A Novel Cadherin Subfamily, the CNR Family, is
Associated with Fyn, and Concentrated in the

Postsynaptic Density Fraction of the Mouse Brain

Naohiro Kohmura

DOCTOR OF PHILOSOPHY

Department of Physiological Sciences
School of Life Sciences

The Graduate University for Advanced Studies

1996



Contents

Abbreviations

Summary

Introduction

Materials and Methods

Results

Discussion

References

Figures

15

23

31

42



Abbreviations

AGPC : acid guanidium thiocyanate-phenol-chloroform
BCIP : 5-bromo-4-chloro-indolyl phosphate

BPB : bromophenol blue

BSA : bovine serum albumin

CBB : Coomassie Brilliant Blue

EDTA : ethylenediaminetetraacetic acid

ELISA : enzyme-linked immunoabsorbent assay

FISH : fluorescence in situ hybridization

GST : glutathione-S transferase

HEPES : N-[2-hydroxyethyl] piperazine-N'-[2-ethanesulfonic acid]
IPTG : isopropyl-p-D-thiogalactopyranoside

LB : Luria broth

LTP : long-term potentiation

MAG : myelin associated glycoprotein

NBT : nitro-blue tetrazolium

NMDA : N-methyl-D-aspartate

OD : optical density

pABSF : 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride
PAGE : polyacrylamide gel electrophoresis

PBS : phosphate buffered saline

PCR : polymerase chain reaction

PNPP . p-nitrophenyl phosphate

PSD : postsynaptic density

RIPA : radio immuno protein assay

SDS : sodium dodecyl sulfate

SH2 : src homology 2

SH3 : src homology 3

SSC : saline-sodium citrate buffer

SSPE : saline-sodium phosphate-EDTA buffer

TBS : Tris (hydroxymethyl) aminomethane-buffered saline



Summary
The cadherin-related neural receptor 1 (CNR1) cDNA had been partially identified by Kai et

al. by the yeast two-hybrid system using the Fyn unique-SH3-SH2 domain as bait protein to
screen a postnatal day 0 mouse brain cDNA library. To obtain a full-length cDNA of the
mouse CNR1 gene, I constructed a mouse cDNA library, and screened it using the cDNA
obtained by the two-hybrid system as a probe. I thus succeeded in obtaining a full-length
cDNA of CNR1. The CNR2 full-length cDNA, which contains 88.4% identity at nucleotide
sequence level with CNR1, was also obtained. CNR1 and CNR2 contained an extracellular
domain, a transmembrane domain, and a cytoplasmic domain. The extracellular domain
could be divided into five typical cadherin repeat domains. The extracellular and
transmembrane domains of CNR1 and CNR2 contained amino acid sequence homology to
the protocadherin2, but no similar protein sequence was found in the cytoplasmic domain.
Sequence comparisons of CNR1 and CNR2 revealed that they were well-conserved, and the
two shared similar features: the RGD motif of the extracellular domain, cysteine residues that
appeared at regularly-spaced intervals spanning 18, 9, 9, and 18 amino acid residues, five
PXXP motifs (which is the SH3-binding minimal consensus motif), and a lysine-rich
sequence. Using a probe containing sequences conserved between CNR1 and CNR2,
genomic Southern blot analysis was performed and I found CNRs to constitute multi-gene
family. RT-PCR using sequences conserved between CNR1 and CNR2 as primers, revealed
6 additional new sequences, CNR3 through CNRS8. The deduced amino acid alignment of the
eight CNRs revealed that these sequences were well-conserved. RT-PCR analysis using
specific primers and genomic Southern blot analysis using specific probes for each CNR
genes demonstrated that mRNAs corresponding to each of these eight CNRs were expressed
in the brain, and that the genes were located at different loci on the mouse genome. In
addition, [ have produced CNRI1 antiserum and monoclonal antibody against CNR1. Using
these, I have demonstrated that the CNR1 protein is maximally expressed in mouse brains at
postnatal day 7, and is concentrated in the PSD fraction. Furthermore, by
immunoprecipitation, [ have demonstrated that CNR1 is associated with Fyn in vivo.
Utilising fusion proteins derived from the conserved sequences of the cytoplasmic domain in
all CNRs, I have demonstrated via ELISA assays that molecules of the CNR family are

associated with the regulatory region of Fyn in vitro.
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Introduction

An important goal for understanding the development and function of the mammalian
nervous system is to elucidate what genes regulate mammalian behaviors, such as
movement, recognition, emotion, leamning and memory. In recent years, gene targeting
techniques have allowed us to approach these topics at a molecular level. For example,
defects in spatial learning or impairment of synaptic formation and plasticity are produced by
the disruption of genes encoding the following proteins: a-calmodulin kinase II (o.-CaMK II)
(Silva et al., 1992; Chen et al., 1994), protein kinase Cy (PKCyY) (Abeliovich et al., 1993),
N-methyl-D-aspartate receptor (NMDA-R) €1 subunit (Sakimura et al., 1995) and 82 subunit
(Kashiwabuchi et al., 1992), cyclic-AMP responsive element binding protein (CREB)
(Bourtchuladze et al., 1994), neural cell adhesion molecule (NCAM) (Cremer et al., 1994),
and Fyn (Grant et al., 1992). In one particular case, the Fyn-deficient mouse also shows
several behavioral defects in CNS such as abnormality in suckling behavior (Yagi et al.,
1993a), hyper-responsiveness to fear-inducing stimuli (Miyakawa et al., 1994), enhanced
susceptibility of audiogenic seizures (Miyakawa et al., 1995), and undulation in the
hippocampal cell layers (Grant et al., 1992; Yagi et al., 1994). These defects suggest that Fyn
plays critical roles in brain formation and in determining behaviors.

In the brain, Fyn is extensively expressed from post-embryonic to adult stages. It is
concentrated in the oligodendrocytes, nerve growth cone membranes (Bare et al., 1993;
Bixby and Jhabvala, 1993; Meyerson and Pahlman, 1993) and the postsynaptic density (PSD)
fraction (Grant et al., 1992; Yasuda, in preparation). Fyn appears to be a proximal
components in neural cell adhesion molecule signalings, as demonstrated by studies showing
that NCAM inhibits tyrosine phosphorylation of tubulin and other substrates in nerve growth
cones (Atashi et al., 1992). It is co-localized with NCAM on many axonal tracts in the
developing central and peripheral nervous systems and in the olfactory system (Gennarini et

al., 1986; Bare et al., 1993; Yagi et al., 1993b) and mediates NCAM-dependent neurite
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growth (Beggs., 1994). NCAM-deficient mice also show reduction of spatial learning in the
Morris water maze, similar to that of Fyn-deficient mice (Cremer et al., 1994),

Protein tyrosine kinases play important roles in mediating signaling pathways by cell
to cell interactions. These pathways regulate cellular proliferation, differentiation and
function in a variety of cell types. The protein tyrosine kinases are of two types: the receptor
type and the non-receptor type. The Src family belongs to the non-receptor tyrosine kinases
composed of Src, Fyn, Yes, Lyn, Lck, Fgr, Blk, and Yrk. They are localized to the
cytoplasmic face of the plasma membrane via their myristoylated N-terminal glycine
residues. Fyn, Src, Yes and Lyn are expressed in mammalian brain. Interestingly Src- or
Yes-deficient mice have not been reported to exhibit behavioral defects.

The protein structure of the Src family consists of the N-terminal unique SH3, SH2,
and kinase (SH1) domains. The SH3 and SH2 domains can mediate intramolecular and
intermolecular binding that regulate the functional activity of these proteins in intracellular
signal transduction pathways (Koch et al., 1991; Pawson, 1992). The SH3 and SH2 domains
bind to the phosphotyrosines and proline-rich sequences of the target molecules, respectively.
These domains of Fyn are known to associate with focal adhesion kinase (Fak) (Cobb et al.,
1994), phospholipase Cy (PLCY), and p85 phosphatidylinositol 3-kinase (PI3-kinase)
(Pleiman et al., 1993; Pleiman et al., 1994). Recently, other new molecules have been
identified to associate with Fyn. These include embryonal Fyn-associated substrate (Efs)
(Ishino et al., 1995), alpha- and beta- tubulin (Marie-Cardin et al., 1995), actin-filament
associated protein-110 kD and 120 kD (AFAP110 and AFAP120) (Flynn et al., 1995),
related adhesion focal tyrosine kinase (RAFTK) (Li et al., 1996), Cbl (Panchamoorth et al.,
1996), and zeta-associated tyrosine kinase (ZAP70) (Fusaki et al., 1996). Fyn is also
associated with receptor proteins, such as the CD3 component of the T-cell receptor complex
in T cells (Samelson et al., 1990), membrane binding IgM complex in B cells (Burkhardt et
al., 1991), Fe mu receptor (Fc mu R) in natural killer (NK) cells (Rabinowich et al., 1996),

and Fas antigen (Apo 1/CD95) in hybridomas (Atkinson et al., 1996). In the nervous system,
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Fyn is also associated with myelin-associated glycoprotein (MAG) , a myelin-specific protein
of the immunoglobulin superfamily exclusively expressed in oligodendrocytes, during early
myelin formation (Umemori et al., 1994). The nicotinic acetylcholine receptor (AchR),
which mediates depolarization at the neuromuscular junction, has also been shown to
associate with Fyn in the Torpedo electric organ (Swope and Huganir 1994; Swope et al.,
1995). However, the identification of membrane proteins which can be demonstrated to
directly bind to Fyn in the neuronal cells of the brain remains to be confirmed.

To obtain proteins that directly bind to Fyn in the neuronal cells, Kai et al. have
screened approximately 1.7 x 10° clones of a postnatal day O mouse brain cDNA library by
the yeast two-hybrid system using the Fyn unique-SH3-SH2 domain (non-catalytic domain)
as bait protein (Kai et al., in press). After sequencing 154 different positive clones, it was
shown that one candidate contained a hydrophobic amino acids cluster as well as a region of
homology to cadherins. This clone was designated CNR1 (Cadherin-related Neural Receptor
1) (Figure 1A). The cadherins are a family of transmembrane glycoproteins involved in
calcium dependent cell-cell adhesion (reviewed by Takeichi, 1990, 1991), and are localized
in adhesion structures, such as adherence junctions (Gaiger et al., 1990) and synapses
(Fannon et al., 1996). Recent studies revealed that a variety of cadherin-related proteins are
expressed in different tissues of various organisms, and it is evident that these proteins
constitute a large superfamily.

To gain new insight into Fyn signaling pathways, I have focused on characterizing
this putative transmembrane molecule. In the present study, I have succeeded in identifying a
novel cadherin subfamily (designated as the CNR family), whose members are associated

with Fyn and highly concentrated in the PSD fraction of the mouse brain.



Materials and Methods

Library Construction and cDNA Screening
Total RNA was isolated from 6 week old C57BL/6 mouse brains by the AGPC method as
described (Sambrook et al., 1989). Poly (A)" RNA was prepared using oligo d(T) cellulose
columns (BRL). Reverse transcription was performed with Xhol site-linked poly d(T) primer
and 10 mM each dNTPs by reverse transcriptase (Stratagene). The second-strand cDNA was
synthesized with 10 mM dNTPs, RNaseH and DNA polymerase I. An EcoRI adapter was
ligated to the double-stranded cDNAs, followed by digestion with restriction enzyme Xhol.
The EcoRI-Xhol cDNA fragment was inserted to AZAPII vector (Stratagene). Packaging was
performed with Giga pack II Gold (Stratagene). The constructed cDNA library had a titer of
9.5 x 10° plaque forming units (pfu) with an average insert size of 2.5 kb.

The 1.8 kb CNR1 cDNA fragment obtained from the two-hybrid system was labelled
with [0.-32P] ACTP by a random-primed labeling method. Using this labelled fragment as a
probe, 6.5 x 10° recombinant phage clones were screened. Hybridization was performed at 65
*C in a'solution containing 6 x SSC (1 x SSC is 0.15M NaCl, 0.015 M sodium citrate), 5 x
Denhardt's solution, 0.1 % SDS, 100 ug/ml salmon testes DNA (Sigma) for 16 h. The
membranes were washed in 0.1 x SSC-0.1 % SDS twice at room temperature, twice at 55 °C,
and exposed to X-ray films at -70 *C. The recombinant DNAs of positive phage clones were

subcloned into pBluescript SK(+) vector.

RT-PCR

For the identification of new CNR family genes, total RNA was isolated from PO mouse
brains, and mRNA was isolated from P30 mouse brains. To test for the expression of each
CNR mRNA in the mouse brain, total RNAs were extracted from the olfactory bulb,
neocortex, paleocortex, hippocampus, diencephalon, cerebellum, and pons. First strand DNA

synthesis was performed using 5 ug RNA and 200 units of reverse transcriptase (BRL;
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SuperScript II) primed with oligo d(T) primer at 42 °C for 2 h. After treatment at 55 "C for 10
min, RNaseH (Stratagene) digestion was performed at 37 “C for 30 min. Second-strand DNA
was synthesized by DNA polymerase I (Boehringer Mannheim) at 37 °C for 1 h. The
products were diluted 50-fold with TE (pH8.0). Five ul of this first-strand cDNA dilute was
utilized as template for PCR in a 50 ul reaction mixture containing 20 mM Tris-HCI (pH8.2),
2 mM MgCl,, 10 mM KCl, 0.1% Triton X-100, 0.2 mM each dNTPs, 25 pmol each primers
and 2.5 units of Pfu DNA polymerase (Stratagene). The primer sequences for the
identification of new CNR family genes were: 5' consensus primer: 5'-
CAAACACGGCACCTTCGTG- 3', 3' consensus primer: 5'-
CGAGGCAGAGTAGCGCCAGT- 3'. The specific primer sequences for the detection of
specific CNR mRNAs in the mouse brain are underlined in the Figure 5B. The amplifications
were performed for 30 cycles; each cycle consisted of 45 s denaturation-at 95 °C, 25 s
annealing at 55 "C and 3 min elongation at 75 "C. The amplified fragments were separated on
1% agarose gels and an approximately 2.3 kb fragment was absorbed in glassmilk and
purified. The 3' end of the isolated fragment was phosphorylated by T4 DNA polymerase

(New England Biolabs) and cloned into pBluescript II SK(+) (Stratagene) for sequencing.

DNA Sequencing and Sequence Analysis.

Deletion mutants for sequencing full length cDNA and 2.3 kb RT-PCR cDNA fragments
were prepared by a size-fractionated uni-directional deletion method (Henikoff, 1984).
Briefly, digestions were performed using restriction enzymes yielding 3' protruding
overhands and 5' protruding overhangs, whose recognition sites were located on one side of
multi-cloning site of the cDNA-containing plasmid. With exonuclease III (Toyobo), 3' to §'
strand deletions were performed with sampling at 1 min intervals, and the samples were
collected in within a range of 10 tubes. The samples were then treated with mung-bean
nuclease (Toyobo) to produce blunt ends by the deletion of 5'- and 3-' overhangs. Each

sample was re-ligated, hence producing a collection of deletion mutants for sequencing.
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These plasmids were then introduced into E. coli IM109. Sequencing reactions were
performed using the dideoxy chain termination method (SequiTherm Long-Read cycle
Sequencing Kit-LC; Epicentre Technologies). IRD41 dye conjugated M13 forward (-29) and
reverse primers were used. The sequence analyses were performed with an automated DNA

sequencer (LI-COR).

Southern Blot Analysis.

Genomic DNA was extracted from C57BL/6 male mouse livers by the SDS-proteinase K
method (McKnight, 1978). 10 ug DNA was digested with restriction enzymes EcoRI, BamHI
or Sacl, and separated by electrophoresis on a 0.8% agarose gel. The gels were treated with
denaturation buffer (0.5 M NaOH, 1.5 M NaCl) for 45 min and neutralization buffer (0.5 M
Tris-HCI [pH 7.5], 3 M NaCl) for 1 h, and the DNA was transferred to nitrocellulose
membranes (Schleicher & Schuell; BA85). Hybridization was performed at 65 "Cin a
solution containing 6 x SSC, 5 x Denhardt's solution, 0.1% SDS, 100 ug/ml salmon testes
DNA for 16 h, followed by washing twice in 2 x SSC-0.1% SDS at room temperature for 15
min and twice in 0.1 x SSC-0.1% SDS at 55 °C for 30 min. The MscI-Xmnl fragment of
CNRI1 (nucleotide positions 98 to 491 in Figure 3B) was utilized as the 5' probe and the
Sphl-Pstl fragment of CNR1 (nucleotide positions 2512 to 3030 in Figure 3B) was utilized as
the 3' probe in Figure 5A. Sequences derived from the extracellular cadherin repeats 2 and 3
of each CNR comprised the specific probes in Figure 7. The fragments were labeled with
[0-32P] dCTP by a random-primed labeling method. Hybridization was carried out at 65 "C
in a solution containing 6 x SSC, 5 x Denhardt's solution, 0.1% SDS, 100 ug/ml salmon
testes DNA for 16 h. The membranes were washed in 0.1 x SSC-0.1% SDS twice at room

temperature, twice at 55 "C, and exposed to X-ray films at -70 °C.

Production of Monoclonal Antibodies and Antiserum

The protruding ends of the Xhol-Nrul fragment of the CNR1 RT-PCR product,
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corresponding to the extracellular domain of CNR1 (amino acid residues 40-680 in Figure
3B), were trimmed and cloned in-frame into the Smal site of pGEX-2T (for the production of
GST-CNRIEC fusion protein) and into the EcoRYV site of expression vectors pET32
(Novagen) (for the production of thioredoxinA(trxA)-CNR1EC fusion protein). The GST-
CNRIEC fusion protein was expressed in E. coli JM109 and purified using glutathione-
Sepharose 4B beads. The purification method using glutathione-Sepharose 4B beads is
described in the last paragraph of Materials and Methods.

The trxA-CNR1EC fusion protein was expressed in E. coli AD494 and purified as
follows. A single E. coli colony transformed with pET32-CNR1EC was inoculated into 3 ml
of LB medium containing 50 ug ampicillin/ml and incubated overnight in a shaking
incubator at 37 "C. The following moming, the bacterial culture was inoculated into 500 ml
of LB medium containing 50 ug ampicillin/ml and incubated for 2 to 3 h at 37 °C with
shaking at 190 rpm until an OD600 (optical density at 600 nm) reading of 1.0 was attained.
Gene expression was induced by the addition of 1 mM IPTG, and incubation was continued
for 5 h at 30 "C with shaking at 190 rpm. The bacterial culture was harvested by
centrifugation at 5,000 x g for 10 min. The pellet was washed with PBS, and lysed by
sonication at 0 °C in 30 ml of HisTag binding buffer (1% Triton X-100, 5 mM imidazole, 0.5
M NaCl and 20 mM Tris-HCI [pH7.9]). The cell lysate was pelleted by centrifugation at
35,000 x g for 15 min and lysed by sonication in 30 ml of HisTag binding buffer containing 6
M urea. The lysate was cleared by centrifugation at 35,000 x g for 15 min, and the
supernatant was filtered through a 5 um pore-size syringe filter (Sartorius; Minisart). The
filtrate was loaded onto a 5 ml Ni** -charged HisTag metal chelation resin affinity column.
The column was washed with 50 ml (10 volumes) of 6 M urea- containing HisTag binding
buffer, 30 ml (6 volumes) of wash buffer (6 M urea, 60 mM imidazole, 0.5 M NaCl, 20 mM
Tris-HCI [pH7.9]), and the trx A-CNR1EC fusion protein was eluted with 30 ml (6 volumes)

of elution buffer (6 M urea, 1 M imidazole, 0.5 M NaCl, 20 mM Tris-HCI [pH7.9]).



For monoclonal antibody production, 100 ug of the purified trxA-CNR1EC fusion protein
was suspended in Gerbu aduvant (Nakarai tesque), and was injected into the peritoneal
cavities of pathogen-free 8-week-old female mice every 10 days. Three days after subsequent
booster immunization, the spleen was harvested and transferred to serum-free RPMI-1640
medium, and teased into a single-cell suspension by squeezing with angled forceps.
Following the removal of debris, cells were dispersed through a fine-mesh metal screen, The
cells were centrifuged at 500 x g and were fused with freshly cultured P3UI mouse myeloma
cells at a 5:1 ratio by the polyethylene glycol method (Bler et al., 1980). Fused cells were
selected in HAT medium (RPMI-1640 containing 10% FCS, 100 uM hypoxianthine, 100 uM
aminopterine, 10 uM thymidine, and recombinant mouse interleukin- 6) in five 96-well plates
for 10 days in a humidified 37 °C, 5 % CO, incubator. 30 ul of supernatant from each well
was removed for ELISA detection. The colonies of fusion protein- positive wells were
placed into 24-well plates. Specificity was examined by analysis of Western blot staining
patterns of GST-CNRI1EC fusion protein and mouse brain extract. Using these procedures,
anti-CNR1 monoclonal antibody 6-1B was obtained.

For antiserum production, 1 mg of the purified fusion protein was suspended in Gerbu
aduvant, and the suspension was injected into the back of a New Zealand white rabbit. Four
weeks after the priming immunization, the rabbit was given booster injections. Three days

after the booster injections, antiserum for CNR1 was prepared from the blood of the rabbit.

Subcellular Fractionation of Brain

Brains of adult mice were homogenized with a Dounce homogenizer in 8 volumes of BS
buffer (0.32 M sucrose, 10 mM HEPES [pH 7.4], 1 mM pABSF, 1 mM aprotinin, 1 mM
pepstatin, 1 mM leupeptin). The homogenate was centrifuged at 1,000 x g for 10 min at 4 *C.
The supematant was collected and centrifuged at 13,800 x g for 20 min at 4 "C. The pellet
(P2 fraction) was re-homogenized with a Dounce homogenizer in 3 vol of solution B (0.32 M

sucrose, | mM NaHCO, [pH 8.3], | mM pABSF, 1 mM aprotinin, 1 mM pepstatin, | mM
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leupeptin). The re-homogenized P2 fraction was further purified on a discontinuous sucrose
density gradient. Eight ml of the re-homogenized P2 fraction was layered on top of tube
containing 10 ml each of 0.85, 1.0 and 1.2 M sucrose solutions (all containing 1 mM
NaHCO, [pH 8.3], 1 mM pABSF, 1 mM aprotinin, 1 mM pepstatin, 1 mM leupeptin), and
the tube was centrifuged at 82,500 x g for 2 h at 4 *C (Beckman SW 27 swing rotor). The
band between 1.0 and 1.2 M sucrose was collected as the synaptosome fraction and diluted
with 5 volumes of ice-cold 80 mM Tris-HCI (pH 8.0). An equal volume of ice-cold 1%
Triton X-100 was added, the diluted material was rotated for 15 min at 4 °C, and centrifuged
at 32,000 x g for 20 min. The pellet was resuspended in 0.5% Triton X-100 buffer (0.5%
Triton X-100, 40 mM Tris-HCI [pH 8.0], 1 mM pABSF, 1 mM aprotinin, 1 mM pepstatin, 1
mM leupeptin), and the suspension was centrifuged at 201,800 x g for 1 h. The pellet was

used as the postsynaptic density (PSD) fraction.

SDS-PAGE

The E. coli samples were boiled with one-fourth volume of 5 x SDS sample buffer (50%
sucrose, 15% SDS, 15% 2-mercaptoethanol, 0.1 M Tris-HCI [pH 6.8], and 1.5% BPB) for 3
min, and the lysates were applied to an SDS-polyacrylamide gel. To study the developmental
profile of CNR1 protein, mouse brains were homogenized with a Dounce homogenizer in 8
volumes of BS buffer (0.32 M sucrose, 10 mM HEPES [pH 7.4], 1 mM pABSF, 1 mM
aprotinin, 1 mM pepstatin, 1 mM leupeptin). The homogenates were centrifuged at 1,000 x g
for 10 min at 4 *C. The supernatant was collected and centrifuged at 13,800 x g for 20 min at
4 °C. The pellets (P2 fraction) were re-homogenized with a Dounce homogenizer in 5 vol of
RIPA buffer (0.15 M NaCl, 20 mM Tris-HCI [pH 7.5], and 1% Triton X-100), and the
homogenates were centrifuged at 15,000 x g for 30 min at 4 *C. The protein concentrations of
the supernatants were quantitated by the CBB protein assay reagent (Nakarai Tesque) using
BSA as the standard. One-fourth volumes of 5 x SDS sample buffer was added and 10 ug of

each sample was boiled for 3 min, and the samples were applied to a SDS-polyacrylamide
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gel. For studying subcellular distribution of CNR1 protein, 10 ug of P2, synaptosome and
PSD fractions were boiled in SDS sample buffer and applied to SDS-PAGE. SDS-PAGE was
performed using a 7% or 7.5% gel in a discontinuous Tris-glycine buffer system (Laemmli,
1970). The size markers were obtained from Pharmacia. Gels were stained with CBB buffer

(1.25% CBB, 40% methanol, 10% acetic acid).

Western Blotting

Proteins were electrophoretically transferred from an SDS- polyacrylamide gelto a
nitrocellulose filter by the method of Towbin et al. (Towbin et al., 1979). The nitrocellulose
filters were treated with 10% skim milk in TBS (150 mM NacCl, 50 mM Tris-HCI [pH 7.5])
for blocking, and incubated with 3% skim milk -TBS diluted antibody or antiserum for 1 h at
room temperature, followed by treatment with biotinylated sheep anti-mouse IgG
(Amersham), biotinylated sheep anti-rat [gG (Amersham) or biotinylated sheep anti-rabbit
IgG (Vector) for 1 h at room temperature. After the immunoreaction, the filters were washed
with TBS for 10 min 3 times and incubated for 30 min with streptoavidine-conjugated
alkaline phosphatase (Amersham) in 3% skim milk-TBS. The filters were washed in TBS for
15 min 3 times, and were developed in alkaline phosphatase buffer (10 mM ethanolamine, 5

mM MgCl, , pH9.5) containing 1.67 g/ml of NBT (Sigma) and 0.83 g/ml BCIP (Amresco).

Immunoprecipitation

Adult mouse brain was homogenized with a Dounce homogenizer in 8 volumes of BS buffer
(0.32 M sucrose, 10 mM HEPES [pH 7.4], | mM pABSF, 1 mM aprotinin, 1 mM pepstatin,
1 mM leupeptin). The homogenate was centrifuged at 1,000 x g for 10 min at 4 °C. The
supernatant was collected and centrifuged at 13,800 x g for 20 min at 4 *C. The pellet (P2
fraction) was re-homogenized with a Dounce homogenizer in 10 vol of RIPA buffer (0.15 M
NaCl, 1% Triton X-100, 20 mM Tris-HCI [pH 7.5], 1 mM pABSF, 1 mM aprotinin, 1 mM

pepstatin, 1 mM leupeptin, and 1 mM Na,PO,) and the homogenate was left on ice for 15
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min, followed by centrifugation at 15,000 x g for 30 min at 4 °C. The supernatant was
collected and incubated with 100 ul of a 50% suspension of protein G-Sepharose 4B beads
for 2 h at 4 °C by gentle rotating to remove proteins bound to the beads non-specifically. The
supernatant was collected and incubated overnight with YC3 anti-Fyn mouse monoclonal
antibody bound to protein G-Sepharose 4B beads. The beads were centrifuged at 1,000 x g at
4 *C for 1 min and washed five times with 20 vol of RIPA buffer. The bound proteins were

eluted by 50 ul of 2 x SDS sample buffer for SDS-PAGE analysis.

Bacterial Expression of GST Fusion Proteins and ELISA Binding Assay

The targeted Fyn DNA sequences were amplified by PCR. Each pair of oligonucleotide
primers was tagged with BamHI and EcoRYV sites to facilitate oriented, in-frame cloning into
the pGEX-2T expression vector (Pharmacia). A fragment of human Fyn cDNA, encoding
amino acid residues 1-264 (Semba et al., 1986), corresponding to the unique-SH3-SH2
domain, and a fragment encoding amino acid residues 82-145, corresponding to the SH3
domain, were amplified by PCR with Pfiz thermostable DNA polymerase (Stratagene),
separated on 1% agarose gels and purified using glassmilk (Qiagen; Qia-EX). The DNAs
were digested with BamHI and EcoRV. The fragments were cloned between the BamHI and
Smal sites of pGEX-2T to express glutathione-S transferase-Fyn unique-SH3-SH2 fusion
protein (GST-Fyn-U32) and glutathione-S transferase-Fyn-SH3 protein (GST-Fyn-3). The
protruding ends of the SphI-Spel fragment of CNR1 ( nucleotide positions 2512 to 3384 in
Fig 3B) were filled in and blunt end-ligated into the Smal site of pGEX-2T to produce
glutathione-S transferase-CNRI1 cytoplasmic domain (GST-CNR-CP). The control GST
protein was produced from pGEX-2T. E. coli IM109 was transformed with each plasmid,
and the bacteria were grown in 500 ml of LB medium containing 100 ug ampicillin/ml at 37
*C with shaking at 190 rpm until an OD600 reading of 1.0 was attained. Gene expression was
induced by the addition of 1 mM IPTG, and the incubations were continued for 2 h at 37 °C

with shaking at 190 rpm. The bacterial cultures were harvested by centrifugation at 5,000 x g
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for 10 min. The pellets were washed with PBS (0.14 M NaCl, 2.7 mM KClI, 1.4 mM KH,PO,
[pH 7.4]), and resuspended in 30 ml of E. coli lysis buffer (PBS containing 1% Triton X-100,
1 mM pABSF, 1 mM aprotinin, 1 mM pepstatin, and 1 mM leupeptin). The bacteria were
lysed by sonication at 0 °C. The lysates were cleared by centrifugation at 35,000 x g for 15
min. The supernatants were incubated with 1 ml of 50% glutathione-Sepharose 4B beads
(Pharmacia) for 30 min at 4 "C. The beads were extensively washed five times with the lysis
buffer, and the fusion proteins were eluted by glutathione elution buffer (5 mM glutathione
[reduced form], 0.5 M NaCl, 10 mM Tris-HCI [pH 8.0]). The eluted fusion proteins were
dialyzed against PBS and concentrated by ultrafiltration.

Five ug/ml of GST-CNR-CP fusion protein and control GST protein in coating buffer
(5 mM Na,CO, 35 mM NaHCO,) were loaded on an ELISA plate (Nunc; Maxi-Sorp) at 100
ul per well. After incubation at room temperature for 1 h, the plates were washed four times
in PBS, and blocked with 400 ul of 5% skim milk-PBS. After washing four times in PBS,
serial 3:4 dilutions of GST-Fyn-U32 and GST-Fyn-3 proteins in 5% skim milk-PBS
beginning at 20 ug/ml were added in duplicate rows at 100 ul per wells and allowed to bind
for 1 h at room temperature. Plates were washed four times in PBS, and incubated with a rat
anti-Fyn monoclonal antibody yC3 (Yasuda et at, in preparation) for 1 h at room temperature.
After washing four times in PBS, the plates were incubated with biotinylated sheep anti-rat
IgG (Amersham) for 1 h at room temperature. Plates were washed four times in PBS, and the
colorimetric reaction was performed in substrate buffer containing 1 mg/ml PNPP (Sigma)
for 20 min. The colorimetric reaction was stopped with 3 N NaOH, and the Abs 415 was

determined using a microplate reader.
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Results

Isolation of full-length cDNAs of new cadherin-related genes

Before obtaining the full-length cDNA of the CNR1 gene, we performed Northern blot
analysis. A transcript of 5.5 kb was detected in the forebrain and cerebellum (Figure 2A). It
was present from embryonic day 15 to postnatal day 60 in the total brain (Figure 2B).
Expression of this mRNA in the brain was highest at postnatal day 10, and reduced at the
adult stage.

To obtain a full-length cDNA of the mouse CNR1 gene, [ constructed a C57BL/6
mouse brain cDNA library, and performed cDNA screening by probing with the 1.8 kb
CNRI1 fragment obtained by the two-hybrid system. I successfully isolated several clones
(Figure 3A). Clones B6-1 and B6-3 contained sequences identical to that of CNR1. The
longer B6-1 clone contained almost the entire length of CNR1 cDNA. The complete cDNA
sequence and deduced amino acid sequence of CNR1 are shown in Figure 3B. Mouse CNR1
cDNA was 5323 bp in length. The amino acid sequences deduced from the nucleotide
sequence revealed a single long open reading frame encoding a protein of 948 amino acids (a
calculated molecular weight of 103,142 Da), starting at a site 78 bp downstream from the
5'-end of the cDNA. The coding region was followed by 2400 bp of 3'-untranslated region. A
polyadenylation signal sequence was found 17 bp upstream from the polyadenylate tail. A
signal sequence of 26 amino acids was located at the amino terminus of the CNR1 protein,
and another hydrophobic stretch spans amino acid residues 693 to 721 of CNR1 protein,
which presumably functions as a transmembrane region. There were 3 possible N-linked
glycosylation sites in the putative extracellular domain of CNR1. The putative extracellular
domains of CNR1 were divided into six subdomains comprised of approximately 100 amino
acid residues forming internal repeats. These domain structures are characteristic of typical
cadherin repeats. At the first cadherin repeat EC1, there was an RGD (Arg-Gly-Asp)

sequence, which is known as an integrin binding motif (Piershbacher and Ruoslahti, 1984).
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In the transmembrane and cytoplasmic domain, five cysteine residues appeared at regular
intervals spanning 18, 9, 9, and 18 amino acid residues, respectively. In the intracellular
domain, there were five PXXP proline-rich motifs for putative SH3 region-mediated protein

interactions. A lysine-rich sequence was also found in the C-terminal cytoplasmic region.

Isolation and sequence analysis of CNR2 cDNA

Nucleotide sequences of clones B6-2 and B6-4 were different from those of clone B6-1 and
clone B6-3 (Figure 3A). B6-2 and B6-4 both encoded the same protein. We named this
protein CNR2. The complete- cDNA sequence and deduced amino acid sequence of CNR2
are shown in Figure 3C. Mouse CNR2 ¢cDNA was 5369 bp in length, and its translation
revealed a single long open reading frame encoding a protein of 947 amino acid residues in
length (a calculated molecular weight of 102,312 Da), starting at a site 127 bp downstream
from the 5'-end of cDNA. The coding region was followed by 2400 bp of 3' untranslated
region. A signal sequence of 26 amino acids was located at the N-terminus of the CNR2
protein, and another hydrophobic stretch spans amino acid residues 892 to 720 of CNR2,
which presumably functions as a transmembrane region. CNR2 contained the same features
as CNR1: The putative extracellular domains of CNR2 were divided into six subdomains
comprised of approximately 100 amino acid residues forming internal repeats. These domain
structures were characteristic of typical cadherin repeats. Three possible N-linked
glycosylation sites were located in the putative extracellular domain. The first cadherin
repeat EC1 contained an RGD sequence. In the transmembrane and cytoplasmic domain, five
cysteine residues appeared at regular intervals spanning 18, 9, 9, and 18 amino acid residues.
In the intracellular domain, there were five PXXP proline-rich motifs for putative SH3
region-mediated protein interactions. A lysine-rich sequence was also found in the C-
terminal cytoplasmic region in CNR2. Hence, these features are strikingly similar to those of

CNRI.
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Comparison of CNR1 and CNR2

Figures 4A and 4B show the alignment of CNR1 and CNR2 at the nucleotide level and at the
amino acid level, respectively. CNR1 and CNR2 were closely related (88.4% identity at the
nucleotide sequence level, 78.4% identity and 87.0% similarity at the amino acid level
between clones B6-1 and B6-4). There were many well-conserved sequences between CNR1
and CNR2. In particular, the cDNA sequence of CNR1 downstream from position 2463 was

completely identical to that of CNR2 cDNA downstream from position 2518.

Comparison of CNR1 and CNR2 with other cadherins.

The deduced amino acid sequences of the internal cadherin repeats in the extracellular
domains of CNR1 and CNR2 were aligned with those of protocadherin 2 (Sano et al., 1993),
and N-cadherin (Figure 4C). The negatively charged amino acids containing the DXD, DRE,
and DXNDNAPXF sequence motifs (all are underlined with thick lines in the consensus
sequence shown at the bottom of Figure 4C), which are the major conserved motifs among
typical cadherin families, were well-conserved in the internal repeats of CNR1 and CNR2.
The repeats of CNR1 and CNR2 contained the more conserved motifs which are typically
found in protocadherins. The DXDXGXN and AXDXGXPXL motifs (all are underlined with
thin lines in the consensus sequence shown at the bottom of Figure 4C), and the glycine

residue in the middle of repeat (except for repeats EC2 and EC4) were the additional

conserved features among CNR1, CNR2 and the protocadherin family. The single leucine
residue (indicated by # in the consensus sequence at the bottom) was the prominent
conserved features between CNR1 and CNR2. Figure 4D shows the schematic structural
comparison of CNR1 and CNR2 with protocadherins and classic cadherins. The locations of
the RGD motif, five cysteine residues appearing at regular intervals spanning 18, 9, 9, and 18
amino acid residues, and five PXXP proline-rich motifs for putative SH3 region-mediated
protein interactions corresponded well in CNR1 and CNR2. Of the known cadherin proteins,

that which exhibited the highest identity to the extracellular domains of CNR1 and CNR2
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was protocadherin 2 (~37% amino acid sequence identity). The amino acid sequence identity

of the extracellular domain of CNR1 and CNR2 to classic cadherins was ~23%. No similar

protein sequences were found in the CNR1 and CNR2 cytoplasmic domain.

CNRs constitute a new cadherin-related multi-gene family

The sequences of CNR1 and CNR2 were well-conserved. To investigate other potential gene
homologues, I performed genomic Southern blot analyses using the conserved 5' and 3'
sequences between CNR1 and CNR2 as probes (Figure 5SA). The probes used are shown in
Figure 4A. The 5' probe hybridized to approximately 15 genes, but the 3' probe hybridized to
2 or 3 genes after genomic DNA digestion with each restriction enzyme. Mouse genomic
library screening using a 5' probe resulted in the detection of approximately 20 positive
clones per genome (Data not shown). These results revealed that the CNR family consists of
multi-genes, at least in the 5' region. To identify these putative members of the CNR family, I
performed RT-PCR with two primers derived from the EC1 and cytoplasmic domains,
containing highly conserved sequences between CNR1 and CNR2 (shown in Figure 4A).
RT-PCR was performed using total RNA from postnatal day O (P0O) brains and mRNA from
P30 brains. The expected-length products of approximately 2.3 kb were cloned into the
pBluescriptll SK(+) vector. Sequence analysis was performed on 40 clones from PO brain
and 32 clones from P30 brain. From these clones, I have found 6 new sequences designated
CNR3, CNR4, CNRS5, CNR6, CNR7, and CNRS8 (Table 1). From PO brains, 28 individual
CNRS clones were identified among the 40 clones analyzed, but none of the 32 P30 clones
were CNRS. On the other hand, the CNR3, 4, 5, 6 and 7 clones were identified only from
mRNA prepared from the P30 brain. Figures 5B and 5C show alignments of nucleotide and
deduced amino acid sequences of CNR1 to CNRS8, respectively. The similarity of each CNR
at the amino acid level varied from 53% to 80%. The RGD motif in the EC1 domain and
characteristic cysteine repeats of the transmembrane and cytoplasmic domains were well-

conserved among all CNRs, Although CNR1 and CNR2 contain five PXXP amino acid
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sequence motifs, in CNRs 3 through 7, the PXXP motif occurs six times, while in CNRS,
four motifs are found. Specific sequences in each CNR were identified in the EC2, EC3, N-
and C-termini of the EC6 and cytoplasmic domains. The sequences at the C-terminus of the
cytoplasmic domain recur among the CNR. Figure 5D shows the phylogenetic tree of
cadherin-related proteins deduced from amino acid sequence similarity (Saitou and Nei,
1987). The obtained eight CNRs form a new branch. Hence, the CNRs constitute a new

cadherin-related multi-gene family.

mRNAs of eight CNR genes are expressed in the mouse brain, and their respective
genes correspond to different loci of the mouse genome.

To confirm that a corresponding mRINA for each CNR gene identified by RT-PCR is
expressed in the brain, I performed RT-PCR using specific primers. The primer sequences
are shown in Figure 5B. Total RNA were prepared from the various regions of adult mouse
brain, and RT-PCR reactions were performed. As shown in Figure 6A, all bands detected
were of the expected size. Although the levels of CNR4 and CNR8 mRNA were very low in
the adult brain, these results demonstrate that each CNR mRNA is expressed in the brain.
Furthermore, these mRNAs are localized to various regions of the brain. To examine whether
each CNR gene corresponds to a distinct locus on the genome, I performed genomic
Southern blot analysis using non-cross-hybridizing probes for each CNR gene (Figure 6B).
Each specific probe was derived from the EC2 and EC3 domains. Using these probes, one or
two bands of distinct sizes were detected. These results confirm the existence of each CNR
gene on the genome, and their correspondence to different loci. FISH (fluorescent in situ
hybridization) analyses for several CNR genes indicated that all CNR genes mapped to the
same region of mouse chromosome 18 (examined by Dr. Matsumoto). Therefore the CNRs
are located closely to one another on the same region of the chromosome, but they map to

different loci.
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Characterization of anti-CNR1 antibodies

To investigate the function of CNRs, I have attempted to obtain antibodies that recognize the
CNR proteins. Antigens to immunize mice and rabbit for monoclonal antibody and antiserum
production, respectively, against CNR1 were produced by inserting the XhoI-Nrul fragment
of the CNR1 RT-PCR product into the pET32 expression vector. This fragment corresponds
to the extracellular domain of CNR1. This vector was used to transform E. coli AD494,
Expression of the gene fragment was induced by the addition of IPTG, and the thioredoxinA
(trxA)-CNR1EC fusion protein was purified using a Ni** -charged HisTag metal chelation
resin affinity column (Figure 7A). The purified fusion protein was injected into the rabbit and
into mice, and rabbit antiserum and mouse monoclonal antibodies were obtained as described
in Materials and Methods. The same Xhol-Nrul DNA fragment of the CNR1 RT-PCR
product was also inserted into the pGEX-2T expression vector for the production of GST-
CNRIEC fusion protein. This fusion protein was used to screen the anti-CNR1 antibody.
Figure 7B shows the reactivity of antiserum (lanes 3 and 4) and monoclonal antibody 6-1B
(lanes 5 and 6). Although several non-specific bands were detected, a prominent band was
visible from E. coli extract containing IPTG-induced GST-CNRI1EC fusion protein (lanes 4
and 6), while merely a small, thin band was detectable in extract prepared from uninduced E.

coli cells (lanes 3 and 5).

Developmental Change of CNR1 Protein Expression

To study the developmental profile of CNR1, I examined the developmental changes of
CNRI1 protein expression in the brain by Western blot analysis using monoclonal antibody
6-1B. As shown in Figure 7C, an approximately 160 kD protein was detected. The level of
expression of this protein was very low in E17 brains, becoming more detectable after birth,
and gradually increased in subsequent stages up to post natal day 7, at which time CNR1
protein was maximally expressed. CNR1 expression was reduced at postnatal day 30,

whereas Fyn expression is highest after birth and gradually decreases. The CNR1 protein
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levels were consistent with the mRNA levels detected in Figure 2B.

CNRI1 protein concentrates in the PSD fraction.

It is known that Fyn is enriched in the postsynaptic density (PSD) fraction (Grant at al. 1992;
Yasuda, in preparation). Since CNR1 was identified as a Fyn-associated protein, I next
examined whether CNR1 was enriched in the PSD fraction. Figure 8A shows the SDS-PAGE
analysis of the P2, synaptosome, and PSD fractions prepared from adult mouse brains, First,
the purity of the fractions was quantitated using anti-NMDA receptor €2 subunit antibody
because NMDA receptor €2 has been shown to be highly concentrated in the PSD fraction
(Moon et al., 1994). In addition, Fyn protein levels were quantitated on the same Western
blot (Figure 8B). Figures 8C and 8E shows Western blot analysis using anti-CNR1 antiserum
and 6-1B monoclonal antibody. The 160 kD band corresponding to CNR1 protein was highly
concentrated in the PSD fraction. The CNR1 band was not detectable using pre-immune

serum (Figure 8D).

CNR1 associates with Fyn in vivo and in vitro

Because CNR1 was identified as a Fyn-associated protein using the yeast two-hybrid system,
I performed immunoprecipitation analysis using the mouse anti-Fyn monoclonal antibody
YC3, which recognizes the SH3 domain of Fyn (Yasuda et al., in preparation). The YC3
antibody was coupled to protein G beads and incubated with mouse brain extract. The
immune complexes were resolved by SDS-PAGE and transferred to a nitrocellulose filter.
The blot was incubated with anti-CNR1 antiserum or with 6-1B monoclonal antibody. As
shown in Figure 9, the immune complexes contained a 160 kD protein which was detectable
using both antiserum and 6-1B monoclonal antibody (lanes 3 and 6). As further confirmation,
I performed ELISA assays using polypeptides containing the Fyn regulatory region and the
CNR cytoplasmic domain, which are conserved in CNR types. These protein domains were

produced in E. coli as GST fusion proteins, and were purified using Glutathione Sepharose
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4B beads as described in Materials and Methods. Figure 10A shows the schematic
representation of GST-Fyn-U32, which contains the unique, SH3, and SH2 domains of Fyn,
and GST-Fyn-3, which contains only the SH3 domain of Fyn fused to GST. The GST-CNR-
CP, containing the cytoplasmic domain conserved in all types of CNR, was coated onto each
well. After washing the plate, serially-diluted GST-Fyn-U32 and GST-Fyn-3 proteins were
incubated, and binding activities were evaluated using monoclional antibody yC3. As shown
in Figure 10B, GST-CNR-CP and GST-Fyn fusion proteins bound in a dose-dependent
manner. The GST-Fyn-U32 bound two-fold more strongly than GST-Fyn-3 to GST-CNR-
CP. Based on these results, I have demonstrated that CNR1 directly associates with Fyn in

vivo and in vitro.
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Discussion

Structure of the CNR family as a cadherin superfamily
CNRI protein is a new member of the cadherin superfamily. The cadherin superfamily
includes classical cadherins, numbered cadherins, desmocollins, desmogleins,
protocadherins, ret proto-oncogene, the product of the Drosophila gene fat and others. To
date, more than 30 cadherin-related genes have been identified and cloned. As a superfamily,
the cadherins function in selective cell adhesion in a wide variety of systems (Takeichi, 1991;
Gumbiner, 1996) and control the development, maintenance, and regeneration of tissues. In
particular, cadherins are directly involved in morphogenic regulation, intercellular adhesion,
the stratification of cells into layers within tissues, embryo compaction, and neural tube
formation (Geiger and Ayalon, 1992; Kintner, 1992). The classical cadherins, which are the
most well-studied subfamily, include N-cadherin (neural cadherin, ACAM), E-cadherin
(epitherial cadherin, uvomorulin), P-cadherin (placental cadherin), R-cadherin (retinal
cadherin) and some others. They mediate calcium-dependent cell adhesion through
homophilic binding interactions. For example, E-, or N-cadherin-expressing cells bind to E-,
or N-cadherin-expressing cells, respectively, but E-cadherin-expressing cells do not bind to
N-cadherin-expressing cells. The extracellular domain can be divided into five repeat
domains designated EC1 to ECS5. Repeat domains EC1 through EC4 contain conserved
DXNDNXPXF and DXD motifs which constitute putative calcium-binding sequences
(Ringwald et al., 1987; Ozawa et al., 1990a). These calcium-binding motifs are conserved
among the EC2 to EC5 domains of the CNR family. Thus, the CNR family may also function
as calcium-dependent cell adhesion molecules.

Various studies of classical cadherins have revealed that binding specificity resides in
the EC1 cadherin repeat domains (Nose et al., 1990; Shapiro et al., 1995a). Since the EC1
domains are well-conserved among the CNR family, members of this family may bind

heterophilically with one another. On the other hand, the EC2 and EC3 domains of this
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family are not conserved. It is therefore possible that the EC2 and EC3 domains of the CNR
family may contribute to homophilic binding activity. This issue should be further examined.
The HAV tripeptide between the DRE and DXNDNXPXF motifs of the EC1 domain, which
is conserved in the classical cadherins, has been suggested to be responsible for cell adhesion
activity (Blaschuk et al., 1990). Between the DRE and DXNDNXPXF motifs of the CNR
family EC1 domain, an HLE tripeptide is conserved instead of the HAV motif characteristic
of classical cadherins. This indicates that the cell adhesion activity of the CNR family may be
different from that of classical cadherins. Interestingly, the RGD motif in the EC1 domain is
conserved among members of the CNR family. The RGD tripeptide was first described as the
cell adhesion site of fibronectin with integrins. The integrins, cell-surface extracellular matrix
receptors (Piershbacher and Ruoslahti, 1984), are widely recognized among proteins
involved in cell adhesion. Synthetic RGD tripeptides bind to integrin and inhibit cell
adhesion and migration of cultured neuronal cells (Cardwell and Rome, 1988; Hatta et al.,
1994). The RGD motif is not found among previously-identified cadherin-related proteins.
The CNR family is the first known cadherin family containing the RGD motif. L1, one of the
neuronal cell adhesion molecules that show calcium-independent homophilic binding, has an
RGD motif and can bind to integrin subdomain VLA-5 (Ruppert et al., 1995). It has recently
been reported that the o8 integrin subunit localizes to the synaptic junction (Einheber et al.,
1996). Since the RGD motif of the CNR family is located in the N-terminal region of the
extracellular domain, this motif might function in extracellular protein-protein interactions.
Hence, the RGD motif of the CNR family may have the potential to bind to integrins,
resulting in heterophilic binding of CNR and integrin in the developing synaptic junction.

It is known that the cytoplasmic domain of classical cadherins exhibit a high degree
of homology, and the search for the biological function associated with this structural
conservation led to the identification of catenins as cytoplasmic anchorage proteins (Ozawa
et al., 1989; Nagafuchi and Takeichi, 1989). The catenins are mediators of intracellular

signaling and associate with the cytoskeleton. Pulse-chase experiments and the analysis of
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different non-ionic detergent cell lysates indicated that f-catenin binds directly to the
cytoplasmic domain of E-cadherin (Ozawa and Kemler, 1992), and this binding is important
for mediating the cell adhesion activity of classical cadherins (Nagafuchi and Takeichi, 1988;
Ozawa et al., 1990b). The cytoplasmic domain of the CNR family is well-conserved, but is
not homologous to that of classical cadherins, protocadherins or other known cadherins.
Considering the unique structural features of the CNR family, the cell adhesion mechanism
and cytoplasmic signal transduction of the CNR family may be different from those of
classical cadherins.

Within the consensus sequence of the cytoplasmic domain of the CNR family, there
are four PXXP motifs. This proline-rich motif is the minimal consensus sequence for SH3-
binding sites and has been discovered in a number of proteins involved in signaling pathways
(Ren, et al., 1994; Saksela et al., 1995; VanderNoot et al., 1995; Alexandropoulos et al.,
1995). The SH3 domain was first discovered by cDNA cloning of PLC-y and v-Crk, which
contained domains of homology to the Src family (Mayer et al, 1988). The SH3 domain is
present in many proteins that are important for signal transduction, and is the key domain for
intracellular signal transduction (Koch, et al. 1991). Fyn also contains a SH3 domain. I have
demonstrated using ELISA assays, that the SH3 domain of Fyn binds to the consensus
sequence of the cytoplasmic region of the CNR family. In mouse brain extracts, CNR1 was
also co-precipitated using anti-Fyn antibody. Therefore, it is likely that the CNR family
associates with Fyn in the mammalian brain, and this interaction is mediated through the
PXXP sequence of CNR and the SH3 domain of Fyn.

The cytoplasmic and the transmembrane regions of the CNR family contain five
conserved cysteine residues appearing at regular intervals spanning 18, 9, 9, and 18 amino
acid residues. Two cysteines can function in protein-protein interactions by forming a
covalent an ionic bond with a cation. Regularly spaced cysteine residues may form homo or
hetero polymers of the CNR family via lateral interactions. In C-cadherin, it has been

reported that lateral dimerization is required for homophilic binding activity (Brieher, et al.,
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1996). The crystal structure of the N-terminal domain of N-cadherin revealed that the
cadherin repeat domains form parallel dimers (Shapiro et al., 1995). The dimers are predicted
to form through the lateral interaction of two cadherins extending from the same cell surface.
In this model, the lateral dimer interfaces are formed through hydrophobic interactions
between the two monomers. In the CNR family, dimerizations producing homo- or hereto-
dimers may occur through the cytoplasmic cysteine residues. If a hetero-multimer can form
and be recognized specifically for cell adhesion, twenty individual types of CNR molecules
can result in the production of 400 or 8000 specific recognition units through the formation
of dimers or trimers, respectively.

A lysine-rich sequence is also conserved in the cytoplasmic C-terminal domain of the
CNR family. It has been reported that lysine-rich sequences can bind to actin or to DNA
promoter sequences (Yamamoto, 1989). Since members of the CNR family have a
membrane-protein structure, this region may bind to actin filaments, It has been
demonstrated that the catenin-mediated interaction of cadherin with actin filament is
necessary to exhibit cell adhesion activity (Ozawa et al., 1990). Therefore, this lysine-rich
sequence of the CNR family may be necessary for exhibiting cell adhesion activity through

cytoskeletal interaction.

Presence of CNR1 in the PSD fraction

In this study, I have established anti-CNR1 antiserum and anti-CNR 1 monoclonal antibody,
6-1B. These antibodies detected a 160 kD protein which was concentrated in the PSD
fraction of the adult mouse brain. It is known that the PSD contains submembranous
cytoskeletal elements of the postsynaptic structure of central synapses, observed under
electron microscopy. Studies of the proteins in the PSD have been aided by the development
of cell fractionation techniques (Cohen et al., 1977; Carlin et al., 1980; Gurd et al., 1982).
The PSD fraction contains many proteins important for synaptic functions, such as NMDA

receptor €1 and €2 subunits (Moon et al., 1994; and Figure 8B), aCaM kinase II (Kennedy et
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al., 1983), PKCy (Suzuki et al., 1993), Fyn (Grant et al., 1992; Yasuda, in preparation; and
Figure 8B), and others (reviewed by Kennedy, 1993). Furthermore, mice in which each of
these gene is disrupted shows reduction of LTP, and abnormalities in learning and behaviors,
indicating that those proteins present in the PSD fraction are critical in synaptic plasticity.
Since CNR1 is concentrated in the PSD fraction together with Fyn, this is a candidate cell
adhesion molecule that is relevant to synaptic plasticity and behavioral regulation. The
mechanisms contributing to synaptic forms of plasticity are still a topic of intense debate.
One proposed hypothesis is that these specific patterns of activity could lead to modifications
of synapse structures (Geinisman, 1993; Edwards, 1995), and eventually, changes in synaptic
connectivity (Bailey and Kandel, 1993; Weiler et al., 1995). In support of this idea, numerous
morphological studies have provided evidence that neuronal activity triggered through
environmental stimulation, kindling, or electrical stimulation, is associated with
modifications of dendritic arborizations, spine densities, or synapse morphology. In
particular, the possibility has been raised that one of the initial steps following LTP induction
involves a perforation of the postsynaptic receptors and .presynaptic active zones (Geinisman,
1993; Buchs and Muller, 1996). In line with the hypothesis of structural re-organization of
synapses by synaptic activity are the recent findings that NCAM, a cell adhesion molecule,
and NCAM-linked polysialic acid (PSA) also contribute to synaptic plasticity (Mayford et
al,, 1992; Muller et al., 1996). Recent reports indicate antibodies against L1 also interfere
with LTP induction in the hippocampus (Luthi et al., 1994). These indicate that members of
the cell adhesion molecule families, in particular the immunoglobulin superfamily, may be
critically important for, and contribute to the mechanisms of synaptic plasticity. Structural
studies (Shapiro et al., 1995b; Overduin et al., 1995) have suggested that the five EC
domains of classical cadherins share in common a folding topology that is remarkably similar
to that of immunoglobulin-like molecules, despite the absence of primary sequence
relationships between the cadherins and immunoglobulin gene superfamily members.

The synaptic complex is first and foremost built around an adhesive junction, and the
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complex is quite similar to the desmosome and the adherence junction of epithelia (Peters et
al., 1991), Both the desmosome and the adherence junction mediate adhesion via cadherins.
A model is proposed whereby the cadherins function as primary adhesive moieties between
pre- and post-synaptic membranes in the synaptic complex (Fannon and Colman, 1996).
Similarities in ultrasrtructure between the adherence junction and the synaptic complex of
nervous tissue are noted in electron microscopical studies, and when it becomes clear that the
adherence junction is a classical cadherin-mediated organelle, the synaptic complex is also
cadherin-based. Actually, Fannon and Colman have reported that N- and E-cadherin are
localized to synaptic complexes in a mutually exclusive distribution, i.e., their distributions
do not co-localize or overlap at the same synaptic complexes. The differential distribution of
cadherins may lock in nascent synaptic connections. The researchers speculate that the
cadherins may in part fulfill many of the conditions of the Sperry hypothesis, which
postulates the existence of matching chemical specificities for neurons that link up with one
another during development (Sperry, 1963). They report that many synaptic junctions in
which these two cadherins are not expressed are still present, implying that other cadherins
may be functioning at these synaptic junctions. Each classical cadherin family and many
different cadherins, such as the protocadherin family (Sano et al., 1993; Sago et al., 1995),
have been described to be expressed in brain tissue. It has been reported that at least 10
cadherins are expressed in the developing vertebrate brain (Redies, 1995). These cadherins
are locally expressed: in particular, in developing brain nuclei, fiber tracts, and neural
circuits. Since CNR1 is concentrated in the PSD fraction with Fyn, CNR1 may function as an
adhesion molecule in synaptic junctions. Diversity within the CNR family may induce
specific synaptic connections, and the connections may function in neural circuits, Therefore,
members of the CNR family may also be candidate molecules based on the Sperry

hypothesis.

The diversity of CNR gene family



Gene cloning and Southern blot analysis of genomic DNA has provided an estimate of the
size of the CNR family. Mouse genomic library screening ﬁsing a 5' probe derived from
sequences well-conserved between CNR1 and CNR2 (see Figure 4A) detected approximately
20 positive clones per genome. This value is in accord with the results of genomic Southem
blot analysis using the same probe which identified approximately 15 discrete genes (Figure
5A). I have been able to clone eight individual CNR cDNAs, It is likely that there are more
CNR genes that remain to be identified.

Recent studies have demonstrated the existence of a large degree of diversity among
genes encoding olfactory receptors and pheromone receptors in mammals. The olfactory
receptors in mammals are encoded by large multi-gene families of about 1000 genes (Buck
and Axel, 1991; Permentier et al., 1992; Ben- Arie et al., 1994; Dulac and Axel, 1995). Each
of the different receptor genes are expressed in different neurons. Neurons producing
olfactory receptors, although randomly distributed among the domains of olfactory
epithelium and therefore responsive to a given odorant, project their axons to one or a small
number of discrete loci of glomeruli within the olfactory bulb (Vassar et al., 1994; Ressler et
al., 1994) and generate synaptic formation. A swapping of the odorant receptor genes by
gene targeting techniques shows that odorant receptors converge at one glomerular location
in the olfactory bulb (Mombaerts P, 1996). This indicates that diverse odorant receptors
binding to different odors function as axonal guidance receptors to find the appropriate
target. These results suggest that the diversity of connections on neural networks might be
generated and organized by the diversity of some neuronal receptors. Thus, diversity among
homologous receptor molecules may be involved in specified or selective cell to cell
recognition, including cell migration, pathfinding, synaptogenesis, sprouting and
regeneration. Since CNR1 is concentrated in the PSD fraction, diversity of the CNR family

may function in differential synaptogenesis, sprouting or regeneration.

Association with Fyn in the brain
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Since CNR1 is co-immunoprecipitated with anti-Fyn antibody (Figure 9), and the
cytoplasmic consensus sequences of the CNR family can bind to the SH3 domain of Fyn,
within the CNR family CNRs1 through 8 (and possibly other yet to be discovered members)
might be associated with Fyn in vivo. Studies of Fyn-deficient mice revealed that Fyn plays
critical roles in brain formation and in determining mice behavior (Grant et al., 1992; Yagi et
al., 1993a ;Miyakawa et al., 1994). In particular, it has been demonstrated that Fyn-deficient
mice are impaired in synaptic function (Grant et al. 1992). I therefore speculate that
physiological coupling between molecules of the CNR family and Fyn results in the

regulation of behavior through the generation or regeneration of neural circuits in mammals.

Conclusions

I have demonstrated that CNR1 is a new receptor protein that associates with Fyn, and CNR1
belongs to a novel CNR family, whose members exhibits structural homology to members of
the cadherin superfamily. CNR1 is found to be enriched in the PSD fraction with Fyn. I
speculate that the CNR family contributes to synaptic formation or plasticity. I believe that
future studies of the CNR family will reveal new insights into synaptic formation related to
behavioral controls, learning and memory, Emotion; recognition, or locomotion through the

elucidation of the molecular mechanisms for neural circuit and synapse formation.
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Figure 1. Strategy for the Identification of Putative Fyn-associated Transmembrane

Proteins by the Yeast Two-Hybrid System.

The Fyn unique-SH3-SH2 domain was cloned under the control of the GAL4 binding
domain (BD) to yield bait protein for the yeast two-hybrid system. A postnatal day 0 brain
cDNA library was screened using this bait protein, and 154 independent clones were
obtained. Sequencing analysis was performed, and one 1.8 kb cDNA encoding a putative
transmembrane protein was obtained that was co-expressed with the GAL4 activation
domain (AD). The encoded protein, which was named CNR1, contained a cadherin-repeat

(CAD), a putative transmembrane region (TM) and a putative cytoplasmic region (CP).
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Figure 2. Northern Blot analysis of CNR1 Expression.

The 1.8 kb cDNA fragment obtained from the two-hybrid system was used as a probe.

(A) CNRI1 expression in adult mouse tissues. Thirty ug of total RNA from each tissue of P60
mouse was loaded in each lane. The lower panel represents the same Northemn blot

hybridized with a gapdh cDNA probe.

(B) CNR1 expression in brain at several developmental stages. Thirty ug of total RNA was
loaded in each lane. The lower panel shows the same Northern blot hybridized with a gapdh

¢DNA probe.
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Figure 3. Cloning and the Nucleotide Sequence of CNR1 and CNR2.

(A) Schematic representation of cDNA structures and the clones obtained by screening a
C57BL/6 (B6) mouse cDNA library using the 1.8 kb cDNA fragment obtained from the
two-hybrid system as probe. The clones B6-1 and B6-3 contained sequences from CNRI1,
and B6-2 and B6-4 contained sequences from CNR2. B6-1 and B6-4 contained nearly the
full-length cDNA. Stretches of polyadenylation are found at the 3' ends of B6-1 and B6-4

cDNA clones.

(B) and (C) Nucleotide sequence of the murine CNR1 and CNR2 genes. The deduced amino
acid sequences are given underneath the nucleotide sequence using the single letter code.
Numbers indicate positions from the 5' end of the cDNA and amino acid positions from the
N-terminal end. The signal peptide and the putative transmembrane domain are boxed. RGD
sequences are double underlined. The sites for potential N-linked glycosylation are
underlined with thick lines. The polyadenylation signal is underlined by a thin line. The five
cysteine residues appearing at regularly spaced intervals spanning 18, 9, 9, and 18 amino
acid residues are shown as white lettering on black background. The PXXP motifs in the
cytoplasmic domain are boxed with shadows. The nucleotide sequence data of CNR1 and
CNR2 are available from DDBJ/EMBL/GenBank under accession number D86916 and
D86917, respectively.

SIG, signal peptide; EC, extracellular domain; TM, transmembrane domain; CP, cytoplasmic

domain.
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Figure 4. Alignment and Structural Comparison of CNR1 and CNR2 to Other

Cadherins.

(A) Alignment of the nucleotide sequence of CNR1 and CNR2 cDNAs. Identical nucleotides
between CNR1 and CNR2 are shown by asterisks. The ATG initiation codon and TGA stop
codon are represented with thick bars. The regions spanning the 5' and 3' probes for Southem
blot analysis in figure 5A are boxed, and the sequences of the 5' and 3' primers for RT-PCR

in figure 5B are boxed with shadows.

(B) Alignment of the deduced amino acid sequences of CNR1 and CNR2. The RGD muotif,
the PXXP motif, and cysteine repeats appearing at regularly spaced intervals spanning 18, 9,
9, and 18 amino acid residues are boxed with shadows.

SIG, signal peptide; EC, extracellular domain; TM, transmembrane domain; CP, cytoplasmic

domain.

(C) Alignment of internal cadherin repeats in the extracellular domains of CNR1, CNR2,
protocadherin2 and N-cadherin. The white letters on black background represent the well-
conserved residues. Consensus repeats are shown at the bottom of the sequences. The
negatively-charged amino acids containing the DXD, DRE, and DXNDNAPXF sequence
motifs, which are the major conserved motifs among typical cadherin families, are underlined
in thick lines under the consensus sequence. The DXDXGXN, AXDXGXPXL motifs and
glycine residue in the middle of repeat except for the EC2 and EC4 regions, which are the
conserved features among the CNR1, CNR2 and protocadherin family, are underlined in thin
lines under consensus sequence. The single leucine residue, which is the predominantly
conserved feature between CNR1 and CNR2, is indicated by #. The RGD motifs in the EC1

region of CNR1 and CNR2 are boxed with shades.

(D) Schematic structural comparison of CNR1 and CNR2 with protocadherins and classical



cadherins. The RGD muotif, the five cysteine residues appearing at regularly spaced intervals
spanning 18, 9, 9, and 18 amino acid residues, and the five PXXP motifs in the cytoplasmic
domains of CNR1 and CNR2 are shown. The lysine-rich sequence in the C-terminal region
of the cytoplasmic domain are shown in hatched boxes. The long sequence of more than 15
amino acid residues conserved between CNR1 and CNR2 is underlined with a thick bar at
the bottom of the structure of CNR2.

S, signal peptide; EC, extracellular domain; TM, transmembrane domain; CP, cytoplasmic

domain.
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B55: = -A-=CA--AAG-G-~ =A=CALC -CTCCEAT-~00T6G6 - -G -COATTE - ~CAL - ~TGTT-TTAGT - - = = G- =~ AAGGTATT -G vc—--l!ﬂﬂmwmm i:_“:: :i:
B33 : <=A==CA==AAG-G =~ ====TA=-GTC ~CICCANT - ~GTT TG~ ~G~TCACTG ~ - CACAAT -C T~ =TAATT====G~===AR-GTCCT~G~--G~| ==CAATGATAATGCT-CC-C-A-AG 931
853: =~A=~TA~-AAG=G==~==~GT-TC~CCACAAL - =T=-GCC TG ==G =ACACTG = = TACCAT ==TCT~TGT~G~~G-= ~AAGTT -G TAGATG - - =C=T===MATGACAACGC--TC-C-ACAG 931
B35 : ==A--CA~-~AAG~G-~C=~AATAT - ~TC ~CAA - - T~ ~GACAG = -G ~COATTS = ~TACCCY = = TCT -GGT =G = G-~ ~AR- TTACTCOATG - - - 7 - A -AATGATAATGC —- AC-C-AGAG 531
B55: -~ AC--A-GAAGCG-~C-A-=TTC ~~C == -~CACT- MG ~CAG~~G = ~ACACTGCAMA-~AT === ~T==ATAGT -G-A-AR-CTALTCEATGTA - - —— -~ AANTEATAACG-T-GC-CTG-AS 931
846 : COACGOATARAS ~GAAL - A-CCT - = ~C =~ ~CART -GG~ TAG = =G ~TCACTGTGTA ~—G T~ - ~CT == =TGGTAG -A~AATCT = ~TAGA - ~CAL - - - ~CAAPGACALL - ~TCOC ~CTGAAG 923
B55: == Am = TA= = RAG~G~R=TR=0= =L~ -ﬂ- -c-c-:.nﬁ -armcmc:c :.mnm' === == ~FCGT ~GGA~ANTCT =~ TGGATG~A-A === MATGATAACG - ~CAC-C-GGAG 931
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530 A= =A=T===TC-GAATTCAA-ATCTC-TAT- - CACTT-CL - - = = -AAT - - ~ALG - AGA ~GAATTET -0 - ~CAGTCEE - - - = ==, ACTCTCAT -CG-CACTCATYA - -GTG-T-~~6T-C- 1008
932: ~A=TCACT~-=~-~TT-CACTTC ~CTTAT= ~L ~COTCLL ~TCT - -~ TC-GA-G-AG-=G=ACCOTGOA===CT===G=AGTA- - CTGTCAT ~TG~CTCTAATTAGCG T - TTCOGAT-CT 1014
932 1 ===A=T-AAT~==A=GT=AACATC-ATTAT-~C -CCTCOC ~TCT- - 70 - Ah -5 -AG--G-ACCOTOCA - - =G T~ ~G~CEGA~~CAGTTAT - TGCCT ~ TAATCAGTGTGAT -GGATCCT 1015
932 TTGA-~C0GT - =~ ==~ T==AGT TC~CTTGT =~C~TCTCCC ~AGT = = ATOCGA~Gi= = GA = ~CA=G =T =CARC =CT =G =GAAG - A=~~~ GTCGTCA -~ CTTTAATTACCS T - =ATTTGA-CC- 1013
$32: GTCA==~COAT ===~~~ T-—ACTTC-COTGT - ~C - ACTOCE ~ A~ = —~ TCAGA ~GAAGATOC ~ — = =T = CAGL = = mm = = AADCA - ~CTETCAT -AG-CTCTOOTEASCGT -GTETGA -0~ 1013
932 : AT=-~G~-=-—CCCA-=T=AACCTC =CATTITTIC - == POOCT AT = CA == = =A== ~AGA-QEATOCT - & - ~C - ATTGEE - - - - —GACTOTCAT -C5-CTCTGATTA - ~GCG-T---GT-C~ 1008
930:-T-——===== GACA-TT- AACTTCCC - PETOCE ~ = T =COOAGT - - A= =~ ~A- G = AGA = GERTEC =~ L= =€ = A ~OOCA - ~ AATACACTOAT - TG -CTTTAATTA - -305-T- - -AT-C~ 1005
932 - AT-AETC-LT-~TACTTC == enT=T==TGT~~C~ ﬂmm----n—ﬂ-l-l-c—m-c-m-----m-m m =T l'---:!-l:A 1008
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1009 =TGA-TC-CGG - ACALCCE T TCARCCCECACE TEACCTOC 7€ ~COTRAL - A ~~=~ AL TCATG TCC OO TTCAAG - TT GG TCTCCA - CATTCARGAA TT ACTAT TOGCTCOTGCTGGACAG 1116
1015 :G-GACTC == =T~~~ ~GGATCCAACEGGCAGG TGACCTEC TC ~COTG - - - MG TCC - = T CATG TCCOC T TCAAG - TT GG TG TCCA - COTTCANGAATTACTATTCCCTTGTCTTCRACAS 1116
1016 : - ~GACTC -~ - ~Th~ - C=AG =T~ CAM GEGCARG TGACC TEC TC ~C0TG - = = TOTC e =~ TCATG TCCCCTICAAGCTT - GTGTCCA ~COTTCAAGAA TTATTATTCCCTCETCOTCAACAS 1116

= 1116
1014 : CACACTC=TGEET = = = == (== ACARSOCCAGC TCAC TIOC TC = TTTG -~ ~ACECC - ~ T CACCTCOC CTTCAASE - TECTCTCCA - CTTICAAGAATTACTATTCOTIAGTOTTOAACAS 1116
1009 -AGA-TC-G TG~ AC TCASGCCC O AR TGS A TCAL . ToC T —CT TR - AECCCR - —CA == PO T P CALG - CTGCTO TOCA-CT TTCARGAATTACTATTCGOT TG TACTGGACAS 1116
1008 : ~00A=CC~TTG=AT TCTGCGAATC AA TEGCC ARG TGACC TOCTOTCTT AL - A~ CCCA - == ATGTC COCTTCARG - ATTGTATCCACCTTT -AAAAATTATTATT CTCTGCTACTGOATAG 1113
1009 ;- AGA-=CAMAG- AC TC TCGTE T AR TCGAC ACG TEACC TCC TC ~C T TRACTA -~~~ A= SO T e T O OO T OG- TP GG TGO CA=COT TCARGAA T TACTAT T COCTCGTGOTGGACAS 1116
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1117 :C-GCCCTOGA-C- AGAGA-GA-CRAACAGCGEACTAT - A~ -A -GG TG0 TES TEACAGCGCGG0- - A~ TOeGEECT CTCC C TS - TR To00 —COAC - GECTAGCCTETCTETTGAGGTTGE 1221
1117 1 - CGOCCTCOACCORG AT A A~ - ~ ~C D TOAC TATCALS - — —FOG TOC TUASAGOG0G - G- Gh - CEC00ETTCT COTTC - TTTGT - COALCACGG - CTASC STHTCTOTGGAGETCEC 1221
1117 : ~TOCTTTCCATCOASACAC AR ~ =~ ~CACCTEAC TATALLS - - = ~ TG TCETEACACOCCG -G —Gh ~T T ~CCTCT ACAG-CERCTTICTCCOTOOASETESE 1221
1117 : ~TGLTC TCEACCGAGAGALCA - = = TC -G TAAC TATCA TG ~ = = = TCATTGC TCACCEOTCOOEAT - = ~C0CGETTC OO0CTC ~00TGT ~GoGOCACGG -COAGCETGTCOETERAGETGEE 1271
1117 : ~CoCCCTCCACCROCARALCA = = =CO-CC TEAC TATARGG ~ == = TG0 TGETEACAGC ~C-COANACAGG - GECTCACCCTC - GoT G T ~GaTOCACGG -COMGC G TG TCCRTGGAGSTGEE 1221
1117 1 =AGCTCTOGA~C~COAGA~GACTATC -GC TAAC - - T - ACGACGTT -G TTG TEACCHCTCGCG- = A=TEGAGGCTCGCCCTC ~CT TG UGG ~-COACOECC -ASCOTCTCCGTCAACOTCGE 1221
1114 :CAG-TCIGGACCRCGAGA-GAGTGT == =C - RACT - T - ATGA - TT TG0 T TS TRAT ACCO OG0~ - A-C oo o TCCOCTICAS - T TCIC ~COACTOTC - AGCOTOTCOGTCOAMGTOGE 1218
1117:C-00CCTOOA-C~COAGA~GA~-COACAGE TERACTAT =A== h =55 TGG -k T T -TGTe0G - OO ~GoCCASCGTGTCOGTCEACSTOOD 1221
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1222 : TEACCTOAACCACAN - ~TCOAS - ~C -~ TCTCTTCOC - GOAS COCAA TACACG O TG T TCCT CARCAACANCAA CC CoCCT G PCCGCACATCTT CACCGTICT CAGC CATGEATGCG-GAS 1331
1222 : COATGTCAACCACAN - =16 == C =G ~C P I AT TTGC <O O TR T TAC AL S TG T TCG T GAACCAGAA CAACCCTCCTGEAGCGEACATCTTCACACTATCGRCCATGGACGC ~GGAT 1333
1222 : TGACG TGAACGAL AL~ - TG - -C - TC ~L - TCATTC GO AACAG TOCG AL TACACG TG T TCG TEANGGAGANCANC CC GO CTCEAG TG ACGTCTTCACAGTATTGOCCATGGACCC -GEAT 1333
1222 : TCATCTCAACGACAR - = TG~ =CTCCAL TG - =TT TG ~GOACCC TGAA TACACG G TG T TCS TGAAGGAGAA CA AL C OGO CT GO TGO GCACATCT T TACAGTGT CAGCGATCOATGE - TGAT 1333
1222 : TOATGTGAACGACAN - - TG~ ~CT ~C~CTGCATTOGE ~GCAS CODRAATAL TTGT A oTT CTCAGCCATGGATGE -GGAT 1333
1222 : TCACGTGAACGACAALGTEC - CTEC 6T - - - TT -GC ~ AU A Co oG AA TACAC T TG T TCSTAARASGAGAR CAAC C oGO e TEE TOCSCACA TCTTCACGS TOTCAGCGATGEACGE - TGAT 133
1219 : PTEACCTCARCGAC AR ~ = TG -~CTCCASTS - - TTOGC ~CoAS COTCAA TAC RGO TCTTOGTGARGEAGARCAN, STCOAGCGCACATCIT CACCCATCOATCC -COAT 1330
1222 : TCACGTCAACGACAA - = TEETC - £ = = TOA FIOGE - A AT OO C AL TAC A G S TC T IO TG AR GG LA A S e o S TOGACTCCACA TETTCACACTATTCCCCOTGEAT ~-COTGAT 1333
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1572 ;CCACACTGCT - - G-GA- -A-C—CT-GAG - - - - - - - ~OCAS ~GACTCT ~CTG - - OTCE - AATC - G- - - - ~TGA~-~-GCC - BGTTEOT -CTC- CAGATC -~ ~AQ - - T~ -G -G~ -CT - -0--CA 1645
1572 : COACGCTECT - TECALC TTG -~ - =G -A=~C - -ROCAG - G - -A-TCTG - ~CTCE - TCTAST - -G - = = =A=G ==L G- ~AACTTE -T-GT - ~Ch===C=====C~T~ - -F -CAGTGEOTCOT 1645
1572 : CEACCC TR0~ - TELECCACG- - = =8 = MG ~C - TGTC -G - =G - -A-GCTG - ~COGL —GECAGT - - G- = = = A= G- = TG =~ AGCTTG - T~ G~ == ===~ L= m===C-TAGET -CAGTGGOTTCA 1643
1569 ~Ch=-C-~CTA-~~C0C-TGC- TGS ~GGCCTT - -~ 16 - ~GCTA-AC -G - -G -GGTTG~ ~GT ~GECACAATGART G = - AG -~ ~G-TADT -~ ~A~-TCARGAGCTTTGGTGC -CT-G5-TCA 1630
1572 :CCA--C-GCTAT-TOCC ~T-CACAI - RICEET - = - TG~~~ - = —R-====-= —OCT - - -FTCOOOAL -A- G- - T8 -AGC-—G-- A== =~ A---CTTOTOCCTASOT -CACTOOOTTCA 1643
1673 1 CCACCOTECT -C0-C0C—CTEA==~8 C=nm==== ~G-T—==AD=-C= G ~C -G~ ~GANCT ==~ =ATTG-=AG=TTCTT - GTC-CAGGT == =AG==T= =EAG==TT==——=CTF 1§36
1569 : COMCGOTRCT - === =00 -CTCA-TOGAS ~C -1 - - = ~CTT0 -QAG - CTRETG -G0 - ~-QCAGT -G~ AGCG- 1642

1572 : CCACCC TECT ~CE-GAC - ATCAG T ~CAG = = - = === G~ TG ~GA—CCTECTG ~ <8 —05 - AAT « == = = = = =P TA~ - GLCACCTT ~GT ~TTCEC ~G0TC = = = A= =T~ =G =G==GT-=G-~0CG 1645
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1646:GGCCA- -~ TETEETGAC TAAGG TEOGCGCEE TGGATGCAGAC TCTGGC TATAATGCATGGC TCT CTTAT G ~AGET = = = = =GCA=A=== =T =~CG=TCA-GANGG~ ~CAATTCCCOTAG-C 1744
16461 BOCCA- G- ~CTCETCACAAAG S TECG TOCAG T ACATGCCCA T T CTOS CTAT AATCCCTCCCTETCTTAT G ~AGCT GO - ~FC - == ~CTTTAG ~CAG - = =G G- =COGAGTE- 1744
1646 :GEGOATG TAGTEE - - ~COAASG TEOGOGCAL T AGA TGOGGACTC TGS TTACAATGCTTGETTE TCATATG - AGE TECAGTTCAGAGE = =166 ~CAG= TG =T =G~ =L =G ===C~-AGTC 1745
1621 : ~GG~~ T~ T-GTGG~ -~ COANGTCCOC0CTE TASATGAGGAC TCTCOATACAA TGOS TCCT TOTCT TT TG - ACC TCCAS ~CC -~ AG- =TT -G ~C -G - =60~ TGG~ A=~CT --TCOTACTC 1745
1646 GOGCA TG TAG TEG - -~ O T e S G A TAGA T O G AA T C T TTACAA T G TGO T CT TATE - AGCT - = = =~ TC -~ AG -~ TT00 - CAGCACE ~GEGECA - ~T-~GCOCAGTC 1745
== =CT~GCG~ACA~GGT -G~ ~C~~TCTCOOCAG-C 1735

1741

1646:6GACK-~ ATG=AGCTCCA=CCCA=A===CT == =G=T-==G-=6G~~C~--GCTCECAG-C 1741
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1745 :CTTTTCC == = == GCBTAGC TT TG TATACGECCGAGATIAS T A~ CT ~ACGC ~ ~GCA - TACTCCATE = A = === = ACCACAPTCES = CAL = ~CPCAL = = = = 000~ T~ T-CPCCTCCTCOTCA. 1838

1745 ==C =T -G I T AL TACG T TE TAC AL G GO GAGA TC ARG TACT - ~ADGC - -0 - TECOCTTOASG - A = == 56 =~ CALS - AT ~GOAL ~C = - AL - SCCATOS -COTAT - ~TACTCOTOOTCA. 1838
1T4E:C~-CTTUOGTGT - G0 ~ A~~~ CTATACACCOG TOACATCAC TATC - - ACTC - G ~COCTCTOGATG ~ A - -~ AL~ ~CAS -AT-GLGC - C - -~ G0 ~CCCARSG - CCTOT - ~-TCOTCTTOOTCA 1838
1E=CTTO0= -GTG CEAGAAATCASC N ~C~GACAE - -G~ PECTCTOEA 000 ~ -~ G ~CAGANT -~ - -C~CTTG -CGG-CACTG-CTTCT - ~TAGTCTTCGTGA 1838
sE=CPToC- —lemm-dm =~CCF -COCTACACCAA - == =G~ ~CAZ - AT -GC0C -CACCOCAG -C -G - -C-TOT- - TEETCTTGGTGA 1838
1736 006TTC0 - ~m = =GO C TEGCECTATAC AC TEC TGACATCACE A ~C - RACTOGTE = =~ TICTGEATG - ANCOGGA-C - =A-T-GC - COC = ~GTCA -~ -A-C-GC-T-TUITGGTGCTGETGA 1829
1742 :000TTCC- =G TCCC IO TG TACACCCC TRAGATC AGCA ~C ~GACGOGTGE - ~CT = TGOAT G~ AGGT GGA ~C = == ~ TUTC~-CTC = ~GGIAG - ~A-C~TC- - ~TATTGGTGCTGETGA 1833
1T42:0CTTTCC-— ——w @LW‘———*MJMC-W--‘-M"!H-AW 1835
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1839 AGGACT A TGG TG - AOCCA-GCARTCA T TG TTACCECCACAGTET - - TEC - TETCTCTCOTAGAGE - - ATG - ~£ - O ~CO0TAL - ~CAA-AGC — = = = == =C--TCOATCCOCA-C-TAT-C 1932
1830 AGAAL 2 ACCOGEAGEE - - AECGCTGATTOCCACACCOCACTE - ~ TS TTAS - TG TCT CTCCTTGAGAAL A - - = = ~GOL ~ A -~ AL ~TCCA-A = *A-AGCLTC-TT-C=GC == == =G~-AG-=~ 1328
1839 : AGEACL A TCEOTASET - ~CoCE TIEAC TOCCACAGCORCAG - - TG TGS ~TTICTCTOO T TGAGAGEN - == = =/ ACC-AG-=GC-ACCA-A-~A-GGCCTC-TT~C-AC ---=~G-0G--~ 1928
1838 : AMGAT JCOCAGANSE - ~TTCTC TEALCCCCACAGCORCCE - ~TCTT ~GCTTTCTCTGGT - ~AGA ~CA ~G~ COGCCAN ~ ===~ A~ ~CACA~GA-AG=GTC~~T~CATC~~TAAGGTGT -~ 1931
1519 ; ACOAL . LOGCEALEC - ~COCAL TCACCGCCACAGCCALGS - ~ TGCT -GG TR TCTCTEG TRGAGA = = A ==~ TGGCTAAG ~~~CACCCA-A-GATA- = ~TC-TT-C-CC~=T-TGCT-T-~ 1931
1830 : AGGATC..COECAAICE - A-CC TC TGACAGCTACGGCCACT ~ T~ TCCTOG - TCTCICT IGTGGAGA = ~ A=~ CAG - CC ~ AGRCCC =~ COA -GG ~T = == —=C= = = TCATC —= == === ER-—- 1318
1836 AGGACCATGG TEAGES - A~ CEACTGACAGCCAC TGCAACTET - T - TTAG - TOTCTCTTCTCEA A~ - A~ GCGG - COANS ~CTC - - C- A-RAG -T~~C~~CTTTTCA-C -AG--G-CAT-~ 1528
1836: mam-—mmm—mm—-m-—c—mm ~CAR- AR =T ==T-TCC 1821
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1933 : CACG--AG-TC-TOACR-CA~C =T = =0T == - = === —ERL-CLG~T -- == ~CACT-GETEG - A -TETCAAC G TG TACCTEATCATTECCATCTGTECAGTETCOAG - - ~CCT-GOTASTS 2020
1929 =~CECAAG==G==TGC= =CA=C=T=GG====CC-AGGAAGT - - =T~ - - ~ICCTTAG-T-CAA-TGT CANCGTGTACCT GATCATTOCCAT CTGTGC G TETCCACCOTACTAG-T--T- 2017
18 ~TCTTGG-~G-~T—C-~CAGC---AG----CCTCTGAA-T-C-AT-C-=T-G-TAG-T-GGA -TCTCARCG TG TATT TEATCATCEECATCTG TG GETETOCAG - - T -CT -GTTEETS 2017
: T-GGA-TETCARCCTETACCTEATCATCGCCATCTGOGCCOTCTOCAS-C - ~-CF-0TTOCTE 2020
T —=CTTCOG-AG-GCG-T-C-—=-GCTEG-T-~GACTGTCAACG TG TACE TEATCATTCC TATT TGCGCAG TGTCCAG -C - ~CT —GTTASTG 2020
1517 :-G66-T-GTTEETTGEAMS - - C-TCTH6T = = ~TCA-G-A-— ~C--TCCA- - COCT-GATAG - A-TGT CARC G TG TAC CTAATCATCOCCATTTCTGCGGTTICCAG - - = TCT-GTTGOTG 2011
1929 : CAGC-TCO-TCCTT-CALC - ~C- - D080 - — -~ ~ASGCA -~ == - ~T~==- = ~COCT-G0TEG - A-TCT CAACCTOTATT T GATT ATCOOCATCTCCOCACTCTCCAS - - ~CCT-CTTGETA 2017
1922 :CAGC--CGTTG- ~COCA-=A=C=TC~ ~-CTCCCEOASCORG - G0G-T- = = = =CoCT-GAT GG - A~ TE T CAATCTATACC T CATCATTCOCATT TECSCACTCTCCAG - = ~COT-GTTCETE 2017
- - - - - -
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2021 : CTCACGCTGCTGCTGTACACA - COCETGEGCTGTT -C - ~C ~-A--CT6-T -CC-C~~C~AGTG-AGAGE -GTGTG - ~C - -GG -6~ ~CCT-COMMAACCGGTAATGOTGTECTCCAGT 2113
2018 : CTAACCCTCATGETATACAC - COCAC-F0CG = G- TGCT -C ~A=GT~T ~COAC ==L~ = ~TACAGA - = = G~G~GT - -~ GTCTGOREGGE ~AGGEAN ~GOCTGTGCTGETGTECTCTAGT 2110
2018 : CTCACACTGE TG T TG TACAD - TOC T - TEOGATGCT ~CT G =A== = T= =T =Gl == == = = < ACTGA = = === G =GP CACCTOT - - CEALC ~CEGGAA - ACCCATECTGOTATGTTCCASE 2110
2021 : CTCACGCTAC TGO TG TACACANGES - - TRCGCT T T - COGOGACG = = = == = e = 0= == = == AL GA == TG =GAG-C ~C=TETGE - - TCC ~AGGEAA ~GCCCATEC TGO TOTGOTCCASE 2113
2021 I ATCACGCTEETECTTTACAL - TEEGE - TEOCCTEET —CALCANGE - - ~- = =~ === === ACAGA - - 1G- GAG~ £ - L~ TCTEE - - TO0 -GECENA -GOCCATOOTCOTCTCOTCOASE 2113
2012 : CTCACCCTGOTTCTGTACACA -GG -ATTOOCTE T - - - ~C = A= GC - GA=CGCCOACT -G~ = == =A== TG-GAG~C - C =T = -G~ TECTC CAGEAAAG - CCAGTOCTGETGTGCTCCAGE 2104
2018 : CTCACGCTGCTECT GCTATACA - GCG -CTGCECTGOT = = = ~C-A = 5L == ATTGC=CTA-TGGT - CA-A=~TGAG - GOCAC - TG~ G-GEGCCCT GCRAMAGCCOA-TGCTOCTGTGOTCOAGE 2116
C-A—=GCTGT~GC-C-~C-A-TGCAG -CCTEEGTG -~ ~C - ~G- G ~G~~CTTGRGAAGCCCACT -CICETGTGCTCAMGS 2110
- a - - - Ll
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2114 : GOAGTGCGG - ACCTCETCATACTCOCARE R ~ RAGCACCON ~ ARG -G ~GTETGLTC ~ TG -0 - G~ - GAGTACT - CACCTARGACT CALCT CATRC CCTTCAGCCCC-AG - - ~ T ~TT—-A-~~ I212
2111 1 GCGGTAGGG-AGCTGOTCCTACTCACAGCA ~GAGCAGACAG — A~ A0 -GTT TOTTC - TG ~GAGAGS - - GAC - - CACCTARA CCEATCTCATGGCCTTCAG - CCCRASTCTICCT-0--CT 2215
2111 : GCEET - CoOARLOTCOTCTTACTCTCALCA - ARACCACCOAS - A~ 86 - OTOTOTTC - AG- GAGALS - - GEC - - CACCAARGACAGA TCTCATOGECTTCASTOCE - AGTOTTCCT - 8- -8~ 2214
2114 :C0CCT-COCCALCTCOTCATACTOCCAGO A ~CABCCCA CAC - A - - CAGTCPECT O~ T8 - CACAAS -~ SO0 -~ CACCCARCACTCACC T CATCEOC - = Pu e Pue O - AL - - C-CO--CACCC 2210
2114 : GCGGT-GEOGASCT COTCATACTCGCAGCA ~CAGGAGACAG - A - ~GoGT GTETTC - TG -GAGAGS - - GTC - - CACCTAMGACCOASTTCATCCOCTTTAGT -COTAGT -CICC-—C-TCC 2217
2105: COGETAGGS-ACCTGETCATACT COCASCAG - ACCCGACAG ~AG-C-GTETECTCTECAGA -A -G -6T ~COAL~CO- ARGACCCACCTCATGECCTTCAG TCEC - AG - - -—COT--A~CC 2205
2117 : GAGGTGGGE- AGCTGOTOCTACTCACAGCAG - AGGCSOCAL - Mg~ G- 0T T GCTCTGGEEA - A -3~ TT - CTTC-CC - AMGACCCACCTCATCCCATTIAGCCOC - AG -~ ——CCT--A-CC 2217
2111 : GCTCTEGEG-ACCTEETCATACT - ~C- ACRECA - GAGACAGCACUGAGTAT GOTC ~AC - GAGN - GGAT ~ COGC ~CO - AMAAC CGACCTCATGCCT TTTAGCCOC ~AG - -~ TCTTACA-CC 2214
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22131 PCTCm == === A=Pmm = o= PC =A== == = =G = A = C = ~EAE =~ REEA ~TC - = - = AN

2216:T6T~-~---CC-G-GTTCTGG--G— -7 -=~G-A-G-CATCA

= ====G-GTT-T6G- -n-mr:--c-a-ﬁ--u-n-r---m“m—
TA-=-=--C-CT-CAG--GGTC-~C- - -A—-

T3 D CACCAGART CTORGGT RHRAS T ACAGCRACAGCT GOAL CTT TARM TACGEAC CASGC A CCCCAMIASTCCGCTCOCOGTGAST TOCCAG 2511
2409 : CACCAGARECTCAGGCALER Teroe TETCAACAGCR CTTTARAT COCCARACACTCOGETEOOGETCACTTOOCAS 2528
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Figure 5. CNRs Constitute a Multi-gene Family.

(A) Genomic Southern blot analysis using 5' (left) and 3' (right) conserved sequences
between CNR1 and CNR2 as probes. The sequences of the probes are shown in Figure 4A.
Ten ug of genomic DNA from C57BL/6 mouse liver digested with EcoRI (lane 1 and 4), Psil
(lane 2 and 5), and Sacl (lane 3 and 6) was loaded in each lane. DNA size markers are

A/HindlIl and A/Haelll.

(B) Alignment of the nucleotide sequences of eight CNR cDNA identified by RT-PCR.
Asterisks show the common nucleotides among the eight CNRs. The sequences of 5' and 3'
primers are boxed with shadows. The sequences of specific primers for Figure 6A are

underlined.

(C) Alignment of the deduced amino acid sequences of eight CNRs by each domain.
Asterisks show the common amino acid residues among the eight CNRs. Amino acid
residues common to at least five of the eight sequences are shown as white lettering on black
background. The sequences corresponding to 5" and 3' primers are underlined with thick bars.

The RGD motif and cysteine repeats are shadowed.

(D) Phylogenetic tree of the cadherin super family deduced from amino acid sequence

similarity.
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Figure 6. Identification of Eight Distinct CNRs in the Mouse Genome, and Expression

of Their Respective mRNAs in the Brain.

(A) RT-PCR analysis using specific primers for each CNR. The primer sequences are shown

in Figure 5B.

(B) Genomic Southern blot analyses with non-cross-hybridizing probes of CNR ¢cDNAs. Ten
ug of genomic DNA from C57BL/6 mouse liver digested with EcoRI (E), Psf (P), and Sacl
(S) was applied to each lane. The probes used are from extracellular domains 2 and 3, which
comprise the least-conserved region among the CNRs. Note that each CNR does not exhibit

the same pattern of bands.



212~
170-

16— .

76— i




kD

212 —
170 —

116 —

76 —

53 -

Fyn

A
ST M*L] P



Figure 7. Establishment of CNR1 antibodies.

(A) SDS-PAGE analysis of extracts from trx A-CNR1EC-producing E. coli before induction
(lane 1), after induction (lane 2) and purified fusion protein (lane 3) are stained with CBB.

The purified fusion protein was injected into rabbit and mouse.

(B) Left panel shows SDS-PAGE analysis of extracts from GST-CNR1EC-producing E. coli
before induction (lane 1) and after induction (lane 2). The gel was stained with CBB. Center
panel shows Western blot analysis of the E. coli extracts before (lane 3) and after induction
(lane 4) incubated with rabbit anti-serum. Right panel shows Western blot analysis of
extracts from GST-CNR1EC-producing E. coli before (lane 5) and after induction (lane 6)

incubated with 6-1B mouse monoclonal antibody.

(C) Developmental profile of CNR1 protein expression. 30 ug of P2 fractions
at embryonic day 17 (E17), postnatal (P0) day 0, 1, 4, 5, 7, and 30 were loaded for Western
blot analysis. The membranes were incubated with anti-CNR1 monoclonal antibody 6-1B

(top panel) and the anti-Fyn monoclonal antibody YC3 (bottom panel).
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Figure 8. CNR1 is Concentrated in the Postsynaptic Density Fraction.

P2 fraction (P2), synaptosomal fraction (sy), and postsynaptic density fraction (PSD) were

prepared as described in Materials and Methods. 10 ug of the samples was loaded in each

lane.

(A) SDS-PAGE analysis of the samples stained with CBB.

(B) The NMDA receptor £2 and Fyn were quantitated as fraction preparation controls.

(C) CNRI1 antiserum reacted with 160 kDa-protein. The protein was concentrated in the PSD

fraction.

(D) Pre-immune antiserum was incubated for control.

(E) CNR1 monoclonal antibody 6-1B reacted with 160 kDa-protein, The protein was

concentrated in the PSD fraction.
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Figure 9. Co-immunoprecipitation of CNR1 with Fyn.

Mouse brain homogenate in RIPA buffer was incubated with protein G beads coated with
anti-Fyn monoclonal antibody vC3. Immunoprecipitates were analyzed by Westem blot
analysis using CNR1 anti-serum (left) and anti-CNR1 monoclonal antibody 6-1B (right).
Lane 1 and lane 4, whole brain homogenate in RIPA buffer; lane 2 and lane 5, protein G
beads reacted with brain homogenate; lane 3 and lane 6, immunoprecipitate with yC3
monoclonal antibody-coated protein G beads. 160 kD-protein bands were detected in both

antibodies.
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Figure 10. The Conserved Cytoplasmic Region in All CNRs Bind the Fyn Regulatory

Region.

(A) Schematic representation of Fyn and GST-fusion proteins. The DNA fragment of unique-
SH3-SH2 and SH3 regions were cloned into pGEX-2T expression vector to yield GST-Fyn-
U32 fusion protein and GST-Fyn-3 fusion protein, respectively. Fusion proteins were tested

for their ability to bind to the conserved cytoplasmic region of CNR family by ELISA.

(B) The conserved sequence of CNR1 and CNR2 was cloned into pGEX-2T expression
vector to yield GST-CNR-CP fusion protein. This protein was coated at 2.0 ug/well in
duplicate rows. Only GST protein was also coated at 2.0 ug/well in another pair of duplicate
rows. The GST-Fyn-U32 and the GST-Fyn-3 proteins were incubated after being serially
diluted (3:4) starting at 600 pM and 770 pM, respectively. The graph shows the dose-
response binding curve of GST-Fyn-fusion proteins to the conserved-CNR cytoplasmic
region.

Abs415 = absorbance at 415 nm; X = GST-Fyn-U32, GST-Fyn-3.



Table 1. No. of clones by RT-PCR

&CNN CNR2 |CNR3 [CNR4 [CNRS5 [CNR6 [CNR7 |CNRS
Po |1 (110 (0|0 |0 |0 |28
P30/ 7 |5 |5 |6 |5 |3 (|10
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