of the ER targeting sequence of calreticulin and the -
ER retention sequence {KDEL), revealed that the GDE7 signals partially
colocalized with this ER marker. On the other hand, most of the signals
for hGDE4 colocalized with DsRed2-ER, suggesting its predominant lo-
calization in ER (Fig. 3B). We also ¢bserved that the distributions of
mGDE7 and mGDE4 are similar to those of hGDE7 and hGDE4, respec-
tively (data not shown). These results were in good agreement with
the previous observations for hGDE4 [27), mGDE7 [17], and mGDE4
(171

We next allowed the membrane fractions to react with-N-["C]
palmitoyl-lysoPE and separated the radioactive praduct from the re-
mairting substrate by TLC. Western blotting with anti-FLAG antibody
confirmed the expressions of each recombinant protein (Fig. 4A
and B}. Since we found that the enzyme activities of GDE7 and GDE4
were stimulated by CaCl, and MgCl,, respectively (details shown in
Fig. GA and B), either of these divalent cations was added to the reaction
mixtures at 2 mM for the optimal conditions. The membrane fractions
of the cells expressing mGDE4 produced the radioactive band corre-
sponding to | "*C|palmitoylethanolamide (Fig. 4D), which is in agree-
ment with our previous result {16], The activity was estimated to be
3.8 nmol/min/mg of protein {Fig. 4E). Similarly, the membrane fractions

hGDE7 59
mGDE7 : 5%
hGDE4 HRGGHGB LENTM A )
mGDE4 -"HRGGHGE LENTI—SH 60
hGDE7Y 119
mGDE7 119
hGDE4 120
mGDE4 120
hGDE7 - 179
mGDE7 179 .
hGDE4 180
mGDE4 180
hGDE7 TP 239
mGDE7 R TEESFFL 239
hGDE4 g TLELFF 240
mGDE4 N 240
hGDE7 240 JWSLNEE:T ] 44 299
mGDE7 240 n’«LNEE 299
hGDE4 241 LNEE )k 4 300
mGDE4 241 LNEE}$25'4 300
hGDE7 300 318
mGDE7? 300 330
hGDE4 301 314
mGDE4 301 314

Fig. 2. Deduced amino acid sequences of hRGDE7, mGDEY, hGDE4, and mGDE4. The sequences are aligned using the program GENETYX-MAC (version 17). Closed and shaded boxes indicate
identity in all four and any tiree polypeptides, respectively. Underlines denote putative transmembrane domains common to the four proteins predicted by TMHMM 2.0 program {44},
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Anti-FLAG (hGDE7) DsRed2-ER

hGDE7

Anti-FLAG (hGDE4) DsRed2-ER

hGDE4

Fig. 3. Intracellular localization of GDE7 and GDE4. HEK293 cells were transfected with the expression vectors for DsRed2-ER and either FLAG-tagged hGDE7 (A) or hGDE4 (B). The cells
were then immunostained with anti-FLAG antibody and observed with a confocal laser-scanning microscope. Signals for FLAG-tagged enzymes (hGDE7 and hGDE4) and DsRed2-ER are
shown in green and red, respectively. The overlap of both signals is shown in yellow (Merged). Scale bar, 10 pm.
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Fig. 4. LysoPLD activities of hGDE7 (h7), mGDE7 (m7), hGDE4 (h4), and mGDE4 (m4) toward N-|"*C|palmitoyl-lysoPE. HEK293 celis were transfected with the insert-free vector (mock) or
the expression vector harboring cDNA for one of the four FLAG-tagged enzymes. (A and B) the membrane fractions (10 and 20 pg of protein in A and B, respectively) were analyzed by
Western blotting with anti-FLAG antibody. (C-E) the membrane fractions (0.6 and 2 pg of protein in C and D, respectively) were allowed to react with 25 uM of N-|'“C]palmitoyl-lysoPE
in the presence of either 2 mM CaCly (C) or 2 mM MgCly (D). The produced ['*Clpalmitoylethanolamide was separated by TLC (C and D) and quantified, The calcutated lysoPLD activities
are expressed per one milligram of total proteins in the membrane fractions (a bar graph in E, mean values = $.D.,n = 3). The activities normalized to the respective expression levels are
also expressed as relative values (parentheses in E). Arrowheads indicate the positions of the origin and authentic compounds on the TLC plates. N-Pal-lysoPE, N-palmitoyl-lysoPE; PEA,
palmitoylethanoldmide. **, P< 0.01 compared with mock (ANOVA followed by Dunnett's test).
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of the cells expressing hGDE? and mGDE7 as well as hGDE4 hydrolyzed
N-{'*C]palmitoyl-lysoPE to [*C]palmitoylethanolamide at the rates of
45,15, and 1.9 nmol/min/mg of protein, respectively (Fig. 4C~E), In con-

- trast, the membrane fraction of the control cells produced only a trace
amount of ['C]palmitoylethanalamide (<0.14 nmol/min/mg of
protein). Since the expression levels of the FLAG-tagged proteins were
different from each other (Fig. 4A and B}, the activities were normalized
to the respective expression levels, The relative values for hGDE7,
mGDE?, hGDE4, and mGDE4 were estimated to be 5.5, 1.0, 3.1, and
3.0, respectively (the parentheses in Fig, 4E). These results showed
that GDE7 as well as GDE4 can hydrolyze N-acyl-lysoPEs to N-
acylethanolamines by using lysoPLD activities, When examined at dif-
ferent pH from 4 to 11, mGDE7 showed the highest lysoPLD activity at
pH 7.4-8.0 {data not shown).

3.2 Substvate specificities of recombinant GDE7 and GDE4

The sequence similarity of GDEZ to GDE4 encouraged us to examine
whether both the proteins have similar substrate specificities or not. We
then tested various N-acyl-lysoPEs and refated molecules for the phos-
phodiesterase activities of these four enzymes. As shown in Fig. 5‘.

A

hGDE?

1887

these enzymes hydrolyzed all of N-['*Clacyl-lysoPEs with different N-
“acyl species; N-oleoyl-lysoPE and N-arachidonoyl-lysoPE in addition to
N-palmitoyl-lysoPE. The enzymes also hydrolyzed N-{*“C]palmitayl-
lysoPIsEt. GDE4 reacted with N-['*C|palmitoyl-lysoPIsEt and N-|'4C]
palmitoyl-lysoPE at similar rates, wiile the activity of GDE7 toward
the former substrate was lower than that toward the Jatter substrate.
As reported with mGDE? and mGDE4 by Ohshima et al, [17} and with
mGDE4 by us [16}, 1 *Clpalmitoyl-lysoPC was hydrolyzed by mGDE7
and mGDE4. The same reaction was also seen with hGDE7 and hGDE4.
As compared with the reaction rates for N-['*CJpalmitoyl-lysoPE,
those of hGDE7 and mGDE7 for 1-[**Cipalmitoyl-lysoPC were 1.2- and
2.3-folds higher, respectively, while those of hGDE4 and mGDE4 were
only 9% and 10%, respectively. As for the reactivity with GP-NPE, a
great difference was seen between GDE4 and GDE7. Although the mem-
brane fraction of control cells showed a considerable [“C]GP-NPE-hy-
drolyzing activity in the presence of MgCl,, this reaction occurred at
higher rates with the membrane fractions of the cells expressing
hGDE4 and mGDE4 in accordance with our previous results shown by
purified mGDE4 [16). In contrast, hGDE7 and mGDE7 were almost inac-
tive with [*4CJGP-NPE. The N-[C]palmitoyl-PE-hydrolyzing activities
of both GDE7 and GDE4 were below the detection limit, indicating

mGDE7 mock
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N-Pai-lysoPIsEt
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Fig. 5. Substrate specificities of hGDEY, mGDE?, hGDE4, and mGDE4. HEK293 cells overexpressing hGDE? and mGDE7 {A} as well as hGDEA and mCDE4 (B} and control cells {mock in A
and B) were used to prepare membrane fractions, The membrane fractions (0.3-1 pg of protein in A and 1-2 pg of protein in B) were allowed to react with the indicated C-labeled
molecules at 25 uM in the presence of either 2 mM CaCl; (A) or 2 mM MgCl {B), BHA at 10 WM was added to the reaction mixtures when the substrate was N-['*Clarachidonoyl-lysoPE
in order to protect arachidonic acid-containing molecules from autooxidation. The products were separaced by TLC, and the calculated enzyme activities are expressed as mean values +
.. (n = 3). Ara, arachidonoyl; Ole, aleoyt; Pal, palmitayl, *, P< 0.05; **, P< 0.01 compared with N-paimitoyl-lysaPE (ANGVA followed by Dunnett's test).
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that neither enzyme has any NAPE-PLD-like activities. These results
showed that GDE7 as well as GDEA4 is a lysoPLD that is active with vari-
ous lysophospholipids, including different species of N-acylated etha-
nolamine lysaphospholipids,

3.3. Effects of divalent cations on the catalytic activity of GDE?

it was previously reported that the enzyme activities of GDE1 [15]
and GDE4 [16] were enhanced by Mg2™ and inhibited by Ca?t. We
then examined the modulatory effects of 2 mM of various divalent cat-
ions on the N-{"“C]palmitoyl-lysoPE-hydrolyzing activities of hGDE7
(Fig. 6A} and hGDE4 (Fig. 6B). hGDE7 activity was as high as

A
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28.0 nmol/min/img of protein even in the absence of the exogenous di-
valent cations. The complete inhibition of the activity by 2 mM EDTA
suggested that a certain endogenous divalent cation(s) contained in
the membrane fraction potently stirmulates GDE7 activity, Mg * re-
duced this activity to 54%, while Ca* enhanced it 1.5-fold. Fe®>* and
Co?* almost completely inhibited the activity. These results showed
that Ca** rather than Mg?* is a candidate divalent cation for stimulat-
ing GDE7 activity. In contrast, hGDE4 activity was increased by 10.0-fold
in the presence of Mg**. Mn2* also enhanced the activity of GDE4 by
8.9-fold. Other divalent cations tested, including Ca®*, were inhibitory
or ineffective. Since 2 mM EDTA completely abolished the GDE4 activity,
the low activity detected in the absence of exogenous cations was
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Fig. 6. Divatent cation requirerments of GDE7 and GDE4. HEK293 cells overexpressing hGDE7 (closed columns and circles) or 'GDE4 (hatched columns and open circles) and control cells
(open columns}) were used to prepare membrane fractions. The membrane fractions (03 pig (A, €, and E), 2 pg (B), and 5 pg (D) of protein) were allowed to react with N-['*Clpatmitoyl-
lysoPE (A-D) or 1-[“Clpalmitoyl-lysoPC (E) at 25 pM., (A and B) the reactions were performed in the presence of the indicated divalent cations as 2 mM ofchtloride saltor 2 imM EDTA or in
their absence (None). (C-E) the reactions were performed in the presence of the indicated concentrations of free Ca?+, which were prepared by mixing 100 UM of EGTA and increasing
concentrations of CaCly [45). In E, the reactions were also performed in the presence of 100 M EGTA and T mM Mgl The lysoPLD activities ave expressed as mean values 4+ SD, (= 3),
“ P<005;*, P<0.01 compared with the absence of divalent cations or EDTA (A and B} or the absence of Ca®* (C-E) (ANOVA followed by Dunnett's test).
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presumably attributed to divalent cations contained in the membrane
fraction.

We thus examined the lysoPLD activities of hGDE7 and hGDE4 in the
presence of increasing concentrations of free Ca®* by using Ca? "-EGTA
luffer (Fig. 6C and D). Free Ca** dose-dependently stimulated the N-
palmitoyi-lysoPE-hydrolyzing activity of GDE7, and the Ca®* concen-

tration required for a significant increase was as low as 1 WM. Contrary .

to GDE7, the activity of GDE4 was decreased depending on the increase
in free Ca*, The stimulatory effect of Ca?* on hGDE7 activity was also
observed with the substrate 1-["*C]palmitoyl-lysaPC (Fig. GE}. The sig-
nificant increase was caused by 0.1 pM or higher concentrations of
free Ca*™. In the presence of 100 uM EGTA, 1 mM MgCl, showed no
stimulatory effect. These results showed that the lysoPLD activity of
GDE7 is stimulated by low concentrations of Ca?+, and GDE7 was clear-
ly distinguishable from GDE4 in this respect.

3.4, LC-MS/MS analyses of GDE7-expressing cells

We examined the effects of hGDE7 expression on endogenous levels
of N-acylethanolamines and LPAs in HEK293 cells. LC-MS/MS analyses
showed that most of N-acylethanolamine and LPA species were in-
creased in hGDE7-overexpressing cells; however, the increased levels
of several species were not statistically significant (Fig. 7). The total
amounts of N-acylethanolamine and LPA species in the hGDE7-
expressing cells were higher than those in control cells by 1.6- and
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Fig. 7. Endogenous fevels of N-acylethanolamines and LPAs in hGDE7-expressing HEK293
cells. HEK293 cells overexpressing hGDE? (closed columns} or contral cells (open columns)
were analyzed for various molecular species of N-acylethanolamines {A) and LPAs {B) by
LC-MS/MS. Bars represent mean vafues £ $.D. (= 3). ", P<0.05; ™, P< 0.61 compared
with control cells as analyzed by t-test.

2.5-folds, respectively. Thus, GDE7 was suggested to function as an N-
acylethanolamine-generating lysoPLD in intact cells.

3.5. Tissue distributions of hGDE7, hGDE4, and mGDE7

The tissue distributions of mRNAs for hGDE7, hGDE4, and mGDE?
were examined by RT-PCR {Fig. 8). Both of hGDE7 and mGDE7 mRNAs
were widely distributed in various tissues, In particular, i(GDE7 mRNA
was the most abundant in the tissues of kidney and ovary, followed by
placenta and prostate, while mGDE7 mRNA was predominantly
expressed in stomach and kidney. On the other hand, hGDE4 mRNA
was widely distributed with the most abundant expression in testis,
The abundant expression corroborated our previous findings [16),
which reported high expression levels of mGDE4 mRNA in testis. How-
ever, mGDE4 mRNA was also abundant in digestive tracts and brain
[16]. We next selected kidney and brain of mouse as the tissues that
highly expressed mGBE7 or hardly expressed it, respectively, and
allowed the homogenates of these tissues to react with N-[**(]
palmitoyt-lysoPE and N-[*C]palmitoyl-lysoPIsEt in the presence of
2 mM EGTA or EDTA or in their absence {Fig. 9). The formation of
['*C]palmitoylethanolamide from both the substrates was completely
abolished by the addition of EDTA to both tissue homogenates, showing
that endogenous lysoPLD(s) absolutely requires divalent cations. Inter-
estingly, the effect of EGTA was different between brain and kidney. In
brain, EGTA did not significantly decrease the lysoPLD activity toward -
N-{"*Clpalmitoyl-lysoPE or N-{**C]palmitoyl-lysoPIsEt, while in kidney
EGTA decreased these activities to 36% and 53%, respectively. These re-
sults might be related to the different expression levels of GDE7 be-
tween these two tissues and suggested that the N-acylethanolamine-
forming lysoPLD activity in mouse kidney is at least in part attributed
to GDE7.

4, Discussion

Bioactive N-acylethanolamines are formed from NAPE through
NAPE-PLD-dependent single-step and NAPE-PLD-independent multi-
step pathways {9,10]. [t was previously shown that members of the
GDE family are invalved in the latter pathway. Namely, mouse GDE1
showed a robust glyceroplhiospho-N-acylethanolamine-hydrolyzing
phosphodiesterase activity [13,15,16] and a weak N-acyl-tysoPIsEt-hy-
drolyzing lysoPLD activity [13,16] to produce N-acylethanolamines.
We also showed that mGDE4 can hydrolyze N-acyl-lysoPisEt and N-
acyl-lysoPE as well as glycerophospho-N-acylethanolamine to N-
acylethanolamine [186].

In the present study, we overexpressed recombinant proteins of
human and mouse GDE7 as well as human and mouse GDE4, and com-

" pared their catalytic properties, including the substrate specificities.

We first showed that the substrate specificity of hGDE4 is similar to
that of mGDE4. Both GDE4s could hydrolyze varicus N-acylated
tysophospholipids (N-palmitoyl-lysoPIsEt, N-palmitoyl-lysoPE, N-
oleoyl-lysoPE, and N-arachidonoyl-lysoPE) and GP-NPE. Next, we
showed for the first time that hGDE7 and mGDE?7 also hydrolyze various
N-acylated lysophospholipids to produce the corresponding N-
acylethanolamines. The substrate specificity was found to be similar
for both hGDE7 and mGDE7. When compared with GDE4,
glycerophospho-N-acylethanolamine-hydrolyzing activity of GDE7
was much lower, Furthermore, while N-acyl-lysoPE-hydrolyzing activi-
ty of GDE4 was as potent as its N-acyl-lysoPlsEt-hydrolyzing activity,
GDE7 preferred N-acyl-lysoPE to N-acyl-lysoPisEt. Since N-acyl-lysoPE
and N-acyl-lysoPIsEt have an ester and ether bond, respectively, at sn-
1 position, the higher reactivity with N-acyl-lysoPE was consistent
with previous observations that mGDE7 preferred 1-acyl-lysoPC to
lyso-platelet activating factor (1-allgyl-lysoPC) while the substrate pref-
erence of mGDE4 was reverse [17], Our LC-MS/MS data showed that the
overexpression of IGDE7 resulted in increases in most molecular spe-
cies of N-acylethanolamines as well as LPAs. This finding suggested

1883 -
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Fig. 8. Tissue distrilrution of mRNAs for hGDE?, hGDE4, and mGDE7, ¢DNAs from the indicated tissues of uman {A) and inouse (B) were analyzed by PCR using primers specific for GDE7,
GDE4, and GAPDH (a centrol). Br, brain; Thy, thymus; He, heact; Lu, lung: Sp, spleen; St, stomach; Ly, liver; e, ileum; Col, colon; Kid, kiduey: Tes, testis; $M, skeletal tnuscle: Pan, pancreas:

Prs, prostate; Ov, avary: Pla, placenta; PL peripkeral [eukocytes.

that GDE7 functions as an N-acylethanolamine-generating lysoPLD in

intact cells.

Although both GDE7 and GDE4 had lysoPLD activities, the divalent
cations required for their full activities were quite different from each
other. Since EDTA abolished the activities of both enzymes, divalent cat-
ions were considered to be indispensable for their lysoPLD activities.
Most interestingly, GDE7 was stimulated by Ca** in the micromolar
range but was not activated by exogenous Mg?™*. In contrast, GDE4
was activated by Mg? " but insensitive to Ca?™, as was previously
shown {16]. Since we used GDE7-expressing crude membrane fractions
as enzyme sources, it was lilkely that they contained a low concentration
of Ca** and therefore exhibited a considerable lysoPLD activity without
adding exogenous Ca?*, Thus, its Ca?*-dependency became evident
when CaZ+-EGTA buffer was used. Furthermore, we could not rule out
- the possibility that other interacting protein(s) in the membrane frac-
tion conferred the sensitivity to divalent cations, as reported with cal-
modulin and Ca?*/calmodulin-dependent protein kinase 1l [28]. Both
GDE7 and GDE4 were insensitive to Ca®* in sharp contrast to the potent
activation of autotaxin, a well-characterized LPA-generating lysoPLD, by
Ca?* [28,20]. The GDE family in mammals comprises seven members
called GDE1-7 and most of thern function as phosphodiesterases hydro-
lyzing glycerophosphodiesters (GDE1-5) and lysophospholipids (GDE4
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Fig. 9, The effects of EGTA and EDTA on lysaPLD activities of the tissue homogenates from

mouse brain and kidney. The tissue homogenates (5 pg of protein) were allowed to react
with 25 pM of N-|"C|palmitoyi-lysoPE or N-{'*C|palmitoyl-lysaPisEt in the presence of
2 miM of EGTA or EDTA or in their absence. The lysoPLD activities are expressed as mean
values £ SD.{n = 3}, P< 0.01 compared with control (ANOVA fallowed by Dunnett’s
test).

and GDE7}{16,17,31,32]. Not only GDE4 but also GDE1 were reported to
be stimulated by millimolar concentrations of Mg2* and be insensitive
to Ca®* [15,33}. GDE5 was also active in the presence of 10 mM Mg**+
but not in the presence of 1 mM Ca®* {34]. In contrast, 0.5-10 mM of
Ca®* stimulated GDE3 activity and Mg?* was not required for its activ-
ity [35]. However, it was not investigated whether micromolar concen-
trations of Ca** activate GDE3.

All types of mammalian Ca® t-dependent phospholipase € have EF-
hand and €2 domains, known as Ca®*-binding motifs [36-38]. Howev-
er, GDE7 does not appear to have any EF-hand or C2 domains, and thus
the molecular mechanism of the activation by Ca? T remains unclear.
GDE7 and GDE4 have two hydrophobic regions near the N~ and C-
termini. GlpQ and UgpQ are bacterial proteins structurally similar to
GDE family members and have similar hydrophobic regions to those
of GDE7 and GDE4 [31]. Interestingly, GIpQ was activated by millimolar
concentrations of Ca?* and inhibited by 4 mM of Mg®" [39], while
UgpQ was stimulated by 1~5 mM of Mg2*, but not by 5 mM of Ca®*
[40]. These results suggested that a certain structural difference
an;gng the GDE family proteins determines the preference for Ca®* or
Mg2t.

Autotaxin is an ecto/exo-enzyme generating LPA outside the cells
f41.42]. In contrast, when overexpressed in HEK293 ceils, recombinant
GDE7 mostly resided in the membrane structures inside the cells
{Fig. 3) and the release of GDE7 into culture medium was not observed
{data not shown). GDE7-catalyzed LPA generation from lysoPC, the
most common precursor of LPA, was also activated by micromolar con-
centrations of Ca?*. These findings suggested that GDE7 produces LPA
inside the cells in response to physiological stimuli, which increase in-
tracellutar Ca®* levels,

As to the tissue distribution of mRNAs for GDE7 and GDE4, both
mRNAs were expressed in various tissues of humans and mice. GDE7
mRNA was abundantly expressed in kidney of both humans and mice.
Mouse stomach also highly expressed GDE7 mRNA, as was reported
by Ohshima and others [17]. However, we could not examine its level
in human stomach since the cDNA was unavailable. We and others pre-
viously reported the tissue distribution of GDE4 mRNA in mice, showing
abundant expression in brain, stomach, small intestine, colon, and testis
[16,17]. In the present study, we showed that GDE4 mRNA was highly
expressed in brain and testis of humans.

These results suggested that GDE7 is involved in the NAPE-PLD-
independent N-acylethanolamine formation but plays a different role
from GDE4 in terms of substrate specificity, Ca* *-dependency, and tis-
sue distribution. In accordance with these findings, the decrease in the
N-acylethanolamine-farming lysoPLD activity by EGTA was observed
in kidney but not in brain, suggesting the partial contribution of Ca**+
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dependent enzyme(s), such as GDE7, to the kidney activity. On the
other hand, Mg* *-dependent enzyme(s), including GDE4, may be dom-
inant in mouse brain. Earlier, it was reported that the lysoPLD activity
toward lysoPAF (1-0-alkyl-2-lyso-sn-glycero-3-phosphocholine) in
the microsomal fractions from rabbit and rat kidney was stimulated
by 5 mM of Ca** [43], while the lysoPLD in rat liver, rat brain, and
mouse brain was stimulated by Mg?* [13,43]. These Ca?*- and Mg?*-
dependent lysoPLD activities may be at least partially attributed to
GDE7 and GDE4, respectively.

In conclusion, we found that GDE7 as well as GDE4 acts as a lysoPLD
to produce N-acylethanolamines and LPAs. Micromolar concentrations
of Ca®* stimulated the lysoPLD activity of GDE7 that makes this enzyme
catalytically distinct from other members of the GDE family, such as
GDEA. Further studies on GDE7 are required to elucidate its physiologi-
cal contribution to the biosynthesis of N-acylethanolamines and LPAs.
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