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GPR55 1s a seven-transmembrane G-protein-coupled receptor that has been proposed as
a novel type of cannabinoid receptor. We identified lysophosphatidylinositol (LPI) as an
agonist for GPR55, found that the intracellular phospholipase A1 (DDHD DDHD1) is
involved in the formation of 2-arachidonoyl-LPI.
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Fig. 2 Expression and purification of FLAG-DDHD1.

A: Subcellular distribution of DDHD1. DDHD1 levels in
nuclei, mitochondria, microsomes and cytosol from HEK293
cells expressing FLAG-tagged DDHD1 were analyzed by
immunoblotting with anti-FLAG antibody. Each lane was
loaded with 10 pg of total protein.

B: Purification of DDHD1. The purification of DDHD1 by
immunoaffinity chromatography was assessed by SDS-PAGE
and Coomassie staining (upper) or immunoblotting with
anti-FLAG antibody (lower). Lane 1, cytosol; lane 2, flow-
through fraction; lane 3, STE buffer / 1% Triton X-100 wash;
lane 4, STE buffer wash; lane 5, glycine-HCl eluate (purified
FLAG-DDHD1).

C: The specificity of DDHD1. The purified DDHD1 (20 ng)
was incubated with [**C]arachidonic acid-containing Pl
(left) or [*#C]stearic acid-containing Pl (right), and the
amount of [*C]LPI formed was determined. The values are
averages of three determinations.

D: Kinetic study of DDHD1-catalyzed PLA1 activity. The PI-
PLA1 or PA-PLA1 activitiy of purified FLAG-DDHD1 (20 ng)
was measured at the indicated molar ratios of [3H]PI (closed
circles) or [**C]PA (open circles) in 16 mM Triton X-100
micelles. The values are averages of three determinations.
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Fig. 3 Activation of PI-PLA1 catalysis by PA.
A: The effect of PA on PI-PLA1 activity. The PI-PLA1 activity
of purified FLAG-DDHD1 (20 ng) was measured using 16
mM Triton X-100 micelles with the indicated molar ratios of
[2H]PI in in the absence (open circles) or presence (filled
circles) of 10 mol% PA. The values are averages of three
determinations.
B: Dose-dependence of PA for the augmented PI-PLA1
activity. The PI-PLA1 activity of purified FLAG-DDHD1 (20
ng) was measured in the presence of the indicated levels of
PA. The values are averages of three determinations.
C: Reversal of the activated state of DDHD1 during the
preincubation of PA. Purified FLAG-DDHD1 (20 ng) was pre-
incubated for the indicated periods with 10 mol% [*4C]PA
before the PI-PLA1 activity was measured using 1 mol%
[3H]PI in 16 mM Triton X-100 micelles (closed circles). The
amount of [**C]PA remaining was also measured
(diamonds). Open circle indicates the PI-PLA1 activity in the
absence of PA. The values are averages of three
determinations.
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Fig. 4 Binding of purified DDHD1 to phospholipids.

A, PA-binding activity of FLAG-DDHD1 and effect of MAFP
on the binding.

Purified FLAG-DDHD1 was preincubated with or without 5
UM MAFP for 30 min on ice, and then incubated with the
indicated levels of PA in 16 mM Triton X-114 at 25 °C for 2
min. After phase separation, DDHD1 bound to PA in the
detergent phase was visualized by immunoblotting with
anti-FLAG antibody.

B, Binding of FLAG-DDHD1 to various phospholipids.
Purified FLAG-DDHD1 was incubated with the indicated
levels of various phospholipids in the presence of 16 mM
Triton X-114 at 25 °C for 2 min. After phase separation,
DDHD1 bound to phospholipids in the detergent phase was
visualized by immunoblotting with anti-FLAG antibody,
quantitated by densitometry and expressed as % of FLAG-
DDHD1 added. Open circles, PA; closed circles, PA with
MAFP; diamonds, PI; triangles, PS; and squares, PC. The
values are averages of two determinations.

C, Effect of the preincubation of PA with FLAG-DDHD1 on
the distribution of the enzyme to the detergent phase.
Purified FLAG-DDHD1 was preincubated with (open circles)
or without (closed circles) 5 uM MAFP for 30 min on ice,
and then incubated with 10 mol% PA in 16 mM Triton X-114
at 25 °C for the indicated periods before phase separation
and quantitation of DDHD1 in the detergent phase as
described above. Square indicates the distribution of the
enzyme to the detergent phase in the absence of PA.
Purified FLAG-DDHD1 was preincubated with (open
diamonds) or without (closed diamonds) 5 uM MAFP for 30
min on ice, and then incubated with 10 mol% PA in 16 mM
Triton X-114 at 25 °C for the indicated periods before the
amount of [**C]PA remaining was measured. The values are
averages of two determinations.
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Fig. 5 Generation of [3H]arachidonic acid-containing LPI
and LPA in HEK293 cells expressing DDHD1.

A: DDHD1-involved and ionomycin-evoked generation of
[*H]LPI and [H]LPA. Control HEK293 cells (left panel) and
cells expressing FLAG-DDHD1 (right panel) were prelabeled
with [3H]arachidonic acid, and incubated for 30 min with or
without ionomycin (1 uM). The amount of [*H]LPI (closed
columns) and [3H]LPA (open columns) produced were
determined. The values are the average + SD of three
determinations. *P < 0.05 (vs control HEK293 cells). **P <
0.001 (vs unstimulated cells).

B: Inhibition of the generation of [3H]LPI and [3H]LPA by
MAFP. HEK293 cells expressing DDHD1 were pre-incubated
with 25 uM MAFP for 1 h, and then incubated with 1 pM
ionomycin for 30 min before the quantitation of [*H]LPI
(closed columns) or [*H]LPA (open columns). The values are
average + SD of three determinations. ***P < 0.001 (vs
without MAFP).

BENEREE > TWA Z LR ENT,
MAFP (2 L0 | fifitic B8 ) L4 (E
fiiLCH PA ~OREGIFBREIND Z D,
FEA IR AL LIS O fE TR D Z &
Exz2 5N, ¥7-. MAFP 4u#3 DDHD1
@ Triton X-114 fH~D 55 2 e L 7=,
MAFP 7 DDHD1 @ PA-PLA1 iHMEZFHE L
oAb, PA O N L, Triton X-114
FH~OSEMEEINT-Z R EZ BT,
ZoZ eI, PALYDDHD1 27 LA v Fa
_—3 g4 %E, DDHD1 @ Triton X-114
DB, PA OFRAFRIT G LT
T5HZENDL LI b (Fig.4a-C), PA
@ DDHD1 ~®i#&4&1%, DDHD1 H & O
PA-PLAL {HHEIC X VG ST D Z &R
ZZ2 bz,

672 /71T, DDHD1 Ofthd U 8-~
DFEE ZWat L7273, PI° PS ~D#E& 1393
<, PCITIRIFE A EREA Lot

(6) AF 7 7 x 7HlEIC X % [BHILPI
[BHILPA DFEE

FLAG-DDHD1 %% &% 38l 7~ HEK293
#ifa (DDHD1/HEK293) # VT, #ifaL
~LCO LPI BEAICK 5 DDHD1 0 #2245
IRz,

DDHD1/HEK293 fifa% BH] 7 7 &% K
PR CHEFR UT-1%, A4/~ THK LT
& 2%, [BHILPI B X OBHILPA OpEA: 78
gani (Fig. 5A), #il%E LeWEEIT,
BHILPL[BHILPA DOFEEITIT L A LBIE
vz & L v, FLAG-DDHD1 I 3fl s
BELTUV YU CIREOEAICES T2 L




MR I T, flifn% DDHD1 (Zx9 A [HEE
M #~% MAFP T4 % & [BH]LPI/
BHILPA opEAITE S (Fig. 1-B),

DDHD1/HEK293 DDHD1/HEK293
&
5 A &
210 (A) o %100
1 g3
B 508l £ &80
EE 23
S206f < 360
& a g
e o<
w o =
ofoaf G &40 *o*
k] o= < - <
202} %20 gl &5 g o
0 o 1=
None lonomycin None  n-BtOH tert-BtOH
DDHD1/HEK293
".é 140 J_* . . (C)
T x120
€5 —
= ® 100
O o
<5 80 <
a5 =
o g 55
i + 60 *  * *
i=]
O 40
o3
=% 20 g Nl = |ES
5.2 - - = |
=0 || ||
Vector PLD1 PLD2
PLD1K898R  PLD2K758R

Fig. 6 Involvement of PLD in ionomycin-evoked
generation of LPl and LPA

A: Activation of PLD by iomomycin in HEK293 cells
expressing DDHD1. HEK293 cells expressing FLAG-DDHD1
were prelabeled with [**C]palmitic acid, and subsequently
incubated with (closed column) or without 1 uM ionomycin
(open column) for 30 min in the presence of 1 % ethanol.
[14C]PEt was extracted and the radioactivity was
determined. The values are the average + SD of three
determinations.

B: Inhibition by n-butanol of ionomycin-evoked generation
of [3H]LPI and [*H]LPA in HEK293 cells expressing DDHD1.
HEK293 cells expressing FLAG-DDHD1 were prelabeled with
[*H]arachidonic acid and then incubated for 30 min with 1
UM ionomycin alone (left) or with ionomycin and n-butanol
(n-BuOH, middle) or tert-butanol (tert-BuOH, right) before
quantitation of [*H]LPI (filled columns) or [3H]LPA (open
columns). The values are the average + SD of three
determinations. *P < 0.01 (vs control (no addition)).

C: Effect of PLD isoforms on ionomycin-evoked generation
of [3H]LPI and [3H]LPA in HEK293 cells expressing DDHD1.
PLD1, PLD2, or an inactive mutant (PLD1K898R or
PLD2K758R) was expressed in HEK293 cells expressing
FLAG-DDHD1. The ionomycin-evoked generation of [2H]LPI
(closed columns) and [3H]LPA (open columns) were
quantified. The values are the average + SD of three
determinations. *P < 0.01 (vs vector control).
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Fig. 7 Translocation of DDHD1 from cytosol to membrane
by ionomycin

A: lonomycin-evoked translocation of FLAG-DDHD1.
HEK293 cells expressing FLAG-DDHD1 were incubated for
30 min with (lanes 3 and 4) or without 1 uM ionomycin
(lanes 1 and 2), and cytosol (lanes 1 and 3) and
membranous (lanes 2 and 4) fractions were prepared. Each
fraction was analyzed by Western blotting with anti-FLAG
antibody.

B: The effect of washing membranes. HEK293 cells
expressing FLAG-DDHD1 were incubated for 30 min with
(lanes 2 and 3) or without 1 uM ionomycin (lane 1), and
membranous fractions were prepared. The membranous
fraction from stimulated cells was further washed with
buffer (lane 3). Each fraction was analyzed by Western
blotting with anti-FLAG antibody.

C: Translocation of DDHD1 assessed by PI-PLA1 activity. PI-
PLA1 activity in membranes or washed membrane from the
cells cultured with (closed columns) or without (open
columns) ionomycin was measured in the presence or
absence of 1 mol% PA. The values are the average + SD of
three determinations.
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Fig. 8 Hypothetical pathway for inter-cellular signaling
via LPl and GPR55, showing the proposed roles of DDHD1.
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PLM2009 (May 25-28, 2009, Tokyo)

4 9 Lysophosphatidylinositol: An
endogenous ligand for GPR55, a putative
novel cannabinoid receptor.

Takayuki Sugiura, Atsushi Yamashita, and
Saori Oka

4th International Conference on
Phospholipase A2 and Lipid Mediators,
PLM2009 (May 25-28, 2009, Tokyo)

5 0 .Biosynthesis of lysophosphatidyl
inositol by DDHD domain containing 1.
Naotaka Suzuki, Atsushi Yamashita,
Tsukasa Kumazawa, Saori Oka, and
Takayuki Sugiura

4th International Conference on
Phospholipase A2 and Lipid Mediators,
PLM2009 (May 25-28, 2009, Tokyo)

5 1 .Effects of 2-arachidonoyl lyso
phosphatidylinositol on HEK293 cells
expressing GPR55.

Saori Oka, Shinji Kimura, Atsushi
Yamashita, and Takayuki Sugiura

4th International Conference on
Phospholipase A2 and Lipid Mediators,
PLM2009 (May 25-28, 2009, Tokyo)

5 2 .Lysophosphatidylinositol induces
rapid phosphorylation of p38 MAP kinase
in HEK293 cells expressing GPR55.

Shinji Kimura, Saori Oka, Toshinobu
Toshida, Atsushi Yamashita, and Takayuki
Sugiura

4th International Conference on
Phospholipase A2 and Lipid Mediators,

PLM2009 (May 25-28, 2009, Tokyo)

5 3.GPR55 and its endogenous ligand
lysophosphatidylinositol in the brain.

Ryo Ota, Saori Oka, Kanako Maruyama,
Atsushi Yamashita, and Takayuki Sugiura
4th International Conference on
Phospholipase A2 and Lipid Mediators,
PLM2009 (May 25-28, 2009, Tokyo)
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