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Diacylglycerol (DG) lipase, which hydrolyses 1-stear-
oyl-2-arachidonyl-sn-glycerol to produce an endocanna-
binoid, 2-arachidonoylglycerol, was purified from the
soluble fraction of rat brain lysates. DG lipase was
purified about 1,200-fold by a sequential column chro-
matographic procedure. Among proteins identified by
mass spectrometry analysis in the partially purified
DG lipase sample, only DDHD domain containing
two (DDHD?2), which was formerly regarded as a
phospholipase A;, exhibited significant DG lipase activ-
ity. Rat DDHD2 expressed in Chinese hamster ovary
cells showed similar enzymatic properties to partially
purified DG lipase from rat brain. The source of DG
lipase activity in rat brain was immunoprecipitated
using anti-DDHD?2 antibody. Thus, we concluded that
the DG lipase activity in the soluble fraction of rat
brain is derived from DDHD2. DDHD?2 is distributed
widely in the rat brain. Immunohistochemical analysis
revealed that DDHD?2 is expressed in hippocampal neu-
rons, but not in glia.

Keywords: 2-arachidonoylglycerol/diacylglycerol/
endocannabinoid/lipase/phospholipase.

Abbreviations: 2-AG, 2-arachidonoylglycerol; CHO,
Chinese hamster ovary; CNS, central nervous system;
DAB, 3,3’-diaminobenzidine; DG, diacylglycerol;
DMSO, dimethylsulfoxide; DOC, sodium deoxycho-
late; DSI, depolarization-induced suppression of in-
hibition; HA-rDDHD?2, HA-tagged rat DDHD?2;
HRP, horse radish peroxidase; IP, immunoprecipita-
tion; MS/MS, tandem mass spectrometry; PBS,
phosphate-buffered saline; PBS-T, PBS containing
0.1% Tween 20; PLAT1, phospholipase A;; PLC,

phospholipase C; ppt, precipitate; RACE, rapid
amplification of cDNA ends; RHC80267, 1,6-
bis(cyclohexyloximinocarbonylamino)hexane; SAG,
1-stearoyl-2-arachidonoyl-sn-glycerol; SDS-PAGE,
sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis; sup, supernatant; TG, triacylglycerol; THL,
tetrahydrolipstatin; TLC, thin-layer chromatography.

Diacylglycerol (DG) lipase is a key enzyme in the path-
way of 2-arachidonoylglycerol (2-AG) biosynthesis
(I/-3). 2-AG, an endocannabinoid, induces various ef-
fects by acting on cannabinoid receptors, CB1 and
CB2 (/—3). CBI is highly expressed in the central ner-
vous system (CNS) (4, 5). An important physiological
function of 2-AG is the modulation of neurotransmis-
sion through CBIl in the CNS. 2-AG has been
shown to modulate long-term potentiation, a model
for learning and memory (6). Depolarization-induced
suppression of inhibition (DSI) is a well-studied elec-
trophysiological process involving endocannabinoids,
especially 2-AG (6—8). DSI is the phenomenon
whereby post-synaptic depolarization induces inhib-
ition of the release of the neurotransmitter gamma
aminobutyric acid. DSI is thought to be one of the
mechanisms of short-term synaptic plasticity in the
hippocampus.

Endocannabinoid signalling also contributes to a
wide range of processes including axonal growth and
guidance during development, adult neurogenesis and
many behavioural responses (9—11).

The main pathway for the biosynthesis of 2-AG is
thought to be the hydrolysis of arachidonic acid-con-
taining DG at the sn-1 position. DG is produced from
inositol phospholipids by phospholipase C (PLC)
through the activation of metabotropic glutamate re-
ceptor (12, 13). Bisogno et al. reported the cDNA clon-
ing of two sn-1 DG lipases, DGLa and DGLS (14).
These enzymes are membrane proteins and cleave the
fatty acid at the sn-1 position of DG. Analysis of
DGLa-deficient mice revealed that 2-AG produced
by DGL« is required for DSI in hippocampal neurons
(15, 16). 1t is unknown whether other DG lipases are
involved in the modulation of neurotransmission. DG
lipase activity in bovine aorta was observed in the sol-
uble fraction, but not in the membrane fraction (17,
18), which indicated that the activity was not derived
from DGL« or DGLS. Attempts have been made to
purify the soluble DG lipase, but it has not yet cloned.

In this study, we purify DG lipase in the soluble
fraction of rat brain wusing sequential column
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chromatography and show that DDHD domain con-
taining two (DDHD?2), also known as phospholipase
A (PLA)), is responsible for the DG lipase activity.

Materials and Methods

Materials

l—Stearoyl—2—[1—14C]arachidonoyl—sn—glycerol (["*CISAG) was pur-
chased from GE Healthcare (Little Chalfont, UK). 1-Stearoyl-2-
[1-1*C] arachidonoyl-sn-glycero-3-phosphocholine was purchased
from Muromachi Technos (Tokyo, Japan). 1-Stearoyl-2-arachido-
noyl-sn-glycerol  (SAG), 1-stearoyl-2-arachidonoyl-sn-glycero-3-
phosphocholine, 2-arachidonoylglycerol (2-AG), Bacillus cereus
PLC and tetrahydrolipstatin (THL) were products of Sigma-
Aldrich (St. Louis, MO, USA). 1-Stearoyl-2-arachidonoyl-sn-gly-
cerol 3-phosphate was purchased from Avanti Polar Lipids
(Alabaster, AL, USA). RHC 80267 was purchased from BIOMOL
(Plymouth, PA, USA). Thin-layer chromatography (TLC) plates
(Silica gel 60) were purchased from Merck (Darmstadt, Germany).
POROS HP2 and POROS HQ columns were obtained from Applied
Biosystems (Foster City, CA, USA). Bio-Scale CHT 5-I columns
were purchased from Bio-Rad (Hercules, CA, USA). Superdex
20010/300 GL and PD-10 columns were obtained from GE
Healthcare. Polymerase chain reaction (PCR) primers were pur-
chased from Operon Biotechnologies (Tokyo, Japan). HEPES and
sodium deoxycholate (DOC) were purchased from Dojindo
(Kumamoto, Japan). cDNA clones were purchased from
Openbiosystems (Huntsville, AL, USA): acyl-peptide hydrolase in
pCMV-SPORT6.ccdb (clone ID: 7937766), anti-depressant-related
protein ADRGI123 in pExpress-1 (clone ID: 7103903), dihydropyr-
imidinase-like two in pExpress-1 (clone ID: 7107549) and TUC-4b in
pCMV-SPORTH6 (clone ID: 6177053). Human DDHD2 cDNA was
purchased from Kazusa DNA Research Institute (clone ID:
pF1KAO0725). SYPRO Ruby was purchased from Life
Technologies. All other reagents were purchased from Wako Pure
Chemicals (Osaka, Japan).

Preparation of SAG

[1-'*C] Arachidonoyl-sn-glycero-3-phosphocholine was evaporated
under a stream of N, and resuspended in a reaction solution con-
taining 2ml of diethyl ether and 1 ml of 0.1 M Tris—HCI pH 7.0 by
sonication. After adding 25 units of Bacillus cereus PLC, the reaction
mixture was stirred for 2h at room temperature. The organic phase
was dried under a stream of N, and resolved in chloroform/metha-
nol (2:1) (v/v).

Measurement of DG lipase activity

A total of 4.5nmol ["*C]SAG was evaporated under a stream of N,
and resuspended in 400 pl of assay buffer (0.125M NaCl, 0.125M
Tris—HCI pH 8.0, 1.25mM EDTA, 6.25mM DOC) by sonication
and vortexing. After 2min of preincubation at 37°C, 100 pl of the
enzyme solution was added. The mixture was incubated at 37°C for
10 min. Reactions were stopped by adding 2.1 ml of chloroform/
methanol (1:2) (v/v). Lipids were extracted by the Bligh and Dyer
method (79). The organic phase was dried using a centrifugal evap-
orator. The lipids were dissolved in 50 ul of chloroform/methanol
(2:1) (v/v) and were separated by TLC using benzene/diethylether/
ethanol/ammonia (40:140:4:0.2, v/v/v/v) as a developing solvent.
TLC plates were exposed to imaging plates (BAS-MS2040; Fuji
Film, Tokyo, Japan) overnight. The radioactivity was quantified
using a Typhoon 9210 imager (GE Healthcare). The kinetic param-
eters were calculated using Prism software (GraphPad, La Jolla, CA,
USA).

For the screening of DG lipase in Chinese hamster ovary (CHO)
cells, the same assay conditions were applied except for using 40 uM
cold SAG. The detection of SAG and 2-AG was performed using
iodine vapour.

Animals
The animal study was approved by Gunma University Animal
Committee (Permit Number: 13-018), and the rats were treated in
accordance with the Gunma University guidelines for the care and
use of laboratory animals. All efforts were made to minimize their
suffering.
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Purification of DG lipase from rat brain

All purification steps except for column chromatography were car-
ried out at 4°C. A total of 20—40 Wistar rats (male, 6 weeks old)
were anaesthetized using diethylether and then decapitated.
Immediately, the whole brains were removed and homogenized in
10 volumes of a homogenizing buffer (0.3M sucrose, 50 mM
Tris—HCI, pH 7.4, I1mM EDTA, 1mM DTT) using a Potter-
Elvehjem glass-Teflon homogenizer. After the homogenates had
been centrifuged at 105,000 x g and 4°C for 60 min, the supernatants
were subjected to ammonium sulphate precipitation. Samples were
adjusted to 20% saturation of ammonium sulphate by the addition
of solid ammonium sulphate, equilibrated at 4°C for 15min, and
centrifuged at 10,000 x g for 30 min. After centrifugation, the super-
natant was adjusted to 40% saturated ammonium sulphate. The
protein solution was centrifuged at 10,000 x g for 30 min. Pellets
were resolved in S50mM sodium phosphate, pH 7.2, containing
ImM EDTA, ImM DTT and 1.5M ammonium sulphate. The pro-
tein solution was loaded onto a POROS HP2 hydrophobic inter-
action column (4.6 x 100 mm), pre-equilibrated with 50 mM sodium
phosphate, pH 7.2, containing | mM EDTA, I mM DTT, 1.5M am-
monium sulphate and 0.05% Triton X-100. The protein was eluted
by decreasing the ammonium sulphate concentration from 1.5 to
0M. Pooled DG-lipase-containing fractions were desalted using a
PD-10 column, pre-equilibrated with 20mM Tris—HCI, pH 7.0,
ImM EDTA and ImM DTT, and were eluted using the same
buffer. The protein solution was then loaded onto a POROS HQ
column (4.6 x 100 mm), pre-equilibrated with 20 mM Tris—HCI, pH
7.0, containing 1 mM EDTA, 1 mM DTT and 0.05% Triton X-100.
The protein was further eluted with a linear gradient of NaCl from 0
to 1 M. Pooled DG-lipase-active fractions were desalted using PD-10
columns pre-equilibrated with 10mM sodium phosphate pH 7.2,
containing I mM DTT and 0.05% Triton X-100, and were eluted
with the same buffer. The desalted protein solution was further
applied to a Bio-Scale CHT 5-I column (10 x 64 mm), a hydroxyapa-
tite column pre-equilibrated with 10 mM sodium phosphate pH 7.2,
containing 1 mM DTT and 0.05% Triton X-100. The protein was
eluted using increasing concentrations of sodium phosphate, pH 7.2,
from 10 to 500mM. After concentrating the DG lipase-active frac-
tions using centrifugal filter devices (Microcon; Millipore, Billerica,
MA, USA), DG lipase was further purified using a Superdex 200 10/
300 GL gel filtration column (1 x300mm), pre-equilibrated with
S50mM sodium phosphate, pH 7.2, containing 150mM NaCl,
ImM EDTA, I mM DTT and 0.05% Triton X-100. All chromatog-
raphy steps were performed using the BioCAD SPRINT system
(Applied Biosystems) or the AKTApurifier 10 system (GE
Healthcare). The fractions that showed DG lipase activity after the
CHT 5-1 column were used for characterization of the enzymatic
properties.

Effects of inhibitors on the enzyme activity

THL and RHC 80267 were dissolved in dimethylsulfoxide (DMSO)
to give stock solutions of 10 and 20mM, respectively. THL and
RHC 80267 were diluted with DMSO so that the volume of solvent
added to the assay mixture was 0.5%. Both inhibitors were added to
the assay mixture just before the start of the preincubation.

Identification of proteins in partially purified DG lipase using
mass spectrometry

Partially purified DG lipase (4pg) from rat brain was completely
dried in a centrifugal evaporator (TOMY Seiko, Tokyo, Japan)
and dissolved in 13 pl of 8 M urea, 0.5M Tris—HCI, pH8.5 and
I mM EDTA. The solution was incubated at 37°C for 90 min after
the addition of DTT at a final concentration of 35mM.
Subsequently, Spul of 40 mg/ml iodoacetamide (final concentration
10 mg/ml) was added and incubated at 37°C for 30 min. The alky-
lated protein solution was diluted with 60 pl of pure water. Trypsin
(Promega, final concentration 1pg/ml) was added to the solution
and incubated overnight at 37°C. The digestion reaction was termi-
nated by adding formic acid at a final concentration of 0.5%.

The reversed-phase liquid chromatography tandem mass spec-
trometry (MS/MS) analysis was performed on NanoFrontier eLD
(Hitachi High-Technologies, Tokyo, Japan). The digested peptides
were eluted through a MonoCap for FastFlow (0.05mm
i.d. x 150 mm) C,3 monolith capillary column by a linear gradient
of mobile phase A/B = 98/2 to 60/40 (where mobile phase A con-
sisted of H,O/acetonitrile/formic acid = 98/2/0.1 (v/v/v) and mobile
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phase B consisted of H,O/acetonitrile/formic acid = 2/98/0.1 (v/v/
v)) for 90 min at a flow rate of 200 nl/min, and then subjected to
online mass spectrometer by electrospray ionization. The MS/MS
spectra were acquired in a positive ion mode by a collision-induced
dissociation method. Proteins were identified using Mascot (Matrix
Science, London, UK) (20) with the NCBI database.

cDNA cloning of rat DDHD2

Total RNA was prepared from rat brain using TRIZOL reagent
(Life Technologies). Poly A" RNA was purified from the total
RNA using Oligotex-dT30  (Roche Diagnostics, Basel,
Switzerland). A library of adaptor-ligated double-strand cDNA
was prepared using the Marathon cDNA Amplification Kit
(Clontech, Mountain View, CA, USA). Rat DDHD2 ¢cDNA was
amplified by PCR using the primers 5-AACTCGAGGATCATCA
GGGGAATCGTACCAGG-3 and 5Y-TTGCGGCCGCTTACTGT
AAAGGCTGATCAAGGAAGATC-3 and the cDNA library as
template DNA. The 5 untranslated regions (UTRs) of rat
DDHD?2 c¢cDNA were also cloned and sequenced using Marathon
cDNA Amplification Kit (Clontech). The primers used to amplify
the 5 UTR of rat DDHD?2 transcripts were an adaptor primer (5'-C
CATCCTAATACGACTCACTATAGGGC-3') and a gene-specific
primer (5-GCCGACCTTGCTCAGTGGATGTTGAACCCC-3').
The 5-rapid amplification of cDNA ends (RACE) PCR product
was cloned into T-Vector pMD20 (Takara, Tokyo, Japan) and
sequenced (accession number: AB914679).

Vector construction for the expression of rat and human DDHD2
Human DDHD2 c¢cDNA was amplified by PCR using the primers
5-AACTCGAGGATCATCAGTGCAGTCACAACAGG-3 and
5-TTGCGGCCGCTTACTGTAAAGGCTGATCAAGGAAGA
TACC-3 and the plasmid vector (pF1KAO0725: Kazusa DNA
Research Institute) as template DNA. To prepare an expression
vector of rat and human DDHD?2, the PCR products were subcloned
into Xhol and Notl sites of pPCMVHA.

Expression of recombinant protein in CHO cells

CHO cells were maintained in Ham’s FI12 medium (Life
Technologies) containing 10% foetal calf serum (Sigma-Aldrich).
The cells were cultured at 37°C in a humidified incubator with 5%
CO,. The cells were transfected with each expression vector using
Fugene6 (Roche Diagnostics). After 24 h, the cells were collected and
washed with phosphate-buffered saline (PBS). The CHO cells were
disrupted using a Dounce homogenizer in homogenizing buffer
(20mM HEPES—NaOH pH 7.4, 0.25M sucrose). The soluble frac-
tion was prepared by sequential centrifugation at 1,000 x g for 7 min,
2,000 x g for 30 min and 105,000 x g for 1 h. The resultant precipitate
was resuspended with the homogenizing buffer.

Polyclonal antibody of rat DDHD2

A rabbit antiserum was obtained by immunizing a rabbit
with a synthesized peptide derived from rat DDHD2 (amino
acids  611—625), adding a cysteine at the N-terminus
(CSEPSSEKPSDANTEE) (Scrum, Tokyo, Japan). Rabbit immuno-
globulin was purified using protein G Sepharose FF beads (GE
Healthcare) and eluted with 0.1 M glycine-HCI, pH 2.8. The obtained
immunoglobulin solution was loaded onto a peptide affinity column
made of Sulfolink Coupling gel (I ml) (Thermo Fisher Scientific,
Waltham, MA, USA) bound with the synthesized peptide. The
column was washed with 1ml of PBS three times. The DDHD2
polyclonal antibody was eluted with 3M MgCl, and then dialysed
with PBS.

Immunoprecipitation of rat brain DDHD2

Rat whole-brain homogenates were centrifuged at 105,000 x g for
1 h. The supernatant was fractionated by ammonium sulphate pre-
cipitation. The 20—40% ammonium sulphate precipitate fraction
from rat brain was dissolved in 20mM HEPES—NaOH, pH 7.4,
containing | mM EDTA. A 300 pl solution containing 1.3 mg protein
from the 20—40% ammonium sulphate precipitate fraction, 10 ug of
anti-rat DDHD?2 antibody, 20mM HEPES, pH 7.4, ImM EDTA,
0.05% Triton X-100 and 0.05% DOC was then incubated at 4°C for
1 h. After adding 25 pl of Protein G Sepharose FF beads, the solu-
tion was gently agitated at 4°C for 1 h. The beads were washed twice
with 0.5ml of wash buffer (20 mM HEPES—NaOH, pH 7.4, | mM

DDHD2 produces 2-arachidonoylglycerol from diacylglycerol

EDTA, 0.1% Triton X-100 and 0.1% DOC). The beads then were
suspended with 50 pl of the wash buffer and used for the western
blotting and enzyme assay.

Purification of recombinant rat DDHD2

The soluble fraction of CHO cells expressing N-terminal HA-tagged
rat DDHD2 (HA-rDDHD2) was obtained as described above.
Fifteen hundred microliters of the protein solution containing
36.3mg of protein of the soluble fraction, 120 pug of anti-rat
DDHD?2 antibody and 0.1% Triton X-100 was incubated for 1h
at 4°C. After adding 200 pl of Protein G Sepharose FF beads, the
solution was gently agitated at 4°C for 1 h. The beads were washed
twice and suspended with 750 ul of the wash buffer. HA-rDDHD?2
was eluted with the wash buffer containing 2.1 mg/ml synthesized
peptide that was used for immunization of the rabbit. The protein
sample was used for the K,, determination and inhibitor
experiments.

Western blotting
Rat brain was dissected into several regions. Tissues were homoge-
nized in 50mM Tris—HCI, pH 7.4, containing | mM EDTA, | mM
DTT and complete protease inhibitor cocktail (Roche Diagnostics).
Protein samples were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto
a polyvinylidene difluoride (PVDF) membrane (Clear Blot
Membrane-P; ATTO, Tokyo, Japan). This membrane was blocked
with 5% non-fat milk (Snow Brand Milk Products, Tokyo, Japan) in
PBS containing 0.1% Tween 20 (PBS-T) at 4°C overnight. It was
then incubated in 5% non-fat milk in PBS-T containing the purified
polyclonal anti-rat DDHD2 antibody (1.3 pg/ml), anti-HA mono-
clonal antibody (100ng/ml; 3F10, Roche Diagnostics) or anti-p-
tubulin III antibody (200 ng/ml; Sigma) at room temperature for
1h. Horse radish peroxidase (HRP)-conjugated anti-rabbit IgG
(Jackson ImmunoResearch, West Grove, PA, USA) or HRP-conju-
gated anti-rat IgG (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was used as the secondary antibody. The protein bands
were visualized using ECL-prime western blotting detection reagents
(GE Healthcare) and the LAS-4010 imaging system (GE
Healthcare).

Immunostaining of rat brain DDHD2

Six-micrometre-thick paraffin-embedded sagittal sections from rat
brain (Zyagen, San Diego, CA, USA) were deparaffinized in
xylene and then rehydrated. After washing with water for 5min
three times, the sections were heated at 98°C for 40min in
Immunosaver solution (Nisshin EM, Tokyo, Japan) for antigen re-
trieval. After again washing with water for Smin three times, the
endogenous peroxidase activity was blocked with 3% H,O, for
10 min. After washing with PBS-T three times, normal goat serum
was used for the blocking of non-specific binding. Anti-rat DDHD?2
polyclonal antibody (1.8 pg/ml) was applied to the sections at room
temperature for 30min, followed by washing with PBS-T three
times. The tissue sections were stained using the VECTASTAIN
Elite ABC kit in accordance with the manufacturer’s instructions
(Vector Laboratories, Burlingame, CA, USA). The sections were
visualized with 3,3’-diaminobenzidine (DAB) (Sigma-Aldrich) in
Tris—HCI, pH 7.4, containing 0.024% H>O,. All sections were coun-
terstained with Mayer’s haematoxylin (Wako).

For the immunofluorescent staining, 6-pm-thick paraffin coronal
sections No.10 from rat brain (Zyagen) were used. Blocking was
performed with 1% bovine serum albumin in PBS after antigen re-
trieval. Then, anti-rat DDHD2 polyclonal antibody (1.8 pg/ml),
anti-MAP2 antibody (5F9; Millipore) (1:100), or anti-GFAP anti-
body (2El; Santa Cruz Biotechnology) (1:100) was applied to the
sections at room temperature for 60 min. The secondary antibody
(Alexa Fluor 488 goat anti-rabbit IgG (H+ L) antibody or Alexa
Fluor 546 goat anti-mouse IgG (H + L) antibody) was then applied
to the sections at room temperature for 60 min. After washing with
PBS three times, all sections were counterstained with 4',6-
diamidino-2-phenylindole. Images were obtained using a BZ-9000
fluorescence microscope (KEYENCE, Tokyo, Japan)

Statistical analysis

Student’s ¢-test was used to analyse the significance of differences
between two groups. All statistical analyses were carried out using
Prism software.
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Table 1. Subcellular localization of DG lipase from a rat brain

Table II. Partial purification of DG lipase from rat brains

Total Specific Total

protein activity activity
Fraction (mg) (nmol/10 min/mg) (nmol/10 min)
600 x g ppt 3.8 6.8 25.8
10,000 x g ppt 2.8 12.6 352
105,000 x g ppt 0.6 44 2.6
105,000 x g sup 18.4 2.1 38.6

DG lipase activity in subcellular fractions from rat brain was
measured in the presence of SmM DOC as described in Materials
and Methods. Enzyme activity was represented as the production
of 2-AG in a 10-min reaction. Values are from one typical meas-
urement among several similar experiments.

Results

Purification of DG lipase

The DG lipase activity of the homogenates of whole
rat brain was significantly elevated in the presence of
SmM DOC (Supplementary Fig. SI). Thus, SmM
DOC was added to all DG lipase assay mixtures.
DG lipase activity of the subcellular fraction of the
whole brain homogenates was examined. Each fraction
(600 x g pellet, 10,000 x g pellet, 105,000 x g pellet and
105,000 x g supernatant) showed DG lipase activity
(Table I). Among them, the specific activity was the
highest in the 10,000 x g pellet fraction, whereas the
greatest total activity was found in the 105,000 x g
supernatant  fraction. In the 10,000xg and
105,000 x g pellet fractions, the DG lipase activities
could be accounted for by DGLa and DGLS.
However, the DG lipase activity in the 105,000 x g
supernatant fraction was considered to have been
derived from unknown enzymes. Thus, we chose this
fraction for further purification. During the column
chromatography, the recovery of DG lipase activity
was low at first. So, the effects of Triton X-100 on
the stability of DG lipase in rat brain were examined.
The soluble fraction of rat brain was incubated with
0.01—1.0% Triton X-100 for 20 min at 4°C. Then, the
DG lipase activity was measured. Triton X-100 did not
inhibit the DG lipase activity at concentrations of
0.01—0.05% (Supplementary Fig. S2). Therefore,
0.05% Triton X-100 was added to the buffers for
column chromatography. The recovery of the DG
lipase activity was significantly improved during the
purification procedure. The results of protein purifica-
tion are summarized in Table II. The 105,000 x g
supernatant fraction was subjected to ammonium sul-
phate precipitation. By this procedure, the source of
approximately 75% of the total activity was collected
in the 20—40% fraction. The source of almost all of the
DG lipase activity bound to a POROS HP2 column,
and was eluted with a decreasing gradient of ammo-
nium sulphate. The DG lipase activity from eluent
from the POROS HQ column showed a single peak
on the chromatogram (Fig. 1). From the elution profile
of gel filtration chromatography, we estimated the mo-
lecular weight of the protein with the DG lipase activ-
ity to be around 150 kD. After the final step of
purification, specific activity had increased about
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Total  Specific
Total activity activity
protein (nmol/ (nmol/ Yield Purification
Purification steps (mg) 10min) 10min/mg) (%) (fold)

105,000 x g sup 534 909 1.7 100 1
(NH,4),SO,4 ppt 285 685 2.4 75 1.4
POROS HP2 138 649 4.7 71 2.8
POROS HQ 23 553 25 61 14
CHT 5-1 0.36 366 1,013 40 596
Superdex 200 0.03 61 2,037 6.7 1,198

DG lipase was purified from 24 rat brains as described in Materials
and Methods. Enzyme activity was represented as the production
of 2-AG in a 10-min reaction. Values are from one typical meas-
urement among several similar experiments.
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Fig. 1 Anion exchange column chromatography for the purification of
DG lipase from rat brain. A typical elution profile of POROS HQ
column chromatography in the purification step of rat brain DG
lipase is shown. Western blot of fractions 16—23 using anti-rat
DDHD?2 antibody is also shown. Absorbance at 280 nm is shown as
a solid line. The enzyme activity (hatched bars) of each fraction was
determined as described in Materials and Methods. Data are rep-
resentative of three independent experiments.

1,200-fold with a yield of 6.7% compared with that
for the 105,000 x g supernatant (Table II). In the
early purification steps, both 2-AG and free
['*Clarachidonic acid were produced from ['*C]SAG
(Supplementary Fig. S3), suggesting that these samples
were contaminated with monoacylglycerol lipase pro-
ducing ["*CJarachidonic acid from ['*C]2-AG, or other
enzymes directly hydrolysing ['*CISAG to release
['*Clarachidonic acid. Using the DG lipase obtained
from CHT 5-I column chromatography, no free ara-
chidonic acid was produced from [“C]SAG
(Supplementary Fig. S3). These results revealed that
the DG lipase purified during these purification pro-
cedures was specific for the sn-1 position, and did not
possess 2-AG hydrolysing activity.

Identification of DG lipase protein by mass
spectrometry

Even the DG lipase sample from the final purification
step showed many protein bands detected by SDS-
PAGE (Supplementary Fig. S4). We attempted to
identify the protein species in the sample by mass spec-
trometry. More than 100 proteins were identified in the
partially purified DG lipase sample as a result of a
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Table III. Proteins detected in the final purification sample by mass spectrometry

Rank in MASCOT score Annotation of protein Hydrolase This study
1 Dihydropyrimidinase-like 2 Yes Yes
2 rCG35703

3 Neural cell adhesion molecule 1

4 Microtubule-associated protein 1A

5 Ncam] protein

6 Tenascin R

7 Neural cell adhesion molecule 1

8 Acyl-peptide hydrolase Yes Yes
9 Similar to DDHD domain containing 2 Yes Yes
10 Poly(A) binding protein, cytoplasmic 1

11 Gephyrin

12 TUC-4b Yes Yes
13 Deaminase 3 Yes

14 Dynactin 2

15 Microtubule associated protein 1A

16 Adenosine monophosphate deaminase 2 (isoform L) Yes

17 Ubiquilin 2

18 Similar to talin 2 isoform 2

19 Poly(A) binding protein, cytoplasmic 3

20 Glial fibrillary acidic protein

21 rCG31475

22 Ceruloplasmin

23 Poly A binding protein, cytoplasmic 2

24 Amylo-1,6-glucosidase Yes

25 Collapsin response mediator protein Yes

26 Beta actin

27 Spectrin, beta, non-erythrocytic 2

28 Beta-adducin

29 Antidepressant-related protein ADRG123 Yes Yes
30 Similar to CG11448-PA

The top 30 proteins in terms of the MASCOT score are listed. Nine proteins were regarded as hydrolases. Among them, five proteins were
selected as candidate proteins for screening of DG lipase enzyme activity.

MASCOT search. We focused on the top 30 proteins
in terms of the MASCOT score, as listed in Table III.
Considering the annotation of these proteins, five pro-
teins regarded as hydrolases were picked out as candi-
date proteins for screening DG lipase enzyme activity.
These five proteins were separately expressed in CHO
cells using corresponding expression vectors, and their
DG lipase activities were examined (Fig. 2). The
cDNA of human DDHD?2 was used instead of the
rat DDHD2 cDNA in this screening experiment.
Among the five proteins, only the expression of
human DDHD2 imparted the soluble fraction of the
expressing CHO cells with elevated DG lipase activity.
The amount of 2-AG increased and the amount of
SAG decreased only in the enzymatic reaction using
the soluble fraction of CHO cells expressing human
DDHD?2.

cDNA cloning of rat DDHD2

As the overexpression of human DDHD?2 led to
increased DG lipase activity in the soluble fraction of
CHO cells, it needed to be confirmed that rat DDHD2
also exhibits DG lipase activity. The open-reading
frame of rat DDHD2 was cloned by PCR using a
cDNA library from rat brain (Fig. 3). Rat DDHD2
protein is composed of 699 amino acids, whereas
human DDHD?2 has 711. The amino acid identity be-
tween human and rat DDHD?2 is 88%. The 5 UTR of
the rat DDHD2 cDNA was also cloned and sequenced
(Fig. 3). The detected 5 UTR was composed of 61
nucleotides. Although there was no in-frame stop

codon in the 5 UTR, the position of the first methio-
nine of rat DDHD2 was assumed to be the same as
that of human DDHD?2.

The lipase motif, Gly-His-Ser-Leu-Gly, was con-
served between rat and human DDHD?2. The serine
residue in the motif is considered to be essential for
lipase activity (2/). The DDHD domain in rat
DDHD?2 is 216 residues long (484—699). It contains
four conserved residues, Asp530, Asp648, His699 and
Asp677. The domain is conserved in several phos-
phoesterases (22).

DG lipase activity ofrat DDHDZ2 expressedin CHO cells
The DG lipase activity in the soluble and membrane
fractions of CHO cells expressing HA-rDDHD?2 was
measured using ['*C]SAG as a substrate (Fig. 4A). The
amount of 2-AG increased in a time-dependent
manner in the case of the soluble fraction of CHO
cells expressing HA-rDDHD?2; however, the activity
was quite low in the control CHO cells transfected
with empty vector. The specific activity in the soluble
fraction of CHO cells expressing HA-rDDHD2 was
3.7nmol/min/mg. No difference in enzyme activity
was observed between the membrane fractions of
cells transfected with HA-rDDHD2 and those with
empty vector. The expression of HA-rDDHD2 was
examined using anti-DDHD2 and anti-HA antibodies.
DDHD?2 was expressed mostly in the soluble fraction
of HA-rDDHD2-transfected CHO cells (Fig. 4B). The
calculated molecular weight of HA-tagged rat
DDHD2 is 79 kD including the HA tag (3 kD).
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Fig. 2 Screening of DG lipase activity. (A) DG lipase activity in the
soluble fraction of CHO cells expressing the candidate proteins
(100 pg) was measured using 40 uM cold SAG as a substrate. The
assay mixture was incubated at 37°C for 30 min. Lipids were sepa-
rated using TLC and visualized using iodine vapour. Lane 1: acyl-
peptide hydrolase, lane 2: anti-depressant-related protein ARG123,
lane 3: dihydropyrimidinase-like 2, lane 4: TUC-4b, lane 5: human
DDHD2, lane 6: vector control, lane 7: 5nmol 2-AG. (B) The
amount of 2-AG shown in panel (A) was quantified using ImageJ
software. Data are representative of three independent experiments.
Data are the means of triplicate measurements. Error bars represent
standard errors of the mean. *P <0.05 for human DDHD?2 versus
vector control.

However, a protein band was observed at 100 kD using
anti-HA antibody (Fig. 4B). On the other hand, using
the anti-DDHD2 antibody, two protein bands at 85
and 95kD were observed in addition to 100kD
band. Thus, it was suggested that these smaller bands
are attributed to the N-term truncated form of
DDHD2. DDHD?2 in rat brain were also detected as
two protein bands at 80 and 90kD using the anti-
DDHD?2 antibody (Fig. 5SA). However, the estimated
size of HA-rDDHD?2 expressed in CHO cells (100 kD)
seemed bigger than the estimated size of the DDHD?2
in rat brain (90 kD). This discrepancy might be due to
unknown effect of the HA tag or some post-transcrip-
tional modifications.

Immunochemical identification of rat brain DG lipase
To examine whether soluble DG lipase activity in rat
brain is derived from DDHD2, we performed an
immunoprecipitation (IP) experiment using an anti-
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rat DDHD2 antibody. DDHD2 was detected in rat
whole-brain  homogenates by western blotting
(Fig. 5). Both 80 and 90kD protein bands were
observed with anti-rat DDHD2 antibodies. These pro-
tein bands appeared in the lane of 40% ammonium
sulphate precipitate (Fig. 5A), which is consistent
with the observation that approximately 75% of total
DG lipase activity of the soluble fraction of rat brain
homogenates also exhibited for the ammonium sul-
phate fraction. Rat DDHD2 protein in the 20—40%
ammonium sulphate fraction was almost completely
precipitated using an anti-rat DDHD2 antibody,
whereas it was not precipitated at all using preimmune
IgG prepared from preimmune rabbit serum
(Fig. 5B).Additionally, the source of almost all DG
lipase activity was precipitated using the anti-
DDHD?2 antibody, whereas very little of it was preci-
pitated using control IgG. The DG lipase activity in IP
precipitate (ppt) sample was double that in the IP con-
trol supernatant (sup) or 40% (NH4)3SO4 ppt samples.
This suggests that 40% (NH4);SO,4 ppt sample con-
tained some inhibitory factors or non-radioisotope
substrates for DDHD?2. In the purification of DG
lipase from rat brains by POROS HQ column chroma-
tography, the eluted source of the DG lipase activity
corresponded to the DDHD?2 protein detected by west-
ern blotting (Fig. 1). Therefore, the high level of DG
lipase activity observed in the soluble fraction in rat
brain was likely derived from DDHD?2.

Enzymatic properties of the partially purified DG
lipase from rat brain and rat DDHD2

The DG lipase activity of partial purified DG lipase
from rat brain was measured using ['*C]SAG as a sub-
strate (Fig. 6). The effect of substrate concentration on
the enzyme activity was examined (Fig. 6A). The pro-
file of DG lipase activity versus substrate concentra-
tion fit the Michaelis—Menten equation. V.« and K,
values were 0.45 + 0.027 pmol/min/mg and 135 +
24 uM, respectively. The DG lipase activity of immu-
nopurified HA-rDDHD2 expressed in CHO cells was
measured using ['*C]SAG as a substrate (Fig. 6B). The
profile of DG lipase activity versus substrate concen-
tration also fitted the Michaelis—Menten equation. The
K,, value was 169 £ 47uM. The value for HA-
rDDHD2 was comparable to that of the partially
purified DG lipase from rat brain (135uM). Control
measurements showed a very low level of DG lipase
activity using the same aliquot of protein sample ob-
tained from vector transfected cells (Fig. 6B). The
whole protein contained in the immunopurified HA-
rDDHD2 sample and the control sample was analysed
by western blotting and SYPRO Ruby staining follow-
ing SDS-PAGE (Fig. 6C). Purification of HA-
rDDHD2 (arrow with a solid line) was successfully
performed despite the contamination of the anti-
DDHD?2 antibody (arrow with dotted line) that was
leakily eluted and detected by western blotting at
50kD. Many protein bands were seen in the SYPRO
Ruby-stained gel (Fig. 6C). In contrast to the control
sample, the HA-rDDHD2 was detected at 100kD
in the SYPRO Ruby-stained gel (Fig. 6C). These
results show that the DG lipase activity in the
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cteggeteccteegeaagggetgagagegegageggegoggacaagegaagecagagegaaATGTCATCAGGGGAATCGTACCAGGAGCAGC TGTCACAG 100
M S S G E S ¥ Q E QL S Q
TCAGATCCATCCCCCTCCCCAAACTCCAGTAGTTCCTTCGAGCTGCTAGACATGGATGT TGEGCAGT TCCTACGAACCCGTTTCTCCACATTGGTTTTATT 200
s DP S P S PNSS S S F ELTLTDMTDTV VTGS S YETPVSUPHWTFTZYC
GTAAGGTAATAGACTCTAAGGAACTCTGEATTCCTTTCAACTCTGARGATTCACAGCAGCTGGAAGAAGCACATGGCTCTGGARAGGATTGTAATGAGAG 300
K VI D S KETULWTIU®PFUNSETDSOQOQTLTETEHA AEHTGS ST GIEKTDTGCUNTER
AGTTGTCCCCACTGAT AGATATGATGTCCATCTCGGGGAGAGGATGCGETATGCCETGTACTGGEATGAACTACCATCAGAAGTGAGACGETGC 400
v vV P T D G G R YD V HL G ERMUBRY AV Y WD EULUPS EV RZBERC
ACGTGGTTTTACAAGGGAGACAAAGACAATAAGTACGTCCCCTACTCCGAGAGC TTCAGCCAAGTTTTGGAGGATACATATATGCTTGCGGTARCTCTGG 500
T WF ¥ K GD KDNIZK VYV P Y SESF S QVLEDTT YMZLATYVTTLD
ATGAATGGAAARAARARCTAGAGTCTCCAAACAGAGARATTATTGTATTACACAACCCAAAGCTCATGGTGCATTACCAGCCARTCACAGGGTCTGATGA 600
F W K K KL E S P NRETITIVILUHENTPIEKTILMVYVUHYGQEZPTITTGSDE
primer for <
5°.RACE ATGGGGTTCAACATCCACTGAGCAAGGTCGGCCAAGATCAGTAAAAAGAGGCGT TGAGAGCATCCCTGTTGATATTCACTGTGGGGAACCTTTACAAATA 700
E W G S TS TEGQG®RZPRTSYVEKRTGVESTIPVDTIUHETCSGET PTLTOQTI
GATCACTTAGTGTTTGTAGTCCATGGGATTGGACCAGCTTGTGATCTCCGTTTTCGAAGCATTGTTCAATGTGTTAATGATT TTCGAAGTGTTTCCTTGA 800
D HLVFVV HGTIGTPA ACDTLTZRTFH®RTSTIVUVOQCVWVNDTFH RTST VS TLN
ACCTGCTACAAACACATTTTAAGAARGCCCAAGAAAACCAGCAGATTGGAAGGETAGAGTTCCTTCCGETCARCTGGCACAGCCCTTTGCATTCTACTGG 900
L L Q T HPF KXKAOQENWN QG QTIGRTVYVETFTLTPVDNTWWIEHESZPTILUHTSET G
AGTAGATATAGATCTGCAGCGGATARCCCTACCCAGCATCAATCGCCTTAGACACT TCACTAACGATACARTTCTGGATGTCTTCTTCTACAATAGCCCC 1000
vV DIDTULOGOQ®RTITTLTZPSTINRTLTBERIETFTUNDTTITULDTUVTFTFTYDNS P
ACCTACTGTCAGACTATTGTGGACACAGTAGCT TCTGAAATGAACCGAATATATACACTTTTTCTGCAGAGGAACCCTGATTTCARAGGGGETGTATCCA 1100
T Y ¢ @Q T I VDTV ASE EMMNU BRITZYTULU FULGQIRERMNUPTDTFIEKTGTGUV S I
. . TTGCTGETCATAGTTTAGGTTCGCTTATATTGT TTGATATCCTARCAAATCAGAAAGAT TCTATTGGGGATAT TGACAGTGAAAAGGGTTCATTGAGTAC 1200
Ilpasemotlf A6 H s L €]s L I L FDITZLTUHNGQEKTDSTIGDTITDSETEKTEGSTLS T
TGCTGAGGATCTAGGAGATGTATCAACATTAGAAGAAGAACTGAAGARAGCTTCAGCTCTCTGAGTTTGTCACTGTCT T TGAGARGGAGARAGTTGACAGA 1300
A EDULGDV S TLETETETLIEKTZ KTLO QTLSETFVTV VT FTETZ KTETEKTVTDR
GAAGCTCTGGCTTTATGTACAGACAGAGATCTTCAGGAAATGGGGATTCCCTTAGGACCCAGARAGAAGATACTGAACCACTTCAGTGCCACARAGAGTT 1400
E AL ALCTD R RTDTULTGQEMTGTITZPULGTPHR RIEKTEKTITZLUNTETFTSATTIEKS S8
CAGTGGGTATTAATAGACCAACCATGTCAGCTTCTGAGGTAAATATCCCCARGGAAAARGGTGACTATTTGGATGTTGGAATTGGGCAGGTGTCTGTAAA 1500
VI NRPTMSA ASEVWHNTIZPIE KET KTGDZYTZILDVYVGTIGOQVS VK
ATACCCCCGGCTTAACTACAARACCAGAAATATTCTTTGCCTTTGGATCTCCCAT TGGAATGTTTCTTACTGTCCGAGGATTAAGAAGAATTGATCCAAAT 1600
Y P RLNJYU XKTZ®PETITFTFA ATFGST?PTIGMTFTZLTV VR RTGLZ RTERTITDPN
TATAARTTTCCCACATGCAAAGGTTTCTTCAATATTTACCATCCTTTTGATCCTGTGGCATATAGGATTGAACCAATGGTGGTCCCAGGAGTAGAATTTG 1700
Y K FPrTcKGT T FNTTYGH®PF(@OPVAYRTIETPMYVYVEPGVETFE
. AGCCAATGCTGATTCCACATCATAARGGCAGGAAGCGGATGCACT TAGAACTGAGAGAGGGCT TGACCAGEATGAGTATGGACCTGAAGAACARCTTGCT 1800
antlgenPMLIPBIHKGRKRMHLELREGILTRMSMDLKNNLL
ICEION  eerTCACTGAGGATGECCTGGARGTCTTTCACCAGAGCTCCATACCCTGCCTTACAAGCTTCAGAAATGGCAGAAGACACTGAGGCAGARTCCGARCCA 1900
G S L R M A WU K ST FTURAPJVYUPALGOQA ATSTEHMAETDTTEA ATESTE P
AGTTCAGAARAGCCCAGTGACGCCARCACAGAAGAGCCTCCTGTGGAGGTCAAAGAGGAGGCTCCCATCARTGTGGGAATGCTGAATGGAGGCCAGCGCA 2000
S S E K P S DANTTETETPPTVEVIEKTETEH BRTPTINUTWVGMMILNGTGSQRI
TTGACTATGTGTTACAGGAGAAGCCCATTGAGAGT TTTAATGAATATTTATTTGCTCTACAAAGCCATCTATGCTACTGGGAATCTGAAGATACAGTACT 2100
@Dy viegEexrrIEs FNETYLTFALGCPQS S@)LCYWES SE TV L
GCTTGTCCTCAAAGAGATCTACCAAACCCAGGGGATCTTCCTTGATCAGCCTTTACAGTAA 2161

L VLEKETIZTYGQTGQG®GTITFTILTUDTG QT PTLQ *

Fig. 3 Nucleic acid sequence of rat DDHD2 ¢cDNA. The arrow indicates the nucleotides for 5-RACE. The region of the antigen peptide used for
the generation of the anti-DDHD?2 antibody is enclosed by a square. The lipase motif is also enclosed by a square. The four amino acids

contained in the DDHD domain are surrounded by circles.

immunopurified HA-rDDHD2 sample originated from
DDHD2, not from other proteins that might have
been purified by associating with DDHD?2.

DG lipase activity was also measured in the presence
of DG lipase inhibitors, such as THL, which is an ir-
reversible inhibitor of various lipases. THL potently
inhibited DG lipase activity in the partially purified
enzyme with an ICso of 10+ 1.InM (Fig. 7).
RHCS80267, a potent inhibitor of canine platelet DG
lipase, DGL«, and DGLS (74, 23), was also applied.
Partially purified rat DG lipase was also inhibited
by RHC80267 in a dose-dependent manner with an
ICsq value of 8 £ 1.1uM (Fig. 7). The DG lipase

activity of HA-rDDHD?2 expressed in CHO cells
was also measured. In the presence of the above-
mentioned lipase inhibitors, THL and RHC20267,
HA-rDDHD2 was also inhibited with 1Csy value of
7.8 £ 1.4nM and 3.8 £ 1.0 uM, respectively (Fig. 7).
The values were comparable to those for the partially
purified DG lipase from rat brain. These data are
also consistent with the hypothesis that the soluble
DG lipase activity observed in rat brain is due to
DDHD?2.

Next, the effect of pH on the enzyme activity was
examined. The optimal pH for the partially purified
DG lipase from rat brain was 8.0 (Fig. 8).
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Fig. 4 DG lipase activity of rat DDHD2 expressed in CHO cells.

(A) The DG lipase activity was measured using 9 uM ["*C]SAG as a
substrate. The protein samples used for the enzyme assay were the
soluble (open circles) and the membrane (closed circles) fractions of
CHO cells expressing HA-rDDHD?2, and were the soluble (open
squares) and the membrane (closed squares) fraction of vector-trans-
fected CHO cells. (B) The soluble fraction (25 pug) and membrane
fraction (25 pg) from the CHO cells were used for western blotting. An
anti-rat DDHD?2 antibody (upper panel) and an anti-HA antibody
(lower panel) were used. Data are the means of triplicate measure-
ments. Error bars represent standard error of the mean. Data are
representative of three independent experiments. *P <0.01 for the
soluble fraction of CHO cells expressing HA-rDDHD?2 versus the
soluble fraction of vector-transfected CHO cells.

Distribution of DDHD?2 in rat brain

To examine the brain regions where DDHD?2 is ex-
pressed, rat brain tissue was dissected and analysed
by western blotting (Fig. 9). Two major protein
bands observed at 80 and 90kD were regarded as
DDHD?2 considering the calculated mass and the re-
sults of column chromatography (Figs 1B and 9). Rat
DDHD2 was detected widely in the brain regions
tested.

The expression of DDHD?2 was further analysed by
immunostaining (Fig. 10). In a sagittal section of the
rat hippocampus, neuronal cells at the CA1 and CA3
regions and at the dentate gyrus were remarkably
stained by the anti-DDHD2 antibody (Fig. 10A).
The magnified image (upper right) indicates that the
CA1 neuronal cell bodies and axons at the pyramidal
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Fig. 5 Ammonium sulphate precipitation and immunoprecipitation of
rat brain DDHD2. (A) Ammonium sulphate fractionation of rat
brain DDHD?2. The soluble fraction of rat brain homogenates
(105,000 x g supernatant) was further fractionated by ammonium
sulphate precipitation. The same proportion of each sample was
loaded onto an SDS-PAGE and analysed by western blotting using
an anti-rat DDHD2 antibody. (B) Immunoprecipitation of DDHD?2
in rat brain. Forty percent ammonium sulphate precipitate was used
for the experiment. Ten micrograms of the anti-DDHD?2 or control
1gG was used. Aliquots of the samples were loaded onto an SDS-
PAGE gel and used for the DG lipase assay. DG lipase activity in
the immunoprecipitated beads or in the supernatant was measured.
['*C]SAG was used as a substrate. Data are the means of triplicate
measurements. Error bars represent standard error of the mean.
Data are representative of three independent experiments. *P <0.01
for the anti-DDHD?2 IgG samples versus control IgG samples.

cell layer expressed DDHD2. The lower right panel
shows that DDHD2 staining was abolished using ab-
sorbed antibody. Thus, the regions stained by the anti-
DDHD?2 antibody denote the expression of DDHD2
protein. It was also shown that the expression of
DDHD2 was dominant in MAP2 positive neuronal
cells, but not GFAP positive glial cells at the CAl
region (Fig. 10C). Purkinje cell bodies in the rat
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Fig. 6 Substrate concentration-dependence. (A) Various concentrations of ['*C]SAG were incubated with the partially purified rat brain DG
lipase from the CHT 5-1 column (15 pg per assa?/A). Except for the substrate concentrations, the assay conditions were the same as those for the
C

standard assay. (B) Various concentrations of |

1ISAG were incubated with HA-rDDHD?2 (closed circles) prepared using anti-rat DDHD2

antibody. Control (closed triangles) means the DG lipase activity using the same aliquot of protein sample obtained from vector transfected cells.
(C) Control sample and HA-rDDHD?2 sample were analysed by western blotting using anti-rat DDHD2 antibody and SYPRO Ruby staining
following SDS-PAGE. The rectangular area in SYPRO Ruby staining is magnified in the right panel. Data are the means of triplicate meas-
urements. Error bars represent standard errors of the mean. Data are representative of three independent experiments.

100+

Inhibition of 2-AG
production (%)

inhibitor (M)

Fig. 7 Effects of inhibitors on the partially purified rat brain DG
lipase and HA-rDDHD?2 expressed in CHO cells. DG lipase activity
was measured in the presence of various concentrations of
RHC80267 (closed circles for rat brain DG lipase, open circles for
CHO-rDDHD2) and THL (closed squares for rat brain DG lipase,
open squares for CHO-rDDHD?2). The lipase inhibitors were added
to the mixture before preincubation. Data are the means of triplicate
measurements. Error bars represent standard error of the mean.
Data are representative of three independent experiments.

cerebellum were remarkably stained by the anti-
DDHD?2 antibody (Fig. 10B). The molecular layer
region where dendrites from Purkinje cells are distrib-
uted was also stained by specific antibody.

—
=

DG lipase activity
(nmol/min/mg)

6 7 8 9 10
pH

S B s SN ®

Fig. 8 pH dependency of the partially purified DG lipase. DG lipase
activity in the active fractions (20 pg per assay) from the CHT 5-1
column was measured at various pH levels. Buffers used for the
experiments were MOPS-NaOH (closed triangles), Tris-HCI (open
circles) and glycine-NaOH (closed circles). Except for the buffer
used, assay conditions were the same as those for the standard assay.
Data are the means of triplicate measurements. Error bars represent
standard errors of the mean. Data are representative of three inde-
pendent experiments.

Discussion

We have determined several enzymatic properties of
partially purified DG lipase from rat brain. The K,
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Fig. 9 Distribution of DDHD2 in rat brain. (A) Fifty micrograms of protein of homogenates from normal rat brain region tissues was loaded
onto each lane. The expression of DDHD?2 was analysed by western blotting using anti-rat DDHD2 antibody. The same membrane was re-
probed with an anti-g-tubulin III antibody. (B) Histograms showing relative DDHD?2 ratios against g-tubulin. The DDHD2 expression was
quantified using ImagelJ software. Data are the means of triplicate measurements. Error bars represent standard errors of the mean. Data are

representative of three independent experiments.

value towards SAG (135puM) was assumed to be
within the range of possible physiological concentra-
tion of SAG, because the K,,, values of human DGLa,
human DGLS and two rat DG kinases towards SAG
are 154, 74, 70 and 90 uM, respectively (/4, 24). Thus,
we believe that the soluble DG lipase in rat brain can
hydrolyse DG under physiological conditions.

Our partially purified DG lipase from rat brain is
thought to be identical to DDHD2. Although, we
could not completely purify the DG lipase protein, all
of the subsequent experimental data such as the K,
value (Fig. 6), ICs, value for RHC 80267 (Fig. 7), am-
monium sulphate fractionation (Fig. 5A), IP (Fig. 5B)
and column chromatography (Fig. 1) indicated that our
partially purified DG lipase was DDHD?2.

Several attempts have been made to purify soluble
DG lipase from bovine aorta (17, 18); however, it has
not yet cloned. The enzymatic properties of DG lipases
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from rat brain (this study) and bovine aorta are quite
similar in terms of the dependence of their enzyme ac-
tivity on pH, their K, values and the effects of an in-
hibitor (THL) on them. Thus, it is possible that the
soluble DG lipase in bovine aorta is also DDHD2.
The DG lipase activity was optimal in the presence
of 5SmM DOC (Supplementary Fig. S2). The critical
micelle concentration of DOC is around 5SmM. It is
supposed that the structure of micelles composed of
SAG and DOC is critical for the attack by DDHD2
in vitro. DDHD?2 is reported to be localized at the
Golgi apparatus and contribute to membrane traffick-
ing (25, 26). Further investigation is needed to deter-
mine how DDHD?2 interacts with membrane lipids and
acts as DG lipase. Human DDHD?2 is known as PLA,,
which hydrolyses phosphatidic acid and other
phospholipids (27). The physiological substrates and
the roles of DDHD?2 have to be elucidated.
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Fig. 10 Immunostaining of DDHD?2 in rat brain. (A) The distribution of DDHD?2 is shown using a sagittal section of the hippocampus in a rat
brain. DDHD2 was stained by the anti-DDHD2 antibody with DAB (brown). Nuclei were stained by with hematoxylin (blue). The rectangular
area is magnified in the upper right panel. The lower right panel is from a negative control experiment using the excessive peptides used for the
immunization (16 pg/ml) to absorb primary antibody. (B) The distribution of DDHD?2 is shown using a sagittal section of the cerebellum in a rat
brain. The right panel is from a negative control experiment. ML, molecular layer; PCL, Purkinje cell layer; GL, granule cell layer. (C) The
distribution of DDHD?2 is shown using a coronal section of a rat brain. Double staining of DDHD2 and MAP2 (upper panels) or DDHD2 and
GFAP (lower panels) at the CAl region in the hippocampus shows that DDHD?2 is localized in the cell body of hippocampal neurons. Sr,
stratum radiatum; So, stratum oriens; Sp, stratum pyramidale. Data are representative of three independent experiments.
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We purified DG lipase from the soluble fraction of
rat brain. However, DDHD?2 in rat brain was localized
in both the membrane and the soluble fraction (Fig.
5A). Because DG can potentially be produced in the
membrane by PLC B, membrane-bound DDHD2
might be a functional form in vivo. The binding of
DDHD?2 to membrane can be explained by its affinity
to phosphoinositides (22). Because HA-rDDHD?2 ex-
pressed in CHO cells exhibited unusual localization
mainly in the cytosol (Fig. 4B), it is also possible that
the processing or modification of DDHD?2 is needed
for the localization of membranes.

We consider it interesting to estimate how large a
fraction of DG lipase activity in rat brain is derived
from DDHD?2. A sample of 20—40% (NH,4);SO4 ex-
hibited activity that was 75% of soluble DG lipase
(Table II), so most of the activity appeared to have
been derived from DDHD2 (Fig. 5). By assuming
that all of the soluble DG lipase activity is derived
from DDHD2, the DG lipase activity of DDHD?2
can account for at least 38% of the total DG lipase
activity in rat brain. It is unclear whether DDHD?2
plays a role in producing 2-AG as a retrograde mes-
senger in vivo. CBI is expressed in the neurons of hip-
pocampal CA1l and the molecular layer in the
cerebellum (27). In addition, DGL« is distributed in
hippocampal neurons and dendrites of Purkinje cells
in the molecular layer of the cerebellum (74, 28). In the
hippocampal neurons and the Purkinje cells of cerebel-
lum, endocannabinoids have been shown to participate
in DSI (8, 29). Here, we showed that DDHD?2 was also
localized to hippocampal neurons, Purkinje cell bodies
and the molecular layer of the cerebellum (Fig. 10).
Thus, we suggest that DDHD2 might be involved in
2-AG production in the hippocampus and cerebellum.
It should also be elucidated whether DDHD2 is
involved in DSI in vivo. Human DDHD? is the causa-
tive gene for a complex hereditary spastic paraplegia
called SPG54 (30, 31). Very recently, Inloes et al. (32)
reported that DDHD2 ™/~ mice presented a dysfunc-
tion of locomotion, and the accumulation of triacyl-
glycerol (TG) in the brain, which resembled SPG54
caused by DDHD2 mutation in humans. They docu-
mented that lysates of HEK293T cells expressing
mouse DDHD?2 exhibited TG lipase activity. A lack
of the TG lipase activity of DDHD?2 led to the dys-
function of locomotion following to the TG accumu-
lations (32). In addition, they reported that mouse
DDHD2 had DG lipase activity. Independent of
their studies, we showed DG lipase activity of rat
DDHD?2 (Fig. 6B). Thus, we consider that our data
are convincing. However, the relationship between 2-
AG produced by DG lipase activity of mouse DDHD2
and the disorders observed in DDHD2™/~ mice is
unknown.

Here, we reported the purification and cloning of a
soluble DG lipase from rat brain. Studies on the en-
zymatic character of the partially purified DG lipase
revealed that this enzyme is identical to DDHD2. Our
studies also showed that DDHD2 was expressed in
hippocampal neuron (Fig. 10). Further studies might
elucidate whether 2-AG produced by DDHD2 is
related to endocannabinoid signalling in the brain.
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Supplementary Data are available at JB Online.
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