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Brefeldin A-resistant ArfGEF 2 (BRAG2) [or Igsecl (IQ motif and Sec7 domain-containing protein 1)] is a guanine nucleotide
exchange factor for ADP ribosylation factor 6 (Arf6), a small GTPase implicated in the membrane trafficking between the
plasma membrane and endosomes. BRAG2 regulates Arf6-dependent endocytosis of AMPA receptors (AMPARs) through the
direct interaction during the hippocampal long-term depression. However, the molecular mechanism by which the BRAG2-
Arf6 pathway links AMPARs to the endocytic machinery remains elusive. Herein, using mouse brains of both sexes, we dem-
onstrated that BRAG2a, an alternative isoform with a long C-terminal insert containing a proline-rich domain and type I
PDZ-binding motif, was selectively localized to the excitatory postsynaptic density (PSD). Using yeast two-hybrid screening,
we identified PSD-95 and endophilin 1/3 as BRAG2a-binding partners in the brain. The interaction with PSD-95 was required
for synaptic targeting of BRAG2a. In cultured hippocampal neurons, stimulation of group I metabotropic glutamate receptors
(mGluRs) increased the interaction of BRAG2a with endophilin 3 and concomitant Arf6 activation in a time-dependent man-
ner. Knockdown of BRAG2 in cultured hippocampal neurons blocked the mGluR-dependent decrease in surface AMPAR lev-
els, which was rescued by introducing wild-type BRAG2a, but not wild-type BRAG2b or BRAG2a mutants lacking the ability
to activate Arf6 or to interact with endophilin 3 or PSD-95. Further postembedding immunoelectron microscopic analysis
revealed the preorganized lateral distribution of BRAG2a, Arf6, and endophilin 3 for efficient endocytosis at the postsynaptic
membrane. Together, the present findings unveiled a novel molecular mechanism by which BRAG2a links AMPARs to the
clathrin-dependent endocytic pathway through its interaction with PSD-95 and endophilin 3.
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BRAG2/Igsecl is a GDP/GTP exchange factor for ADP ribosylation factor 6 (Arf6), a small GTPase implicated in the mem-
brane trafficking between the plasma membrane and endosomes, and regulates Arf6-dependent endocytosis of AMPARs
through direct interaction during hippocampal long-term depression, one of the mechanisms of synaptic plasticity related
to learning and memory. However, the molecular mechanism by which the BRAG2-Arf6 pathway links AMPARs to the
endocytic machinery remains elusive. Here, we identified isoform-specific mechanisms of BRAG2-mediated AMPAR
internalization. We demonstrated that the interaction of BRAG2a isoform with PSD-95 and endophilin 3 was required
for the mGluR-dependent decrease in surface AMPARs in hippocampal neurons. These results unveiled a novel molecu-
lar mechanism by which BRAG2 links AMPARs to the clathrin-mediated endocytic machinery at postsynaptic sites.
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Introduction

Dynamic changes in the number and subunit composition of
AMPARs by membrane trafficking such as exocytosis and endo-
cytosis is a major regulatory mechanism underlying activity-de-
pendent synaptic plasticity such as long-term potentiation (LTP)
and long-term depression (LTD), the cellular basis of learning
and memory (Sheng and Lee, 2001; Malinow and Malenka, 2002;
Diering and Huganir, 2018). Hippocampal LTD is a form of ac-
tivity-dependent synaptic plasticity that shows a persistent
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decrease in synaptic strength and relates to learning and memory
that require behavioral flexibility, such as the acquisition of novel
information (Collingridge et al., 2010). During the LTD induc-
tion, clathrin-mediated endocytosis (CME) is thought to be a
critical process to reduce AMPARs at the postsynaptic mem-
brane downstream of NMDAR or mGluR activation. Consist-
ently, several components of the CME machinery, including
adaptor protein complex-2 (AP-2), clathrin, endophilin, and
dynamin, are implicated in AMPAR internalization during LTD
(Carroll et al, 1999; Man et al, 2000; Lee et al., 2002;
Chowdhury et al., 2006; Nadif Kasri et al., 2011). Among these,
endophilins, a family of Bin/Amphiphysin/Rvs (BAR) domain
and Src homology 3 (SH3) domain-containing proteins, mediate
various steps of CME, including the budding, fission, and
uncoating of clathrin-coated vesicles (Ringstad et al., 1997, 1999;
Schuske et al, 2003). During hippocampal mGluR-dependent
LTD, endophilin cooperates with dynamin and oligophrenin-1, a
Rho-GTPase activating protein, to mediate AMPAR internaliza-
tion (Nadif Kasri et al, 2011). Endophilin and dynamin also
form a protein complex with Arc/Arg3.1, and facilitate the endo-
cytosis of AMPARs during homeostatic synaptic scaling and
LTD (Chowdhury et al., 2006; Shepherd et al., 2006). However,
our understanding of the molecular mechanisms of LTD is still
far from complete.

BRAG2 (Brefeldin A-resistant ArfGEF 2), also known as
Igsecl (IQ motif and Sec7 domain-containing protein 1), is a
guanine nucleotide exchange factor (GEF) that activates ADP
ribosylation factor 6 (Arf6; Someya et al., 2001), a small GTPase
that regulates endosomal trafficking between the plasma mem-
brane and endosomes. Arf6 is implicated in various neuronal
functions including neuronal migration (Falace et al., 2014; Hara
et al,, 2016); formation of axons, dendrites, and dendritic spines
(Hernandez-Deviez et al., 2002, 2004; Miyazaki et al., 2005; Choi
et al., 2006; Kim et al., 2015); and recycling of synaptic vesicles at
presynapses (Tagliatti et al., 2016). The BRAG2-Arf6 pathway
has been highlighted as a novel regulatory mechanism for activ-
ity-dependent AMPAR endocytosis (Scholz et al., 2010). During
mGluR-dependent LTD, concomitant ligand binding to AMPAR
and dephosphorylation of the GluA2 subunit at Tyr876 triggers
direct interaction of BRAG2 with GluA2 and Arf6 activation,
thereby leading to AMPAR endocytosis. Although the BRAG2-
Arf6 pathway has been shown to mediate both mGluR-depend-
ent and NMDAR-dependent LTD at hippocampal synapses, the
latter form of LTD does not depend on tyrosine dephosphoryl-
ation (Scholz et al., 2010). Therefore, there seem to be additional
mechanisms by which the BRAG2-Arf6 pathway regulates
AMPAR endocytosis. In addition, BRAG2 exists in at least two
isoforms, BRAG2a and BRAG2Db, which differ by the alternative
use of N-terminal and C-terminal regions (D’Souza and Casanova,
2016). Particularly, BRAG2a is unique in that it has a long C-termi-
nal region containing a proline-rich domain (PRD) and a type I
postsynaptic density-95 (PSD-95)/Discs large/zonula occludens 1
(PDZ)-binding motif. However, it remains unknown whether these
two BRAG2 isoforms exhibit distinct subcellular localization and
functions in neurons.

Here, we demonstrated that BRAG2a was selectively localized
to the excitatory PSD through the interaction with PSD-95. We
further identified endophilin 3 as a novel BRAG2a binding part-
ner and demonstrated that the interaction of BRAG2a with PSD-
95 and endophilin 3 was required for the mGluR-dependent
decrease in surface AMPARSs in cultured hippocampal neurons.
These results unveiled a novel molecular mechanism by which
BRAG2 links AMPARs to the CME machinery.
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Materials and Methods

Animals. Three male C57BL/6 mice in the 10th to 12th postnatal weeks
(CLEA Japan) were used for each analysis, including in situ hybridiza-
tion, immunostaining, immunoelectron microscopy, and immunoblot-
ting assays, five male C57BL/6 mice in the fourth postnatal week (CLEA
Japan) were used for acute hippocampal slice culture, 20 pregnant ICR
mice (CLEA Japan) were used for hippocampal primary culture, and
two guinea pigs and one rabbit (Japan Laboratory Animals) were used
for immunization. All animals were housed in air-conditioned rooms
(~23°C) with a 12 h light/dark cycle with free access to food and water.
Before the experiments, all animals were anesthetized with sodium pen-
tobarbital (50 mg/kg body weight, i.p.) or inhalation of 4% isoflurane,
and the anesthetic levels were assessed by pedal reflex to minimize suf-
fering of the animals. Neonatal mice were killed by decapitation for the
hippocampal neuronal culture. All efforts were made to minimize the
number of animals used. All experimental protocols involving animals
were approved by the Animal Experimentation and Ethics Committee of
the Kitasato University School of Medicine.

In situ hybridization. In situ hybridization analysis was performed
using *°S-labeled antisense oligonucleotide probes, as described previ-
ously (Sakagami et al., 2006). Probes specific for BRAG2a and BRAG2b
are complementary to nucleotides 3265-3309 and 2844-2888 of the
cDNAs for mouse BRAG2a (GenBank accession no. NM_001134384)
and BRAG2b (GenBank accession no. NM_001134383), respectively. A
probe common to BRAG2a and BRAG2b (panBRAG2 probe) is comple-
mentary to nucleotides 2710-2754 of BRAG2a. Oligonucleotides were
labeled with [@-*°S]-dATP using Invitrogen terminal deoxyribonucleo-
tidyl transferase (Thermo Fisher Scientific). Cryostat sections (20 wm in
thickness) of freshly frozen adult mouse brains were subjected to the fol-
lowing treatments at room temperature: fixation with 4% paraformalde-
hyde (PFA) for 10 min; 2 mg/ml glycine in PBS for 10 min; acetylation
with 0.25% acetic anhydride in 0.1 M triethanolamine-HCI, pH 8.0, for
10 min; and prehybridization for 1 h in a hybridization buffer consisting
of 50% formamide, 0.1 M sodium phosphate buffer (PB), 4 x SSC (1 X
SSC: 0.15 M NaCl, 0.015 m sodium citrate, pH 7.4), 0.02% Ficoll, 0.02%
polyvinylpyrrolidone, 0.02% bovine serum albumin, 1% sodium N-
lauroyl sarcosinate (sarkosyl), 200 ug/ml tRNA, 1 mm EDTA, and 10%
dextran sulfate. Hybridization was performed at 50°C overnight in the
hybridization buffer supplemented with 100 mum dithiothreitol and *>S-
labeled oligonucleotide probes (1 x 10" cpm/ml). The slides were washed
three times at 55°C for 40 min in 0.1 x SSC containing 0.1% sarkosyl.
Sections were exposed to nuclear track emulsion (NTB-2, Kodak) for 1
month. The specificity of the signals was confirmed by blank signals
obtained when sections were hybridized in the presence of a 50-fold
excess of unlabeled oligonucleotides.

Constructs of plasmid vectors. The cDNAs for BRAG2a, BRAG2b,
PSD-95, PSD-93, SAP97, SAP102, GluN2A, GluN2B, endophilin 3, Arf6,
GluA2, and their various mutants were amplified from mouse brain
cDNA library or respective mouse cDNAs by PCR using the combina-
tions of primers shown in Table 1, in which sense and antisense primers
were supplemented at their 5" ends with a restriction site and a stop
codon, respectively, and subcloned into pGEM-Teasy vectors (Promega).
The inserts were confirmed by sequencing and subcloned into Invitrogen
pDBLeu or pPC86 vectors (Thermo Fisher Scientific) for yeast two-hybrid
assay, pPCAGGS-FLAG, pcDNA, pEGFP-C, pEGFP-N, or pmCherry-C vec-
tors (Clontech Laboratories) for protein expression in mammalian cells,
and pGEX4T-2 (GE Healthcare Bio-Sciences) for protein expression in bac-
teria. The shRNA-resistant (sh-res) wild-type (WT) BRAG2a, its mutants,
in which the C-terminal PDZ binding motif or Sec7 domain were deleted
(ASTVV or ASec?), or proline residues at 956-957, 988-990, or all of the
PxxP motifs in the PRD for the interaction with SH3 domain were replaced
with alanine [P956/957A, P988-990A, or P(PRD)A], and shRNA-resistant
wild-type BRAG2b were made by gene synthesis (Europhins Genomics).
For knock-down (KD) experiments, target sequences (BRAG2, 5'-GT
CGCATTGTGCTGTCCAA-3'; firefly luciferase for control, 5'-CGTAC
GCGGAATACTTCGA-3") were subcloned into modified mU6pro vec-
tors, which can simultaneously express shRNA under a U6 promoter
and EGFP under a CMV promoter (Yazaki et al, 2014). Plasmids used
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Table 1. PCR Primers used in the present study
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Product name Sense Antisense
BRAG2a (1-1099) GAATTCATGGCTTGCCGAAGACGC (TACACAACTGTGCTGATGC
BRAG2a (934-1099) GTCGACAGGCTCCATCATTAGCAGT (TACACAACTGTGCTGATGC

BRAG2a (934-1095)
BRAG2a (934-1002)
BRAG2a (1002-1095)
BRAG2a (1014-1089)
BRAG2b (1-961)
BRAG2b (948-961)
PSD-95 full

PSD-95 PDZ1 + 2 + 3
PSD-95 PDZ1 + 2
PSD-95 PDZ2 + 3
PSD-95 PDZ1

PSD-95 PDZ2

PSD-95 PDZ3
Endophilin 3 (1-347)
Endophilin 3 (1-249)
Endophilin 3 (250-347)
Endophilin 3 (286-347)
PSD-93 full

SAP97 full

SAP102 full

GTCGACAGGCTCCATCATTAGCAGT
GTCGACAGGCTCCATCATTAGCAGT
GTCGACAGAAGGCCCACTGCATGG
GGATCCCATGCACAGCAGAATCCTCC
GGATCCATGTGGTGCCTGCACTGCAA
GGATCCGAATTTCAGCCCTTCCAGCC
GTCGACCATGGACTGTCTCTGTATAGTGACAACC
GTCGACCATGGAGTATGAGGAGATCACATTGG
GTCGACCATGGAGTATGAGGAGATCACATTGG
GTCGACCATCATAGAGATCAAGCTTATCAAAG
GTCGACCATGGAGTATGAGGAGATCACATTGG
GTCGACCATCATAGAGATCAAGCTTATCAAAG
GTCGACCATGACCCCCACTTCCCCTCGGLGC
GTCGACGATGTCGGTGGCTGGGCTC
GTCGACGATGTCGGTGGCTGGGCTC
GTCGACAGTCCCCAAGCGAGAATTC
GTCGACGGACCAGCCCTGCTGTCGT
(TCGAGAATGTTCTTTGCATGTTATTGTGC
GTCGACAATGCCGGTCCGGAAGCAAGATAC
GTCGACCATGCACAAGCACCAGCACTGCTG

(TAGATGCCGCTGGGCTTGGC
CTATTCTGAGGGCCCAGGGTGAT
(TAGATGCCGCTGGGCTTGGC
(TACTTGCTGCTGGTGGGGGGCG
(TAGGAGCACAGCACTGGAGGCTG
(TAGGAGCACAGCACTGGAGGCTG
TCAGAGTCTCTCTCGGGCTGGACCC
TTACCGAAGATCATGGATCTTGG
(TAGCTGTCACTCAGGTAGGC
TTACCGAAGATCATGGATCTTGG
(TAAGCTGGGGGTTTCCGGCGCATG
(TAGCTGTCACTCAGGTAGGC
TTACCGAAGATCATGGATCTTGG
TTACGGAGGTAAAGGCAC
(TATGGATGCAAGAGATA
TTACGGAGGTAAAGGCAC
TTACGGAGGTAAAGGCAC
TTATAACTTCTCCTTTGAGGGAATC
TCATAGCTTTTCTTTCGCTGGGACC
TCAGAGTTTTTCAGGGGATGGGAC

GluN2A-CT (1038-1237)
GluN2B-CT (1036-1243)

GTCGACGACTGCAGAGAATAGGACCCACTC
GTCGACCAGCGACCTGTACGGCAAGTTCTC
GluA2 full GTCGACATGCAAAAGATTATGCATAT

GCAATCACACTTGAAAGGAGATCTCATGG
TCACTCACACCTGATGCAGGCCTGCCGGCC
CTAAATTTTAACACTCTCGA

for neuronal transfection were purified using the EndoFree Plasmid
Maxi kit (Qiagen).

Yeast two-hybrid screening. To isolate BRAG2a-interacting proteins,
we performed yeast two-hybrid screening using the Invitrogen ProQuest
Two-Hybrid system (Thermo Fisher Scientific). The yeast two-hybrid
method was previously described in detail (Fukaya et al., 2011). The
Invitrogen MaV203 yeast cells (Thermo Fisher Scientific) were cotrans-
formed with pDBLeu-BRAG2a (934-1099) and pPC86 prey vectors car-
rying the mouse brain cDNA library. A total of ~4 x 10° transformants
was subjected to auxotrophic selection on synthetic dropout medium
lacking tryptophan, leucine, or histidine in the presence of 10 mm 3-
amino-1,2,4-triazole. Positive colonies were further selected by the -
galactosidase activity and prototrophy for uracil in accordance with the
manufacturer protocol. Candidate prey vectors were isolated and
sequenced.

HeLa cells and transfection. HeLa cells, a cell line that had not
been listed as a misidentified cell line by the International Cell Line
Authentication Committee, were obtained from the Cell Resource
Center for Biomedical Research (Tohoku University, Sendai, Japan) and
maintained in DMEM supplemented with 10% fetal bovine serum in 5%
CO, at 37°C. Cells were plated onto 35 mm dishes at a density of
0.2 x 10° per dish for immunostaining or 1.0 x 10° per dish for other
analyses, and transfected with expression vectors using Invitrogen
Lipofectamine 2000 (Thermo Fisher Scientific). One day after the trans-
fection, cells were harvested and subjected to immunostaining, immuno-
blotting, pull-down assay, or immunoprecipitation analyses.

Antibodies. The antibodies used in this study are summarized in
Table 2. To produce a specific antibody for BRAG2b, the C-terminal
region (amino acids 948-961) of mouse BRAG2b was expressed as a
fusion protein of glutathione S-transferase (GST) in Rosetta (DE3)pLysS
cells (catalog #70956-3CN, Novagen) transformed with pGEX-4T-2-
BRAG2b (948-961) in the presence of 0.1 mm isopropyl- B -p-thiogalac-
topyranoside at 25°C overnight, and purified using glutathione-
Sepharose 4B (GE Healthcare). The GST fusion protein was emulsified
with Freund’s adjuvant and injected subcutaneously into a rabbit five
times at 2-week intervals. After the antibody against GST was subtracted
from the serum using GST-coupled Sepharose 4B beads (GE Health-
care), the specific antibody was affinity-purified using GST-BRAG2b
(948-961)-Sepharose 4B beads. The guinea pig anti-BRAG2a antibody

was produced using the C-terminal region (amino acids 1014-1089) of
BRAG2a (Sakagami et al., 2017).

Immunostaining for brain sections. Under deep anesthesia with so-
dium pentobarbital (50 mg/kg body weight, i.p.), mice were transcar-
dially perfused with 4% PFA in 0.1 M PB for immunoperoxidase and
immunofluorescence, or 4% PFA/0.1% glutaraldehyde in 0.1 m PB for
postembedding immunoelectron microscopy. Brains were postfixed
with the same fixative for 3 h. Floating sections were made at a thickness
of 50 um on a vibrating microtome (VT1000, Leica) and treated with
1 mg/ml pepsin in 0.2N HCI solution for 5min at 37°C for antigen re-
trieval (Fukaya and Watanabe, 2000). For immunoperoxidase, sections
were incubated with 5% donkey serum in PBS, followed by incubation
with primary antibody against BRAG2a (0.5 ug/ml, guinea pig) or
BRAG2b (1.0 ug/ml, rabbit) overnight, with biotinylated secondary anti-
body (1:200; catalog #BA-7000, Vector Laboratories) for 2 h, and then
with the avidin-biotin-peroxidase complex (DAKO) for 1 h. The immu-
noreaction was visualized in substrate solution containing 3,3’'-diamino-
benzidine and hydrogen peroxide (catalog #GV825, DAKO). For
immunofluorescence, floating sections were incubated with the follow-
ing combinations of primary antibodies: anti-BRAG2a antibody (0.5 ug/
ml, guinea pig) and antibodies against BRAG2b (1.0 ug/ml, rabbit),
PSD-95 (0.5 ug/ml, rabbit), panAMPAR (0.5 ug/ml, goat), VGIuT1 (0.5
ug/ml, rabbit), or BRAG3 (0.5ug/ml, rabbit), and anti-BRAG2b anti-
body (1.0 ug/ml, rabbit) and anti-PSD-95 antibody (0.5 ug/ml, guinea
pig), MAP2 (0.5 ug/ml, goat), or EEA1 (0.5 ug/ml, mouse). The immu-
noreaction was visualized using species-specific secondary antibodies
conjugated with Alexa Fluor 488 or Alexa Fluor 594 (0.5 ug/ml for each;
A-21206, A-21202, Invitrogen; 705-545-147, 705-585-147, Jackson
ImmunoResearch). Sections were counterstained with 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI; catalog #10236276001, Roche)
and examined using a confocal laser microscope (model LSM 710, Carl
Zeiss). Postembedding immunoelectron microscopy was performed as
described previously (Fukaya et al, 2003) with minor modifications.
Microslicer sections of the hippocampal formation (400 um in thick-
ness) were cryoprotected with 30% sucrose in 0.1 M PB and frozen rap-
idly with liquid propane in a Leica EM CPC unit. Frozen sections were
immersed in 0.5% uranyl acetate in methanol at —90°C in a Leica AFS
freeze-substitution unit, infiltrated at —45°C with Lowicryl HM-20 resin
(Lowi) and polymerized with UV light. After etching with saturated
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Table 2. Antibodies used in the present study
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Antibody Immunogen Species and dilution Source

BRAG2a Recombinant protein corresponding to the 76 aa (1014-1089)  GP and Rb polyclonal, 0.5 wg/ml (1B, IHC, IF, GP: this study Rb: Sakagami et al., 2017
of mouse BRAG2a IEM) RRID: AB_2827673

BRAG2b Recombinant protein corresponding to the amino acids Rb polyclonal, T wg/ml (1B, IHC, IF) This study RRID: AB_2827674
(948-961) of mouse BRAG2b

panBRAG2 Recombinant protein corresponding to the amino acids GP polyclonal, 0.5 rg/ml (1B, IF) Sakagami et al., 2013 RRID: AB_2819239
(259-366) of mouse BRAG2b

BRAG1 Recombinant protein corresponding to the 116 aa Rb polyclonal, 0.5 wg/ml (IB) Sakagami et al., 2008 RRID: AB_2314016
(1364—1479) of mouse BRAG1

BRAG3 Recombinant protein corresponding to the 293 aa Rb polyclonal, 0.5 zeg/ml (IF) Fukaya et al., 2011 RRID: AB_2827676

(1-293) of rat BRAG3
Arf6 Synthetic peptide corresponding to the 10 aa
(166—175) of mouse Arf6

PSD-95 Recombinant protein corresponding to the N-terminal 64 aa
(1-64) of mouse PSD-95

SAP97 Recombinant protein corresponding to the 229 aa
(1-229) of human SAP97

Endophilin 3 Synthetic peptide corresponding to the mouse endophilin 3

panAMPAR Recombinant protein corresponding to the 19 aa (727-745)
of mouse GluA1

GluA1 Recombinant protein corresponding to the 67 aa (841-907)
of mouse GluA1

GluA2 Synthetic peptide corresponding to the 17 aa (847-863) of
mouse GluA2

GluA1 Synthetic peptide corresponding to the 15 aa (271-285) of

(extracellular) mouse GluA1

Phospho-GluA2 Synthetic phosphopeptide corresponding to residues around

(Tyr876) pTyr876 of human GluA2

GluN2B Recombinant protein corresponding to the 16 aa (27-42) of
(extracellular) mouse GIuN2B

VGIuT1 Recombinant protein corresponding to the C-terminal 30 aa

(531-560) of mouse VGIuT1
EEA1 Recombinant protein corresponding to the amino acids
(3—281) of human EEA1

MAP2 Recombinant protein corresponding to the 214 aa (927-1140)
of mouse MAP2
Arc/Arg3.1 Recombinant protein corresponding to the 300 aa (1-300) of

human Arc
Recombinant protein corresponding to the 178 aa (38-215) of
mouse c-adaptin

AP-2 (a-adaptin)

Clathrin Synthetic peptide corresponding to the 15 aa (1650—1664) of
human clathrin heavy chain
p38 MAPK Synthetic peptide corresponding to the human p38 MAPK

Phospho-p38 MAPK Synthetic phosphopeptide corresponding to residues around

pThr180/pTyr182 of human p38 MAPK

a-Tubulin Recombinant protein corresponding to the C-terminal 5 aa
(426-430) of a-tubulin

FLAG Synthetic peptide: DYKDDDDK (FLAG-tag)

EGFP Recombinant protein corresponding to the full-length EGFP

mCherry Recombinant protein corresponding to the full-length mCherry

GP and Rb polyclonal, 0.5 wg/ml (1B, IF, IEM)
Rb polyclonal, 0.5 weg/ml (1B, IF, IEM)
Mouse monoclonal, 0.5 g/ml (IB)
Goat polyclonal, 0.5 ug/ml (1B, IF, IEM)
GP polyclonal, 0.5 weg/ml (IF)

Rb polyclonal, 0.5 wg/ml (1B, IF, IEM)
Rb polyclonal, 0.5 rg/ml (IB, IF, IEM)
Rb polyclonal, 1.0 peg/ml (IF)

Rb polyclonal, 1:250 (IB)

Rb polyclonal, 1.0 wg/ml (IF)

Goat polyclonal, 0.5 wg/ml (IF)

Mouse monoclonal, 0.5 reg/ml (IF)
Goat polyclonal, 0.5 wg/ml (IF)

Mouse monoclonal, 0.5 g/ml (IB)
Mouse monoclonal, 2.0 wg/ml (IEM)
Rb polyclonal, 2.0 zg/ml (IEM)

Rb polyclonal, 1:500 (IB)

Rb polyclonal, 1:500 (IB)

Mouse monoclonal, 0.02 ug/ml (IB)
Mouse monoclonal, 0.1 wg/ml (1B, IF)

GP and Rb polyclonal, 0.2 g/ml (IF)
GP polyclonal, 0.2 ug/ml (IF)

Hara et al., 2016 RRID: AB_2819241

Frontier Institute, PSD-95-Rb-Af628;
RRID: AB_2571540

Santa Cruz Biotechnology, sc-9961, 2D11;
RRID: AB_2092015

Santa Cruz Biotechnology, sc-10879,
K-17; RRID: AB_2187420

Frontier Institute, panAMPAR-GP;
RRID: AB_2571610

Frontier Institute, GluA1-Rb-Af690;
RRID: AB_2571752

Frontier Institute, GluR2C-Rb-Af1050;
RRID: AB_2571754

Alomone Labs, AGC-004;
RRID: AB_2039878

Thermo Fisher Scientific, PA5-17096;
RRID: AB_10982287

Watanabe et al., 1998
RRID: AB_2827677

Frontier Institute, VGIuT1-Go-Af310;
RRID: AB_2571617

BD Biosciences, 610457;
RRID: AB_397830

Frontier Institute, MAP2-Go-Af860;
RRID: AB_2571557

Santa Cruz Biotechnology, sc-17839, (-7;
RRID: AB_626696

BD Transduction, 610501;
RRID: AB_397867

Abcam, ab21679; RRID: AB_2083165

Cell Signaling Technology, #9212;

RRID: AB_330713
Cell Signaling Technology, #9211;

RRID: AB_331641
Sigma-Aldrich, T9026 #DM1A;

RRID: AB_477593
Sigma-Aldrich, F1804; RRID: AB_262044
Sakagami et al., 2005 RRID: AB_2827678
Hara et al., 2013 RRID: AB_2827679

IEM, Immunoelectron microscopy; IF, immunofluorescence; IHC, immunohistochemistry; 1B, immunoblotting; GP, guinea pig; Rb, rabbit.

sodium-ethanolate solution for 3 s, ultrathin sections on nickel grids
were treated successively with 1% human serum albumin (Wako)/0.1%
Tween 20 in Tris-buffered saline (HTBST), pH 7.5, for 1 h, primary anti-
bodies (5 ug/ml for each) in HTBST overnight, and colloidal gold
(10 nm or 15nm)-conjugated species-specific antibodies (1:100; British
Bio Cell International) in HTBST for 2 h. Finally, sections were stained
with 2% uranyl acetate solution for 15 min and 1% lead citrate solution
for 1 min, and examined using an electron microscope (model H-7650,
Hitachi). For quantitative analysis, perpendicular distribution of BRAG2a
and lateral distribution of BRAG2a, PSD-95, GluA1/2, Arf6, endophilin 3,
a-adaptin, and clathrin at axospinous synapses in the hippocampal CA1 py-
ramidal cells were evaluated by measurement of the length from the center

of gold particles to postsynaptic membrane and the edge of PSD, respec-
tively, on electron microscopic images using Image]J software (NIH).
Immunoprecipitation. HeLa cells were transfected with pCAGGS-
FLAG-endophilin 3 and pCAGGS-FLAG-BRAG2a, pCAGGS-FLAG-
BRAG2b, pCAGGS-FLAG-BRAG2a-P(PRD)A or pCAGGS-FLAG-
BRAG2a-P956/957A, or pcDNA-GluA2 and pCAGGS-FLAG-BRAG2a,
or pCAGGS-FLAG-BRAG2a-ASec7 using Invitrogen Lipofectamine 2000
(Thermo Fisher Scientific). The cells were harvested with a buffer consist-
ing of 50 mm Tris-HCl, pH 7.5, 150 mm NaCl, 1 mm EDTA,
1% Triton X-100, and a cocktail of protease inhibitors (catalog
#11697498001, Roche). The lysates were immunoprecipitated with anti-
endophilin 3 IgG- or anti-panBRAG2 IgG-conjugated magnetic beads
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Figure 1.

MO, medulla oblongata; Po, pontine nuclei; Th, thalamus. Scale bars, 1 mm.

(Dynabeads, catalog #DB10004, Thermo Fisher Scientific). The immuno-
precipitates and lysates were subjected to immunoblotting with anti-
FLAG antibody (0.1ug/ml) or anti-GluA2 antibody (0.5ug/ml). For
immunoprecipitation of the endogenous protein complex, whole mouse
brains or cultured hippocampal neurons were homogenized in a buffer
consisting of 10 mm Tris-HCl, pH 7.4, 320 mum sucrose, 10 mm EDTA, 10
mM EGTA, and protease inhibitors. After the nuclear and mitochondrial
fractions were removed, the samples (P2 fraction, 200 ug) were dialyzed
against a binding buffer consisting of 50 mm Tris-HCI, pH 7.4, and 1%
Triton X-100 for 1 h at 4°C, and immunoprecipitated with anti-endophi-
lin 3, PSD-95, BRAG2a, BRAG2b, or BRAG1 IgG-conjugated dynabeads.
The immunoprecipitates were washed extensively with the binding buffer.
The immunoprecipitates and lysates were subjected to immunoblotting
with antibodies against BRAG2a, BRAG2b, BRAG1, PSD-95, endophilin
3, or GluA2. Immunoreactive bands were visualized using a chemilumi-
nescent reagent (ECL-PLUS Western Blotting Detection Kit, Thermo
Fisher Scientific) and quantified using an imaging analyzer (model
LAS4000, GE Healthcare).

Arf6 pull-down assay. The GEF activity of BRAG2 was examined by
an Arf6 pull-down assay with GGA3 (Arf6 activation assay kit, Cell
Biolabs). Cultured hippocampal neurons treated with the group I
mGluR agonist 3,5-dihydroxyphenylglycine (DHPG; Sigma-Aldrich) or
HeLa cells transfected with pCAGGS-Arf6-FLAG (Hara et al., 2016),
PCAGGS-FLAG-BRAG2a, and pCAGGS-FLAG-endophilin 3; pCAGGS-
Arf6-FLAG and pCAGGS-FLAG-BRAG2a; or pCAGGS-FLAG-BRAG2a-

= anti-BRAG2b

4
BRAG2b probe
BRAG2a + unlabeled probe

panBRAG2 + unlabeled probe

Domain structure and expression pattern of BRAG2. A, Schematic illustration of the domain structure of
BRAG2a and BRAG2b isoforms. Black bars indicate antigen regions for common (panBRAG2), BRAG2a-specific, and
BRAG2b-specific antibodies. Red bars pointed by arrows indicate common and isoform-specific oligonucleotide probe
regions for in situ hybridization. An arrowhead indicates the methionine residue at position 122 of mouse BRAG2b, which
is equivalent to an N-terminal residue of human ARF-GEP100. The dotted line indicates the BRAG2a-specific region used
as bait for the yeast two-hybrid (Y2H) screening. IQ, Regulatory 1Q-like motif; PBM, PDZ-binding motif; PH, pleckstrin
homology domain; PRD, proline-rich domain; Sec7, catalytic Sec7 domain. B-G, In situ hybridization of the adult mouse
brain using BRAG2a-specific (B, €), BRAG2b-specific (D, E), and panBRAG2 (F, G) probes. C, E, G, Negative control experi-
ments were conducted by hybridizing adjacent sections with **S-labeled probes in the presence of excess amounts of
the respective unlabeled probes. Note the indistinguishable expression pattems of BRAG2a, BRAG2b, and panBRAG2
probes. Cb, Cerebellum; (P, caudate putamen; Cx, cerebral cortex; Hi, hippocampus; OB, olfactory bulb; Mb, midbrain;
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ASec7 were lysed in a buffer containing 25 mm
HEPES, pH 7.5, 125 mm NaCl, 10 mm MgCl, 1%
NP-40, 1 mm EDTA, and 2% glycerol. After centrif-
ugation, the supernatants were incubated with
GGA3 agarose beads for 1 h at 4°C. The precipitates
and lysates were subjected to immunoblotting with
anti-Arf6, anti-BRAG2a, or anti-FLAG antibodies.

Hippocampal primary culture and treatment
with agonists of glutamate receptors. The hip-
pocampal neuronal culture was prepared as
described previously (Beaudoin et al., 2012) with
minor modifications. Hippocampi were dissected
from neonatal mice (postnatal day 0), dissociated
by trypsin treatment, and triturated through a
Pasteur pipette in the plating medium. Hippo-
campal cells were seeded onto 35 mm dishes con-
taining a thin plastic sheet (catalog #MS-92302Z,
Cell Desk LF2, Sumitomo Bakelite) coated with
poly-p-lysine (density, 1.2 x 10° cells/dish; Merck
Millipore). Six hours after seeding, the plating
medium was exchanged for the maintenance me-
dium supplemented with B27 (Thermo Fisher
Scientific). For immunoprecipitation assays, cul-
tured neurons at 15 or 16d in vitro (DIV15 or
DIV16) were treated with the conditioned me-
dium containing 0.1 um tetrodotoxin (TTX;
Sigma-Aldrich) for 30 min, followed by incubation
with 50 um DHPG in the presence or absence of
15 uMm phenylarsine oxide (PAO; tyrosine phos-
phatase inhibitor, Sigma-Aldrich) for 15min,
100 um NMDA (Sigma-Aldrich) for 5min or
10 um AMPA (Sigma-Aldrich) for 5min in the
conditioned medium. Neurons were harvested at
15, 30, and 60 min after each agonist treatment
was initiated and subjected to immunoprecipita-
tion or Arf6 pull-down assays. For cell surface
AMPAR and NMDAR expression assays, cultured
hippocampal neurons were transfected with
shRNA vector for BRAG2 or luciferase (control)
and pCAGGS-FLAG vector encoding shRNA-re-
sistant wild-type BRAG2a, wild-type BRAG2b,
BRAG2a-P956/957A, BRAG2a-ASTVV, or BRAG2a-
ASec7 using Invitrogen Lipofectamine 3000 (Thermo
Fisher Scientific) at DIV13 or DIV14. Two days
after the transfection, neurons were treated with
the conditioned medium containing 0.1 um TTX for 30 min, followed
by incubation with 50 um DHPG for 15 min and the conditioned me-
dium for 45 min. To label surface AMPA and NMDA receptors, cul-
tured neurons were incubated with either GluAl (extracellular)
antibody (1.0 ug/ml; Alomone Labs) or GIuN2B (extracellular) anti-
body (1.0 ug/ml; Watanabe et al., 1998) at 10°C for 30 min, washed
quickly with warmed neuronal maintenance medium, and then sub-
jected to immunostaining. For spine/dendrite localization assays, cul-
tured neurons were transfected with pmCherry and pEGFP encoding
wild-type BRAG2a, BRAG2a-ASTVV, wild-type BRAG2b, PSD-95,
BRAG2a-P956/957A, or BRAG2a-ASec7 using Lipofectamine 3000 at
DIV13 or DIV14. Two days after the transfection, neurons were fixed
with 4% PFA in 0.1 M PB, pH 7.2, for 15 min, and the fluorescence for
mCherry and EGFP was examined using a confocal laser microscope
(model LSM 710, Carl Zeiss).

Immunostaining for cultured cells. For characterization of BRAG2
antibodies, 1 d after transfection HeLa cells were fixed with 4% PFA in
0.1 M PB, pH 7.2 at 25°C for 15 min, followed by permeabilization with
0.3% Triton X-100 in PBS for 30 min and blocking with 5% normal don-
key serum in PBS for 30min. Cells were incubated with antibodies
against FLAG (mouse) and BRAG2a (guinea pig), BRAG2b (rabbit), or
panBRAG2 (guinea pig). The immunoreaction was visualized using
Alexa Fluor 488-conjugated donkey anti-mouse IgG (0.5 ug/ml; catalog

anti-
BRAG2a TBM
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#A21202, Thermo Fisher Scientific) and Alexa A

Fluor 594-conjugated donkey anti-rabbit or & O
guinea pig IgG (0.5 ug/ml; catalog #A32754, Qg(?q\ <§(-7
Thermo Fisher Scientific; catalog #706-515-148, Rl
Jackson ImmunoResearch). Cells were counter- KDa & &

stained with DAPI (Roche). For characterization

of shRNA for BRAG2, 2 d after transfection 17
cultured hippocampal neurons were sub-

jected to the same fixation, permeabilization, 80-
and blocking procedures as described above.

Cells were subsequently incubated with anti- 58

panBRAG2 (guinea pig) and anti-EGFP (rab-
bit) antibodies. The immunoreaction was
visualized using Alexa Fluor 488-conjugated
donkey anti-rabbit IgG (0.5 ug/ml; catalog
#A32790, Thermo Fisher Scientific) and
Alexa Fluor 594-conjugated donkey guinea
pig IgG (0.5 ug/ml; catalog #706-515-148,
Jackson ImmunoResearch). For cell surface
AMPAR and NMDAR expression assays, cul-
tured hippocampal neurons were incubated
with either GluAl (extracellular, rabbit) or
GluN2B (extracellular, rabbit) antibody at 10°
C for 30 min, and then fixed with 4% PFA in
0.1 m PB, pH 7.2, at 37°C for 15min. After
blocking with 2.5% normal donkey serum in
PBS for 30 min, cells were incubated with
anti-EGFP (guinea pig) antibody. The immu-
noreaction was visualized using Alexa Fluor
488-conjugated donkey anti-guinea pig IgG
(0.5 ug/ml; catalog #706-545-148, Jackson
ImmunoResearch) and Alexa Fluor 594-
conjugated donkey anti-rabbit IgG (0.5 ug/
ml; catalog #A32754, Thermo Fisher
Scientific). Fluorescence signals were exam-
ined using a confocal laser microscope
(model LSM 710, Carl Zeiss). Average fluo-
rescence values for extracellular GluAl and
GluN2B were blindly measured on images,
which were randomly selected by EGFP fluo-
rescence, using ImageJ software (NIH). The
background noise of extracellular GluA1 and
GluN2B was negligible.

Acute hippocampal slice culture and DHPG
treatment. Transverse hippocampal slices (300
pm in thickness) were prepared from 4-week-
old C57BL/6 mice using a vibrating micro-
tome equipped with an ice-cold chamber
(model VT1200S, Leica) and incubated at 25°
C for 1 h with artificial CSF (ACSF; 125 mm
NaCl, 25 mm NaHCO3, 2.5 mm KCI, 1.25 mm
NaH,PO,, 1 mm MgCl,, 25 mum glucose, 10 mm bicuculline, and 0.1 um
TTX) bubbled with 95% O,/5% CO,. To induce mGluR-dependent
chemical LTD, slices were treated with 50 um DHPG in ACSF for
15min and incubated with ACSF for 45 min. The slices were then fixed
with 4% PFA/0.1% glutaraldehyde in 0.1 M PB for 15 min and subjected
to postembedding immunoelectron microscopic analysis for synaptic
and extrasynaptic localization of BRAG2a, PSD-95, and GluA1/2 at axo-
spinous excitatory synapses in the stratum radiatum of CAl region.
Some slices were solubilized with the lysis buffer containing 50 mm Tris-
HCl, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1% Triton X-100, 1 mm
Na;VO,, 20 mm NaF, and protease inhibitor cocktail, and subjected to
immunoblotting analysis with antibodies against GluA1/2, Arc/Arf3.1,
phospho-p38, total p38, and a-tubulin.

Statistical analysis. For quantitative comparison, Student’s f test was
used for comparisons between the two evaluations within each group.
Statistical significance was set at p < 0.05. For multiple comparisons,
data were processed by the one-factor ANOVA with Tukey-Kramer

FLAG-BRAG2a

FLAG-BRAG2b

Figure 2.
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Characterization of BRAG2 antibodies. A, Immunoblotting of mouse brain lysates using guinea pig (GP) anti-
BRAG2a, rabbit (Rb) anti-BRAG2b, and GP anti-panBRAG2 antibodies. Note that anti-panBRAG2, anti-BRAG2a, and anti-
BRAG2b antibodies recognize three bands (160, 140, and 110 kDa), two bands (160 and 140 kDa), and a single band (110
kDa), respectively. B, Immunoblotting of Hela cells transfected with FLAG-BRAG2a or FLAG-BRAG2b using anti-BRAG2a, anti-
BRAG2b, anti-panBRAG2, and mouse (Ms) anti-FLAG antibodies. Note the specificity of anti-BRAG2a and anti-BRAG2b anti-
bodies without cross-reactivity with FLAG-BRAG2b and FLAG-BRAG2a, respectively. (—H, Double immunofluorescence of Hela
cells transfected with FLAG-BRAG2a (C~E) or FLAG-BRAG2b (F-H) using anti-FLAG (C,—H,) and anti-BRAG2a (C;, F;), anti-
BRAG2b (D, G,), or anti-panBRAG2 (E;, H;) antibodies. Note the absence of the cross-reactivity of anti-BRAG2a and anti-
BRAG2b antibodies with FLAG-BRAG2b and FLAG-BRAG2a, respectively. Hela cells were counterstained with DAPI. Scale bars,

post hoc test. Data are presented as the mean = SD. Statistical analy-
ses were performed using the StatView software 5.0 (SAS Institute).

Results

BRAG?2a is enriched in excitatory postsynaptic density

The mouse BRAG2/Igsecl gene generates at least two alternative
splicing isoforms, BRAG2a/Igsecl-2 and BRAG2b/Igsecl-1,
which differ in both the N-terminal and C-terminal regions (Fig.
1A). In situ hybridization analysis using *°S-labeled isoform-spe-
cific and common oligonucleotide probes revealed that both
BRAG2 isoforms exhibited indistinguishable patterns in the
adult mouse brain with prominent expression in the cerebral
cortex, hippocampus, cerebellar cortex, pontine nuclei, and vari-
ous nuclei in the medulla oblongata (Fig. 1B,D,F). These hybrid-
ization signals were completely attenuated when 50-fold excess
unlabeled oligonucleotides were included in the hybridization
buffer (Fig. 1C,E,G).
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Figure 3. BRAG2a is selectively localized to the excitatory PSD. A, B, Immunoperoxidase staining of the adult
mouse brain for BRAG2a (4) and BRAG2b (B) antibodies. (—Gj3, Immunofiuorescence staining of the hippocampal
formation for BRAG2a (C, D, G;) and BRAG2b (E, F, G;). Arrows in G;—G; indicate signals for BRAG2a along the den-
drites of interneurons. H;—L,, Double immunofluorescence staining for BRAG2a and PSD-95 (H;-1,), AMPAR
(1, J5), VGIUT1 (K, K3), or BRAG3 (L;, L) in the neuropil region (H;, H,) and along the dendrites of interneurons
(I;~L;). Note that signals for BRAG2a (H;—J,, arrowheads) overlapped with those for PSD-95 and AMPAR, but not
with those for VGIuT1 or BRAG3. M;—0,, Double immunofluorescence staining for BRAG2b and PSD-95 (M, M),
MAP2 (N1, N2), or EEA1 (0;, 05) in the hippocampal CA1 region. Note that signals for BRAG2b (N;—0,, arrowheads)
overlapped with those for MAP2 and EEAT in the pyramidal cell dendrites, but not with those for PSD-95. P, Q,
Postembedding immunoelectron microscopy of asymmetrical synapses in the hippocampal CAT region for BRAG2a
(P), and for BRAG2a and AMPAR (Q). Arrowheads (P, Q) and arrows (Q) point to 10 and 15 nm gold particles for
BRAG2a and AMPAR, respectively. R, Perpendicular distribution of gold particles for BRAG2a from the postsynaptic
membrane. The outer leaflet of the postsynaptic membrane is defined as 0 nm with plus and minus values in the
postsynaptic and presynaptic sides, respectively. Note the selective accumulation of BRAG2a signals in the PSD. CA1
and (A3, CA1 and CA3 regions of Ammon’s hom; (b, cerebellum; Cx, cerebral cortex; DG, dentate gyrus; Hi, hippo-
campus; IDn, dendrite of interneuron; NT, nerve terminal; OB, olfactory bulb; Mb, midbrain; MO, medulla oblongata;
Po, pontine nuclei; Py, pyramidal cell layer; Ra, stratum radiatum; Sp, dendritic spine; Th, thalamus. Scale bars: 4, 1
mm; G, E, 200 um; D, F, G, 50 wm; H, M, N, 0, 20 pum; I-L, 2 pum; P, @, 100 nm.
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To examine the subcellular localization of
BRAG2 isoforms, we produced novel iso-
form-specific antibodies against their unique
C-terminal regions as antigens (Fig. 1A).
Immunoblotting of mouse brain lysates using
an anti-BRAG2a antibody detected two im-
munoreactive bands of 160 and 140 kDa,
and anti-BRAG2b detected a single band of
110 kDa (Fig. 2A). All of these three bands
were detected by the anti-panBRAG2 antibody
raised between a common central region con-
taining the IQ and Sec7 domains (Sakagami et
al,, 2013; Figs. 1A, 2A). The specificity of the
antibodies was further verified by immuno-
blotting and immunofluorescence analyses
using HeLa cells expressing FLAG-BRAG2a
or FLAG-BRAG2b exogenously (Fig. 2B-H).
Although immunoperoxidase staining of the
mouse brain using isoform-specific antibodies
produced a widespread labeling pattern con-
sistent with their gene expression patterns
(Fig. 3A,B), immunofluorescence revealed dis-
tinct subcellular labeling of the two isoforms
in the hippocampal formation at a higher
magnification (Fig. 3C-G). In the hippocampal
CAL region, the two isoform-specific antibod-
ies yielded minimally overlapping immunore-
active puncta in the cell bodies and neuropils
of pyramidal cells (Fig. 3G). BRAG2a-immu-
noreactive puncta overlapped well with PSD-
95 (Fig. 3H,I) and AMPARs (Fig. 3J), which
are excitatory postsynaptic markers, in close
apposition to vesicular glutamate transporter 1
(VGIuT1), a glutamatergic presynaptic marker
(Fig. 3K). However, they did not overlap with
BRAG3/Igsec3, another BRAG/Igsec member
that localizes specifically to inhibitory postsy-
napses (Fukaya et al., 2011; Fig. 3L). Con-
versely, BRAG2b-immunoreactive puncta were
distributed intracellularly in cell bodies and
dendritic processes labeled with MAP2 (Fig.
3N), a neuron-specific cytoskeletal protein
enriched in cell bodies and dendrites, and
largely colocalized with EEAI, a marker of a
subpopulation of early sorting endosomes (Fig.
30). However, they did not overlap with
BRAG2a or PSD-95 (Fig. 3G,M). These findings
suggest that BRAG2a and BRAG2b are differen-
tially localized to excitatory synapses and intra-
cellular membrane structures, respectively.

To further examine the synaptic localization
of BRAG2a at the ultrastructural level, we per-
formed postembedding immunoelectron mi-
croscopy of the hippocampal CAl region.
Immunogold-labeled BRAG2a was exclusively
detected at the PSD of asymmetrical synapses,
which were simultaneously labeled by an anti-
AMPAR antibody, in the CA1 stratum radiatum
(Fig. 3P,Q). Inside the PSD of asymmetric syn-
apses, two-thirds of the Immunogold-labeled
BRAG2a were perpendicularly distributed in
0-20 nm bins postsynaptic from the outer leaflet
of the postsynaptic plasma membrane (Fig. 3R).
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Figure 4. The interaction of BRAG2a with PSD-95 is required for its synaptic targeting. A, Schematic representation of the domain structure of PSD-95 and its fragments used in the yeast
two-hybrid assays. The yeast strain MaV203 was transformed with the BRAG2a-specific C-terminal region (934-1099) and the indicated combinations of PSD-95 constructs, and then plated on
synthetic complete medium lacking leucine and tryptophan [LT(—)] or leucine, tryptophan, histidine and uracil [LTHU(—)]. Interactions were assessed by 3 -galactosidase activity (3 -gal) and
the ability to grow on LTHU(—) medium. Note the interaction of BRAG2a with the PSD-95 fragments containing PDZ2. B, Interaction of the C-terminal PDZ-binding motif of BRAG2a with PSD-
95 and other PSD proteins. Note the disruption of the interaction after deletion of the last four C-terminal amino acids (STVV) containing the PDZ-binding motif of BRAG2a (BRAG2a 934—
1095). The C-terminal PDZ-binding motif of BRAG2a also interacted with SAP97, but not PSD-93, SAP102, GIuN2A, or GIuN2B. €, D, Immunoprecipitation (IP) assays. Triton X-100-soluble
hippocampal P2 fractions were subjected to immunoprecipitation with anti-PSD-95, anti-BRAG2a, anti-BRAG2b, anti-BRAGT1, or normal rabbit IgG and immunoblotting with anti-BRAG2a (C),
anti-PSD-95 (C, D), or anti-SAP97 (D) antibodies. Note the coimmunoprecipitation of PSD-95 with BRAG2a and BRAG1, but not with BRAG2b from hippocampal lysates. E, F, Synaptic targeting
assays of EGFP-tagged BRAG2a-WT, BRAG2a-ASTVV, BRAG2b, PSD-95, and EGFP alone in cultured hippocampal neurons at DIV15 (E); and quantification of the ratio of EGFP fluorescence signals
in spine heads versus dendritic shafts (F). Note that EGFP-BRAG2a-ASTVV, EGFP-BRAG2b, and EGFP alone showed the uniform distribution throughout spiny dendrites in contrast to the prefer-
ential synaptic localization of EGFP-BRAG2a-WT and PSD-95-EGFP. The spine/dendrite ratios of the EGFP fluorescent intensity were obtained from 100 measurements from five transfected neu-
rons. These results were confirmed by two independent experiments. *p << 0.001 (¢ test). Scale bar, 2 um.

These results indicate that BRAG2a is a core PSD protein at hip-  BRAG2a is targeted to postsynapses through its direct
pocampal excitatory synapses, consistent with previous proteo-  interaction with PSD-95

mic analyses of the PSD (Jordan et al., 2004; Peng et al., 2004)  To obtain mechanistic insight into specific localization and
and immunoblotting of mouse brain fractions (Scholz et al.,  functions of BRAG2a at postsynapses, we performed yeast two-
2010). hybrid screening of a mouse brain cDNA library using BRAG2a-
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Figure 5.

BRAG2a directly interacts with endophilin 3. 4, B, Schematic representation of the domain structure of endophilin 3 (), BRAG2a (B), and their fragments used in the yeast two-

hybrid assays. Note the interaction between the PRD (934-1002) of BRAG2a and the SH3 domain of endophilin 3. ¢, Amino acid sequence of the BRAG2a PRD (951-995) and positions of sub-
stitution mutations used in the yeast two-hybrid assays. Red bars indicate the putative consensus sequence (PxxP) for SH3 domain binding in the PRD. The P956/957A mutation of BRAG2a
disrupted the interaction with endophilin 3. D, Inmunoprecipitation assays. Hela cells expressing FLAG-endophilin 3 and FLAG-BRAG2a or FLAG-BRAG2b were immunoprecipitated with anti-
bodies against BRAG2 or endophilin 3, and were subjected to immunoblotting with an anti-FLAG antibody. E, Immunoprecipitation assays. Hela cells expressing FLAG-endophilin3 and FLAG-
BRAG2a, FLAG-BRAG2a-P(PRD)A, or FLAG-BRAG2a-P956/957A were immunoprecipitated with the anti-endophilin 3 antibody and subjected to immunoblotting with the anti-FLAG antibody.
F-H, Immunoprecipitation of mouse hippocampal lysates. Triton X-100-soluble mouse hippocampal P2 fractions were immunoprecipitated with anti-BRAG2a (F), anti-BRAG2b (G), anti-BRAG1
(H), or normal rabbit IgG, and were subjected to immunoblotting with anti-BRAG2a, anti-BRAG2b, anti-BRAG1, anti-endophilin 3, and anti-GluA2 antibodies. Note the immunoprecipitable com-
plex formation of BRAG2a, but not BRAG2b or BRAG1, with endophilin 3 and GluA2 in the mouse hippocampus.

specific C-terminal 166 aa (BRAG2a 934-1099) as bait (Fig. 1A),
and isolated a cDNA clone encoding PSD-95 (Fig. 4A). Further
yeast two-hybrid assays revealed the second PDZ domain of
PSD-95 (PDZ2) is the minimal region that interacts with

BRAG2a (Fig. 4A). As expected by the presence of a type I PDZ-
binding motif (STVV) at the C-terminus of BRAG2a, deletion of
its last four C-terminal amino acids [BRAG2a (934-1095)] abol-
ished the [-galactosidase activity and prototrophy for histidine
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and uracil, confirming that the PDZ-binding
motif of BRAG2a is required for its interac-
tion with PSD-95 (Fig. 4B). Further yeast
two-hybrid assays revealed that BRAG2a
(934-1099) interacted with SAP97 but not
PSD-93 or SAP102 (Fig. 4B). Although
BRAG?2 reportedly interacts with NMDARSs,
particularly GluN2A (Elagabani et al., 2016),
coexpression of BRAG2a (934-1099) and the
C-terminal cytoplasmic regions of GluN2A
or GluN2B in yeasts did not yield positive
interactions (Fig. 4B), suggesting that the C-
terminal BRAG2a region used as bait does
not mediate the interaction of BRAG2 with
NMDARs. In immunoprecipitation assays,
PSD-95 was efficiently coimmunoprecipi-
tated with BRAG2a, but not with BRAG2b,
from the Triton X-100-soluble P2 fraction of
the mouse brain, and vice versa (Fig. 4C,D).
By contrast, anti-BRAG2a IgG did not
immunoprecipitate a detectable level of
SAP97 under the same condition (Fig. 4D).
In the control experiment, BRAGI was coim-
munoprecipitated with PSD-95 (Fig. 4D),
consistent with a previous report (Sakagami
et al., 2008). These results indicate the pres-
ence of a BRAG2a and PSD-95 protein com-
plex in the brain.

To examine whether the interaction of
BRAG2a with PSD-95 is required for its
synaptic localization, cultured hippocampal
neurons were transfected with EGFP-
BRAG2a, EGFP-BRAG2a-ASTVV, EGFP-
BRAG2b, PSD-95-EGFP, or EFGP alone
(Fig. 4E). Quantification of the ratio of
EGFP fluorescence in spines versus dendri-
tic shafts revealed that EGFP-BRAG2a was
accumulated fivefold more in spines than
in dendritic shafts to the same extent as
PSD-95-EGFP (Fig. 4E,F). By contrast,
EGFP-BRAG2a-ASTVV and EGFP-BRAG2b
exhibited homogeneous distribution through-
out spines and dendritic shafts, as was the
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Figure 6.  The BRAG2a-endophilin 3 interaction and mGIuR stimulation facilitate Arf6 activation. A, B, Endophilin 3

enhances BRAG2a-mediated Arf6 activation in Hela cells. A, Representative immunoblotting of Arf6 activation assays
using GST-GGA3 from Hela cells expressing Arf6-FLAG and the indicated combinations of FLAG-BRAG2a and FLAG-endo-
philin 3. B, Quantification of the GTP-Arf6/total Arf6 ratio. Note that coexpression of FLAG-endophilin 3 with FLAG-
BRAG2 enhanced BRAG2a-mediated Arf6 activation. C, D, DHPG treatment stimulates Arf6 activation in cultured
hippocampal neurons at DIV16. C, Representative immunoblotting of Arf6 activation assays using GST-GGA3 from cultured
hippocampal neurons treated with or without 50 zem DHPG for 15 min. D, Quantification of the GTP-Arf6/total Arf6 ratio.
E, F, The effect of DHPG treatment on the protein expression of BRAG2a, BRAG2b, and Arc/Arg3.1 in cultured hippocampal
neurons at DIV16. E, Representative immunoblotting images using anti-panBRAG2, anti-Arc/Arg3.1 and anti-c-tubulin
antibodies. F, Quantification of the immunoreactive intensity of BRAG2a, BRAG2b, and Arc/Arg3.1. Each immunoreactive
intensity was normalized by that of c-tubulin. Note the significant upregulation of Arc/Arg3.1, but not BRAG2a or BRAG2b,
in cultured hippocampal neurons treated with DHPG. *p << 0.05 (t test). Data for each group were obtained from three cul-

case for EGFP (Fig. 4E,F; mean * SD;
EGFP-BRAG2a-WT: 4.807 = 0.679; EGFP-
BRAG2a-ASTVV: 0.839 £ 0.109, p=0.0006,
t test; EGFP-BRAG2b: 0.803 = 0.301, p =
0.0007; PSD-95-EGFP: 4.866 * 0.671, p = 0.919; EGFP: 1.139 *
0.286, p = 0.001). These results suggest that BRAG2a is targeted
to postsynapses through its direct interaction with PSD-95.

BRAG2a interacts with endophilin 3
In addition to PSD-95, we isolated several independent cDNA
clones encoding endophilin 1 (A1) and endophilin 3 (A3) by
two-hybrid screening (Fig. 5A). Endophilin is a family of BAR
and SH3 domain-containing proteins implicated in clathrin-de-
pendent endocytosis (Ringstad et al., 1997, 1999; Schuske et al.,
2003). Because endophilin 1 and 3 are reportedly enriched in
presynaptic and postsynaptic compartments, respectively
(Chowdhury et al., 2006), we hereafter focused on the interaction
between BRAG2a and endophilin 3 at postsynapses.

Yeast two-hybrid assays with BRAG2a and various truncated
mutants of endophilin 3 revealed that amino acids 286-347 of

ture plates (n = 3). These results were confirmed by three (B, D) or two (F) independent experiments.

endophilin 3 containing the SH3 domain are the minimal
region for interacting with BRAG2a, judging from the positive
B -galactosidase activity (Fig. 5A). The SH3 domain is known
to interact with proline-rich domains (PRDs), particularly those
containing the PxxP consensus motif (Alexandropoulos et al,
1995). Of note, the C-terminal region of BRAG2a used as bait
contains several PxxP motifs in a proline-rich domain corre-
sponding to amino acids 934-1095 (Fig. 5B). Yeast two-hybrid
assays using the full-length endophilin 3 and a truncated C-ter-
minal region of BRAG2a revealed that the former half of the
proline-rich domain corresponding to amino acids 934-1002
was responsible for the interaction with endophilin 3 (Fig. 5B).
Alanine substitution of proline residues in the PxxP motifs
at amino acids 956 and 957 (P956/957A, PSRPPQP —
PSRAAQP), but not at amino acids 988, 989, and 990
(P988-990A, PSAPPPAPP — PSAAAAAPP), abolished the
interaction with endophilin 3 (Fig. 5C). These results
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Figure 7. mGIuR stimulation facilitates the formation of BRAG2a—endophilin 3 complex. A-F, Immuno-

precipitation assays. Cultured hippocampal neurons at various time points (0, 15, 30, and 60 min) following the
treatment with 50 zm DHPG for 15 min (4, B), 100 zem NMDA for 5 min (C, D), or 10 um AMPA for 5 min (E, F) at
DIV16 were immunoprecipitated with anti-endophilin 3 antibody and subjected to immunoblotting with anti-
BRAG2a antibody. B, D, F, Quantification of the amount of BRAG2a immunoprecipitated with anti-endophilin 3 anti-
body (B, D, F) showed that the treatment with DHPG (B) but not NMDA (D) or AMPA (F) facilitated the formation
of BRAG2a—endophilin 3 complex in a time-dependent manner. G, H, The effect of tyrosine phosphatase inhibition
on mGluR-dependent complex formation between BRAG2a and endophilin 3. G, Cultured hippocampal neurons at
45min following treatment with 50 um DHPG in the presence or absence of 15 um PAO for 15 min were immuno-
precipitated with anti-endophilin 3 antibody and subjected to immunoblotting with anti-BRAG2a antibody. H, Note
that the tyrosine phosphatase inhibitor had no significant effect on the DHPG-induced formation of BRAG2a—endo-
philin 3 complex. 1, J, The effect of tyrosine phosphatase inhibition on the phosphorylation state of tyrosine 876 of
GluA2 following DHPG treatment. /, Cultured hippocampal neurons at 45 min following treatment with 50 um DHPG
in the presence or absence of 15 m PAO for 15min were immunoblotted with antibodies against total GluA2,
pY876 GluA2, and a-tubulin. J, Note that the treatment with PAO significantly inhibited the DHPG-induced dephos-
phorylation of tyrosine 876 of GluA with further enhancement of its phosphorylation state. The immunoreactive
intensities of immunoprecipitated BRAG2a were normalized by those of total BRAG2a in input lysates and compared
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suggest that BRAG2a can interact with the
SH3 domain of endophilin 3 through its ca-
nonical PxxP motifs at amino acids 953-959.

To confirm the interaction between BRAG2a
and endophilin 3 in mammalian cells, we per-
formed immunoprecipitation assays using HeLa
cells cotransfected with FLAG-endophilin 3 and
FLAG-BRAG2a or FLAG-BRAG2b (Fig. 5D).
FLAG-BRAG2a, but not FLAG-BRAG2b, was
efficiently coimmunoprecipitated with endophi-
lin 3, and vice versa (Fig. 5D). Consistent with
the results in the two-hybrid assay, neither
FLAG-BRAG2a-P(PRD)A nor FLAG-BRAG2a-
P956/957A was coimmunoprecipitated with
endophilin 3 from the lysates of transfected
Hela cells (Fig. 5E). Despite comparable expres-
sion levels of FLAG-endophilin 3 in the lysates
among samples, more FLAG-endophilin 3
was consistently immunoprecipitated by anti-
endophilin 3 antibody when HeLa cells were
cotransfected with FLAG-endophilin 3 and
FLAG-BRAG2a, suggesting that the BRAG2-
endophilin 3 interaction may affect the confor-
mation or dimerization status of endophilin 3,
thereby affecting the immunoprecipitation effi-
ciency. Finally, immunoprecipitation of the
mouse brain revealed that the anti-BRAG2a,
but not anti-BRAG2b antibody, immunopreci-
pitated endogenous endophilin 3 and GluA2
from the Triton X-100-soluble P2 fraction (Fig.
5F,G). In the reciprocal immunoprecipitation,
the anti-endophilin 3 antibody failed to immu-
noprecipitate detectable amounts of BRAG2a
(data not shown), suggesting that only a limited
fraction of endophilin 3 forms a protein com-
plex with BRAG2a in the brain. By contrast, the
anti-BRAGI antibody failed to immunoprecipi-
tate endophilin 3 or GluA2 under the same ex-
perimental condition (Fig. 5H). These results
suggest that BRAG2a specifically forms a pro-
tein complex with endophilin 3 and AMPARs
in the brain.

BRAG?2a-endophilin 3 interaction enhances
the GEF activity of BRAG2a toward Arf6

To examine the effect of the BRAG2a and endo-
philin 3 interaction on the GEF activity of
BRAG2a, HeLa cells were transfected with Arf6-
FLAG, FLAG-BRAG2a, and FLAG-endophilin
3, and subjected to Arf6 pull-down assays using
a GST fusion protein of the GGA3-GAT do-
main, which can specifically bind to GTP-
bound Arfs (Nakayama and Takatsu, 2005), and
immunoblotting with anti-Arf6 antibody. Co-
expression of Arf6 and BRAG2a significantly
increased the amount of GTP-Arf6 by threefold

«—

with control. The immunoreactive intensities of pY876 GluA2 was
normalized by those of total GluA2, and compared with control.
*p < 0.05 (t test). Data for each group were obtained from three
culture plates (n=3). These results were confirmed by three inde-
pendent experiments.
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compared with Arf6 alone, whereas simulta-
neous expression of Arf6, BRAG2a, and
endophilin 3 further increased the amount of
GTP-Arf6 by fivefold compared with Arf6
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were comparable (Arf6 and BRAG2a:
17.895 * 4.230; Arf6, BRAG2a, and endophi-
lin 3: 16.470 * 4.506, p=0.710, t test; n=3
plates for each group), excluding the possibil-
ity that FLAG-BRAG2a levels affected GTP-
Arf6 levels. These results suggest that the Cc
interaction of BRAG2a with endophilin 3
enhances its GEF activity toward Arf6.

mGluR1/5 stimulation triggers the
protein complex formation between
BRAG2a and endophilin 3

Stimulation of mGluR1/5 reportedly trig-
gers the interaction of BRAG2 with GluA2
and the subsequent activation of Arf6,
thereby leading to the internalization of
surface AMPARs (Scholz et al., 2010).
Consistently, the amount of GTP-Arf6 was
significantly increased by 1.5-fold in cul-
tured hippocampal neurons at 45 min fol-
lowing the treatment with 50 um DHPG
for 15 min (Fig. 6C,D; mean * SD; control:
1.000 £ 0.050; DHPG: 1.504 £ 0.194, p =
0.011, ¢ test; n=3 plates for each group).
As hippocampal mGluR-dependent LTD is
required for rapid protein synthesis in den-
drites (Huber et al., 2000), we also exam-
ined the effect of mGluR stimulation on
the protein expression level of BRAG2 in
total lysates of cultured neurons. Although
Arc/Arg3.1 was increased by 25.7%, as
reported previously (Niere et al, 2012),
BRAG2 did not show any significant changes in its protein
expression at 60min after DHPG treatment (Fig. 6E,F;
mean = SD; BRAG2a/control: 1.000 = 0.112; BRAG2a/DHPG:
0.981 = 0.070, p=0.785, ¢t test; BRAG2b/control: 1.000 = 0.071;
BRAG2b/DHPG: 0.970 = 0.130, p = 0.698; Arc/control: 1.000 =
0.003; Arc/DHPG: 1.257 * 0.049, p=0.001; n =3 plates for each
group), indicating that DHPG-induced Arf6 activation does not
correlate with BRAG2 expression level. Under these experimen-
tal conditions, the amount of BRAG2a coimmunoprecipitated
with endophilin 3 was steadily increased until 60 min following
DHPG treatment in a time-dependent manner (Fig. 7A,B;
mean = SD; Omin: 1.000 £ 0.310; 15min: 1.906 = 0.552, p =
0.113, ¢ test; 30 min: 2.712 = 0.721, p=0.047; 60 min: 4.837 *
1.692, p=0.045; n=3 plates for each group), suggesting that
mGluR stimulation triggers the interaction between BRAG2a
and endophilin 3 in cultured hippocampal neurons. By contrast,
treatment with 100 um NMDA for 5min or 10 um AMPA for
5 min did not induce the interaction between BRAG2a and endo-
philin 3 (Fig. 7C-F; mean = SD; NMDA: 0min, 1.000 % 0.042;
15min, 0.933 * 0.039, p = 0.113, ¢ test; 30 min, 0.964 = 0.035,
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p=0.313; 60min, 0.930 £0.091, p=0.293; AMPA: Omin,
1.000 % 0.092; 15 min, 0.872 = 0.054, p=0.106; 30 min, 0.948 =
0.034, p=0.410; 60 min, 0.903 * 0.022, p=0.149; n =3 plates for
each group). DHPG-induced tyrosine dephosphorylation of
GluA2 at Y876 relies on the interaction between BRAG2 and
GluA2 (Scholz et al., 2010). To examine whether the interaction
between BRAG2 and GluA2 could affect DHPG-induced com-
plex formation of BRAG2a with endophilin 3, cultured neurons
were stimulated with DHPG in the presence of a tyrosine phos-
phatase inhibitor, PAO, and subjected to immunoprecipitation
(Fig. 7G,H). Although treatment with PAO blocked DHPG-
induced tyrosine dephosphorylation of GluA2 at Y876 with fur-
ther enhancement of its phosphorylation state (Fig. 7L];
mean * SD; control: 1.000 = 0.173; DHPG + PAO: 3417 =
0.657, p=0.004, t test; DHPG: 0.432 *0.196, p=0.019; n=3
plates for each group), it did not affect the DHPG-induced inter-
action between BRAG2a and endophilin 3 (Fig. 7G,H; mean *
SD; control: 1.000 = 0.147; DHPG + PAO: 3.175=* 0.467,
p=0.002, t test; DHPG: 3.568 * 0.656, p =0.003; n =3 plates for
each group), suggesting that the BRAG2a-endophilin 3 interac-
tion takes place independently of the tyrosine dephosphorylation
of GluA2.
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Figure 9. The interaction of BRAG2a with endophilin 3 and PSD-95 is important for the mGluR-dependent decrease in AMPAR surface level. 4, B, The effect of BRAG2 knockdown on basal
surface GIuAT level. A, Representative immunofluorescence images of dendritic shafts and spines of cultured hippocampal neurons transfected with shBRAG2 (BRAG2-KD) or shControl (control)
vectors at DIV14 and subjected to surface AMPAR labeling with anti-GluA1 (extracellular) antibody at DIV16. B, Quantification of surface GluA1 levels. Inmunofluorescence intensity of surface
GluA1 in BRAG2-KD-transfected neurons was normalized to that in the control-transfected neurons. Note that knockdown of BRAG2 did not affect the basal surface GluA1 levels. €, D, The effect
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effect of BRAG2 knockdown on surface GIuN2B levels following DHPG treatment. E, Representative immunofluorescence images of dendritic shafts and spines of BRAG2-KD or control
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BRAG2a-endophilin 3 interaction is required for
mGluR-stimulated internalization of AMPARs

Endophilin 3 is implicated in the endocytosis of AMPARSs in the
hippocampus through ternary interaction with dynamin and
Arc/Arg3.1 (Chowdhury et al.,, 2006) or oligophrenin-1 (Nadif
Kasri et al., 2011). To examine the functional role of the interac-
tion between BRAG2a and endophilin 3 in the mGluR-depend-
ent internalization of AMPARs, we prepared an shRNA vector
for BRAG2 (shBRAG2), which targets both BRAG2 isoforms
and simultaneously expresses EGFP to visualize transfected cells
under an independent promoter. HeLa cells were transfected
with shBRAG2 or shRNA for luciferase (shControl), together
with FLAG-BRAG2a-WT or shRNA-resistant (sh-res) FLAG-
BRAG2a-WT. Expression of sShBRAG2 effectively downregulated
FLAG-BRAG2a-WT, compared with that of the control shRNA,
without affecting the expression of shRNA-resistant BRAG2a-
WT (Fig. 8A,B; mean * SD; FLAG-BRAG2a-WT, control:
1.000 = 0.063; BRAG2-KD, 0.061 = 0.035, p<<0.0001, t test;
FLAG-BRAG2a-WT (sh-res), control, 1.000 = 0.037; BRAG2-KD,
1.142 = 0.093, p=0.070; n =3 plates for each group). Furthermore,
the expression of sSBRAG2 markedly reduced immunolabeling of
endogenous BRAG2 in transfected neurons compared with the
neighboring untransfected neurons on the same culture dish or
neurons transfected with shControl (Fig. 8C,D; mean * SDj; con-
trol, 1.000 £ 0.387, n=20 neurons; BRAG2-KD, 0.312 % 0.083,
n=20, p<<0.0001, t test).

After establishing the shRNA specificity, cultured hippocam-
pal neurons transfected with shBRAG2 or shControl were stimu-
lated with DHPG to chemically induce mGluR-dependent LTD,
and then were subjected to labeling of surface AMPARs and
NMDARs using antibodies against the extracellular N-terminus
of GluA1 and GluN2B subunits, respectively. Before stimulation,
there were no apparent differences in basal surface GluA1l levels
between shBRAG2-transfected and shControl-transfected neu-
rons (Fig. 9A,B; mean = SD; control, 1.000 * 0.197, n =20 neu-
rons; BRAG2-KD, 1.062 = 0.305, p > 0.05, t test; n=20). DHPG
stimulation resulted in ~20% decrease in surface GluA1 levels in
shControl-transfected neurons, whereas BRAG2 knockdown
completely suppressed this effect (Fig. 9C,D; one-way ANOVA,
F61y=4.507, p=0.0149; followed by Tukey-Kramer post hoc
test; mean = SD; DHPG 0/control: 1.000 *+ 0.287, n=22 neu-
rons; DHPG 50/control: 0.782 * 0.246, n=20; DHPG 50/
BRAG2 KD: 1.038 = 0.342, n=22), consistent with a previous

«—

hippocampal neurons treated with 50 zem DHPG and subjected to surface NMDAR labeling
with anti-GluN2B (extracellular) antibody. F, Quantification of surface GIuN2B levels; the im-
munofluorescence intensities of surface GluN2B in BRAG2-KD and control neurons treated
with DHPG were normalized to that in control and DHPG-untreated (DHPG 0) neurons. Note
that DHPG treatment did not change surface GIuN2B levels in BRAG2-KD or control neurons
(one-way ANOVA: F(550)=0.964, p =0.387). Data for each surface GIuN2B were obtained
from 20-22 transfected neurons from three plates, and these results were confirmed by
three independent experiments. G, H, The effect of coexpression of shBRAG2 and BRAG2a or
its mutants on the DHPG-induced decrease in surface GIuA1 levels. G, Representative immu-
nofluorescence images of dendritic shafts and spines of neurons transfected with BRAG2-KD
alone or with BRAG2-KD and sh-res BRAG2a-WT, BRAG2b-WT, BRAG2a-P956/957A, BRAG2a-
ASTW, or BRAG2a-ASec7. H, Quantification of surface GluA1 levels. Note that the
BRAG2-knock-down phenotype on DHPG-induced surface GluAT levels could be rescued by
coexpression of shRNA-resistant BRAG2a-WT, but not BRAG2b-WT, BRAG2a-P956/957A,
BRAG2a-ASTVV, or BRAG2a-ASec7. Asterisks indicate statistical significance (one-way ANOVA:
Fis 138 = 12.822, p << 0.00071; followed by Tukey—Kramer post hoc test, *p << 0.05). Each sur-
face GluA1 data were obtained from three independent experiments, and 20-28 transfected
neurons from three plates were analyzed in each experiment. Scale bars, 2 um.
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report (Scholz et al,, 2010). By contrast, surface GluN2B levels
were not affected by DHPG treatment or BRAG2 knockdown
(Fig. 9E,F; one-way ANOVA, F350)=0.964, p=0.387; mean =
SD; DHPG 0/control: 1.000 = 0.311, n =20 neurons; DHPG 50/
control: 0.972 * 0.166, n=20; DHPG 50/BRAG2 KD: 1.070 *
0.209, n=22). The BRAG2 knockdown effect on surface GluAl
levels was completely abolished by cotransfection of BRAG2a-
WT with shBRAG2, suggesting the specific effect of the shRNA
(Fig. 9G,H). Furthermore, cotransfection of BRAG2b-WT,
BRAG2a-P956/957A, BRAG2a-ASTVV, or BRAG2a-ASec7 with
shBRAG2 did not rescue the phenotype caused by BRAG2
knockdown (Fig. 9G,H; one-way ANOVA, F(s 135 =12.822, p <
0.0001, followed by Tukey-Kramer post hoc test; mean * SD;
DHPG 50/BRAG2 KD: 1.000 = 0.130, n=25 neurons; DHPG
50/BRAG2 KD/BRAG2a-WT: 0.617 = 0.173, n=22; DHPG 50/
BRAG2 KD/BRAG2b: 0.922*0.169, n=25, DHPG 50/
shBRAG2/BRAG2a-P956/957A: 1.004 + 0.252, n=22; DHPG
50/shBRAG2/BRAG2a-ASTVV: 0.857 + 0.241, n=22; DHPG
50/shBRAG2/BRAG2a-ASec7: 0.940 * 0.167, n=28). Of note, in
contrast to BRAG2a-ASTVV (Fig. 4E), BRAG2a-P956/957A,
and BRAG2a-ASec7 mutants retained the ability of synaptic tar-
geting in transfected cultured neurons (Fig. 10A-D; mean * SD;
EGFP-BRAG2a-P956/957A: 4.282 * 2.213; mCherry: 0.992 *+
0.121, p=0.0002, t test; EGFP-BRAG2a-ASec7: 7.979 = 3.079;
mCherry: 0.893 %= 0.190, p < 0.0001, ¢ test; n=3 plates for each
group). Furthermore, BRAG2a-ASec7 mutant was confirmed to
lack the ability to interact with GluA2 (Fig. 10E) and to activate
Arf6 (Fig. 10F,G; mean * SD; Arf6-FLAG/FLAG-BRAG2a-WT:
1.502 *= 0.065; Arf6-FLAG/FLAG-BRAG2a-ASec7: 0.367 =+
0.124, p=0.0002, t test; n = 3 plates for each group). These results
suggest that BRAG2a plays an isoform-specific role in mGluR-
dependent AMPAR internalization through the interaction with
endophilin 3 and PSD-95.

Lateral distribution of BRAG2a, endophilin 3, and Arf6
along the postsynaptic membrane from the PSD in dendritic
spines

In dendritic spines, endocytic machineries such as AP-2, clathrin,
and dynamin are laterally organized along the postsynaptic
membrane from the PSD to the endocytic zones (Blanpied et al.,
2002; Racz et al., 2004). To provide an anatomical clue to under-
stand the mechanism by which BRAG2-mediated Arf6 activation
leads to clathrin-dependent endocytosis of AMPARs on the post-
synaptic membrane, we examined the lateral distribution of
BRAG2a, endophilin 3, and Arf6 in comparison with that of
PSD-95, GluA1/2, a-adaptin of the AP-2 complex, and clathrin
along the postsynaptic plasma membrane by postembedding
immunoelectron microscopy, a reliable and sensitive method for
quantitatively detecting synaptic proteins (Fukaya et al., 2006; Fig.
11). Immunogold-labeled BRAG2a and PSD-95 were preferentially
accumulated at the PSD (Fig. 11A-F). Immunogold-labeled GluA1/
2 was also highly concentrated within the PSD (Fig. 11G-I), though
a small but discrete number of particles was evenly distributed along
the plasma membrane outside the PSD, presumably corresponding
to extrasynaptic AMPARSs. By contrast, immunogold-labeled Arf6,
endophilin 3, and AP-2 (a-adaptin) were widely distributed along
the plasma membrane in the PSD and extrasynaptic region, with a
higher labeling density along the postsynaptic membrane near the
PSD edge (Fig. 11J-R). Conversely, immunogold-labeled clathrin
was distributed more densely on the membrane in the extrasynaptic
region than in the PSD, with two peaks of immunolabeling at 25-
50 and 200-225 nm from the PSD edge (Fig. 11S-U).
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Figure 10.  Characterization of BRAG2a-P956/957A and BRAG2a-ASec7 mutants. A-D, Synaptic targeting assays with

the EGFP-tagged BRAG2a-P956/957A and BRAG2a-ASec7 mutants in cultured hippocampal neurons at DIV15.
Representative immunofluorescence images of the dendritic shaft and spines of neurons transfected with EGFP-BRAG2a-
P956/957A (A) and EGFP-BRAG2a-ASec7 (C). The morphology of dendrites and spines was visualized by coexpression of
mCherry. Quantification of the ratio of EGFP fluorescence in spines versus dendritic shafts of EGFP-BRAG2a-P956/957A (B)
and EGFP-BRAG2a-ASec7 (D). Note that hoth EGFP-BRAG2a-P956/957A and EGFP-BRAG2a-ASec7 were selectively targeted
to synapses compared with mCherry. Quantification data for each group were obtained from 100 measurements from five
transfected neurons. These results were confirmed by two independent experiments. E, Immunoprecipitation assays. HelLa
cells expressing GluA2 and FLAG-BRAG2a-WT or FLAG-BRAG2a-ASec7 were immunoprecipitated with anti-BRAG2a, anti-
GluA2 or normal rabbit IgG, and subjected to immunoblotting with anti-BRAG2a and anti-GluA2 antibodies. Note that
BRAG2a-ASec7 failed to interact with GIuA2. F, G, Arf6 activation assays. F, Representative immunoblots of Arf6 activation
assays using GST-GGA3 from Hela cells expressing Arf6-FLAG and FLAG-BRAG2a-WT or FLAG-BRAG2a-ASec7 mutant. G,
Quantification of the normalized GTP-Arf6/total Arf6 ratio (G). Note that BRAG2a-ASec7 lacked the ability to activate Arf6.
Data for each group were obtained from three culture plates (n = 3). These results were confirmed by three independent
experiments. *p << 0.001 (t test). Scale bars, 2 pem.

The effect of mGluR stimulation on the distribution of
BRAG2a at the postsynaptic membrane

To examine whether mGluR stimulation could affect the
ultrastructural distribution of BRAG2a at the postsynaptic mem-
brane, we performed postembedding immunoelectron micros-
copy using acute hippocampal slice cultures (Fig. 12). DHPG
treatment significantly induced p38 MAPK phosphorylation and
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Arc/Arg3.1 upregulation (Fig. 12A,B; mean
* SD; GluAl/2, control, 1.000 * 0.128;
DHPG, 0.938 = 0.189, p=0.608, ¢ test; Arc/
Arg3.1, control, 1.000 * 0.207; DHPG,
1.417 £ 0.344, p =0.047; phospho-p38/total
p38, control, 1.000 = 0.245; DHPG, 1.897
+ 0298, p=0.026, n=3 plates for each
group). These results were consistent with
previous reports that DHPG induced LTD
in the acute hippocampal slice cultures
(Bolshakov et al.,, 2000; Waung et al., 2008).
Furthermore, immunogold particles for
GluA1/2 in the PSD of asymmetrical axospi-
nous synapses were significantly reduced fol-
lowing DHPG treatment (Fig. 120-R,U). On
the other hand, DHPG treatment did not
affect the number of immunogold particles
for BRAG2a and PSD-95 in the PSD (Fig.
12C-N,U; mean = SDj; gold particles/PSD,
BRAG2a, control, 1.542 *= 0.309; DHPG,
1.599 = 0.290, p=0.719, ¢ test; PSD-95, con-
trol, 4.857 £ 0.327; DHPG, 4.207 * 0.469,
p=0.210; GluAl/2, control, 2.594 * 1.747;
DHPG, 1.748 * 0.099, p=0.0021, n =3 slices
for each group) or the proportion of extrasy-
naptic immunogold particles for these pro-
teins (Fig. 12V; percentage of extrasynaptic
particles, mean = SD; BRAG2a, control,
6.235 * 1465 DHPG, 5142 £ 1.374,
p=0.399, ¢t test; PSD-95, control, 3.701 =
1.073; DHPG, 3218 = 0.357, p=0.500;
GluAl/2, control, 22.848 = 5.055; DHPG,
21376 * 2231, p=0.668, n=3 slices for
each group). Collectively, these results sug-
gest that BRAG2a forms a protein complex
with GluA1/2 and endophilin 3 in the PSD,
and does not redistribute to the extrasynap-
tic region or is only transiently in the extra-
synaptic region in response to mGluR
stimulation.

Discussion

The present study identified BRAG2
isoform-specific mechanisms of mGluR-
dependent AMPAR internalization in hip-
pocampal neurons. Scholz et al. (2010)
have previously shown that concomitant
ligand binding to AMPAR and dephospho-
rylation of GluA2 at Tyr876 trigger the
interaction between GluA2 and BRAG2,
leading to Arf6 activation and subsequent
AMPAR internalization during hippocam-
pal mGluR-dependent LTD. Here, we dem-
onstrated that BRAG2a, an alternative
isoform with a long C-terminal region con-
taining PRD and a type I PDZ-binding

motif, selectively localized to the excitatory PSD of hippocampal
neurons through its direct interaction with PSD-95. BRAG2a
also interacted with endophilin 3, thereby enhancing its GEF ac-
tivity toward Arf6. The formation of the BRAG2a-endophilin 3
complex was facilitated by mGluR1/5 activation in cultured
hippocampal neurons. The immunoelectron microscopy also
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revealed that BRAG2a and PSD-95 were
localized exclusively to the PSD with-
out redistribution to the extrasynaptic
region in response to mGluR stimula-
tion, whereas Arf6 and endophilin 3
were present in both the PSD and extra-
synaptic region in hippocampal neu-
rons. Furthermore, knockdown of
BRAG?2 blocked the mGluR1/5-stimu-
lated decrease in surface AMPAR levels,
which was rescued by introducing
wild-type BRAG2a, but not wild-type
BRAG2b or BRAG2a mutants lacking
the ability to activate Arf6 and to inter-
act with GluA2 (BRAG2a-ASec7) or to
interact with endophilin (BRAG2a-
P956/957A) or PSD-95 (BRAG2a-
ASTVV), in cultured hippocampal
neurons. Together, we propose the fol-
lowing modified model of the BRAG2-
Arf6 pathway in mGluR-dependent
AMPAR endocytosis: (1) under basal
conditions, BRAG2a is localized selec-
tively to the PSD with PSD-95; (2)
mGluR1/5 activation triggers the for-
mation of a ternary complex between
BRAG2a, AMPARs, and endophilin 3
in the PSD, thereby activating Arf6 on
the postsynaptic membrane; (3) GTP-
Arf6 recruits clathrin and the AP-2
adaptor complex to promote the as-
sembly and maturation of coated pits
through the activation of the lipid
modifying enzymes, phosphatidylinosi-
tol-4-phosphate 5-kinase (PIP5K) and
phospholipase D (PLD), and the direct
interaction with AP-2; and (4) after
dissociation from BRAG2a, endophilin
3 is released from the PSD, and recruits
dynamin and facilitates vesicle budding
and membrane scission of coated
vesicles containing AMPARs at the
endocytic zone. In this model, BRAG2a
functions as a platform linking AMPARs
to the endocytic molecular machinery
through its direct interactions with GluA2
and endophilin 3, thereby ensuring the
specificity of the cargo selection and the
endocytic route for AMPARs. As endo-
philin and AP-2 were shown to interact
with AMPARs (Lee et al., 2002; Kastning
et al, 2007; Zhang et al,, 2017), they fur-
ther strengthen the specificity of the cargo
and endocytic molecular machinery.
Endophilin is implicated in AMPAR internalization through
its interaction with two other critical signaling molecules
required for LTD: Arc/Arg3.1 (Chowdhury et al., 2006) and oli-
gophernin-1 (Nadif Kasri et al, 2011). Arc/Arg3.1 is rapidly
induced by synaptic activation and is required for mGluR-de-
pendent LTD and homeostatic synaptic scaling (Chowdhury et
al., 2006; Shepherd et al., 2006). Arc/Arg3.1 forms a protein com-
plex with endophilin 2/3 and dynamin to facilitate AMPAR
internalization (Chowdhury et al., 2006). Overexpression of Arc/
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Arg3.1, but not its mutants lacking the ability to interact with
endophilin or dynamin, decreased the surface expression of
GluAl in cultured hippocampal neurons, whereas neurons from
Arc/Arg3.1 knock-out mice exhibited increased surface GluAl
and its endocytosis (Chowdhury et al., 2006). Similarly, oligo-
phrenin-1 is rapidly translated in dendrites in response to
mGluR activation, and forms a protein complex with endophilin
2/3 and dynamin, thereby regulating mGluR-dependent AMPAR
internalization and LTD (Nadif Kasri et al., 2011). Of note, both
BRAG2a and oligophrenin-1 bind to the SH3 domain of endophi-
lin, whereas Arc/Arg3.1 binds to the distinct C-terminal N-BAR
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domain of endophilin. Further studies are needed to elucidate how
BRAG2a, Arc/Arg3.1, and oligophrenin-1 cooperatively or distinc-
tively regulate mGluR-dependent AMPAR internalization in hippo-
campal neurons.

The endocytic zone that mediates activity-dependent AMPAR
endocytosis in dendritic spines is positioned on the postsynaptic
membrane near the PSD (Lu et al, 2007). On the postsynaptic
membrane, the core clathrin-mediated endocytic components, cla-
thrin, AP-2, and dynamin, exhibit preorganized lateral distribution
from the PSD to the endocytic zone, depending on the order in
which they are involved in the endocytic process, as follows: AP-2 is
concentrated closest to the PSD, whereas dynamin is furthest from
the PSD (Récz et al,, 2004). The present postembedding immunoe-
lectron microscopy demonstrated that BRAG2a, PSD-95, and
AMPARs were highly concentrated in the PSD with a small per-
centage outside the PSD, whereas Arf6 and endophilin 3 were pres-
ent in both the PSD and extrasynaptic region. Furthermore, DHPG
stimulation of acute hippocampal slices did not induce apparent
changes in the ultrastructural distribution of BRAG2a and PSD-95
at postsynapses. Together, these results suggest that BRAG2a is in
complex with AMPARSs and endophilin 3 only inside the PSD until
AMPARSs are released from the PSD. Of note, synaptotagmin-3, a
calcium sensor protein implicated in membrane trafficking, has
recently been shown to regulate activity-dependent AMPAR inter-
nalization, LTD, and decay of LTP through the interaction with the
tyrosine-rich 3Y motif of GluA2, which BRAG2 also binds to, in the
hippocampus (Awasthi et al,, 2019). Since GFP-synaptotagmin-3
colocalized well with clathrin-DsRed but not with Homer-myc in
transfected neurons, synaptotagmin-3 is considered to function at
the endocytic zone rather than PSD. Thus, it is possible to speculate
that the interaction of GluA2 with BRAG2a in the PSD may be
switched to that with synaptotagmine-3 during its lateral diffusion
to the endocytic zone. Alternatively, there also remains a possibility
that the BRAG2a-~AMPAR-endophilin 3 complex may exist only
transiently in the extrasynaptic region, thereby escaping the present
immunodetection. On the other hand, Arf6 pre-exits widely along
the plasma membrane from the PSD to the endocytic zone, which
enables Arf6 to regulate sequential endocytic processes from coated
pit formation to vesicle scission through multifaceted mechanisms
including the activation of lipid-modifying enzymes, such as PIP5K
and PLD, and the recruitment of various downstream effectors,
such as AP-2 and Nm23-H], to the postsynaptic membrane.

Accumulating evidence suggests that Arf-GEFs function as a
scaffold to link cargo to the endocytic machinery, thereby pro-
moting the activation of Arf at precise timing and location. For
example, BRAG?2 directly interacts not only with various trans-
membrane cargo proteins such as EGFR (Morishige et al., 2008),
Her2 (Menju et al,, 2011), VEGFR2 (Hashimoto et al., 2011), and
AMPARSs (Scholz et al., 2010), but also with endophilin 3 (this
study), clathrin (Moravec et al., 2012), and AP-2 (Moravec et al.,
2012). Similarly, EFA6, another Arf6-GEF, interacts with various
transmembrane cargo proteins, such as 32-adrenergic receptors
(Macia et al,, 2012), TWIK-1 K" channels (Decressac et al.,
2004), Kir 3.4 K™ channels (Gong et al., 2007), and telencephalin
(Raemaekers et al., 2012), and with endocytic molecular machin-
ery, such as endophilin A1-3, endophilin Bl (Boulakirba et al.,
2014), and dynamin (Okada et al.,, 2015). Therefore, it is tempt-
ing to generalize that Arf6-GEFs play a decisive role in the selec-
tion of the cargo and endocytic route, as well as in the precise
spatiotemporal activation of Arf.

By producing BRAG2 isoform-specific antibodies, we pro-
vided immunohistochemical evidence for distinct roles of the fol-
lowing two isoforms in hippocampal neurons: BRAG2a was
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selectively localized to the PSD of excitatory synapses, whereas
BRAG2b was largely associated with intracellular membrane
structures, particularly EEA 1-positive vesicles, presumably corre-
sponding to early sorting endosomes, in cell bodies and dendritic
shafts. Although both isoforms can interact with AMPARs
through the common Sec7 and PH domains, it is reasonable that
BRAG2a rather than BRAG2b plays a dominant role in activity-
dependent AMPAR endocytosis from the postsynaptic mem-
brane. Under basal conditions, most AMPARs are constitutively
internalized and recycled back to the plasma membrane through
Arf6-positive recycling endosomes (Zheng et al., 2015). Because
BRAG2 was shown to activate not only Arf6, but also the class II
Arf members Arf4 and Arf5, which are implicated in vesicular
transport from the ER to Golgi and inside the trans-Golgi
(Moravec et al., 2012), it is possible to speculate that BRAG2b
regulates the intracellular sorting of internalized AMPARs into
recycling or degradation pathways.

Finally, hippocampal mGluR-dependent LTD depends on
rapid de novo protein synthesis in postsynaptic dendrites (Huber
et al., 2000), which is regulated by various RNA-binding proteins
such as fragile X mental retardation protein (FMRP; Bear et al.,
2004). FMRP is the product of the FMRI gene, which is responsi-
ble for fragile X syndrome (FXS), and functions as a translational
suppressor of target mRNAs required for synaptic plasticity.
FMRI1 knock-out mice exhibit enhanced mGluR-dependent
LTD (Huber et al, 2002) and cognitive impairment (Dutch-
Belgian Fragile X Consortium, 1994; Santos et al., 2014) because
the loss of FMRP exaggerates the translation of its target mRNAs
encoding proteins required for LTD, such as Arc/Arg3.1 (Niere
et al, 2012), MAP1b (Hou et al, 2006), and PSD-95
(Muddashetty et al.,, 2007). Of particular interest, a previous
microarray analysis of mRNAs associated with the FMRP ribo-
nucleoprotein complex identified BRAG2 as a possible target
mRNA of FMRP (Brown et al,, 2001). Although we failed to
detect apparent BRAG2 mRNA in hippocampal dendritic fields
by in situ hybridization or an increase in BRAG2 protein in total
lysates of cultured hippocampal neurons stimulated with DHPG
by immunoblotting, the possibility that the BRAG2-Arf6 path-
way is associated with the pathogenesis of FXS is still worth fur-
ther investigation.
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