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PLRP2 selectively localizes synaptic membrane proteins via
acyl-chain remodeling of phospholipids
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Abstract The plasma membrane of neurons consists of dis-
tinct domains, each of which carries specialized functions
and a characteristic set of membrane proteins. While this
compartmentalized membrane organization is essential for
neuronal functions, it remains controversial how neurons es-
tablish these domains on the laterally fluid membrane. Here,
using immunostaining, lipid-MS analysis and gene ablation
with the CRISPR/Cas9 system, we report that the pancreatic
lipase-related protein 2 (PLRP2), a phospholipase Al (PLAl),
is a key organizer of membrane protein localization at the
neurite tips of PC12 cells. PLRP2 produced local distribu-
tion of 1-oleoyl-2-palmitoyl-PC at these sites through acyl-
chain remodeling of membrane phospholipids. The resulting
lipid domain assembled the syntaxin 4 (Stx4) protein within
itself by selectively interacting with the transmembrane do-
main of Stx4. The localized Stx4, in turn, facilitated the fu-
sion of transport vesicles that contained the dopamine
transporter with the domain of the plasma membrane, which
led to the localized distribution of the transporter to that
domain. These results revealed the pivotal roles of PLAI,
specifically PLRP2, in the formation of functional domains
in the plasma membrane of neurons.Bll In addition, our re-
sults suggest a mode of membrane organization in which the
local acyl-chain remodeling of membrane phospholipids
controls the selective localization of membrane proteins by
regulating both lipid-protein interactions and the fusion of
transport vesicles to the lipid domain.

Supplementary key words  glycerophospholipids ® membrane lipids ®
membranes/fluidity ® phospholipases ® phospholipid remodeling
acyl-chain configuration ® phospholipase Al ¢ dopamine transporter ®
syntaxin ® pancreatic lipase-related protein 2

Many cells have a plasma membrane that contains
various functionally distinct domains (1). Neurons are
one notable example of such cells, as they carry special-
ized domains at the presynaptic, postsynaptic, and soma
membranes, as well as at different regions of the axon.
This compartmentalized membrane organization is
essential for the neuronal transmission of information
directionally and for the formation of elaborate neural
circuits in the brain. To implement these functionally
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different domains, cells deliver a customized set of mem-
brane proteins to each region. In addition, neurons
must selectively confine these proteins within the limited
regions, to maintain the domains (2), despite the fact
that membrane proteins are, in general, laterally mobile
over the cell surface (3). Although these phenomena have
been studied well, the mechanism underlying these pro-
cesses remains unclear.

Transport vesicles carry the membrane proteins to the
target region of the membrane (4). Soluble N-ethylma-
leimide-sensitive factor attachment protein receptor (SNARE)
proteins play key roles in the target specification of these
vesicles, especially at the docking stage of the vesicles to
the target membranes. In this model, each transport vesi-
cle is labeled with a member of vesicular-SNARE proteins
(-SNARESs) corresponding to its destination, and the tar-
get region of the membrane is marked with a member of
the target-SNARE proteins (t-SNAREs). Correct matching
of the t-SNARE to the v-SNARE on the vesicles is a prereq-
uisite for the fusion of the two membranes and for the de-
livery of the cargo proteins to the target membrane (5).
This model is widely accepted as the core mechanism un-
derlying target selection by transport vesicles. However, the
manner in which the t-SNARE locally marks the target re-
gion of the membrane remains unknown (6).

Phospholipids are the base components of biomem-
branes. In addition to variation in their hydrophilic portion,
phospholipids comprise various molecular species with dif-
ferent combinations of acyl chains, which constitute the
hydrophobic core of the lipid bilayer (7, 8). This acyl chain
variety is produced by a process called “acyl chain remodel-
ing” or “Lands cycle” (9). In this process, one of the two
acyl chains in a phospholipid molecule is cleaved by phos-
pholipase A, followed by the attachment of a different fatty
acid to the lysophospholipid product by acyltransferase or
transacylase. Although many of the enzymes involved in
this process have been documented (10, 11), little is known
about the cellular functions of the acyl chain variation.

In relation to the functions of the acyl chain variation,
we previously showed that 1-oleoyl-2-palmitoyl-PC (OPPC),
which is a rare molecular phospholipid species, is locally
concentrated at the peri-synaptic area of several neuronal
cells through acyl chain remodeling at the sn-1 site of PC and
is implicated in its involvement in the local confinement of
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membrane proteins (12). However, the nature of the en-
zymes that carry out this remodeling or their roles in the
control of the allocation of membrane proteins remains
unclear. In this article, we describe a phospholipase Al
(PLA1) enzyme that is responsible for the regional distri-
bution of OPPC. Moreover, we show its involvement in the
vesicular delivery mechanism and in the local organization
of the plasma membrane.

MATERIALS AND METHODS

Cell culture

PC12 cells were cultured as described previously (12). The cells
were treated with 50 ng/ml nerve growth factor (NGF) (Alomone
Labs, N130) for 48 h or specified periods to induce neuronal de-
velopment. COS7 and HeLa cells were cultured in DMEM
(WAKO, 044-29765) with 10% FBS on glass-bottom dishes (Iwaki)
for immunostaining studies.

Antibody to PLRP2

An antibody to pancreatic lipase-related protein 2 (PLRP2)
(Abcam, ab37599) was used for the initial screening. For the fig-
ures presented in this study, an in-house generated rabbit an-
tiserum to rat PLRP2 was prepared via immunization with
GST-PLRP2 (AA236-482) produced in Escherichia coli.

DNA transfection

DNA lipofections into PC12 cells were performed using EZT-
PC12 (EZ Biosystems) with DNA/reagent = 2 pg/2.8 pl in 3 cm
dishes. The culture medium was replaced at 6 h after transfection.
DNA lipofections into COS7 cells were performed using Lipo-
fectamine 3000 (Thermo) or ViaFect (Promega), as described in
the manufacturer’s instructions. Cells were fixed for observation
16-24 h after the DNA transfections.

Immunofluorescence staining procedures

PC12 cells were washed with PBS and fixed with 4% parafor-
maldehyde in 0.1 M sodium phosphate (pH 7.2) for 15 min, and
then with methanol at —20°C for 30 min. The fixed cells were pre-
incubated with 10% heat-inactivated goat serum in PBS for 1 h
before adding the primary antibodies. These cell preparations
were incubated with the primary antibodies for 12 h at 4°C. The
dilution conditions for the antibodies were as follows: the anti-
PLRP2 (generated in-house), anti-Thy-1 (Millipore, MAB1406),
anti-dopamine transporter (DAT) (Proteintech, 22524-1-AP),
anti-syntaxin 1A (Stx1A) (GeneTex, GTX113559), and anti-syn-
taxin 4 (Stx4) (GeneTex, GTX114806) antibodies were used at
1:100 dilution; and mAb#15 was used at 0.3 pg/ml. All antibodies
were diluted in 5% skim milk containing 1% goat serum in PBS.
After washing the primary antibody with PBS, the cells were
stained with 5,000-fold-diluted secondary antibodies: Alexa 488-la-
beled (Fig. 2C), Alexa 555-labeled (Figs. 1A, 2A, 3C, 4A, B, and D,
9A), or Alexa 633-labeled (Figs. 3A and B, 4C) antibody to mouse
IgM and CF430 (Biotium) (Figs. 3C, 4D); or Alexa 488-labeled
(Figs. 1A, 2A, 3A and B, 4A-C, 9A and B) antibody to rabbit IgG
and Alexa bb5-labeled antibody to mouse IgG (Fig. 2A) in 10%
goat serum in PBS. In the case of COS7 and Hela cells, cells were
fixed as described above and then treated with 0.1% saponin
(Sigma, S4521) in PBS for 10 min. After washing the cells with
PBS, the cells were preincubated with 1% BSA in PBS for 1 h be-
fore adding the primary antibodies. The cell preparations were
incubated with the primary antibodies for 12 h at 4°C. The dilu-
tion conditions for the antibodies were as follows: mAb#15, 0.3
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pg/ml (Figs. 2C, 11C); anti-HA (MBL, M180-3), 1:1,000; anti-RFP
(MBL, M165-3), 1:1,000; and anti-Myc (GeneTex, GTX115046),
1:1,000 (Fig. 11C) in 5% milk in PBS. After washing the primary
antibody with PBS, the cells were stained with 5,000-fold-diluted
secondary antibodies: Alexa 488-labeled antibody to mouse IgM
(Invitrogen) (Fig. 2C) or DyLight 405-labeled (Rockland) anti-
body to mouse IgM (Jackson Immuno Research, 715-475-020),
Alexa 488-labeled antibody to mouse IgG 2b (Invitrogen), Alexa
555-labeled antibody to mouse IgG 1 (Invitrogen), and Alexa
635-labeled antibody to rabbit IgG (Invitrogen) (Fig. 11C) in 1%
BSA in PBS. The cells were observed with a confocal fluorescence
microscope with Nomarski optics (Olympus FV10).

Western blotting

For the analysis of PLRP2 protein expression, cell lysates (15
g protein each) in SDS sample buffer containing 10% B-
mercaptoethanol were heat denatured and separated by SDS-
PAGE on 7.5% gels. The separated proteins were transferred to
PVDF membranes, blocked with 5% milk in TBST (blocking buf-
fer), and probed with an in-house-generated antibody to PLRP2
(1:100,000) in blocking buffer. After washing the membrane with
TBST, a HRP-conjugated antibody to rabbit IgG (1:100,000; Pro-
mega, W4011) in blocking buffer was applied. The membranes
were developed with HRP-substrate (Millipore, WBKLS0500)
and recorded on X-Ray films. For the detection of Stx4 expres-
sion, 10% gels and the antibody to Stx4 (as above; 1:10,000) in
blocking buffer were used. For DAT expression, the antibody to
DAT (Proteintech, 22524-1-AP) was diluted (1:10,000) in an im-
munoreaction enhancer solution (TOYOBO, NKB-101). For the
analysis of DAT expression in COS7 cells, the cells in 12-well
plates were lysed 20 h after the transfection using SDS-sample
buffer containing 10% B-mercaptoethanol. After blotting, the
membrane was probed with an antibody to Myc (MBL, 192-3;
1:500) in blocking buffer. After washing the membrane with
TBST, a HRP-conjugated antibody to mouse IgG (Promega,
W4021) in blocking buffer (1:100,000) was applied. The mem-
branes were developed with the HRP-substrate and recorded us-
ing a CCD camera (LAS4000, Fuji Film). The intensity of the
Myc-DAT bands from different expression constructs was quanti-
fied using the Image Quant software (Fuji Film).

Oligo DNAs used in this study

Oligo DNAs used in this study are described in supplemental
Table S1.

RT-PCR analyses

Total RNA was isolated using an RNA isolation kit (Roche,
11828665001) from three independent pairs of about 5 x 10°
PC12 cells incubated without or with NGF for 48 h. The cDNA
was produced by superscript Il enzyme (Thermo) using 250 ng of
random primer on 2 pg each of total RNA according to the man-
ufacturer’s instructions. For the quantification of the plrp2 cDNA,
PCR was performed using oligo DNAs PLRP2 502 fwd and PLRP2
804 rev, KOD plus neo DNA polymerase (TOYOBO), 34 cycles of
98°C for 10 s, and 68°C for 20 s. For glycerol-3-phosphate dehy-
drogenase (G3PDH) amplification, PCR was performed using
G3PDH fwd and G3PDH rev, the same enzyme, and 26 cycles of
the same reaction conditions. The amplified cDNA was separated
in 2% agarose gels and quantified with a CCD camera.

Expression constructs

The cDNA for rat plrp2 was prepared from total RNA isolated
from PC12 cells by RT-PCR using primer sets #1 and #2, followed
by cloning into a Kpnl/ Nod digest of pCMV SPORT®6 vector (con-
struct A). The obtained sequence matched completely that of rat
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plrp2 (pnliprp2: NCBI NM_057206). CMV-plrp2 (wild-type)-DsRed
fusion (construct B) was assembled by combining the following
four PCR fragments into a HindlIl/ Pmel digest of pcDNA3.1 with
Gibson assembly (NEB): fragment #1, primers #3 and #4 applied
on construct A; fragment #2, primers #5 and #6 applied on con-
struct A; fragment #3, primers #7 and #8 applied on a plasmid
with DsRed; and fragment #4, primers #9 and #10 applied on con-
struct A. In this construct, codon #99 of plrp2 was changed from
gaC (Asp) to gaT (Asp), to confer resistance against CRISPR for
revertant expression in the PLRP2-KO cells. CMV-plrp2 (lipase
inactive)-DsRed fusion (construct C) was produced by substituting
Ser (184, agc) with Gly (ggc) and replacing His (295 cac) with Leu
(ctc) in the plrp2 coding region in construct B, by assembling the
following three PCR fragments applied on construct B: fragment
#1, primers #3 and #11; fragment #2, primers #12 and #13; and
fragment #3, primers #14 and #10. CMV-plrp2 (wild-type)-mCherry-
fusion (construct D) and CMV-plrp2 (lipase inactive)-mCherry fu-
sion (construct E) were prepared by replacing the DsRed-HA-FLAG
part of constructs B and C, respectively, with mCherry, by combin-
ing the following three PCR fragments into each construct: frag-
ment #5, primers #6 and #15 applied on construct B; fragment #6,
primers #16 and #17 applied on a plasmid with mCherry; and frag-
ment #7, primers #10 and#18 applied on construct B.

The cDNAs for rat sixIA and six4 were prepared from total
RNA isolated from PCI2 cells by RT-PCR using primer sets #19
and #20 or #21 and #22, respectively, followed by cloning into a
Hindlll/ Apal digest of the pcDNA3.1 vector (constructs F and G).
The cDNA for sixIA matched completely rat sixIa (NCBI
NM_053788.2). All of the cDNA clones obtained for six4 had one
substitution at the codon corresponding to Thr 216 (ACG) to Ser
(AGC) compared with rat stx4 (NCBI NM_031125.1). The CMV-
HA tag-Stx4-IRES-mCherry construct (construct H) was assembled
into a Sad/BstZ171 digest of pcDNA 3.1 using the following six
PCR fragments: fragment #8, primers #23 and #24; fragment #9,
primers #25 and #26; fragment #10, primers #27 and #28, all ap-
plied on construct G; and fragment #11, primers#29 and #30 ap-
plied on a vector with IRES; fragment #12, primers #31 and #17
applied on construct D; and fragment #13, primers #32 and #33
applied on construct D. In this construct, codon #36 of stx4 was
changed from agC (Ser) to agT (Ser), to confer resistance against
CRISPR for revertant expression in the Stx4-KO cells. The
mCherry-transmembrane domain (TMD) (StxIA amino acids
253-287) fusion construct was assembled on the HindlIl digest of
construct D using the following two PCR fragments: fragment
#16, primers #34 and #17 applied on construct D; and fragment
#17, primers #35 and #36 applied on construct F. The mCherry-
TMD (Stx4 amino acids 263-298) (construct I) fusion construct
was assembled on the Hindlll digest of construct D using the fol-
lowing two PCR fragments: fragments #16 and #18: primers #37
and #38 applied on construct G. The mCherry-TMD (Stx4 290IF)
construct (construct L) was assembled on the ShfI/Pmel digest of
construct I using the following two PCR fragments: fragment #27,
primers #51 and #52 applied on construct I; and fragment #28,
primers #53 and #10 applied on construct I. The CMV-mCherry
alone construct (construct J) was assembled into the HindlIl di-
gest of construct D using the following two PCR fragments: frag-
ments #16 and #19, primers #39 and #38, applied on construct I.

The cDNAs for DAT were prepared from total RNA isolated
from PC12 cells by RT-PCR using the primer sets #40 and #41,
followed by cloning into an EcoRI/Nod digest of the pcDNA3.1/
V5-His A vector (construct K). The obtained sequence matched
completely the rat slc6a3 (DAT: NCBI NM_012694.2). In Fig. 7,
construct #1 was construct J. Construct #2 was assembled into a
Nhel/ Bstz171 digest of construct J using the following three PCR
fragments: fragment #20, primers #42 and #43 applied on con-
struct H; fragment #21, primers #44 and #45 applied on con-
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struct K; and fragment #22, primers #46 and #47 applied on
construct H. Construct #3 was assembled into a Nhel/ Bstz171 di-
gest of construct D using the three PCR fragments that were used
to build construct #2. Construct #4 was assembled into a
Nhel/ Bstz171 digest of construct J using the following three PCR
fragments: fragment #23, primers #42 and #48 applied on con-
struct H; fragment #24, primers #49 and #28 applied on con-
struct H; and fragment #25, primers # 50 and #47 applied on
construct #2. Construct #5 was assembled into a Nhel/ Bsiz171 di-
gest of construct #3 using PCR fragment #26, primers #42 and
#47 applied on construct #4.

Gene KO by CRISPR/Cas9

The targeting vector for the plrp2locus was constructed using a
BsmBI digest of the LentiCRISPRv2 vector by inserting the duplex
of oligo DNAs PLRP2 CRISPR #1 and #2, as described previously
(18). For targeting the stx4 locus, the following oligo DNAs were
used: Stx4 CRISPR #1 and #2. Infectable lentiviruses were pro-
duced by transfecting the following three plasmid DNAs into
H293T cells using Lipofectamine 2000 (Thermo): one of the tar-
geting vectors, a packaging plasmid (ps PAX2), and a envelope
plasmid (pMD2.G). These two plasmids were gifts from Didier
Trono (Addgene plasmids #12260 and #12259). After adding the
targeting virus to PC12 cells, infected cells were selected with 3
ng/ml of puromycin for 1 week. The cells were clonally expanded
and analyzed regarding genome sequence and the expression of
the target proteins.

In situ PLA1 assay

PCI12 cells treated with NGF for 48 h were washed with PBS at
37°C, followed by the addition of the PED-AI substrate (Invitro-
gen) at 1 uM. The cells were immediately observed for less than
30 min using a confocal fluorescence microscope with the excita-
tion wavelength set at 488 nm and the emission band pass set be-
tween 500 and 600 nm.

Isolation of the neurite fraction

The original PC12 cells and the PLRP2-KO cells (5 x 107 cells
each) were cultured in the presence of NGF for 48 h. After wash-
ing with PBS at 37°C three times, the cells were washed once with
lysis buffer [0.32 M sucrose, 1 mM EDTA, 20 mM HEPES (pH
7.4), and 2x complete protease inhibitor mix (Roche, 11 836 145
001)] at 4°C. The cells were collected using rubber scrapers and
centrifuged at 200 gfor 3 min to remove cell bodies, which yielded
a pellet of about 0.9 g for each cell type. The supernatants, which
were enriched in neurite fragments, were centrifuged at 22,000 g
for 60 min at 4°C to recover the neurite fraction (NF).

Lipid analysis of the NF

The NF pellets were dissolved in 550 wl of 5 mM Tris (pH 7.5).
The protein content of the NF was measured by Bradford Ultra
protein assay (Expedeon, BFUO5L) after dissolving a fraction of
the NF in 0.1% SDS. Lipids were extracted from 500 pl of the NF
by adding 5 ml of chloroform/methanol (1:1) with mixing by ro-
tation for 12 h. The mix was centrifuged at 4,000 g for 10 min to
recover the supernatant as the NF lipid fraction. Lipids were evap-
orated with Ny gas, dissolved in 250 pl of chloroform/methanol
(2:1), and filtered through a 0.2 um filter. A portion of the lipid
extract (20 pl) was separated on a C8 reversed phase column
(OS12S03-1546WT, YMC) at 40°C by isocratic elution with 10 mM
triethylamine acetate (pH 4) in water/methanol (7:93) at a flow
rate of 1 ml/min on a HPLC system (Shimazu, LC-20). OPPC
(Sigma; 0.25 g/1, 20 pl) was also analyzed as an elution marker.
The elute fractions (0.5 ml each) were collected for further analy-
sis from the retention time of 10-20 min.
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ELISA with mAb#15

A portion of each elute fraction (40 wl, in triplicate) was ap-
plied to 96-well ELISA plates (Immulon 1B, Thermo). The lipid
samples were dried at 80°C for 30 min. Subsequently, the plates
were blocked with 1% BSA in PBS for 1 h and incubated for 30
min with 0.1 mg/l mAb#15 in 5% milk in 1% BSA/PBS. After
washing with PBS, the secondary antibody [HRP-conjugated
antibody to mouse IgM (sc-2064, Santa Cruz Biotechnology),
100,000-fold dilution in 1% BSA, PBS] was added, followed by
incubation for 30 min. After washing the plates with PBS, the
immunoreactivity was quantified with a chemiluminescent HRP
substrate (Millipore) and measured on a luminometer (BioTek,
Cytation5).

MALDI-TOF-MS analysis

The lipid samples were mixed with 25 uM dimyristoylphospha-
tidylcholine (Sigma, P7930) at a 2:1 ratio and then mixed ata 1:1
ratio with 25 g/1 2,5-dihydroxybenzoic acid (DHB) (Sigma)/
DHB-Li (Wako) at a mixing ratio of 9:1 in 1:1 methanol/water, as
described previously (12, 14). These samples were analyzed on an
ABI SCIEX TOF-TOF 5800 mass spectrometer in positive ion
mode. The sum of the peak heights recorded at m/2760.4 (M+H"),
m/z 766.5 (M+Li"), and m/z 782.4 (M+Na") was compared with
that of DMPC to calculate the mole amount of PC (34:1). For MS/
MS analysis, collision-induced dissociation fragmentation was per-
formed with a collision energy of 2 kV (15). The content of OPPC
and POPC in PC (34:1) was calculated by comparing the peak
heights recorded at m/z 425 (A) and at m/z 451 (B) using the fol-
lowing formulas: OPPC = 1.38A - 0.38B, POPC = -0.38A + 1.38B
based on the MS/MS fragmentation profile of the OPPC standard
(12, 14).

Dopamine uptake assay

PCI2 cells treated with NGF for 3 days were washed with HBSS
with 1% BSA. After the wash, the cells were pretreated with 1 uM
nisoxetine (TOCRIS, 57754-86-6) in HBSS/BSA for 20 min to
suppress NET activity. Dopamine uptake was measured by adding
a Ix fluorescent dopamine analog (Neurotransmitter Transporter
Uptake Assay Kit, Molecular Devices R8173) (16, 17) in HBSS/
BSA to the cells in the continuous presence of 1 uM nisoxetine.
The cells were incubated for 15 min at 37°C before observation
with a confocal fluorescence microscope at excitation/emission =
440/520 nm for up to 15 min. For DAT inhibition studies, 3 uM
GBR12935 (TORCRIS, 67469-81-2) was incubated instead of
nisoxetine. For quantification, the original PC12, PLRP2-KO, and
Stx4-KO cells were cultured in 96-well plates and then stimulated
with NGF for 72 h. After the application of the dopamine analog
in the presence of 1 uM nisoxetine, as described above, its incor-
poration into the cells was measured on a microplate fluorometer
with excitation/emission = 440/520 nm. For COS7 cells transfected
with DAT ¢DNA constructs, the uptake assays were performed
without nisoxetine treatment at 20 h after transfection.

FRET

For the analysis of FRET between DAT and mAb#15, Stx1A and
mAb#15, or Stx4 and mAb#15, PC12 cells treated with NGF for
48 h were stained with 3 pug/ml mAb#15 and either a 1,/50-diluted
antibody to DAT (Proteintech, 22524-1-AP), a 1/50-diluted anti-
body to Stx1A (GeneTex, GTX113559), or a 1/50-diluted anti-
body to Stx4 (GeneTex, GTX114806) in 5% milk, 1% goat serum/
PBS, followed by incubation with 1/3,000-diluted secondary anti-
bodies [CF430-labeled antibody to rabbit IgG (Biotium) and Al-
exa bbb-labeled antibody to mouse IgM (Thermo)] in 10% goat
serum/PBS. FRET between the two fluorophores was observed
with excitation at 440 nm and emission between 630 and 730 nm
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using an Olympus FV10 confocal microscope. For the analysis of
FRET between mAb#15 and the mCherry-TMD constructs, PC12
cells were stimulated with NGF for 48 h and then transfected with
the cDNAs. Cells were fixed at 24 h after transfection and stained
with 3 pg/ml mAb#15 in 5% milk/PBS and 1/5,000-diluted sec-
ondary antibody [Alexa 488-labeled antibody to mouse IgM
(Thermo) in 1% BSA/PBS]. FRET was observed with excitation at
440 nm and emission between 650 and 700 nm.

Immunoelectron micrograph analyses

PC12 cells (the original, PLRP2-KO, and STX4-KO cells)
treated with NGF for 48 h were fixed with 4% paraformaldehyde
in 0.1 M sodium phosphate (pH 7.2) for 15 min. After washing
with PBS, cells were blocked with 10% goat serum in PBS for 1 h
before adding 3 wg/ml purified mAb#15 IgM and 50-fold-diluted
anti-Stx4 or ant-DAT antibodies in 5% skim milk in 1% goat se-
rum in PBS for 12 h at 4°C. After washing the primary antibody
with PBS, the cells were stained with a 200-fold-diluted HRP-labeled
antibody to mouse IgM (Santa Cruz Biotechnology, SC2064) and
a b-fold-diluted 10 nm colloidal-gold-labeled anti-rabbit IgG (BBI)
in 10% goat serum in PBS for 12 h. The localization of mAb#15
was revealed by a DAB substrate kit (Nacalai Tesque, 25985-50).
These samples were fixed again with 4% paraformaldehyde in 0.1
M sodium phosphate( pH 7.2) for 15 min and 1% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.3) for 10 min at 4°C. They were
then postfixed with 1% osmium tetroxide in 0.1 M phosphate buf-
fer (pH 7.3) for 40 min at 4°C and dehydrated in a graded series
of ethanol. After dehydration, the cells were embedded in Epon
812 (TAAB Laboratories Equipment Ltd.). Ultrathin sections
were observed on a JEM-1230 transmission electron microscope
(JEOL, Tokyo, Japan). For the quantification of surface-localized
DAT, gold particles were manually counted in four different im-
ages of EM at 20,000-fold magnification.

Vesicle immunoprecipitation

The vesicle immunoprecipitation procedure was adapted from
previous studies (18, 19). The NFs from the original PC12 cells
and the PLRP2-KO cells were homogenized in 1 ml of the lysis
buffer with Potter homogenizers at 4°C. The homogenates were
centrifuged at 1,000 g for 3 min to remove large particles, and the
supernatants were used as the neurite vesicle fractions (about 750
g of protein each). For vesicle immunoprecipitation, the mem-
brane fractions (200 pl, 50 pg of protein each) were adjusted to
0.1 M potassium phosphate (pH 7.4) and incubated with 0.5 pg of
an antibody to Stx4 (Proteinteck, 14988-1-AP) for 1 h at 4°C, fol-
lowed by the addition of 4 ng of a biotin-labeled antibody to rab-
bit IgG (SouthernBioteck, 4050-08) to the mix and further
incubation for 1 h. Streptavidin-coated magnetic beads (Promega,
75481) were washed once with blocking buffer [5 mg/ml BSA, 0.1
M potassium phosphate (pH 7.4)] and incubated with the block-
ing buffer for 2 h. The beads were then washed three times with
the blocking buffer and once with the lysis buffer supplemented
with 0.1 M potassium phosphate (pH 7.4), and dissolved in this
buffer. The beads (150 pg, 230 pwg/ml) were mixed with the
membrane fractions for 12 h at 4°C. The beads were separated
from unbound fractions and washed once with lysis buffer supple-
mented with 0.1 M potassium phosphate (pH 7.4). The bound
proteins were eluted by SDS sample buffer [6 M urea, 2% SDS,
10% B-mercaptoethanol, 125 mM Tris (pH 6.8)] for 10 min at
95°C. The protein samples in the fractions were analyzed by West-
ern blotting with an antibody to Thy-1 (Millipore, MAB1406;
1:2500), Stx4 (GeneTeX, GTX114806; 1:20,000), DAT (described
above), or PLRP2 (described above). The Tidy Blot HRP-reagent
(Bio-Rad, STAR209P; 1:5,000 in 5% milk/TBST) was used for the
detection of Stx4, DAT, and PLRP2. The secondary antibody for
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Thy-1 was an HRP-labeled anti-mouse IgG (Promega, W402B;
1:100,000 in 5% milk/TBST).

Surface biotinylation assay

Surface biotinylation assays were carried out as described previ-
ously (20) with Biotin-SS-Sulfo-OSu (Dojin, B572) and streptavi-
din-coated magnetic beads (Promega, Z5481). Western blotting
for DAT was performed as described above. The membrane was
stripped with 2% SDS, 0.1 M B-mercaptoethanol, and 62.5 mM
Tris (pH 6.8) for 30 min at 55°C, then reprobed with an antibody
to ATP1A1 (Na'/K" ATPase; Proteintech, 14418-1-AP) at a 1:20,000
dilution in 5% milk/TBS.

RESULTS

The PLRP2 is the PLA1 that determines OPPC
localization

When rat PC12 cells are stimulated with NGF, the cells
elongate their neurites and the DAT, which is an integral
membrane protein, becomes localized at their tips (12, 21).
An immunostaining analysis of these cells using mAb#15,
which recognizes OPPC (12), showed its localization at the
neurite tips 24 h after the stimulation (Fig. 1A) (12). We pre-
viously implicated PLAI activity in this OPPC localization
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Fig. 1. PLRP2 is the major PLA1 at the tip of PC12 neurites. A: PLRP2 colocalized with OPPC during neurite extension in PC12 cells. The
cells were immunostained with mAb#15 (red) and an antibody to PLRP2 (green) at 12 h intervals after NGF stimulation. B: NGF stimulation
induced php2 mRNA expression. PC12 cells were cultured with or without NGF for 48 h and php2 mRNA expression in comparison with
G3PDH mRNA expression was analyzed by RT-PCR. The band intensities were quantified by Image] and statistically analyzed (data are rep-
resented as the mean + SD, n = 3, Student’s #test). C: NGF stimulation induced the PLRP2 protein in PC12 cells. PC12 cells were treated with
or without NGF for 48 h and analyzed for PLRP2 protein expression by Western blotting with an antibody to PLRP2. PLRP2-deficient cells
(supplemental Fig. S1) with NGF stimulation for 48 h were also analyzed (left). The Coomassie staining of the blot membrane is presented
(right). D: PLRP2 is the major PLAI at the tips of PC12 cells. PLAI activity in the original PC12 and the PLRP2-KO cells was analyzed using
a fluorogenic substrate for PLAI (PED-A1, green). For phenotype-recovery experiments, the wild-type plrp2 cDNA (wt) or the lipase-inactive
form of the plrp2 cDNA (DKO) were introduced into the KO cells as DsRed-labeled forms (red). The heavy arrows and the thin arrows indi-
cate the presence and the absence of the activity, respectively. Scale bars, 20 um. See also supplemental Fig. S1.
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(12); however, the identity of the specific enzyme remained
unclear. To address this issue, we screened documented
PLA1 enzymes (22) by immunostaining and examined
their distribution at the neurite tips. The PLRP2 was local-
ized in these structures (Fig. 1A, Fig. 2A). In addition, it
colocalized with OPPC during the extension of neurites
(Fig. IA). An RT-PCR analysis showed that the PLRP2 mRNA
was induced by 6.5-fold after NGF stimulation (Fig. 1B).
Western blotting also showed that the PLRP2 protein was
induced by NGF stimulation (Fig. 1C). These correlations
regarding the NGF dependence and the distribution of
these molecules suggested the involvement of PLRP2 in
OPPC production at the neurite tips.

To examine the roles of PLRP2 in OPPC localization, we
edited the plrp2 (pnliprp2) locus in the PC12 genome using
the CRISPR/Cas9 system (13). A genome analysis of the
resulting 1F6 clonal strain showed the successful editing of
both loci, which resulted in frameshift mutations (supple-
mental Fig. S1). The absence of expression of PLRP2 in the
strain was verified by both Western blotting (Fig. 1C) and
immunostaining (Fig. 2A) with an antibody to PLRP2.
Nonetheless, the cells extended neurites after NGF stimu-
lation (Figs. 1D, 2A). PLA1 activity was detected using a
fluorogenic substrate, PED-A1 (23), which was present at the
tips of neurites in the original PCI2 cells (12) but was scarcely
detected in the mutant strain (Fig. 1D). This loss of PLA1
activity in the mutant cells was restored by re-expressing
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PLRP2 with a DsRed tag (Fig. 1D). In contrast, the replace-
ment of two amino acids in the catalytic core of PLRP2
(24) (184 Ser to Gly and 295 His to Leu) abrogated the
rescue of the PLAI activity (Fig. 1D). These results
showed that PLRP2 is the major PLA1 present at the tips of
PC12 neurites. In the mutant strain, the immunoreactivity
to mAb#15 at the tips of neurites also disappeared (Fig. 2A)
but was recovered only when we introduced the wild-type
plrp2 cDNA (Fig. 2A). An LC-MS lipid analysis of the NF of
the PLRP2-KO cells showed that OPPC content was signifi-
cantly decreased to 40% of that of the original PC12 cells
(Fig. 2B, supplemental Fig. S2). These data consistently
showed that the PLAI activity of PLRP2 is an essential
determinant of the localization of OPPC at the neurite tips.
Conversely, ectopic expression of PLRP2-DsRed in COS7
cells (a fibroblast cell line) or in HeLa cells (an epithelial
cell line), neither of which produce OPPC naturally (12),
led to the formation of OPPC domains together with the
enzyme around perinuclear membrane structures (Fig. 2C).
These results indicated that the PLA1 activity of PLRP2 is a
key determinant of OPPC production and that necessary
components after the cleavage are commonly present in
these cells as well as in PC12 cells.

PLRP2 is required for DAT localization at the neurite tips

To address the functions of the OPPC domain, we com-
pared the distribution of DAT at the neurite tips between

Fig. 2. PLRP2is the key determinant of OPPC local-
ization at the tip of PC12 neurites. A: PLRP2 is neces-
sary for OPPC localization. The original PC12 and the
PLRP2-KO cells were immunostained with mAb#15
(red) and an antibody to PLRP2 (green). The wild-
type or the lipase-inactive form of the plrp2 cDNA with
no fluorescent tag was introduced into the KO cells for
reversion experiments. The heavy arrows and the thin
arrows indicate the presence and the absence of
the immunostaining, respectively. B: Quantification of
OPPC in the NFs of the original PC12 and the PLRP2-
KO cells. The original PC12 and the PLRP2-KO cells
were treated with NGF for 48 h. OPPC content in the
NFs was analyzed by LC-MS. Data are represented as
the mean + SD, n = 3, Student’s ttest. See also supple-
mental Fig. S2. C: The ectopic expression of PLRP2 in
nonneuronal cells led to the generation of an OPPC
domain around the lipase. The DsRed-labeled plrp2
¢DNA was introduced into COS7 cells or into HeLa
cells. The localization of OPPC was analyzed by immu-
nostaining with mAb#15 (green). The localization of
the lipase was monitored based on the fluorescence of
DsRed (red). Scale bars, 20 pm.
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the original PC12 and the PLRP2-deficient cells (Fig. 3A).
In contrast to the original cells, in the PLRP2-KO cells,
DAT was scarcely detected at the neurite tips or any other
part of the cell, although its content in the whole-cell ex-
tract did not differ between the two strains (supplemental
Fig. S3). These results indicated the dispersed distribution
of DAT in the mutant cells. Accordingly, the incorporation
of a fluorescent dopamine analog (12, 16, 17) into the neu-
rite tips was also decreased in the PLRP2-KO cells, confirm-
ing the absence of DAT localization in these structures
(Figs. 3A, supplemental Fig. S4). In addition, the intro-
duction of the plrp2 cDNA into the PLRP2-KO cells led to

the original PC12 PLRP2-KO

A

Same cell
Anti-DAT

Anti-Thy |

Dopamine
uptake assay

the restoration of both OPPC and DAT at the tips (Fig. 3B).
This reversion required the PLA1 activity of PLRP2, as
neither OPPC nor DAT was recovered by expressing the
lipase-inactive form of the ¢cDNA (Fig. 3B). Notably,
the distribution of the Thy-1 protein was not affected in the
PLRP2-KO cells (Fig. 3A), showing that the gene disrup-
tion affected the localizations of limited proteins. These
results showed that the PLA1 activity of PLRP2 is neces-
sary for the distribution of OPPC and for the localization
of DAT at the neurite tips. In addition, a FRET analysis
showed that DAT and mAb#15 were sufficiently close to
produce FRET (25), which revealed that DAT was located
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Fig. 3. PLRP2is required for DAT localization at the neurite tips. A: Analysis of DAT localization in the original PC12 and in the PLRP-KO
cells. The distribution of OPPC (blue), DAT (green), and Thy-1 (red) was analyzed by immunostaining on the same fixed cells. Using differ-
ent sets of live cells, the localization of dopamine-uptake activity was analyzed using a fluorescent dopamine analog (green). The specificity
of the analog for DAT was analyzed in supplemental Fig. S4. The content of DAT in the whole-cell extracts was analyzed in supplemental Fig.
S3. B: PLRP2 is required for DAT localization. The distribution of PLRP2-DsRed (red), OPPC (blue), and DAT (green) was analyzed in the
PLRP2-KO cells with no addition of cDNA, with the transfection of the wild-type plp2-DsRed cDNA (wt) or of the lipase-inactive plrp2-DsRed
cDNA (DKO). C: OPPC and DAT are located within a distance of 10 nm. NGF-treated PC12 cells were immunostained with mAb#15 (with
an Alexa 555-conjugated secondary antibody, red, upperright panel) and an antibody to DAT (with a CF430-conjugated secondary antibody,
green, upper-left panel). The merging of the two images (yellow) is shown in the lower-left panel. FRET from CF430 to Alexa 555 (blue) is
shown in the lower-right panel. The heavy arrows and thin arrows indicate the presence and the absence of the activity, respectively. Scale
bars, 20 pm.
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within a distance of a few protein molecules from OPPC between the two strains (Fig. 6). These results indicated
(Fig. 3C). These results indicated that the allocation of the diffused distribution of the Stx4 protein in the mutant
DAT at the neurite tips is controlled by the localization of cells. This lack of Stx4 localization to the neurite tips in
PLRP2 through a lipid-protein interaction between its reac- PLRP2-KO cells was reversed only by the introduction of

tion product, OPPC, and DAT. the wild-type plrp2 cDNA into the mutant cells, and not the
lipase-inactive form of the cDNA (Fig. 4C). In contrast, Stx1A
Stx4 forms clusters on the OPPC domain localized at the more distal tips of the neurites in both the

The results described above indicated that PLRP2 isalso  original PC12 and the PLRP2-KO cells (Fig. 4A). Immuno-
involved in the transport of DAT to the neurite tips. To electron micrograph analysis showed that Stx4 formed clus-
analyze its involvement in vesicular transport, we screened ters on OPPC domains at the cytoplasmic surface of vesicles
several members of the tSNARE family by assessing their ~ and of the plasma membrane (Fig. 5). In addition, a FRET
localizations at the neurite tips via immunostaining. One of ~ analysis showed that Stx4 and mAb#15 were sufficiently
these proteins, Stx4, colocalized with OPPC at the tips (Fig. close to produce FRET (Fig. 4D). In contrast, FRET was not
4B, Fig. 5). In the PLRP2-KO cells, Stx4 was not detected at observed between Stx1A and mAb#15 (Fig. 4D). These re-
the tips or any other part of the cell (Figs. 4B and C, 5), al-  sults indicated that PLRP2 controls the localization of Stx4
though its content in the whole-cell extract did not differ ~ through a lipid-protein interaction via OPPC.
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Fig. 4. PLRP2is necessary for the localization of Stx4 at neurite tips. A, B: Stx4 colocalizes with OPPC at the neurite tips of PC12 cells. The
distribution of OPPC (red), Stx1A (A, green), or Stx4 (B, green) was analyzed in the original PC12 or in the PLRP2-KO cells by immunostain-
ing. C: The PLALI activity of PLRP2 is necessary for the localization of Stx4 at neurite tips. The distribution of OPPC (blue) and Stx4 (green)
was analyzed by immunostaining in the original PC12 and the PLRP2-KO cells. In some of the KO cells, the PLRP2-mCherry fusion protein
(wt, red) or the lipase-inactive mutant of the PLRP2-mCherry fusion protein (DKO, red) was expressed. D: OPPC and Stx4 are located within
a distance of 10 nm. In the upper panel, NGF-treated PC12 cells were immunostained with an antibody to Stx1A (with a CF430-conjugated
secondary antibody, green) and with mAb#15 (with an Alexa 555-conjugated secondary antibody, red). In the lower panel, the cells were
stained with an antibody to Stx4 (with a CF430-conjugated secondary antibody, green) and with mAb#15 (with an Alexa 555-conjugated
secondary antibody, red). FRET from CF430 to Alexa 555 (blue) was analyzed. The heavy arrows and thin arrows indicate the presence and
the absence of the activity, respectively. Scale bars, 20 pum.
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PLRP2, Stx4, and DAT reside in the same transport
vesicles in a PLRP2-dependent manner

The immunostaining analyses described above showed
that both Stx4 and DAT are closely localized to OPPC. To
analyze the localization of PLRP2, Stx4, and DAT biochem-
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Fig. 6. PLRP2, Stx4, and DAT reside in the same transport vesicles
in a PLRP2-dependent manner. The intracellular vesicles in the
neurite membrane fraction from the original PC12 or the PLRP2-
deficient cells were immunoprecipitated with an antibody to Stx4,
and the protein in the bound fractions was analyzed by Western
blotting with antibodies to Stx4, Thy-1, PLRP2, or DAT.
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Fig. 5. Stx4 forms clusters on the OPPC domain. Im-
munoelectron micrograph analysis of the distribution
of the OPPC domain (HRP-DAB staining, dense mem-
brane staining, green arrows) and that of Stx4 (10 nm
gold particle, red arrows) at the very tip of PC12 cells.
Three different genotypes were analyzed: the original
PC12 (left), PLRP2-KO (center), and STX4-KO (right)
cells. Each area of the rectangles in the upper row is
magnified in the lower row. A cell body with a nucleus
(labeled with N) of an adjacent cell is shown in the
upperright panel, where mAb#15 staining is absent.
Scale bars, 1,000 nm (upper panels) and 400 nm (lower
panels).

ically, we performed vesicle immuno-precipitation assays
(18, 19) using an antibody to Stx4 and the original PC12 or
the PLRP2-deficient cells (Fig. 6). In the bound fractions,
Stx4 was recovered from both the original and the mutant
PCI2 cells. In contrast, Thy-1 was not recovered in these
fractions, showing that Stx4-containing vesicles were selec-
tively enriched in these bound fractions and that Stx4 and
Thy-1 did not share transport vesicles. In the bound frac-
tion, both PLRP2 and DAT from the original PC12 cells
were enriched. In contrast, from the PLRP2-deficient cells,
neither PLRP2 nor DAT was recovered in the bound frac-
tion (Fig. 6). These results showed that PLRP2, Stx4, and
DAT reside in the same transport vesicles and that PLRP2
is necessary for assembling these three cargo proteins on
the transport vesicles.

An acyl chain-protein interaction between OPPC and the
TMD of Stx4 determines the lateral positioning of Stx4 at
the plasma membrane

The results reported above indicated that OPPC con-
trols the localization of Stx4 through an acyl chain-protein
interaction. StxlA and Stx4 have their unique TMDs at
their carboxy terminals, which greatly facilitates the analy-
sis of this lipid-protein interaction (5). To analyze the roles
of TMDs in the localization of these proteins, we appended
each TMD to the carboxy terminal of the mCherry fluo-
rescent protein (Fig. 7A). Unmodified mCherry was dis-
tributed diffusely throughout the cytoplasm, whereas
mCherry-TMD (Stx1A) was localized at the very distal tips
of the neurites, both in the original PC12 and in the PLRP2-
KO cells (Fig. 7B), similarly to endogenous Stx1A (Fig. 4A).
Moreover, mCherry-TMD (Stx4) localized to the tips of neu-
rites only in the original PC12 and not in the PLRP2-KO
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Fig. 7. An acyl chain-protein interaction between OPPC and the TMD of Stx4 determines the lateral positioning of Stx4 at the plasma
membrane. A: Schematic representation of the fusion constructs of mCherry appended with the TMD of Stx1A or that of Stx4. B: The TMDs
of Stx1A and Stx4 determine their lateral positioning at the plasma membrane, and the localization of Stx4 to the tips of neurites is depen-
dent on the interaction between its TMD and OPPC. The unmodified mCherry and mCherry-TMD proteins described in A were expressed
in the original PC12 cells or in the PLRP2-KO cells. The distribution of these mCherry-fusion proteins was observed based on their fluores-
cence (red). In the figures of mCherry-TMD (Stx1A), the areas in the dashed line were magnified in the insets. The white bars correspond
to 10 wm. The heavy arrows and thin arrows indicate the presence and the absence of the localization, respectively. Scale bars in black, 20
pm. C: OPPC and mCherry-TMD (Stx4) are located within a distance of 10 nm. In the NGF-treated original PC12 cells, mCherry-TMD
(Stx1A) (left column) or mCherry-TMD (Stx4) (right column) was expressed. Their distribution in the cells was shown in the second row
(red). The cells were immunostained with mAb#15 (with an Alexa 488-conjugated secondary antibody, top row, green). The merging of the
two images (yellow) is shown in the third row. FRET from Alexa 488 (excitation at 440 nm) to mCherry (blue, emission at 650 nm) is shown
at the bottom. The areas in the dashed line were magnified in the insets. The white bars correspond to 5 pm. Scale bars in black, 20 pwm.

cells (Fig. 7B). Furthermore, mCherry-TMD (Stx4) and
mADb#15 were sufficiently close to provide FRET in the orig-
inal PC12 cells (Fig. 7C). In contrast, FRET was not ob-
served between mCherry-TMD (Stx1A) and mAb#15 (Fig.
7C). To analyze further the localization mechanism of the
TMD, we compared the amino acid sequence of the ap-
pended region of Stx4 (rat) with that of six different mam-
mals and with the TMD of Stx1A (rat) (Fig. 8A). Three
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amino acid residues within the TMD, i.e., 277A, 284V, and
2901, were conserved across the Stx4 proteins, but not in
Stx1A (rat), indicating their functional importance for the
tip localization. In fact, in contrast to the wild-type mCherry-
TMD (Stx4), the mutant form of the mCherry-TMD (Stx4
290IF), in which isoleucine 290 was replaced with phenyl-
alanine, was distributed around the perinuclear regions
and was not localized at the tips of protrusions (Fig. 8B).




A tothe SNARE domain the transmembrane domain
—

Fig. 8. The conserved Ile at position 290 in the TMD
of Stx4 is necessary for its localization at the neurite
tips. A: Sequence alignment of the TMDs of Stx4 from
seven mammalian species. The amino acid sequences
of the TMD of Stx4 from rat, human, horse, cat, dog,
bovine, and opossum were compared. In addition, the
TMD of rat Stx1A was also aligned. The amino acids

amino acid the carboxyl
263 277 284 290 terminal
rat (Q08850) | ENQKKARKKKVMIAICVSVTVLILAVIGITITVG
human (Q12846) | ENQKKARKKKVLIAICVSITVVLLAVIIGVTVVG
< horse (FBZGZ1) | ESQKKARKKKFLIAICVSITVLILLVIIVISTLY
& cat (M3X2Z0) | ENQKKARKKKVLIAICLSVTVLIVAVIIGVSILV
dog (F6VOGS5) | ENQKKARKKKVLIAICVSVTVVILAVIIGIATLY
bovine (Q3SWZ3) LENQKKARKKKVFIAICLSITVLILVVIIVISTLY
opossum (FEWIC9) LESQKKARKKKVAIAICVTIAVLVLALIGLSVGT
rat Stx1A (P32851) VKYQSKARRKKIMIICCVILGIIASTIGGIFG
B the original PC12 cells +
mCherry-TMD (Stx4 wt) mCherry-TMD (Stx4 290IF)

These results indicated that the TMD of Stx1A and that of
Stx4 are the determinants of their lateral positioning at the
plasma membrane, and that the localization of Stx4 at the
tips of neurites is dependent on the sequence-specific in-
teraction of its TMD with the characteristic acyl chain con-
figuration of OPPC.

Stx4 is necessary for the surface expression of DAT

The results described above showed that the localization
of both DAT and Stx4 at the neurite tips depends on
PLRP2. To address the roles of Stx4 in the localization of
PLRP2 or DAT at the tips, we edited the stx4 locus in the
PCI2 genome using the CRISPR/Cas9 system (13). A ge-
nome analysis of the resulting 2G8 clonal strain confirmed
the successful editing of both loci, which resulted in a
frameshift mutation and a 228 base insertion that caused
the premature termination of the protein (supplemental
Fig. SbA). The absence of expression of the Stx4 protein in
the strain was verified by Western blotting (supplemental
Fig. S5B) and immunostaining analysis (Fig. 5, Fig. 9A) us-
ing an antibody to Stx4. Nonetheless, the cells extended
neurites after NGF stimulation (Figs. 5, 9A, B, and F) and
OPPC was still present at the neurite tips (Fig. 9A). These
results showed that Stx4 is not necessary for the localization
of PLRP2 to the neurite tips. In the Stx4-KO cells, the in-
tensity of the DAT immunostaining at the tips was increased
compared with the original PC12 cells (Fig. 9B). However,
the incorporation of the fluorescent dopamine analog into
the tips was significantly decreased in the Stx4-KO cells
(Fig. 9B). Moreover, this deterioration of dopamine incor-
poration was reversed by expressing the six4 cDNA in the
cells (Fig. 9F). The quantification of dopamine incorpora-
tion into the whole cells showed a significant decrease in
the mutant cells, to 34.6% of that of the original cells (Fig.
9C). In addition, surface biotinylation assays (20) revealed
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that were conserved across all eight sequences are
shown in red. The amino acids that were conserved
uniquely in Stx4 are presented in green. B: The Ile 290
of Stx4 is necessary for its neurite tip localization. The
amino acid corresponding to Ile 290 in mCherry-TMD
(Stx4) was changed to Phe to produce mCherry-TMD
(Stx4 290IF). This construct and the original mCherry-
TMD (Stx4) were expressed in the NGF-treated origi-
nal PC12 cells. The distribution of these proteins in
the cells was observed based on the fluorescence of
mCherry (red). The heavy arrows and thin arrows in-
dicate the presence and the absence of the localiza-
tion, respectively. Scale bar, 20 pm.

that the surface expression of the DAT protein was signifi-
cantly decreased both in the PLRP2-KO cells and in the
Stx4-KO cells, to 21% and to 37% of that of the original
cells, respectively (Fig. 9D, E). Furthermore, an immuno-
electron micrograph analysis using an antibody to DAT in
Stx4-KO cells showed the increased localization of DAT at
the neurite tips compared with the original PC12 cells, al-
though its surface localization was significantly decreased,
to 21% of that of the original PC12 cells (Fig. 10). These
results consistently showed that Stx4 is required for the sur-
face expression of DAT at the neurite tips and that Stx4 is
not required during the transport of the vesicles to the vi-
cinity of the target fusion sites at the tips.

Combined expression of PLRP2 and Stx4 enhances the
surface expression of DAT in a nonneuronal cell

The results reported above showed that both PLRP2 and
Stx4 are necessary for the efficient surface expression of
DAT in PCI2 cells. To examine whether these two proteins
are sufficient for this process, we expressed PLRP2, Stx4,
and DAT in COS7 cells at different combinations (Fig.
11A). As none of these proteins are naturally expressed in
COST7 cells, we expected that the cells would have no speci-
fied components to interact with these proteins, while they
have a general machinery for the transport of membrane
proteins. Thus, we were able to analyze the roles of the
OPPC domain and of Stx4 in the surface expression of
DAT without the complications of additional factors that
are possibly present in neuronal cells. The expression of
DAT with mCherry alone using construct #2 led to a negli-
gible detection of DAT by immunostaining (Fig. 11C), al-
though its protein content in the whole-cell extract was the
most abundant among the five constructs (Fig. 11B). These
results indicated the dispersed distribution of DAT in
these cells, as observed in the PLRP2-deficient PC12 cells
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Fig. 9. Stx4 is necessary for the surface expression of DAT. A: OPPC localizes at the neurite tips in the absence of Stx4. The distributions
of OPPC and Stx4 in the original PC12 and the Stx4-KO cells were analyzed by immunostaining with mAb#15 (red) and an antibody to Stx4
(green). B: Stx4 is required for the surface expression of DAT. The distribution of DAT was analyzed by immunostaining in the original PC12,
the PLRP2-KO, and the Stx4-KO cells (green, left column). Dopamine-uptake assays were performed in separate sets of these cells (green,
right column). The heavy arrows and thin arrows indicate the presence and the absence of the activity, respectively. C: Quantification of
dopamine uptake by the original PC12, the PLRP2-KO, and the Stx4-KO cells. The cells were cultured in 96-well plates in the presence of
NGF for 72 h, and the incorporation of the fluorescent dopamine analog into the cells was quantified by a fluorometer. Data are presented
as the mean + SD, n = 12, Student’s ttest. D: Analysis of DAT surface expression in the original PC12, the PLRP2-KO, and the Stx4-KO cells.
Surface biotinylation assays were performed on the three types of cells and the fractions of biotinylated DAT bound to streptavidin beads
were analyzed by Western blotting with an antibody to DAT (upper panel). The same blot membrane was reprobed with an antibody to Na*/
K" ATPase as a positive control for surface expression. E: The band intensities of DAT and Na'/K" ATPase in (D) were quantified by Image],
expressed as the ratio of bound fractions, and statistically analyzed (data are presented as the mean + SD, n = 3, Student’s #test). F: Dopamine
incorporation into the tip of the Stx4-KO cells was recovered by the re-expression of the stx4 cDNA. Dopamine incorporation (green) was
monitored in the original PC12, the Stx4-KO, or the Stx4-KO cells transfected with the CMV-Stx4-IRES-mCherry cDNA. The cells with suc-
cessful transfection were indicated by the fluorescence of mCherry (red). The heavy arrows and thin arrows indicate the presence and the
absence of the activity, respectively. Scale bars, 20 wm. See also supplemental Fig. S5.

(Fig. 3A, B, supplemental Fig. S3). In turn, the expression
of DAT with the PLRP2-mCherry fusion protein using con-
struct #3 led to the detection of PLRP2 and OPPC at the peri-
nuclear regions, as in Fig. 2C; moreover, DAT was scarcely
detected by immunostaining (Fig. 11C). Subsequently, the
expression of DAT with mCherry and Stx4 using construct
#4 led to the detection of Stx4 at the perinuclear regions,
with DAT being scarcely detected by immunostaining
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(Fig. 11C). Finally, when DAT was expressed with both
PLRP2-mCherry and Stx4 using construct #5, PLRP2,
OPPC, and Stx4 were detected most strongly at the tips of
cell protrusions, and DAT was detected at the tips and in
cell bodies. In addition, its immunostaining was stronger
than that detected in the cells transfected with the other
constructs (Fig. 11C), although its protein content in the
whole-cell extract was the least abundant among the four
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constructs that expressed DAT (Fig. 11B). These results in-
dicated that the clustered distribution of the DAT protein
took place only in the presence of this latter combination
of molecules. Furthermore, using the different conditions
mentioned above, we examined the incorporation of the
dopamine analog into cells as a measurement of the sur-
face expression of DAT (Fig. 12A, B). Again, the expression
of DAT with both PLRP2-mCherry and Stx4 yielded the
strongest incorporation, which was significantly increased
by 9.1-fold compared with that of the cells transfected with
DAT and mCherry alone. These results showed that, even
in a nonneuronal cell type, PLRP2 and Stx4 cooperatively
facilitated the surface expression of DAT; moreover, they
indicated that these two proteins are the central determi-
nants of the transport and surface expression of DAT.

SASBMB

DISCUSSION

Most of the current models of functional segmentation
of the plasma membrane rely on structural protein com-
plexes at the border of the domains that provide passive
barriers or impedance against the lateral diffusion of mem-
brane proteins (1, 26). Here, we described a distinct mode
that depended on enzymatic activity inside the domains,
which modified the internal structure of the phospholipid
membrane itself.

Although it is known mostly as an extracellular digestive
lipase secreted from the pancreas (27), PLRP2 also has
PLA1 activity for PC (24) (Fig. 1D), and its transcript is
detected in selected areas of the brain (28, 29). In this study,
we found that PLRP2 was present at the neurite tips of
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transfected with the expression constructs #2 to #5. Scale bar, 20 pwm.

PCI2 cells (Figs. 1A, 2A) and that its PLA1 activity was es-
sential for the localization of OPPC at the tips (Fig. 2A, B,
supplemental Fig. S2). These results showed that PLRP2
works as a membrane-bound PLA1 in PC12 cells and initi-
ates acyl chain remodeling at the sn-1 site of membrane PC,
leading to the regional distribution of OPPC. After PLRP2
cleaves the sn-1 site, oleic acid must be added back at the
site to produce OPPC. Before analyzing its mechanism in
detail, we ectopically expressed PLRP2 in COS7 cells or in
HelLa cells, which do not express OPPC naturally (12).
These ectopic expressions resulted in the production of
OPPC around the enzyme (Figs. 2C, 11C), which indicated
again that PLRP2 is a key determinant of OPPC localiza-
tion. In addition, these results implied that the mechanism
for adding oleic acid to the sn-1 site is generally present
among different cell types, despite that there is no report
on an acyltransferase that is capable of adding oleic acid to
the sn-1 site (10, 11). One possible mechanism consistent
with this prevalent nature is the spontaneous acyl-migra-
tion from the sn-2 site to the sn-1 site (30). Using abundant
2-oleoyl-PC species, such as 1-palmitoyl-2-oleoyl-PC, as the
substrate, PLRP2 initially produces 2-oleoyl-lyso PC, which
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is nonenzymatically converted into 1-oleoyl-lyso PC by the
acyl-migration. Then, an acyltransferase such as LPCAT1
(31) would add palmitic acid to the sn-2 site for completing
the OPPC biosynthesis. Further study is required to exam-
ine this hypothesis and to identify the acyltransferase in-
volved in the OPPC synthesis.

The PLAI activity of PLRP2 was essential not only for
OPPC localization but also for the localization of DAT and
Stx4 at the neurite tips (Figs. 3A and B, 4B and C, 5, 9B).
In addition, OPPC was located sufficiently close to provide
FRET with DAT and Stx4 (Figs. 3C, 4D, 7C). An immuno-
electron micrograph analysis also showed that DAT and
Stx4 are located at the OPPC domain (Figs. 5, 10). More-
over, the TMD of Stx4 was sufficient for its correct local-
ization (Fig. 7B, C), which required PLRP2 (Fig. 7B).
Furthermore, the isoleucine residue located at position
290 of the TMD of Stx4 was essential for the tip localiza-
tion of this protein (Fig. 8). These results suggested that
the local distribution of OPPC at the tips attracts DAT and
Stx4 to the domains through a lipid—protein interaction,
albeit the precise mode of interactions between OPPC
and these proteins are currently unclear. This lipid
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domain concept presents a simple and flexible confine-
ment mechanism that does not use barrier structures at
the border of the domains. Moreover, this flexibility meets
the requirements for the synaptic membranes, where the
area of the domains fluctuates according to neuronal ac-
tivity (32).

In addition to flexibility, the selective nature of its con-
trol is a remarkable feature of the acyl-chain domain. In
this study, we showed that DAT and Stx4 were controlled
by the OPPC domain (Figs. 3A and B, 4B and C, 5, 7B and
G, 8,9B, 11C), whereas Thy-1 and Stx1A were not (Figs. 3A,
4A and D, 7B and C). These results indicated that some
proteins selectively recognize the characteristic acyl chain
configuration of OPPC and are retained in the domain,
while others move freely. This selective nature of the con-
finement fits the characteristics of the membrane domains
found in neurons (3) and possibly provides a basis for the
sorting mechanism of membrane proteins in general. Con-
sidering the large variety of fatty acid configurations ob-
served in membrane phospholipids (8), it is possible that
other phospholipid species with unusual fatty acid configu-
rations form membrane domains at different locations in
the cell. In this respect, it is interesting that the TMD of
Stx1A was also the determinant of its lateral positioning on
the plasma membrane to the very distal tips of neurites
(Fig. 7B, C). The identity of the localized lipid counterpart
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+PLRP2-mCherry
+HA-Stx4

Fig. 12. The combined expression of PLRP2 and
Stx4 enhances the surface expression of DAT in a non-
neuronal cell. A: Dopamine uptake assays in COS7
cells transfected with the expression constructs #2 to
#5. The fluorescence of mCherry (red, upper row)
and the fluorescence of the incorporated dopamine
analog (green, lower row) are shown. Scale bar, 20
pm. B: Quantification of dopamine uptake by COS7
cells transfected with the expression constructs #2 to
#5. The incorporation of the fluorescent dopamine
analog into cells in a 96-well plate that were trans-
fected with constructs #2 to #5 was quantified by a fluo-
rometer and is expressed as dopamine uptake/DAT
protein content. Data are presented as the mean + SD,
n = 6, Student’s test.

at the site that is responsible for Stx1A localization will be
examined in future studies.

Another feature of the acyl-chain domain is that it links
the mechanism of intracellular vesicle transport to that of
membrane segmentation at the cell surface. Previous stud-
ies have shown that the distribution of several t-SNARE
proteins is correlated with functional segments on the
plasma membrane (33). However, their causal depen-
dence remains unclear, as the allocation mechanism of t-
SNARE is unknown (6). As described above, PLRP2 was
necessary for the localization of Stx4, which is a member
of -SNARE that controls selective vesicle fusion to the
plasma membrane (5), at the neurite tips (Figs. 4B and C,
5, 7B), while Stx4 was not essential for the localization of
PLRP2 at the tips (Fig. 9A). In addition, both PLRP2 and
Stx4 were necessary for the efficient surface expression of
DAT in PC12 cells (Figs. 9, 10), as well as in COS7 cells
expressing DAT ectopically (Fig. 12). Furthermore, PLRP2
was necessary for the formation of the transport vesicles
that carried both Stx4 and DAT (Fig. 6). These results sug-
gest that the OPPC localization afforded by localized
PLRP2 is the primary cause of the Stx4 localization at the
tips. This localized Stx4 protein facilitated the fusion of
the transport vesicles that carry DAT to the domain of the
plasma membrane (Figs. 9, 10), leading to the localized dis-
tribution of the transporter at this region. This mechanism
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presents the vesicle fusion machinery as another integral
component of the plasma membrane segmentation. The
identity of the corresponding v-SNARE on the transport
vesicles and the initial localization mechanism of PLRP2
to the tips remained unidentified in this study.

We identified two key proteins involved in the alloca-
tion control of DAT. The first was PLRP2, which was re-
quired consistently in the different stages of the process,
from the formation of its transport vesicles (Fig. 6) to its
confinement within the limited region of the plasma
membrane (Figs. 3, 9B, 11). The second was Stx4, which
was necessary for its efficient surface expression at the
neurite tips (Figs. 9, 10). As several neuronal disorders
are linked to localization anomalies of DAT (34-36),
these findings might offer new clues for understanding
the mechanisms of such disorders. In previous studies,
although its functional significance remains contro-
versial (37, 38), a direct protein-protein interaction
between DAT and Stx1A has been described (39), which
is inconsistent with our results in terms of the distinct
distribution of DAT and Stx1A in PC12 cells (Fig. 4)
and in terms of the functional interaction between DAT
and Stx4 (Figs. 9-12). Further studies are needed to
analyze these discrepancies.

Here, we presented a mechanism of membrane pro-
tein localization that was dependent on PLAI, an acyl
chain-protein interaction, and the vesicle fusion machin-
ery. The PLAI enzyme produces the regional distribu-
tion of one particular molecular species of phospholipid
to attract target membrane proteins through an acyl
chain-protein interaction. Using this lipid-protein inter-
action, the corresponding t-SNARE also positioned itself
at the region through its TMD. This t-SNARE localiza-
tion, in turn, promoted the selective delivery of target
proteins to form functional domains at the sites. As dis-
cussed above, this mechanism is widely and seamlessly ap-
plicable to the sorting, the selective transport, and the
selective confinement of membrane proteins. Further-
more, as phospholipid remodeling is a universal process
in cells (7), it is likely that cells other than neurons also
use this mechanism. Thus, it will be fruitful to study the
involvement of PLRP2 or other members of the PLAI1
family in various cellular functions that require alloca-
tion control of membrane proteins
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