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Cellular/Molecular

GluR&2 Assembles Four Neurexins into Trans-Synaptic
Triad to Trigger Synapse Formation

Sung-Jin Lee, Takeshi Uemura, Tomoyuki Yoshida, and Masayoshi Mishina
Department of Molecular Neurobiology and Pharmacology, Graduate School of Medicine, University of Tokyo, Tokyo 113-0033, Japan

Elucidation of molecular mechanisms of synapse formation is a prerequisite for the understanding of neural wiring, higher brain
functions, and mental disorders. The trans-synaptic interaction of postsynaptic glutamate receptor 62 (GluR82) and presynaptic neur-
exins (NRXNs) through cerebellin precursor protein 1 (Cblnl) mediates synapse formation in vivo in the cerebellum. Here, we asked how
the trans-synaptic triad induces synapse formation. Native GluR82 existed as a tetramer in the membrane, whereas the N-terminal
domain (NTD) of GluR&2 formed a stable homodimer. When incubated with cultured mouse cerebellar granule cells (GCs), dimeric
GluR&2-NTD and Cblnl exertedlittle effect on the accumulation of punctate immunostaining signals for Bassoon and vesicular glutamate
transporter 1 in GC axons. However, tetramerized GluR62-NTD stimulated the accumulation of these presynaptic proteins in the axons.
Analysis of Cbln1 mutants suggested that the binding sites of GluR52 and NRXN1p on Cbln1 are differential. Furthermore, there was no
competition in the binding to Cblnl between GluR&2-NTD and the extracellular domain (ECD) of NRXN1. Thus, GluR62 and Cblnl
interacted with each other rather independently of CbIn1-NRXN1p interaction and vice versa. Gel filtration and isothermal titration
calorimetry analyses consistently showed that dimeric GluR82-NTD and hexameric Cblnl assembled in the 1:1 ratio, whereas hexameric
Cbln1 and the laminin-neurexin-sex hormone-binding globulin domain of NRXN13-ECD assembled in the 1:2 ratio. Thus, the synap-
togenic triad is assembled from tetrameric GluR&2, hexameric Cbln1, and monomeric NRXN in the ratio of 1:2:4. These results suggest

that GluR &2 triggers synapse formation by clustering four NRXNs through triad formation.

Introduction

Synapse formation is a key step in the development of neuronal
networks. Precise synaptic connections between nerve cells in the
brain provide the basis of perception, learning, memory, and
cognition. Thus, elucidation of molecular mechanisms that reg-
ulate the formation and modulation of central synapses is essen-
tial for the understanding of neural wiring, brain functions, and
mental disorders such as schizophrenia, autism, and mental re-
tardation. Excitatory synapse formation in the brain requires the
coordinate assembly of large numbers of protein complexes and
specialized membrane domains required for synaptic transmis-
sion (Waites et al., 2005; McAllister, 2007). A number of trans-
synaptic cell adhesion molecules have been identified that play
roles in synapse formation in vitro (Dalva et al., 2007; Stidhof,
2008; Shen and Scheiffele, 2010; Williams et al., 2010; Siddiqui
and Craig, 2011). The most extensively studied example is the
trans-synaptic interaction between neuroligins (NLGNs) and
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neurexins (NRXNs). Cell culture studies indicate that postsynap-
tic NLGNs and presynaptic NRXNs could act bidirectionally to
induce presynaptic and postsynaptic assembly, thus controlling
synapse formation in vitro (Scheiffele et al., 2000; Dean et al.,
2003; Graf et al., 2004). However, phenotypic analyses of
NLGNI1-3 triple-knock-out mice suggest that these molecules
are essential for synaptic function but not for synapse formation
in vivo (Varoqueaux et al., 2006; Siidhof, 2008). Despite the
wealth of information, there remained many questions about the
mechanism of synapse formation and the precise in vivo roles of
multiple trans-synaptic cell adhesion molecules in various steps
of synapse formation (Waites et al., 2005; Dalva et al., 2007;
McAllister, 2007; Williams et al., 2010; Siddiqui and Craig, 2011).

GluR&82, a member of the 8-type glutamate receptor (GluR),
plays an essential role in vivo in cerebellar Purkinje cell (PC)
synapse formation (Kashiwabuchi et al., 1995; Kurihara et al,,
1997; Takeuchi et al., 2005). The cerebellum receives two excit-
atory afferents, the climbing fiber and the mossy fiber—parallel
fiber (PF) pathway, both converging onto PCs that are the sole
neurons sending outputs from the cerebellar cortex. GluR82 is
selectively expressed in cerebellar PCs (Araki et al., 1993; Lomeli
et al.,, 1993) and is exclusively localized at PF-PC synapses (Ta-
kayama et al., 1996; Landsend et al., 1997). In conventional and
conditional GluR&2 knock-out mice, a significant number of PC
spines lack synaptic contacts with PF terminals, and some of
residual PE-PC synapses show mismatching between presynaptic
and postsynaptic specializations (Kashiwabuchi et al., 1995;
Kurihara et al., 1997; Takeuchi et al., 2005). These studies indi-
cate that the formation and maintenance of PE-PC synapses are
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critically dependent on GluR®&2 in vivo. Recently, we found that
the trans-synaptic interaction of postsynaptic GluR82 and pre-
synaptic NRXNs through cerebellin precursor protein 1 (Cblnl)
mediates PF—PC synapse formation in the cerebellum (Uemura
etal., 2010). Here, we show that the synaptogenic triad is assem-
bled from tetrameric GluR&2, hexameric Cbln1, and monomeric
NRXN in the molar ratio of 1:2:4. The assembly stoichiometry of
the triad provides an insight into the molecular mechanism of
PF-PC synapse formation in the cerebellum.

Materials and Methods

Construction of expression vectors. The coding sequence for GluRa1 lack-
ing signal sequence was cloned into the HindIII-Xbal sites of pFLAG-
CMV-1 (Sigma-Aldrich) to yield pFLAG-GluRal. Expression vector
pEB6-HA-CbIn1-CS-His was constructed from pEB6-HA-Cblnl-His
(Uemura et al., 2010) by PCR-based site-directed mutagenesis. The cod-
ing sequence for His tag was added to pEB6-HA-Cbln4 (Joo et al., 2011)
by PCR to yield pEB6-HA-Cbln4-His. Expression vectors for chime-
ras between Cblnl and Cbln4 (SWAP55, SWAP62, SWAP103, and
SWAP146) were constructed by PCR from pEB6-HA-Cblnl-His and
pEB6-HA-Cbln4-His. Expression vectors for substitution mutants
W136K and SWAP57-60 were constructed from pEB6-HA-Cbln1-His
by PCR-based site-directed mutagenesis. Amino acid residues of mouse
Cblnl and Cbln4 were numbered from the first methionine (GenBank
accession numbers AAI32123 and AAI32026). The expression vector for
GluR&2-NTD-Fc-His was constructed from pEB6-GluR&2-NTD-Fc
(Uemura and Mishina, 2008). The coding sequence for the PreScision
protease cleavage site (LEVLFQGP) followed by His tag was added to
pEB6-GluR82-NTD-Fc by PCR to yield pEB6-GluR82-NTD-Fc-His.
The expression vector pEB6-GluR62-NTD-Fc(CS)-His was constructed
from pEB6-GluR&2-NTD-Fc-His by PCR-based site-directed mutagen-
esis. The DNA fragment encoding the amino acid residues 1-292 of
NRXNI1 S-containing splicing segment 4 (S4) was amplified by PCR from
pEB6-NRXN1B-ECD-Fc (Uemura et al., 2010) and cloned into the
Nhel-Xhol sites of pAP-tag5 (GenHunter) to yield pNRXN1B-LNS-MH.
Expression vectors for Ala substitution mutants of S4 of NRXN1B-V5
(Gly201 to Lys230) were constructed from pNRXN1S-V5 (Uemura et al.,
2010) by PCR-based site-directed mutagenesis.

Preparation of soluble recombinant proteins. Soluble recombinant pro-
teins were prepared as described previously (Uemura et al., 2010). Cul-
ture medium was concentrated with a GE Kvick Cassette concentrator
(GE Healthcare) according to the manufacturer’s instructions. His-
tagged proteins were purified by Talon metal affinity resin (Clontech)
with a standard protocol and dialyzed against HBSS (Invitrogen).
NRXN1B-ECD-Fc was purified by rProtein A-Sepharose Fast Flow (GE
Healthcare), eluted with 10 mm glycine, pH 2.5, and dialyzed against
HBSS. Protein concentrations were estimated by Western blotting and
SDS-PAGE with Coomassie staining.

Preparation of membrane proteins. Membrane proteins were prepared
essentially as described previously (Penn et al., 2008). Briefly, HEK293T
cells were transfected with pFLAG-GluRal, pFLAG-62, or pcGRD2
(Matsuda and Mishina, 2000) and were incubated for 48 h. Membrane
pellets were solubilized in 20 mm HEPES, pH 7.4, containing 150 mm
NaCl, 2 mm EDTA, 5% glycerol, 0.6% CHAPS, 1X protease inhibitor
mixture (Roche), and 100 wg/ml PMSF.

Native- and blue native-PAGE. Proteins were loaded onto 5-20% gra-
dient polyacrylamide gels (Bio-Rad) for native-PAGE or 4—20% gradient
polyacrylamide Bis-Tris gels (Invitrogen) for blue native (BN)-PAGE.
Proteins were detected by Coomassie staining or Western blotting with
rabbit anti-GluR&2 (Araki et al., 1993), mouse anti-FLAG (Sigma-
Aldrich), mouse anti-Myc (Santa Cruz Biotechnology), mouse anti-HA
(Sigma-Aldrich), mouse anti-His (Millipore), and horseradish peroxi-
dase (HRP)-conjugated anti-human Fc (Sigma-Aldrich) antibodies.

Cell-surface binding assay and pull-down assay. Cell-surface binding
assay was performed essentially as described previously (Uemura et al.,
2010). HEK293T cells transfected with expression vectors for wild-type
and mutant NRXN1B-V5 were incubated with 10 ug/ml HA-Cblnl in
HBSS containing 2 mm CaCl, and 1 mm MgCl,for 1 h. After washing,
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cells were fixed, permeabilized, and immunostained with mouse anti-V5
(Invitrogen) and rabbit anti-HA (Santa Cruz Biotechnology) antibodies,
followed by incubation with species-specific Alexa Fluor 555- and 488-
conjugated secondary antibodies (Invitrogen).

For the pull-down assay, soluble recombinant proteins were mixed
and incubated in HBSS containing 2 mm CaCl, and 1 mm MgCl, for 3 h
or overnight at 4°C, followed by incubation with rProtein A-Sepharose
Fast Flow or Talon metal affinity resin for 1 h at 4°C. Subsequently,
suspensions were washed five times with HBSS containing 2 mm CaCl,
and 1 mm MgCl,. Bound proteins were eluted by boiling in SDS sample
buffer, separated by 5-20% gradient SDS-PAGE gel, and analyzed by
Western blotting with mouse anti-HA, mouse anti-Myc, HRP-conjugated
anti-human Fc, and HRP-conjugated anti-His (Santa Cruz Biotechnology)
antibodies as described previously (Uemura et al., 2004).

Gel-filtration chromatography. Gel-filtration chromatography was
performed by a fast protein liquid chromatography (FPLC) using a
Superdex 200 pg (HiLoad 16/60) column (GE Healthcare) in HBSS con-
taining 2 mm CaCl, and 1 mm MgCl,. Thyroglobulin, apoferritin,
B-amylase, bovine serum albumin (Sigma-Aldrich), and IgG (Santa Cruz
Biotechnology) were used for molecular weight (MW) standards. Puri-
fied recombinant proteins or their mixtures were injected onto the col-
umn at a volume of 1 ml. Dimeric GluR&2-NTD-Fc-His (1 nmol) and
hexameric HA-CbIn1-His (1 nmol) or monomeric NRXN1B-LNS-MH
(1-3 nmol) and HA-Cbln-His (1 nmol) were mixed and incubated over-
night at 4°C before loading onto the column. Before loading the mixture
of GluR82-NTD-Fc-His and HA-Cbln1-His, 50 molar excess (100 nmol)
of 3,3’-dithiobis(sulfosuccinimidylpropionate) (DTSSP) was treated for
30 min at room temperature. The absorbance at 280 nm was monitored,
and the 2 ml fractions of all elutes were collected and analyzed by PAGE
and immunoblotting.

Isothermal titration calorimetry assay. Isothermal titration calorimetry
(ITC) was performed at 37°C in a MicroCal ITC-200 unit (GE Health-
care). GluR&2-NTD-Fc-His, HA-Cbln1-His, and NRXN1B-ECD-MH
were dialyzed against HBSS containing 2 mm CaCl, and 1 mm MgCl,, and
dialysis buffer was used for the test. The concentrations of GluR&2-NTD-
Fc-His and NRXN1B-LNS-MH in the cell were 3.6 and 5.3 uM, respec-
tively, and the concentration of HA-Cbln1-His in the syringe was 32.9
uM. Aliquots (3.8 ul) were injected, and the syringe was stirred at 1000
rpm while measuring heat of binding at 37°C. After subtraction of the
heats of dilution, the net enthalpy data were analyzed with a single bind-
ing model using the Origin software package.

Surface plasmon resonance binding assay. Surface plasmon resonance
(SPR) binding assays were conducted on a BIAcore 3000 biosensor
equipped with a sensor chip CM5 (GE Healthcare) as described previ-
ously (Uemura et al., 2010). GluR82-NTD-Fc and NRXN1B-ECD-Fc
were captured in flow cell 2 or 4, and untreated flow cell 1 or 3 served as
areference. Purified Cbln proteins at the concentration of 125 or 250 nm
in the running buffer were injected in the sensor chips. Buffer blanks were
injected throughout the experiment for double referencing.

Animals. Mice were fed ad libitum with standard laboratory chow and
water in standard animal cages under a 12 h light/dark cycle. Mice of
either sex were used for the experiments. All animal procedures were
approved by the Animal Care and Use Committee of the Graduate
School of Medicine, University of Tokyo (Approval 1721T062).

Neuronal cultures and immunostaining. Cell cultures were performed
essentially as described previously (Uemura and Mishina, 2008). Briefly,
primary cultures of cerebellar granule cells (GCs) were prepared from
neonatal ICR mice or Cblnl knock-out mice (Uemura et al., 2010) at
postnatal day 7 and were placed on coverslips coated with poly-L-lysine
(30 pg/ml) and mouse laminin (10 pg/ml) at the density of 1 X 10°
cells/cm®. GCs were cultured in Neurobasal A (Invitrogen) supple-
mented with 2% B-27 supplement (Invitrogen), 5% fetal calf serum
(FCS), 100 U/ml penicillin, 100 ug/ml streptomycin, and 0.5 mm
L-glutamine for 24 h and then cultured in the same medium without FCS.
The medium was changed three times per week by replacing 30% of the
old medium with a fresh one. GluR62-NTD-Fc-His (120 ug) was prein-
cubated with F(ab’), or Fab fragment of goat anti-human Fc antibody
(39 pg; Jackson ImmunoResearch) for 3 h. The cultures of cerebellar GCs
at day 7 in vitro were incubated in medium containing GluR82-NTD-Fc-



4690 - ). Neurosci., March 28,2012 - 32(13):4688 — 4701

Lee et al. ® GIuR&2 Clusters Four Neurexins for Synapse Formation

BN-PAGE C
» V
O
o f DKTHTCPPCPAPE
‘(VY
SDS SDS [GliR8Z:NTD|_Fe ]| GluR52-NTD-Fe-His
(kDa) 6x-His
[ DKTHTSPPSPAPE
1480 =
L242
A luRS2-NTDFc(CS)] GIluRS2-NTD-Fc(CS)-His
166
o-FLAG
443 200 150 66.4 (kDa)

vy \

——— GIuR32-NTD-Fc-His

—— GIuR32-NTD-Fc¢(CS)-His

L7,8,9,10,1,12,13,14,15,16,17,18 19,20 21 22,

GIuR&2 SDS-PAGE
S A2
SDS - 39 §i°
Tetramer—»| 480 QVV Q\Y (kDa)
Dimer = 242 El: 150 Tetramer
- 100 .
Monomer—» B ;;6 FLAG Dimer
M
0-GIuRS2 onomer
Native-PAGE SDS-PAGE
'y L ¢ S
9S8 S L S K
K K K K K K
s TS s
A & & A
$§ §§ $§
~ 3 N N Y 3
O O (kDa) O O (kDa) 9 O (kDa)
- 250 250
- w22 - r
146 150 150
66 100 -l
~75 L7
L 20 5
50 50
o-Fe a-Fc o-Fc
Reducing Non-reducing
condition condition

Figure 1.
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GluR&2 forms a tetramer. A, BN-PAGE of GIuR&2, followed by immunoblotting with anti-GluR&2 antibody. GIuRS2 was expressed in HEK293T cells, and the membrane fraction

prepared from the transfected cells was loaded onto the gels with or without 1% SDS. B, SDS- and BN-PAGE of FLAG-GluRce1 and FLAG-GIuR®2, followed by immunoblotting with anti-FLAG
antibody. FLAG-GluRc1 and FLAG-GIuRS2 were expressed in HEK293T cells, and membrane fractions prepared from the transfected cells were loaded onto the gels with or without 1% SDS. C,
Schematic structures of recombinant GluR2-NTD-Fc-His and GluR32-NTD-Fc(CS)-His. The amino acid sequence of the core hinge region of the Fc domain of human IgG is shown, and the cysteine
residues forming a disulfide bond are underlined. D, Native-PAGE of purified GluR&2-NTD-Fc-His and GIuR&2-NTD-Fc(CS)-His, followed by immunoblotting with anti-human Fc antibody. E,
SDS-PAGE of purified GluR&2-NTD-Fc-His and GIuR32-NTD-Fc(CS)-His, followed by immunoblotting with anti-human Fc antibody. The reducing condition was obtained by the addition of 100 mm
DTT to protein samples before loading onto gels. F, Gel-filtration chromatography of GluR&2-NTD-Fc-His and GluR32-NTD-Fc(CS)-His. Purified proteins were loaded onto the column, and the

absorbance at 280 nm was monitored.

His treated with F(ab’), (13.25 ug/ml), GluR82-NTD-Fc-His treated
with Fab (13.25 pg/ml), F(ab’), (3.25 ug/ml), or Fab (3.25 pg/ml). The
effects of NRXN1B-LNS-MH and HA-CbIn1 were examined at the con-
centrations of 30 and 10 pg/ml, respectively. After 24 h, cells were fixed
with 4% paraformaldehyde and immunostained using rabbit anti-vesicular
glutamate transporter 1 (VGIuT1) (Miyazaki et al., 2003), goat anti-VGIuT1
(Frontier Institute), guinea pig anti-Bassoon (Joo et al., 2011), mouse anti-
Bassoon (Assay Designs), rabbit anti-microtubule-associated protein-2
(MAP2) (Millipore), mouse anti-postsynaptic density-95 (PSD-95)
(Thermo Scientific), and anti-His (Millipore) antibodies as primary anti-
bodies. For secondary antibodies, FITC-conjugated anti-human Fcy
antibody (Jackson ImmunoResearch) and species-specific Alexa Fluor 488-,
555,- and 647-conjugated anti-IgG antibodies (Invitrogen) were used.
Image acquisition and quantification. Images of cultured GCs were
collected from three separate experiments. Images were taken with a
confocal laser-scanning microscope (TCS SP5; Leica) under constant
conditions as to laser power, iris, gain, z-steps, and zoom setting
throughout the experiments, and all quantitative measurements were
performed with Image] 1.44 software. For the quantification of VGluT1
and Bassoon puncta along axons of GCs, z-series optical sections were
projected by the brightest point method and smoothened by the rank
filter method. VGIuT1 and Bassoon puncta were defined as areas in
which staining signal intensities were =1.5 times stronger than those of
background signals on the same field. Contiguous puncta were separated
from each other by the “segmented particles” tool. The quantification
was performed in a blind manner with respect to the recombinant pro-
teins applied to the cultures. To measure the relationship between stain-
ing signals for Bassoon and GluR82-NTD-Fc-His in Figure 2 L, Bassoon
puncta merged with or juxtaposed to GluR62-NTD-Fc-His puncta were
manually traced so that both puncta were included. The signal intensities
for GluR82-NTD-Fc-His and Bassoon within the traced area were plot-

ted as a scatter plot, and their correlation was evaluated with Pearson’s
correlation coefficient.

Images of HEK293T cells expressing wild-type or mutant NRXN13-V5
were collected from two separate experiments. The intensities of immuno-
stained signals for HA-CbIn1 and NRXN1 3-V5 were measured as the optical
mean density within the manually traced area enclosing HEK293T cells.

Statistical significance was evaluated by one-way ANOVA followed by
post hoc Tukey’s test, Dunnett’s test, or ¢ test.

Results

Tetrameric assembly of GluR62

We transfected an expression vector for GluRé2 to HEK293T
cells. Membrane proteins prepared from the transfected cells
were subjected to BN-PAGE followed by immunoblotting with
anti-GluR&2 antibody. We detected GluR62 band with smearing
at the position corresponding to the MW of the tetramer (Fig.
1 A). In the presence of 1% SDS, the GluR&2 band collapsed into
monomeric and dimeric intermediates. Because there is good
evidence for tetrameric assembly of the AMPA-type GluR
(Rosenmund et al., 1998; Bowie and Lange, 2002; Penn et al.,
2008), we also compared the mobility of GluRé2 with that of
AMPA-type GluRal on SDS- and BN-PAGE. Both GluR&2 and
GluRal were tagged with the FLAG epitope at their N termini
(FLAG-GluRal and FLAG-GluR82) and were expressed in
HEK293T cells. When membrane proteins prepared from the
transfected cells were subjected to SDS-PAGE, FLAG-GluRal
and FLAG-GluR®&2 were detected as ~105 and 115 kDa bands,
respectively (Fig. 1B). On BN-PAGE, both FLAG-GluRal and
FLAG-GIuR&2 were found at the positions corresponding to
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Figure 2.  Presynaptic differentiation is induced by the tetramer of GluR82-NTD but not by the dimer. 4, Inmunostaining for MAP2, PSD-95, and Bassoon in cultured cerebellar GCs. For boxed

areas, higher-magnification images are shown (4,, A,). B, €, The tetramer of GIuRS2-NTD-Fc-His is formed by the treatment with F(ab’), fragment of anti-Fc antibody. Gel-filtration chromatog-
raphy of GluR&2-NTD-Fc-His treated with Fab or the F(ab"), fragment of anti-Fcantibody is shown. The absorbance at 280 nm was monitored (B). SDS-PAGE of peak fractions followed by Coomassie
staining (top) and immunoblotting with anti-Fc antibody (bottom) is shown (). LG, light chain parts of Fab and F(ab’),fragments; HC, heavy chain parts of Fab and F(ab’),fragments. D, E,
Immunostaining for Bassoon (D) and VGIuT1 (E) of cultured cerebellar GCs treated with Fab, F(ab"),, GluR82-NTD-Fc-His plus Fab, or GluR62-NTD-Fc-His plus F(ab"),. (Figure legend continues.)
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glycosylation region; TM, transmembrane segment. E, Pull-down assay for the interaction between NRXN13-LNS-MH and HA-CbIn1. Alkaline phosphatase (AP)-MH and HA-CbIn1-CS (Uemura et
al., 2010) served as controls. F, G, Intensities of punctate staining signals for Bassoon (F) and numbers of Bassoon puncta (G) along axons of GCs treated with GluR2-NTD-Fc-His plus F(ab'), in the
presence or absence of NRXN13-LNS-MH (n = 15 each). All values represent mean == SEM. *p << 0.05; **p << 0.01; Tukey's test (B, €), t test (F, G). Scale bar, 5 m.

their tetrameric complexes, whereas collapsed dimeric and mo-
nomeric intermediates were observed in the presence of 1% SDS
(Fig. 1B). These results suggest that GluR52 assembles as a te-
tramer in the membrane.

The N-terminal domain (NTD) of GluR&2 (GluR82-NTD) is
required and sufficient for induction of presynaptic differentia-
tion and interaction with presynaptic NRXNs through Cblnl
(Uemura and Mishina, 2008; Uemura et al., 2010). We expressed
GluR&2-NTD as a fusion protein with the Fc-domain of human
IgG and His epitope (GluR62-NTD-Fc-His) in HEK293F cells
(Fig. 1C). The fusion protein secreted in the culture medium was

<«

(Figure legend continued.) ~ Top, immunostaining signals. Bottom, 3D surface plot vertical
images. F, G, Intensities of punctate staining signals for Bassoon (F) and numbers of Bassoon
puncta (G) along axons of cultured cerebellar GCs treated with Fab, F(ab'),, GluR2-NTD-Fc-His
plus Fab, or GluR&2-NTD-Fe-His plus F(ab), (n = 18 each). H, 1, Intensities of punctate staining
signals for VGIuT1 (H) and numbers of VGIuT1 puncta (/) along axons of cultured cerebellar GCs
treated with Fab, F(ab"),, GluR&2-NTD-Fc-His plus Fab, or GluR&2-NTD-Fc-His plus F(ab’),
(n = 18 each). J, Immunostaining for GluR&2-NTD-Fc-His and Bassoon of cultured cerebellar
GCs treated with GIuRS2-NTD-Fc-His plus F(ab'),. K, Intensities of punctate staining signals for
Bassoon with or without juxtaposing GluR&2-NTD-Fc-His signals along axons of cultured cere-
bellar GCs treated with GIuRS2-NTD-Fc-His plus F(ab’), (n = 58 each). L, Scatter plot of inten-
sities for GluR&2-NTD-Fc-His signals and Bassoon signals. The solid line indicates the slope of
linear correlation (p << 0.0001; n = 86). GraphPad Prism 5 was used to generate the trend line
and to calculate Pearson’s R? and p values. All values represent mean = SEM. *p << 0.05;
**p < 0.01; Tukey's test (FI), t test (K). Scale bars: A, 10 um; D, E, 5 um; A;, A5, J, 2.5 um.

purified with Talon metal affinity resin and subjected to PAGE.
On native-PAGE, a protein band of ~180 kDa was found by
immunoblot analysis with an anti-Fc antibody (Fig. 1 D). On the
other hand, the size of monomeric GluR82-NTD-Fc-His esti-
mated by SDS-PAGE under the reducing condition was ~90
kDa, which was close to the calculated MW of the fusion protein
(79 kDa) (Fig. 1 E). These results suggest that GluR82-NTD-Fc-
His formed a dimer. It is possible that the formation of dimeric
GluR&2-NTD-Fc-His may be mediated through a disulfide link-
age of Fc, since a protein band of ~180 kDa was found on SDS-
PAGE under the nonreducing condition. We then produced
GluR82-NTD-Fc(CS)-His, in which two cysteine residues of the
core hinge region of Fc were substituted to serine residues (Fig.
1C), to examine whether GluR62-NTD is dimeric by itself.
GluR82-NTD-Fc(CS)-His showed a protein band of ~180 kDa
on native-PAGE and ~90 kDa on SDS-PAGE, both under reduc-
ing and nonreducing conditions (Fig. 1D,E). Thus, GluR82-
NTD-Fc(CS)-His lacking the disulfide linkage of Fc formed a
dimer, suggesting that dimerization was mediated by GluR82-
NTD. In an FPLC gel-filtration assay, the apparent sizes of
dimeric GluR&2-NTD-Fc-His and GluR82-NTD-Fc(CS)-His es-
timated using MW standards as references (data not shown) were
~280 kDa (Fig. 1F). The discrepancy between the sizes of the
GluR&2-NTD dimer obtained in the FPLC assay and the calcu-
lated MW (159 kDa) may be ascribed to the fact that the estima-
tion of MW by gel-filtration is strongly affected by the overall
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shape of molecules (Andrews, 1964). These results suggest that
GluR &2 assembles as a tetramer and the NTD of GluRd2 contrib-
utes to dimer formation.

Tetramerization is required for GluR62-NTD to induce
presynaptic differentiation

The axons of cultured cerebellar GCs with immunostaining sig-
nals for active zone protein Bassoon (Fig. 2A) and synaptic vesicle
protein VGIuT1 (data not shown) were rarely intermingled with
their dendrites with MAP2 immunostaining signals. Consis-
tently, the majority of GC axons with strong signals for presyn-
aptic markers showed no detectable signals for postsynaptic
marker PSD-95, except that a few signals for PSD-95 merged with
Bassoon signals were detectable in a small fraction of GC den-
drites (Fig. 2A). These observations are consistent with previous
reports that the majority of varicosities containing presynaptic
proteins of cultured cerebellar GCs are not apposed to definite
postsynaptic structures (Marxen et al., 1999; Urakubo et al.,
2003), whereas functional synapses may be formed in a small
portion of cultured GC axons as synaptic transmission was de-
tected in cultured GCs (Losi et al., 2002; Lu et al., 2006).

To examine whether the tetrameric assembly of GluR#&2 is
essential for triggering the presynaptic differentiation, we com-
pared the effects of dimeric and tetrameric complexes of GluR82-
NTD on the accumulation of Bassoon and VGIuT1 on the axons
of cultured cerebellar GCs. When incubated with the F(ab’),
fragment of anti-human Fc antibody for 3 h, most of GluR&2-
NTD-Fc-His became tetramerized (Fig. 2B,C). On the other
hand, GluR62-NTD-Fc-His remained dimeric when incubated
with the Fab fragment of anti-human Fc antibody. We thus used
GluR&2-NTD-Fc-His treated with F(ab'), and Fab as tetrameric
and dimeric GluR&2-NTD, respectively, in subsequent experi-
ments. Cultured GCs were incubated with tetrameric or dimeric
GluR82-NTD-Fc-His for 24 h and were then immunostained
with an antibody against Bassoon (Fig. 2 D). GCs incubated with
F(ab’), or Fab fragment served as controls. The intensity of punc-
tate staining signals for Bassoon was increased approximately
twofold in GC axons incubated with tetrameric GluR82-NTD-
Fc-His compared with that in control GC axons (p < 0.01) (Fig.
2F). In contrast, there were no significant differences in the in-
tensity of Bassoon staining signals between GCs incubated with
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(Figure legend continued.)  sequence and C1q domain, respectively. Dotted vertical lines
show the junctions of chimeras between Cbin1 and CbIn4; the numbers indicate those of the
N-terminal amino acid residues of Chin1 sequences in the chimeras. D, Schematic structures of
chimeras between Cbin1 and Chin4. E, F, SPR sensorgrams of HA-CbIn1-His, HA-ChIn4-His and
chimeras over GluR&2-NTD-Fc (E) and NRXN13-ECD-Fc (F) captured on the surface of the sensor
chip. Concentrations of analytes were 250 nm. G, Schematic structures of Chin1 mutants W136K
and SWAP57-60. H, I, SPR sensorgrams of HA-CbIn1-His, HA-CbIn4-His, HA-W136K-His, and
HA-SWAP57—- 60-His over GluR&2-NTD-Fc (H) and NRXN13-ECD-Fc (/) captured on the surface
of the sensor chip. Concentrations of analytes were 250 nm. J, Solid surface structure models of
the C1q domains of monomeric (top) and trimeric (bottom) CbIn1and Chin4. Ala60 and Trp136
of CbIn1 are indicated by white and red, respectively, and Ser66 and Lys141 of ChIn4 are indi-
cated by dark green and brown, respectively. Residues Ser57, Gly58, and Ser59 are not included
in the model. The structural models were generated with SWISS-MODEL (Arnold et al., 2006)
(http://swissmodel.expasy.org/). The amino acid sequences of Cbin1 (residues 60-193) and
CbIn4 (residues 66 —198) were submitted to SwissModel Automatic Modeling Mode (http://
swissmodel.expasy.org/workspace/index.php?func=modeling  simple1). The structure of
the collagen XNC1 domain trimer (PDBID 1gr3A) (Bogin etal., 2002) was selected as a template
for modeling. The obtained alignment was imported into Swiss-Pdb Viewer 4.0.1 (N. Guex and
M. C. Peitsch, 1997; http://www.expasy.org/spdbv/) and Pymol (http://www.pymol.org/) and
was manually optimized. K, Structural model of Chin hexamer. Two CbIn1 trimers were man-
ually aligned.
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dimeric GluR82-NTD-Fc-His and control GCs. Furthermore,
the number of Bassoon puncta along the axon was significantly
increased in GCs incubated with tetrameric GluR82-NTD-Fc-
His compared with that in control GCs (p < 0.01) (Fig. 2G). On
the other hand, there were no significant differences in the num-
ber of Bassoon puncta between GCs incubated with dimeric
GluR&2-NTD-Fc-His and control GCs.

We also examined the effects of the treatment of cultured
GCs with tetrameric and dimeric GluR82-NTD on the accu-
mulation of synaptic vesicles by immunostaining of VGluT1
(Fig. 2E). The intensity of punctate staining signals for
VGIuT1 was increased approximately twofold in GC axons
incubated with tetrameric GluR82-NTD-Fc-His compared
with that in control GC axons (p < 0.01) (Fig. 2H). In con-
trast, there were no significant differences in the intensity of
VGIuT1 staining signals between GCs incubated with dimeric
GluR&2-NTD-Fc-His and control GCs. The number of
VGluT1 puncta along the axon was significantly increased in
GGCs incubated with tetrameric GluR62-NTD-Fc-His com-
pared with that in control GCs (p < 0.01 or < 0.05) (Fig. 21).
On the other hand, there were no significant differences in the
number of VGIuT1 puncta between GCs incubated with di-
meric GluR82-NTD-Fc-His and control GCs.

We confirmed the presence of immunostaining signals for
GluR82-NTD-Fc-His along GC axons treated with tetrameric
GluR&2-NTD-Fc-His (Fig. 2]). The intensity of Bassoon signals
was much stronger in puncta merged with or juxtaposed to tetra-
meric GluR82-NTD-Fc-His signals than in those without any
merged signals on the same GC axons (p < 0.01) (Fig. 2K).
Furthermore, the intensities of Bassoon signals on respective
puncta correlated well with those for tetrameric GluR82-NTD-
Fc-His (Pearson’s R* = 0.644; p < 0.0001) (Fig. 2L). These
results suggest that tetramer formation is essential for GluR&2-
NTD to induce presynaptic differentiation.

Tetrameric GluR82-NTD induces presynaptic differentiation
by interacting with Cblnl and NRXN

Postsynaptic GluR62 mediates PF-PC synapse formation in the
cerebellum by interacting selectively with presynaptic NRXN
variants containing S4 through Cblnl (Uemura et al., 2010). As
expected, tetrameric GluR&2-NTD-Fc-His failed to exert any ef-
fect on the accumulation of Bassoon puncta in the axons of cul-
tured GCs prepared from Cblnl knock-out mice (Fig. 3A-C).
However, the addition of Cbln1 tagged with HA epitope at the N
terminus (HA-Cblnl) to the culture restored the activity of te-
trameric GluR62-NTD-Fc-His to stimulate the presynaptic
differentiation. The extracellular domain (ECD) of NRXN1S
(NRXN1B-ECD) is composed of the laminin—neurexin—sex
hormone-binding globulin (LNS) domain and the O-linked gly-
cosylated stretch (Ushkaryov et al., 1992; Missler and Siidhof,
1998). The LNS domain of NRXN1f containing S4 (NRXN1-
LNS) conjugated with Myc and His epitopes at the C terminus
(NRXN1B-LNS-MH) was sufficient to interact with HA-Cblnl
(Fig. 3D, E). The addition of NRXN13-LNS-MH, which would
compete with endogenous NRXNs for binding to Cblnl, signifi-
cantly reduced the intensity and number of punctate staining
signals for Bassoon along the axons of GCs incubated with tetra-
meric GluR&2-NTD-Fc-His (Fig. 3F,G). These results suggest
that tetrameric GluR82-NTD requires Cblnl and NRXN for in-
duction of presynaptic differentiation.
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Differential effects of Cbln1 mutations on binding affinities
for GluR62 and NRXN1

We thus examined the assembly stoichiometry of the GluR&2-
Cbln1-NRXN trans-synaptic triad to understand how tetrameric
GluR&2 triggers synaptogenic signaling. Since no direct interac-
tion between GIluR82 and NRXNs was detectable and Cblnl
bound to both GluR82-NTD and NRXN1B-ECD, we proposed a
linear trans-synaptic triad of GluR62-Cbln1-NRXN as the synap-
togenic organizer of the PF-PC synapse (Uemura et al., 2010). To
confirm the model, we first asked whether distinct regions of
Cblnl are responsible for binding to GluR62 and NRXN1. SPR

binding analysis revealed a large difference in the binding affini-
ties for GluR82-NTD-Fc and NRXN1B-ECD-Fc between Cblnl
and Cbln4 tagged with HA and His epitopes at the N and C
termini, respectively (HA-Cbln1-His and HA-Cbln4-His) (Fig.
4 A, B), despite 73.6% amino acid sequence identity (Fig. 4C).
We thus constructed a series of swap mutants (SWAP55, 62,
103, and 146) between HA-Cbln1-His and HA-Cbln4-His (Fig.
4D). These chimeras formed hexamers, as confirmed on BN-
PAGE (data not shown), and had intermediate affinities for
GluR62-NTD-Fc and NRXN1B-ECD-Fc compared with HA-
Cbln1-His and HA-Cbln4-His (Fig. 4 E, F). However, the effects
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idues of Cbln1 (Ser57, Gly58, Ser59, and
Ala60) with those of Cbln4 at the corre-
sponding positions to yield SWAP57-60
(Fig. 4G). The W136K substitution muta-
tion of Cbln1 strongly reduced the inter-
action with GluR62-NTD-Fc, whereas the
interaction with NRXN1B-ECD-Fc was
hardly affected by the mutation (Fig.
4H,I). In contrast, the SWAP57—60 mu-
tation of Cblnl reduced the interaction
with NRXN1B-ECD-Fc, whereas the effect on the interaction
with GluR82-NTD-Fc was much smaller. Thus, Trp136 of Cbln1
is required preferentially for the interaction with GluRé&2,
whereas the amino acid residues 57—-60 of Cblnl are involved
mainly for the interaction with NRXN1p. A structural model of
trimeric C1q domain of Cbln1 constructed using collagen trimer
as a template suggests that Ser57—-Ala60 and Trp136 are located
on different surfaces of the Cl1q domain (Fig. 4]). These results
favor the idea that the binding sites of GluR&2 and NRXN1 on
Cblnl are differential rather than identical. Since Cbln1 trimer
showed no binding activities to GluR62 and NRXN1f (Uemura
et al., 2010), hexamer formation of Cblnl by dimerization of
trimers through a disufide bridge (Bao et al., 2005) is essential for
the efficient binding to GluR62 and NRXN 1. Interestingly, hexa-
meric Cblnl may have two symmetric interaction sites for these
molecules (Fig. 4K).

Figure 6.

Identification of amino acid residues

in S4 of NRXN1p responsible

for Cbln1 binding

Because Cblnl interacts selectively with NRXN variants contain-
ing S4 (Uemuraetal., 2010; Joo etal., 2011), we examined a series
of alanine substitution mutants of respective amino acid residues
in S4 of NRXN1p (Gly201 to Lys230) for their binding abilities.
We expressed respective mutants tagged with V5 epitope at the C
terminus in HEK293T cells and incubated them with HA-CbInl1.
Robust signals for HA-Cblnl were found on the surface of
HEK293T cells transfected with most of NRXN13 mutants, but
the signals were strongly diminished for Ala substitution mutants of
Arg218 and Trp226 (Fig. 5A,B). These residues important for the
interaction with Cbln1 are located at both sides of the 3-sheet struc-
ture in S4 and are distinct from the NLGN-binding interface of
NRXN1p (Koehnke et al., 2010) (Fig. 5C).

(GIuR32-NTD-Fc/HA-Cbin1)

GluRS2-NTD and NRXN13-LNS are not competitive for binding to Cbin1. A, B, Pull-down assay. A, Mixtures of 10
pmol of dimeric GluR&2-NTD-Fc, 20 pmol of hexameric HA-Cbin1, and various amounts (5, 10, 15, 20, 25, 30, 35, and 40 pmol) of
monomeric NRXNT3-LNS-MH were precipitated with protein A-Sepharose beads, followed by immunoblotting with anti-Fc,
anti-His, and anti-HA antibodies. B, Intensities of interaction signals for HA-Chin1 are indicated as percentages of the maximal
signal. €, D, Pull-down assay. C, Mixtures of 20 pmol of monomeric NRXN13-LNS-MH, 20 pmol of hexameric HA-Cbin1, and various
amounts (5,10, 15,20, 25, 30, 35, and 40 pmol) of dimeric GluR52-NTD-Fc were precipitated with Talon affinity resins, followed by
immunoblotting with anti-Fc, anti-His, and anti-HA antibodies. D, Intensities of interaction signals for HA-CbIn1 are indicated as
percentages of the maximal signal. GraphPad Prism 5 was used to generate the trend lines. All values represent mean = SEM; n = 3.

No competition between GluR62 and NRXN1p for binding

to Cblnl

Since mutagenesis studies suggest that the binding sites of
GluR32 and NRXN1B on Cblnl are differential, we then exam-
ined whether GluR62 and NRXN 1 compete with each other for
binding to Cblnl or not. Twenty picomoles of hexameric HA-
Cbln1 were incubated with 10 pmol of dimeric GluR&2-NTD-Fc
in the presence of various amounts (5-40 pmol) of monomeric
NRXNI1B-LNS-MH. When the mixture was precipitated with
protein A-Sepharose beads, NRXN1B-LNS-MH and HA-Cblnl
were coprecipitated together with GluR62-NTD-Fc (Fig. 6A).
The signals of HA-CbInl bound to GluR&2-NTD-Fc were not
significantly altered by the presence of varying amounts of
NRXN1B-LNS-MH (Fig. 6 B). We next incubated 20 pmol each
of monomeric NRXN1B-LNS-MH and hexameric HA-CbIn1 in
the presence of various amounts (5-40 pmol) of dimeric
GluR&2-NTD-Fc. Talon affinity resins coprecipitated GluRé2-
NTD-Fc and HA-Cblnl together with NRXN1B-LNS-MH
(Fig. 6C). The signals of HA-Cbln1 bound to NRXN13-LNS-MH
were not significantly affected by the presence of varying
amounts of GluR82-NTD-Fc (Fig. 6 D). These results suggest that
there is no competition in the binding to Cbln1 between GluR82-
NTD and NRXN1-LNS during triad formation. Thus, it will be
possible to understand the assembly stoichiometry of the
GluR82-CbIln1-NRXN1S triad by examining the molar ratio of
GluR&2-Cbln1 interaction and that of CbIn1-NRXN1p interac-
tion one by one.

One molecule of dimeric GluR&2-NTD binds to one molecule
of hexameric Cblnl

To examine the stoichiometry of GluR82-NTD and Cblnl inter-
action, we expressed HA-Cbln1-His in HEK293F cells (Fig. 7A),
and secreted protein was purified with Talon metal affinity resin.
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Assembly stoichiometry of GluR62-NTD and Cbin1 complex. 4, Schematic structures of HA-CbIn1-His and HA-CbIn1-CS-His. The amino acid sequence of CbIn1 surrounding cysteine

residues 34 and 38 and that of CbIn1-CS are shown. Underlines indicate the cysteine residues of Cbin1 and the corresponding serine residues of Cbin1-CS. B, SDS-PAGE and native-PAGE of purified
HA-CbIn1-His and HA-CbIn1-CS-His, followed by Coomassie staining and immunoblotting with anti-HA antibody. C, SPR sensorgrams of 125 nm HA-CbIn1-His and HA-ChIn1-CS-His over GluR&2-
NTD-Fc captured on the surface of the sensor chip. D—F, Gel-filtration chromatography of GluR&2-NTD-Fc-His, HA-CbIn1-His, and the complex. The complex of dimeric GluR&2-NTD-Fc-His and
hexameric HA-CbIn1-His (1 nmol each) was stabilized by the treatment with 50 molar excess of cross-linker DTSSP before loading onto the column. D, The absorbance at 280 nm was monitored. E,
F, Fractions 9 and 12 were analyzed by SDS-PAGE followed by immunoblotting with anti-His antibody () and by native-PAGE followed by immunoblotting with anti-Fc or anti-His antibody (F). G,
Isothermal titration calorimetry assay. A solution of 32.9 M HA-ChIn1-His in the injection syringe was titrated into 200 ! of 3.6 v GIuRS2-NTD-Fe-His or the dialysis buffer in the cell at 37°C. The
reaction heat (black) is corrected by subtracting dilution heat (red) of HA-ChIn1-His in the dialysis buffer.

On native-PAGE, HA-Cbln1-His showed a protein band of ~180
kDa, whereas the size of monomeric HA-Cbln1-His estimated by
SDS-PAGE was ~30 kDa and the calculated MW was 21.2 kDa
(Fig. 7B). These observations were consistent with the finding of
Bao et al. (2005) that Cblnl forms a trimer through the
C-terminal globular C1q domain and subsequently a hexamer
through the cysteine residues 34 and 38 at the N terminus. We
also confirmed that HA-CbIn1-CS-His, in which serine residues
were substituted for these cysteine residues (Fig. 7A), showed a
protein band of ~90 kDa on native-PAGE, which corresponded
to the size of trimer (Fig. 7B). When subjected to a SPR binding
assay, HA-CbIn1-His but not HA-Cbln1-CS-His interacted well
with GluR82-NTD-Fc-His (Fig. 7C).

We then examined the stoichiometry of the interaction be-
tween dimeric GluR82-NTD and hexameric Cblnl by FPLC gel-
filtration analysis. In this assay, the apparent size of hexameric

HA-Cbln1-His estimated using MW standards as references was
~256 kDa (Fig. 7D), being larger than the size (~180 kDa) ob-
served in native-PAGE, as was the case of GluR62-NTD-Fc-His.
We incubated purified dimeric GluR62-NTD-Fc-His and hexa-
meric HA-Cbln1-His in a molar ratio of 1:1 and treated the mix-
ture with cross-linker DTSSP for FPLC to avoid the dissociation
of GluR&2-NTD-Fc-His and HA-CbInl-His complexes during
flow in the column (Fig. 7D). Injection of the cross-linked com-
plexes onto a gel-filtration column yielded two major peaks, cor-
responding to 486 kDa (peak A) and 286 kDa (peak B) (Fig. 7D).
SDS-PAGE followed by immunoblotting with anti-His antibody
revealed that fractions 9 and 12 corresponding to peaks A and B,
respectively, contained 90 kDa of GluR82-NTD-Fc-His and 30
kDa of HA-Cbln1-His (Fig. 7E). When subjected to native-PAGE
followed by immunoblotting with anti-Fc or anti-His antibody,
fraction 9 showed a protein band of ~350 kDa, corresponding to
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Assembly stoichiometry of NRXNT3-LNS and Cbin1 complex. A, B, Gel-filtration chromatography of NRXN13-LNS-MH and HA-Chin1-His. One nanomole of monomeric NRXN13-

LNS-MH or hexameric HA-CbIn1-His was loaded onto the column. A, The absorbance at 280 nm was monitored. B, Fractions 12, 13, and 22 were analyzed by SDS-PAGE followed by Coomassie
staining. C, D, Gel-filtration chromatography of mixtures of hexameric HA-Chin1-His and monomeric NRXN1/3-LNS-MH. €, Hexameric HA-ChIn1-His and monomeric NRXN1[3-LNS-MH were mixed
inthe molarratios of 1:1, 1:2, and 1:3 and loaded onto the column. The absorbance at 280 nm was monitored. D, Fractions 12, 13, and 22 were analyzed by SDS-PAGE followed by Coomassie staining.
E, Isothermal titration calorimetry assay. A solution of 32.9 um HA-CbIn1-His in the injection syringe was titrated into 200 yul of 5.3 M NRXNT3-LNS-MH or the dialysis buffer in the cell at 37°C. The
reaction heat (black) is corrected by subtracting dilution heat (red) of HA-ChIn1-His in the dialysis buffer.

the size of the complex of GluR82-NTD-Fc-His and HA-Cbln1-
His, whereas protein bands of ~180 kDa corresponding to the
sizes of respective molecules were found in fraction 12 (Fig. 7F).
The size of GluR82-NTD-Fc-His/HA-CbInl-His complex ob-
tained by native-PAGE corresponded to the sum of the value of
one dimeric GluR&2-NTD-Fc-His and that of one hexameric
HA-Cbln1-His, suggesting that the two molecules interact with
each other in a ratio of 1:1.

In an ITC analysis, net changes of thermograms were recorded
as a function of 32.9 um HA-Cblnl1-His titrated into 3.6 uMm
GluR&2-NTD-Fc-His at 37°C, which were integrated with respect
to time and normalized per mole of hexameric HA-Cbln1-His
(Fig. 7G). Fitting of these data with a single binding model yielded
astoichiometry value of 1.1 = 0.14 dimeric GluR82-NTD-Fc-His
bound per hexameric HA-Cbln1-His. These results also suggest
that one molecule of hexameric Cbln1 binds to one molecule of
dimeric GluR82-NTD.

One molecule of hexameric Cbln1 interacts with two
molecules of NRXN13-LNS

We next examined the stoichiometry of NRXN1B-LNS and
Cblnl interaction. On a gel-filtration column, NRXN1f-
LNS-MH showed a peak of 33.5 kDa (peak D), which corre-
sponded to the size estimated by SDS-PAGE (35 kDa) and
calculated MW (30.4 kDa) (Fig. 8A,B). Thus, NRXNI1fB-
LNS-MH existed as a monomer. After incubation of NRXN13-

LNS-MH with hexameric HA-Cbln1-His at the 1:1 molar ratio
for 3 h, a peak of 276 kDa (peak B) appeared at the position
slightly larger than that of hexameric HA-Cbln1-His (peak C) on
the chromatogram, and there was no detectable signal at the po-
sition of monomeric NRXN1B3-LNS-MH (Fig. 8C). Thus, all
NRXNI1B-LNS-MH appeared to interact with HA-Cblnl-His
and showed a mobility shift. When NRXN1B-LNS-MH and
hexameric HA-Cbln1-His were incubated at the molar ratio of
2:1, a peak of 297 kDa (peak A) appeared at the position slightly
larger than peak B on the chromatogram. Notably, little signal
was observed at the position corresponding to peak D, suggesting
that most of NRXN1S3-LNS-MH appeared to interact with HA-
CbInl-His even under the twofold excess condition. When
NRXN1B-LNS-MH and hexameric HA-Cbln1-His were incu-
bated at the molar ratio of 3:1, peak A remained unaltered, and
a peak corresponding to monomeric NRXN1B-LNS-MH ap-
peared. Fractions 12 and 13 corresponding to peaks A—C con-
tained both NRXNI1B-LNS-MH and HA-Cblnl-His, whereas
NRXNI1B-LNS-MH alone was detected in fraction 22 corre-
sponding to peak D (Fig. 8 D). These results suggest that one
molecule of hexameric HA-Cbln1-His interacts with two mole-
cules of NRXN1B-LNS-MH.

We also examined the stoichiometry of NRXN13-LNS and
Cbln1 by an ITC analysis. Purified HA-CbIn1-His was titrated
into the ITC cell containing NRXN1B-LNS-MH. Net changes of
thermograms were recorded as a function of 32.9 um HA-CbIn1-
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His titrated into 5.3 uM NRXN1B-LNS-MH at 37°C, which were
integrated with respect to time and normalized per mole of hexa-
meric HA-Cbln1-His (Fig. 8 E). Fitting of these data with a single
binding model yielded a stoichiometry value of 2.2 = 0.12 mo-
nomeric NRXN1B-LNS-MH bound per hexameric HA-Cbln1-
His. These results suggest that two molecules of monomeric
NRXNI1B-LNS interact with one molecule of hexameric CbInl.
Based on the assembly stoichiometry, the K}, value for the first
interaction between NRXN1B and Cblnl was calculated to be
42.9 nM by bivalent reaction model using BIAevaluation 4.1 from
the data of SPR binding assay (Uemura et al., 2010).

Discussion

Elucidation of molecular mechanisms that regulate synapse for-
mation in the brain is a prerequisite for the understanding of
neural wiring, higher brain functions, and mental disorders.
There is clear evidence that postsynaptic GluR82 plays an essen-
tial role in vivo in the formation and maintenance of the PF-PC
synapse in the cerebellum (Kashiwabuchi et al., 1995; Kurihara et
al., 1997; Takeuchi et al., 2005). Recently, we revealed that
GluR&2 mediates PF-PC synapse formation in vivo by interacting
with presynaptic NRXNs through Cblnl (Uemura et al., 2010).
Then, the question arises how the trans-synaptic triad formation
induces synapse formation. Here, we determined the assembly
stoichiometry of the GluR82-Cbln1-NRXN1§ triad. Based on
the stoichiometry of the triad, we suggest that GluR&2 triggers
synapse formation by clustering four presynaptic NRXNs
through triad formation.

Tetrameric GluRa2 for synapse formation
The GluRé subtype positions between the AMPA/kainate and
NMDA subtypes based on the amino acid sequence identity (Ya-
mazaki et al., 1992; Araki et al., 1993; Lomeli et al., 1993). Cumu-
lative evidence indicates the tetrameric assembly of the AMPA/
kainate- and NMDA-type GluRs (Rosenmund et al., 1998; Laube
etal., 1998; Bowie and Lange, 2002; Sun et al., 2002; Weston et al.,
2006). We showed that the mobility of GluR82 molecules from
the membrane fraction corresponded to the size of the tetramer
in BN-PAGE (Fig. 1). The GluR&2 band collapsed into mono-
meric and dimeric intermediates by the treatment of 1% SDS.
These behaviors were similar between GluR62 and AMPA-type
GluR. These results suggest that GluR82 exists as a tetramer in the
membrane. On the other hand, GIuR62-NTD assembled into a
stable homodimer. The NTD of ionotropic GluRs (iGluRs) with
a tetrameric structure assembles as a dimer of dimers (Schorge
and Colquhoun, 2003; Tichelaar et al., 2004; Midgett and Mad-
den, 2008; Kumar et al., 2009), and tetrameric iGluRs have two-
fold symmetry rather than fourfold symmetry (Armstrong and
Gouausx, 2000; Sobolevsky et al., 2004, 2009; Nanao et al., 2005).
We previously showed that GluR62-NTD is required and suf-
ficient for the induction of presynaptic differentiation of cultured
cerebellar GCs (Uemura and Mishina, 2008; Uemura etal., 2010).
GluR82-NTD-Fc coated on protein A-conjugated beads has an
ability to interact with NRXNs in the presence of Cblnl and to
induce presynaptic differentiation (Uemura et al., 2010). When
incubated with cultured cerebellar GCs, however, dimeric
GluR&82-NTD exerted little effect on the intensities of punctate
immunostaining signals for Bassoon and VGIuT1. In contrast,
tetrameric GluR62-NTD prepared by cross-linking dimeric
GluR82-NTD-Fc using F(ab’), of anti-Fc antibody enhanced the
accumulation of the active zone and synaptic vesicle proteins in
axons of cultured GCs. These results suggest that native GIuR82 is
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Figure 9.  Proposed assembly stoichiometry of GluR52-CbIn1-NRXN triad. One molecule of
tetrameric GIuR 32, two molecules of hexameric Cbin1, and four molecules of monomeric NRXN
are assembled to form the trans-synaptic triad that mediates PF—PC synapse formation in the
cerebellum. Our results suggest that the interaction sites of Chin1 for GluR52 and NRXN13 are
differential and hexameric Chin1 may have two symmetricinteraction sites for these molecules.
Based on this model, we propose that GIuRS2 triggers synapse formation by clustering four
NRXNs through triad formation.

assembled into a tetramer and this tetrameric assembly is essen-
tial for GIuR&2 to induce presynaptic differentiation.

Assembly stoichiometry of the GluR62-CbIln1-NRXN1p triad
We have proposed a linear trans-synaptic model of the GluR&2-
CbIn1-NRXN triad as the synaptogenic organizer since Cblnl is a
high-affinity ligand for both GluR82 and NRXN (Uemura et al.,
2010). Examinations of the binding affinities of a series of chimeras
between Cbln1 and CbIn4 and mutant Cbln1 with substitutions for
GluR&2-NTD and NRXN1B-ECD suggest that the binding sites of
CblIn1 for GluR82 and NRXN1 S are differential rather than identi-
cal. In addition, no competition was detectable in the binding to
Cbln1 between GluR62-NTD and NRXN1B-LNS during triad for-
mation. These results suggest that GluR82 and Cbln1 interact with
each other rather independently of Cbln1-NRXN1p interaction and
vice versa. We thus examined the assembly stoichiometries of
GluR&2-Cbinl and Cbln1-NRXN1 complexes one by one.

Both FPLC gel-filtration assay and ITC analysis consistently
showed that dimeric GluR82-NTD and hexameric Cbln1 assem-
bled in the molar ratio of 1:1, whereas hexameric Cblnl and
monomeric NRXN1B-LNS assembled in the molar ratio of 1:2.
Thus, Cblnl secreted from cerebellar GCs (Bao et al., 2005)
should induce the dimer formation of NRXNs through binding.
However, Cblnl exerted little effect on the accumulation of pre-
synaptic marker proteins in cultured GC axons. Consistently,
dimeric GluR82-NTD that interacts with one molecule of Cblnl
failed to show any enhancing effect on the accumulation of pre-
synaptic markers in GC axons. Since native GluR&2 exists as a
tetramer in the membrane and the tetramerization is essential for
GluR82-NTD to stimulate the accumulation of Bassoon and
VGIuT1 in the axons of cultured GCs, we suggest that the synap-
togenic triad is composed of one molecule of tetrameric GluR#&2,
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two molecules of hexameric Cblnl, and four molecules of mono-
meric NRXN (Fig. 9).

We found that key amino acid residues important for the
interaction with GluR82 and NRXN1 3 are located on the distinct
surfaces of the C1q domain of Cbln1 (see Fig. 4]), consistent with
the idea that the binding sites of GluR62 and NRXN1 on Cblnl
are differential. Interestingly, hexamer formation of Cblnl,
which is essential for efficient binding to GluR62 and NRXN1p,
may yield two symmetric interaction sites for these molecules
(Fig. 4K), consistent with the assembly stoichiometry of GluR82-
Cbln1-NRXN triad.

Mechanism of induction by GluRé2 of PF-PC synapse
formation

During development, axons of immature neurons show a capac-
ity for evoked recycling of synaptic vesicles and clusters of the
vesicles along axonal segments, even in the absence of target cells
(Ziv and Garner, 2004; Jin and Garner, 2008). However, the syn-
aptic vesicle aggregation, in the absence of a postsynaptic contact,
is not stably anchored to a given region of the cell surface. Con-
tacts with postsynaptic sites trigger the stabilization and matura-
tion of synapses. In cultured cerebellar GCs, the majority of
varicosities containing presynaptic proteins are not apposed to
definite postsynaptic structures (Marxen et al., 1999; Urakubo et
al., 2003). Cbln1 is a high-affinity ligand for NRXNs (Uemura et
al.,2010; Joo etal., 2011) and is secreted from cerebellar GCs (Bao
et al., 2005), suggesting that the interaction between secreted
Cbln1 and presynaptic NRXNs takes place before PF-PC synapse
formation. However, punctate staining signals for Bassoon were
comparable between GC cultures from wild-type and Cblnl
knock-out mice. The addition of Cblnl to GC cultures exerted
little effect on the intensity of Bassoon signals. Thus, the forma-
tion of NRXN dimers is not sufficient to induce presynaptic dif-
ferentiation. Consistently, GluR62-NTD dimer that binds to one
molecule of Cblnl1 failed to show any activity to induce presyn-
aptic differentiation. In contrast, GluR82-NTD tetramer stimu-
lated the accumulation of punctate signals for active zone protein
Bassoon and synaptic vesicle protein VGluT1 in cultured cerebel-
lar GCs. Since GluR82-NTD tetramer is soluble, it is unlikely that
this stimulating effect is attributable to anchoring presynaptic
proteins. Our results suggest that tetrameric GluR82-NTD as-
sembles two molecules of Cbln1 and four molecules of NRXNs,
whereas dimeric GluR82-NTD interacts with one molecule of
Cblnl and two molecules of NRXNs. Thus, clustering of four
NRXNs by tetrameric GluR82-NTD via two Cblnl seems to be a
key step to trigger presynaptic differentiation. Interestingly, with
this respect, Dean et al. (2003) showed that anti-VSV antibodies
multimerized by secondary antibodies induced clustering of
VSV-NRXN1p overexpressed in cultured hippocampal neurons
and accumulation of synaptic vesicle proteins, although neither
the physiological relevant of this observation nor the exact stoi-
chiometry of the complex was settled.

Based on the assembly stoichiometry of the triad, one mole-
cule of tetrameric GluR&2 recruits four molecules of NRXN1
through Cbln1, whereas one molecule of dimeric GluR62-NTD
interacts with two molecules of NRXN1p. Thus, we suggest that
GluRé2 triggers the formation of the PF-PC synapse in the cere-
bellum not only by stably anchoring presynaptic NRXNs but also
by clustering four NRXNs through triad formation. Tetrameric
assembly of NRXNs by the interaction with GluR&2-Cbln1 com-
plex is essential for synapse formation, whereas dimeric assembly
of NRXNs by the interaction with NLGN dimers is important for
synapse maturation (Stidhof, 2008). Interestingly, the locations
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of the amino acid residues in S4 of NRXN1f required for the
interaction with Cblnl are different from the NLGN-binding
interface (Fig. 5C). Dimeric or tetrameric assembly and configu-
rations of NRXNs may be important for signaling of synapse
formation and maturation. NRXNs interact with synaptotagmin,
CASK, Mint, and syntenin through its C terminal (Hata et al.,
1993, 1996; Biederer and Siidhof, 2000; Grootjans et al., 2000),
and the C terminal of NRXN is critical for the induction of pre-
synaptic differentiation in vitro (Dean et al., 2003). Because the
interacting complex of CASK and Mint has multivalent binding
sites against NRXNs (Butz et al., 1998), tetramerization of
NRXNs may stimulate the clustering of these scaffold proteins,
leading to the organization of transmitter release machineries
(Butz et al., 1998; Maximov et al., 1999; Biederer and Siidhof,
2000, 2001). Since CASK phosphorylates NRXNs (Mukherjee et
al., 2008), it is also possible that the clustering of NRXNs triggers
intracellular signals for presynaptic differentiation. In conclu-
sion, our results suggest that GluR&2 triggers PF—PC synapse
formation by clustering four NRXNs through the assembly of the
trans-synaptic triad.
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