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In this investigation, we report identification and characterization
of a 95 kDa postsynaptic density protein (PSD-95)/discs-large/
ZO-1 (PDZ) domain-containing protein termed tamalin, also re-
cently named GRP1-associated scaffold protein (GRASP), that
interacts with group 1 metabotropic glutamate receptors
(mGluRs). The yeast two-hybrid system and in vitro pull-down
assays indicated that the PDZ domain-containing, amino-terminal
half of tamalin directly binds to the class I PDZ-binding motif of
group 1 mGluRs. The C-terminal half of tamalin also bound to
cytohesins, the members of guanine nucleotide exchange factors
(GEFs) specific for the ADP-ribosylation factor (ARF) family of
small GTP-binding proteins. Tamalin mRNA is expressed predom-
inantly in the telencephalic region and highly overlaps with the
expression of group 1 mGluR mRNAs. Both tamalin and
cytohesin-2 were enriched and codistributed with mGluR1a in
postsynaptic membrane fractions. Importantly, recombinant and

native mGluR1a/tamalin/cytohesin-2 complexes were coimmuno-
precipitated from transfected COS-7 cells and rat brain tissue,
respectively. Transfection of tamalin and mutant tamalin lacking a
cytohesin-binding domain caused an increase and decrease in
cell-surface expression of mGluR1a in COS-7 cells, respectively.
Furthermore, adenovirus-mediated expression of tamalin and
dominant-negative tamalin facilitated and reduced the neuritic
distribution of endogenous mGluR5 in cultured hippocampal neu-
rons, respectively. The results indicate that tamalin plays a key role
in the association of group 1 mGluRs with the ARF-specific GEF
proteins and contributes to intracellular trafficking and the macro-
molecular organization of group 1 mGluRs at synapses.
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Glutamate is a major excitatory neurotransmitter in the mamma-
lian CNS and plays a key role in neuronal plasticity, neural cell
development, and neurotoxicity (Choi and Rothman, 1990; Bliss
and Collingridge, 1993; Nakanishi and Masu, 1994). Glutamate
neurotransmitter exerts physiological actions through two distinct
types of receptors, namely, ionotropic and metabotropic gluta-
mate receptors (mGluRs) (Nakanishi, 1992). The ionotropic re-
ceptors are glutamate-gated ion channels, whereas the mGluRs
belong to G-protein-coupled receptors and exert their effects on
intracellular second messengers and ion channels through
G-proteins. Eight different subtypes of mGluRs have been iden-
tified so far that can be subdivided into three groups according to
sequence similarities, intracellular signaling mechanisms, and
pharmacological profiles (Nakanishi, 1992; Pin and Duvoisin,
1995). Group 1 receptors (mGluR1 and mGluR5) activate phos-
pholipase C and couple to inositol 1,4,5-triphosphate/Ca2� signal
transduction (Abe et al., 1992; Aramori and Nakanishi, 1992).
Group 2 (mGluR2 and mGluR3) and group 3 (mGluR4,

mGluR6, mGluR7, and mGluR8) receptors show different phar-
macological profiles but are both linked to the inhibitory cAMP
cascade (Tanabe et al., 1992; Pin and Duvoisin, 1995).

Recent studies have indicated that the 95 kDa postsynaptic
density protein (PSD-95)/discs-large/ZO-1 (PDZ) domain-
containing proteins interact with the C-terminal motifs of gluta-
mate receptors and play an important role in receptor trafficking
and clustering as well as coupling of receptors to signaling pro-
teins (Craven and Bredt, 1998; Garner et al., 2000; Sheng and
Sala, 2001). For example, PSD-95 interacts with NR2 subunits of
NMDA receptors (Kornau et al., 1995; Niethammer et al., 1996),
whereas glutamate receptor-interacting protein (GRIP), AMPA
receptor binding protein (ABP), and the protein interacting with
C-kinase (PICK1) bind to AMPA receptor subunits (Dong et al.,
1997; Srivastava et al., 1998; Dev et al., 1999; Xia et al., 1999). In
addition, PICK1 has been shown to interact with the PDZ-
binding motif of mGluR7a (Boudin et al., 2000; Dev et al., 2000;
El Far et al., 2000). Group 1 and group 2 mGluRs possess a typical
PDZ-binding motif (STL or SSL) at their C-terminal sequences.
Individual receptor subtypes of the mGluR family are localized
distinctly at axonal terminals, dendritic processes, or somatoden-
dritic regions (Shigemoto and Mizuno, 2000). However, targeting
proteins involved in mGluR subtypes still remain to be clarified.

This investigation concerns identification of a PDZ domain-
containing protein that interacts with the PDZ-binding motif of
the mGluR family. We here report that a PDZ domain-containing
protein, termed tamalin, interacts with group 1 mGluRs and
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forms a protein complex comprising cytohesins, the members of
guanine nucleotide exchange factors (GEFs) for the ADP-
ribosylation factor (ARF) family of small GTP-binding proteins.
Furthermore, we show that tamalin causes an increase in not only
cell-surface expression of mGluR1a in transfected cells but also
in neuritic distribution of endogenous mGluR5 in cultured hip-
pocampal neurons.

MATERIALS AND METHODS
Yeast two-hybrid system. The C-terminal regions of mGluRs (ct-mGluRs)
and the GABAB2 subunit of GABA receptors were amplified by PCR
from plasmids encoding the full-length rat receptors or by reverse tran-
scriptase (RT)-mediated PCR from rat brain total RNA. The amplified
fragments were subcloned in frame into a bait plasmid, pAS2–1 (Clon-
tech, Palo Alto, CA). The appropriate integrity of inserts was verified by
DNA sequencing. In yeast two-hybrid screening, an adult rat brain cDNA
library fused to the GAL4 activation domain (MATCHMAKER GAL4
cDNA library; Clontech) was cotransformed into yeast Y190 (Clontech)
with the bait plasmid containing the ct-mGluR2 sequence. Colony selection
and �-galactosidase reporter gene assay were performed as described
previously (Dev et al., 1999). Yeast two-hybrid screening of tamalin-binding
proteins from a rat brain cDNA library was conducted with use of the bait
plasmid containing the full-length rat tamalin sequence.

cDNA cloning and sequence analysis. Four independent clones encod-
ing the full-length tamalin were isolated from 5 � 10 5 phage clones of a
rat forebrain cDNA library by hybridization with the PstI fragment of the
tamalin cDNA. Two mouse expressed sequence tag (EST) clones encod-
ing mouse tamalin, MNCb-4428 (accession number AB041603) and
MNCb-4442 (accession number AU079540), were obtained from the
Japanese National Institute of Infectious Disease (Tokyo, Japan). A
mouse cDNA clone in GenBank database (accession number AF192525)
encoded cytohesin-binding protein (CBP) but lacked the amino-terminal
portion of this protein. Appropriate primers for RT-PCR were designed
from the GenBank EST database and used for cloning of the deleted
amino-terminal portion of CBP from mouse brain RNA. Both strands of
the cDNA clones were determined by the chain-termination method with
BigDye Terminator Cycle Sequencing (Applied Biosystems, Foster City,
CA). The full-length rat tamalin nucleotide sequence and the supple-
mented 5�-nucleotide sequence of mouse CBP were deposited in the
GenBank database as accession numbers AF374272 and AF374273,
respectively. Sequence database analysis was performed with the BLAST
program (National Center for Biotechnology Information, National In-
stitutes of Health, Bethesda, MD) and the ISREC ProfileScan server
(http://www.isrec.isb-sib.ch/profile). Sequence alignment was conducted
with the ClustalW algorithm (http://www.clustalw.genome.ad.jp/).

Northern blotting. Multiple Tissue Northern blots (2 �g poly(A �) RNA
per lane; Clontech) were probed with 32P-labeled cDNA fragments under
high-stringency conditions using ExpressHyb Hybridization Solution
(Clontech); the cDNA fragments used corresponded to amino acid residues
10–200 of mouse tamalin and residues 36–236 of mouse CBP. The blots
were exposed on x-ray films at �80°C with intensifying screens overnight.

In situ hybridization. In situ hybridization was performed as described
previously (Watanabe et al., 1998). Briefly, 35S-labeled antisense and
sense riboprobes corresponding to amino acid residues 10–200 of mouse
tamalin were hybridized with cryostat sections (10 �m) of adult mouse
brain. After washing and RNase A treatment, sections were exposed to
Hyperfilm �max (Amersham Biosciences, Buckinghamshire, UK) for 1
week, dipped into photographic emulsion NTB-3 (Eastman Kodak,
Rochester, NY), and exposed for 10 d.

Glutathione S-transferase pull-down assay. Fusion constructs were gen-
erated by inserting appropriate restriction fragments isolated from
cloned cDNAs or PCR products in frame into pGEX-4T-1, pGEX-4T-2
(Amersham Biosciences), pMALc2X (New England Biolabs, Beverly,
MA), or pET thioredoxin (Trx) fusion system vector 32a(�) (Novagen,
Darmstadt, Germany). Glutathione S-transferase (GST) fusion proteins,
maltose-binding protein (MAL) fusion proteins, and hexahistidine-
tagged Trx (His-Trx) fusion proteins were expressed in Escherichia coli
and purified by glutathione-Sepharose 4B beads (Amersham Bio-
sciences), Amylose Resin (New England Biolabs), and Ni-NTA Agarose
(Qiagen, Hilden, Germany), respectively. The purified proteins were
dialyzed against PBS (137 mM NaCl, 2.68 mM KCl, 8.10 mM Na2HPO4,
1.47 mM KH2PO4) at 4°C. GST fusion proteins were immobilized on
glutathione-Sepharose 4B beads and incubated with either MAL fusion

proteins or His-Trx fusion proteins in the solution (500 �l) containing
PBS and 1% Triton X-100 at 4°C for 2 hr; 1 �g of each fusion protein was
used. The beads were washed four times with the incubation buffer.
Bound proteins were eluted with 2� SDS-PAGE loading buffer, sepa-
rated by SDS-PAGE (12% gel), and immunoblotted.

Immunoprecipitation. Mammalian expression vectors for the full-
length and deletion mutants of rat mGluR1a were constructed in pEF-
BOS (Kawabata et al., 1996). Other expression vectors were generated by
inserting appropriate restriction fragments isolated from either cDNAs
or PCR fragments into pcDNA3.1 (Invitrogen, San Diego, CA), pCMV-
Tag3B, pCMV-Tag3C (Stratagene, La Jolla, CA), or pCI-neo (Promega,
Madison, WI). Expression vectors were transfected into either human
embryonic kidney (HEK) 293 cells or COS-7 cells on a six-well plate by
lipofectamine or lipofectamine 2000 (Invitrogen, Grand Island, NY).
Cells were lysed 36–48 hr after transfection with the following lysis
buffer: 50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor
mixture Complete (Roche Diagnostics, Mannheim, Germany). For mea-
surement of cell-surface expression of mGluR1a in transfected cells,
cell-surface proteins were biotinylated with membrane-impermeable bi-
otinamidocaproate N-hydroxysuccinamide ester for 30 min at 4°C as
described by the vendor (Amersham Biosciences). Cell lysates were
centrifuged at 10,000 � g for 10 min, and supernatants were precleared
with protein A Sepharose. They were incubated with 2 �l antiserum or 1
�g antibody and attached to protein A Sepharose. Precipitates were
washed three times with 500 �l lysis buffer and dissolved into 2�
SDS-PAGE loading buffer. Immunoblots were reacted with horse radish
peroxidase (HRP)-conjugated NeutrAvidin (Pierce, Rockford, IL) and
detected with HRP reaction. Band intensities were quantified by GS-710
densitometer (Bio-Rad, Hercules, CA). Approximately 6% of mGluR1a
was recovered at cell-surface membranes in cells transfected with
mGluR1a cDNA alone. Adult rat whole brains were homogenized and
fractionated into cytosols and P1 and P2 membrane fractions (Dunah et
al., 1998). The P2 fraction was solubilized in 50 mM Tris-Cl, pH 7.4,
containing 1% sodium deoxycholate at 36°C for 30 min and dialyzed
against 50 mM Tris-Cl, pH 7.4, and 0.1% Triton X-100 overnight. The
solubilized fraction was immunoprecipitated as described (Naisbitt et al.,
1999). In immunoblot analysis of brain extracts, tamalin comigrated with
the heavy chain of the antibody used for immunoprecipitation. To solve
this problem, rabbit anti-tamalin antibody was biotinylated with bioti-
namidocaproate N-hydroxysuccinamide ester, and immunoprecipitates
were blotted with the biotin-conjugated anti-tamalin antibody. Postsyn-
aptic membrane fractions were extracted from synaptosomes with Triton
X-100 once (PSD I) or twice (PSD II) or with Triton X-100 followed by
sarkosyl (PSD III) as described (Cho et al., 1992).

Immunocytochemistry. Transfected COS-7 cells were plated on a cov-
erslip 24 hr after transfection and grown for 1 d. Cells were washed with
PBS and immunoreacted with human antibody directed against the
extracellular portion of mGluR1 (Sillevis Smitt et al., 2000) in PBS
containing 5% normal goat serum for 1 hr at room temperature. They
were washed, fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature, and permeabilized with 0.1% Triton X-100 in PBS contain-
ing 5% normal goat serum overnight at 4°C. They were immunoreacted
with anti-tamalin antibody and then secondary antibodies and visualized
as described (Dev et al., 1999), using an Olympus confocal microscopy
(Tokyo, Japan).

Hippocampal cell culture and adenoviral infection. CA1/CA3 hippocam-
pal neurons were cultured according to the procedures described by Bito
et al. (1996) with minor modifications. Briefly, dissociated cells from the
CA1/CA3 regions of hippocampi of 1-d-old ICR mice were maintained in
culture for 7 d on a coverslip coated with Matrigel substrate (Becton
Dickinson, Franklin Lakes, NJ). Proliferation of non-neuronal cells was
prevented by the addition of 4 �M cytosine arabinoside (Sigma, St. Louis,
MO) from the second day in culture. To promote selective expression of
recombinant proteins in neurons, the tetracycline (tet) gene expression
system was used (Gossen and Bujard, 1992) by generating two types of
recombinant adenoviruses. One carried tet transactivator (tTA) with
nuclear localization signal (Yoshida and Hamada, 1997) immediately
downstream of the neuron-specific enolase promoter (NSE-tTA),
whereas the other contained myc-tagged full-length rat tamalin (myc-
tamalin), myc-N-tam, and enhanced green fluorescent protein (EGFP)
downstream of the tet response element (TRE; Clontech). The NSE
promoter was a kind gift from H. Bito (Department of Pharmacology,
Kyoto University Faculty of Medicine) (Sakimura et al., 1987). Recom-
binant adenoviral plasmids were generated by homologous recombina-
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tion in E. coli according to the procedures described by He et al. (1998);
pShuttle vector, pAdEasy vector, and E. coli BJ5183 were obtained from
B. Vogelstein (The Johns Hopkins Oncology Center) (He et al., 1998).
The NSE-tTA, TRE-myc-tamalin, TRE-myc-N-tam, and TRE-EGFP
genes were inserted into pShuttle vector, linearized, and subjected to
homologous recombination with an adenoviral backbone plasmid
pAdEasy in E. coli BJ5183 (He et al., 1998). The adenoviral plasmids
were linearized and transfected into HEK 293 cells by lipofectamine.
Ten days after transfection, cell lysate was obtained from HEK 293 cells,
and recombinant adenoviruses were amplified by repeating adenoviral
infection twice. Hippocampal neurons were coinfected at 7 d in culture
with two types of adenoviruses, one carrying NSE-tTA and the other
bearing TRE-myc-tamalin, TRE-myc-N-tam, or TRE-EGFP. Forty-eight
to sixty hours after infection, neurons were washed with PBS, fixed with
4% paraformaldehyde in PBS for 10 min, and immunostained with
primary and then secondary antibodies as described above. Immunore-
active soma and neurites were visualized with a confocal microscopy
LSM510 (Carl Zeiss, Göttingen, Germany).

Antibodies. Rabbit tamalin antisera were raised against a bovine serum
albumin (BSA)-conjugated synthetic peptide corresponding to the
amino-terminal sequence (residues 1–20) of rat tamalin; this sequence
significantly diverges from the corresponding sequence of CBP. Rabbit
cytohesin-2 antisera were raised against a BSA-conjugated synthetic
peptide of the amino-terminal sequence (residues 1–26) of rat
cytohesin-2. Anti-cytohesin-2 antibody preferentially reacted with
cytohesin-2 but slightly (�5%) cross-reacted with cytohesin-1 and
cytohesin-3. Anti-tamalin and anti-cytohesin-2 antisera were used for
immunoprecipitation and immunocytochemistry of transfected cells. For
brain extracts, these antisera were further affinity purified on HiTrap
columns (Amersham Biosciences) coupled to GST fused to the amino-
terminal half of tamalin or His-Trx fused to cytohesin-2. Other primary
antibodies used were polyclonal rabbit anti-mGluR5 and anti-mGluR1a
antibodies (Shigemoto et al., 1993, 1997), polyclonal rabbit anti-MAL
antibody (New England Biolabs), monoclonal mouse anti-mGluR1a an-
tibody (BD PharMingen, San Diego, CA), monoclonal mouse anti-myc
antibody (Clontech), polyclonal rabbit anti-EGFP antibody (Clontech),
monoclonal mouse anti-PSD-95 antibody (BD Transduction Laborato-
ries, Lexington, KY), and monoclonal mouse anti-synaptophysin anti-
body (Sigma). Immunoblotting bands and immunostaining patterns were
detected with HRP-conjugated anti-rabbit or anti-mouse IgG antibody
(Jackson ImmunoResearch, West Grove, PA), followed by HRP reaction,
biotinylated anti-human IgG antibody, followed by FITC-conjugated Avi-
din D (Vector Laboratories, Burlingame, CA), Texas Red-conjugated anti-
rabbit IgG antibody (Molecular Probes, Eugene, OR), Cy3-conjugated
anti-rabbit IgG antibody (Jackson ImmunoResearch), and FITC-
conjugated anti-mouse IgG antibody (Vector Laboratories).

RESULTS
Isolation of an mGluR-interacting protein using the
yeast two-hybrid system
Group 1 and group 2 mGluRs contain a common ST/SL motif
that belongs to the class I PDZ-binding motif (Songyang et al.,

1997; Sheng and Sala, 2001). In contrast, the C-terminal se-
quences of group 3 mGluRs resemble the class II PDZ-binding
motif or diverge from these motifs (Songyang et al., 1997; Sheng
and Sala, 2001). To identify the PDZ domain-containing proteins
that interact with the C-terminal sequences of group 1 and group
2 mGluRs, the last 53 amino acid C-terminal sequence (residues
820–872) of mGluR2 (ct-mGluR2) was used as a bait. We
screened 3.8 � 105 clones of a rat brain cDNA library fused to the
GAL4 activation domain. Of 30 �-galactosidase-positive clones,
24 clones shared an identical sequence that encoded a PDZ
domain-containing protein termed tamalin (tagging metabotropic
glutamate receptors and ARF-GEF), and one representative ta-
malin clone was further analyzed. To determine the specificity of
interaction, the tamalin clone was transformed into yeast harbor-
ing plasmids containing ct-mGluRs and subjected to filter
�-galactosidase assays. Tamalin interacted with the ct-mGluRs
possessing the class I PDZ-binding motif (ct-mGluR1a, 2, 3, and
5), whereas no such interaction was observed for other ct-mGluRs
lacking the class I PDZ-binding motif (ct-mGluR4, 6, 7a, and 8)
(Fig. 1). Tamalin also interacted with the C terminus of GABAB2,
the last 3-amino acid sequence (SGL) of which is similar to that
of group 1 and group 2 mGluRs.

Sequence analysis of tamalin
Clones encoding the full-length tamalin were isolated from an
adult rat forebrain cDNA library and subjected to DNA sequenc-
ing. The tamalin cDNA insert encoded the protein sequence
composed of 394 amino acid residues (Fig. 2A). BLAST search
analysis showed that several mouse EST clones shared a highly
homologous nucleotide sequence with the rat tamalin cDNA.
Two clones (accession numbers AB041603 and AU079540) were
obtained, and they showed an identical protein sequence of 392
residues and were highly homologous to the tamalin rat counter-
part with a sequence identity of 97% positions (Fig. 2A). The
nucleotide sequences surrounding the first AUG codon in both
rat and mouse tamalin mRNAs agreed well with the Kozak
consensus sequence (Kozak, 1987), and the mouse mRNA pos-
sessed an in-frame stop codon in the putative 5�-untranslated
region.

Further BLAST search analysis identified a closely related
protein sequence, termed CBP, from both human and mouse.
CBP was initially isolated as a gene product specific to human
natural killer cells by subtraction cloning techniques (Dixon et al.,
1993). Tamalin and CBP are highly homologous in several char-

Figure 1. Interaction of tamalin with the C-terminal regions of mGluRs and GABAB2 in the yeast two-hybrid system. Interaction of the complete
C-terminal regions of mGluR2, 3, 4, 6, 7a, and 8 was tested by filter �-galactosidase assay in the yeast two-hybrid system. For mGluR1a and 5, the last
seven and five amino acid C-terminal sequences were used, respectively, because the complete C-terminal sequences of both receptors displayed false
positive data without addition of a prey plasmid. ct-GABAB2 contained the last 80 amino acid sequence of the C terminus of GABAB2. Positive
interaction is indicated as �, and negative is indicated as �.
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acteristic domains of this protein family (56% match in the
common structural domains) (Fig. 2A). Recently, Nevrivy et al.
(2000) reported molecular cloning of a retinoic acid-induced
gene, termed GRASP, from P19 embryonal carcinoma cells.
Mouse tamalin and GRASP showed a single amino acid substi-
tution (L/P) at position 299, indicating that they represent the
same gene product. The term of tamalin has been kept in this
study to avoid confusion with a distinct GRASP that was identi-
fied as a GRIP-associated protein (Ye et al., 2000).

Tamalin possesses a PDZ domain and an alanine-rich, proline-
rich, and glycine-rich region (Fig. 2B). Additionally, tamalin has
a leucine zipper sequence, four YXXL motifs involved in
clathrin-mediated endocytosis (Ohno et al., 1995; Mellman, 1996;
Heilker et al., 1999), and a PDZ-binding motif (SQL) at the end
of the C terminus. Interestingly, CBP possesses a PDZ domain
and a leucine zipper domain but lacks all other protein motifs
characteristic of tamalin, suggesting that both tamalin and CBP
serve as scaffold proteins but may have distinct functions.

Distribution of tamalin and CBP mRNAs
Tissue distribution of mRNAs for mouse tamalin and CBP was
examined by Northern blot analysis (Fig. 3A). Tamalin mRNA
was �2 kilonucleotides long and expressed at high levels in the
brain and at moderate or low levels in the heart, lung, and kidney.
This tissue distribution of mouse tamalin mRNA was consistent
with the result of RT-PCR analysis reported by Nevrivy et al.
(2000). In contrast, mouse CBP mRNA was undetectable in the
brain and distributed in other tissues such as the spleen, lung,
kidney, testis, heart, and liver.

In situ hybridization analysis with an antisense riboprobe re-
vealed a wide distribution of tamalin mRNA in the mouse brain
(Fig. 3B). No hybridization signals were observed in parallel
experiments using the sense riboprobe (Fig. 3C). Prominent ex-
pression of tamalin mRNA was detected mainly in the telence-
phalic regions, including the olfactory bulb, cerebral cortex, hip-
pocampus, anterior olfactory nucleus, olfactory tubercle,
striatum, and nucleus accumbens (Fig. 3B). No appreciable ex-
pression was noted in the cerebellum, thalamus, or hypothalamus.
In the hippocampus, intense signals were seen in pyramidal cells
throughout CA1–CA3 regions as well as in granule cells of the
dentate gyrus (Fig. 3D). In the olfactory bulb, prominent expres-
sion was observed in mitral cells and internal granular cells (Fig.
3E). In the cerebral cortex, signals were distributed in all but layer
I, with the highest intensity at layers II–III (Fig. 3F). Interest-
ingly, this cellular distribution of tamalin mRNA correlates well
with that of mGluR5 mRNA and partially overlaps that of
mGluR1a mRNA (Shigemoto and Mizuno, 2000).

GST pull-down assay
The specific interaction between mGluR subtypes and tamalin
was biochemically examined by GST pull-down assays using the
GST-tamalin fusion proteins. GST fused to the full-length tama-
lin resided in insoluble fractions in E. coli, and only a small
amount of GST-tamalin was recovered by solubilization with
detergents. Although the solubilized GST-tamalin was found to
bind to the last 59 amino acid sequence of ct-mGluR1a fused to
MAL (MAL-1ct), it was difficult to quantify the interaction
between tamalin and ct-mGluR1a. We therefore separated rat

Figure 2. Structure of tamalin. A, Amino acid sequence alignment of rat tamalin, mouse tamalin, and mouse CBP is indicated. Identical amino acids
are shown by black boxes, and conserved amino acids are shaded by gray boxes. The PDZ domain is underlined, and YXXL motifs are indicated by
brackets. Four leucine residues and one lysine residue present every seven amino acids in the leucine zipper sequence are displayed by open circles and
an asterisk, respectively. B, A schematic structure indicating the characteristic structural domains and sequence motifs of rat tamalin. Two separate
regions used for delineating protein–protein interacting domains of tamalin are shown below the schematic structure.
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tamalin into two fragments covering the PDZ-containing and
PDZ-lacking domains and fused each domain to GST (GST-N-
tam and GST-C-tam, respectively) (Fig. 2B). The two domains
became soluble in E. coli extracts. GST pull-down assays showed
that MAL-1ct effectively bound to GST-N-tam but not to either
GST-C-tam or GST alone (Fig. 4A). An effective interaction of

GST-N-tam was also observed for ct-mGluR2, ct-mGluR3, and
ct-mGluR5, but not for ct-mGluR4, ct-mGluR7a, and ct-mGluR8
(all ct-mGluRs used were the MAL fusion proteins) (data not
shown). This selectivity in tamalin interaction agreed well with
that determined by yeast two-hybrid analysis. Furthermore, dele-
tion of the last three amino acid residues of ct-mGluR1a (MAL-
1ct del3) abolished the ability of MAL-1ct to bind to GST-N-tam
(Fig. 4B). The results indicated that the PDZ domain of tamalin
recognizes the class I PDZ-binding motif of ct-mGluRs and
allows a specific complex formation between tamalin and group 1
and group 2 mGluRs.

Coimmunoprecipitation of group 1 mGluRs and tamalin
To investigate the interaction between tamalin and mGluR1a in
mammalian cells, cell lysates of HEK293 cells transiently coex-
pressing tamalin and mGluR1a were immunoprecipitated with
anti-tamalin antibody, followed by immunoblotting with anti-
mGluR1a antibody (Fig. 5A). Anti-tamalin antibody coimmuno-
precipitated a dimeric form of mGluR1a, whereas no such
mGluR1a immunoprecipitate was detected in cells transfected
with either mGluR1a or tamalin alone. In addition, nonimmu-
nized serum did not precipitate mGluR1a from cells coexpressing
mGluR1a and tamalin. We then tested the interaction between
tamalin and mGluR1a lacking either the last 3 amino acid resi-
dues (mGluR1a del3) (Fig. 5B) or the last 10 residues (mGluR1a
del10) (data not shown). Both deletions showed a reduced but
small amount of coimmunoprecipitates of mutant mGluR1a (Fig.
5B). The coimmunoprecipitation of tamalin and mGluR1a del3 or
mGluR1a del10 may result from an interaction with an additional
site other than the last 10 amino acid residues of mGluR1a either

Figure 3. Expression patterns of mRNAs for mouse tamalin and CBP. A,
Northern blot analysis of mouse tamalin and CBP mRNAs. A mouse
Multiple Tissue Northern blot was probed with the mouse tamalin (lef t)
and CBP (right) cDNAs. Positions of RNA molecular size markers are
shown in kilonucleotides (knt). B–F, In situ hybridization analysis of
tamalin mRNA in the adult mouse brain. Negative film images of in situ
hybridization of parasagittal sections analyzed with the tamalin antisense
riboprobe (B) and sense riboprobe (C) are shown. OB, Main olfactory
bulb; Cx, cerebral cortex; Hi, hippocampus; Cb, cerebellum; AON, ante-
rior olfactory nucleus; Ac, nucleus accumbens; St, striatum; Tu, olfactory
tubercle. Dark-field photomicrographs show tamalin mRNA in the hip-
pocampus (D), olfactory bulb (E), and cerebral cortex ( F). DG, Dentate
gyrus; Gl, glomerular layer; EPl, external plexiform layer; Mi, mitral cell
layer; Gr, internal granular layer. Scale bars: B, C, 2 mm; D–F, 500 �m.

Figure 4. In vitro binding of tamalin with ct-mGluR1a. A, GST fusion
proteins containing the amino-terminal sequence (residues 2–209, GST-
N-tam) and the C-terminal sequence (residues 173–394, GST-C-tam) of
rat tamalin as well as GST alone were immobilized on glutathione-
Sepharose 4B beads and tested for their ability to bind to the MAL fusion
protein containing the last 59 amino acid residues of ct-mGluR1a (MAL-
1ct). Bound proteins were detected by immunoblotting with anti-MAL
antibody. B, A mutant lacking the last three amino acid residues of
ct-mGluR1a (MAL-1ct del3), MAL-1ct, and MAL were tested as in A.
Inputs show equivalent amounts of MAL and MAL fusion proteins used
for pull-down assays. The sizes (in kilodaltons) of molecular markers are
indicated on the lef t.

1284 J. Neurosci., February 15, 2002, 22(4):1280–1289 Kitano et al. Interaction of Tamalin with mGluRs and Cytohesins



directly or through as yet unidentified scaffold proteins. More
importantly, the reduction of mGluR1a coimmunoprecipitates
was significant in both deletions, indicating that the binding
between the PDZ domain and the PDZ-binding motif plays a
major role in interaction between tamalin and mGluR1a.

We next addressed whether tamalin and mGluRs form a protein
complex in the rat brain. Solubilized rat brain membrane fractions
were immunoprecipitated with an affinity-purified anti-tamalin an-
tibody and analyzed with anti-mGluR antibodies. Anti-tamalin
antibody coimmunoprecipitated dimeric forms of both mGluR1a
and mGluR5 in brain extracts, whereas these receptors were not
precipitated with normal rabbit IgG (Fig. 5C). Also noteworthy is
the finding that no appreciable coimmunoprecipitates were de-
tected by immunoblotting with anti-mGluR2/3 antibody (data not
shown). This was consistent with an overlapping expression be-
tween tamalin and group 1 mGluR mRNAs in various brain
regions (Fig. 3B–F). The results indicated that tamalin mainly
forms a complex with group 1 mGluRs in the brain, although the
possible assembly between tamalin and group 2 mGluRs in limited
neuronal cell subpopulations cannot be excluded.

A complex formation of mGluR1a, tamalin,
and cytohesin-2
Because tamalin possesses many protein-interacting motifs, we
searched for tamalin-binding proteins, using the full-length rat
tamalin as a bait for yeast two-hybrid screening of an adult rat
brain cDNA library. Four of 69 positive clones encoded the
sequence of cytohesin-2/sec7B/ARNO (ARF nucleotide-binding-
site opener) that is a GEF member for the ARF family. Recently,
Nevrivy et al. (2000) reported a protein interaction between the
C-terminal half of mouse tamalin (GRASP) and the coiled-coil
(CC) domain of cytohesins, using GST pull-down assays as well as
heterologously transfected HEK293 cells. We also reached the
same conclusion with similar experiments (data not shown): in
pull-down assays, the His-Trx fusion protein containing the full-
length as well as the CC domain of rat cytohesin-2 specifically
bound to GST-C-tam, but not to GST-N-tam; anti-myc antibody
immunoprecipitated EGFP-cytohesin-2 from COS-7 cell lysates
transfected with EGFP-cytohesin-2 and myc-tagged rat tamalin.

Because these results indicated that tamalin interacts with
group 1 mGluRs and cytohesin-2 via its amino-terminal and
C-terminal domains, respectively, we investigated the existence
of a ternary complex of mGluR1a/tamalin/cytohesin-2 by several
different approaches. mGluR1a is mostly localized at the postsyn-
aptic membrane in neuronal cells (Martin et al., 1992). We
examined the postsynaptic membrane localization of tamalin and
cytohesin-2 by immunoblotting of serially extracted synaptosomal
membrane proteins (Fig. 6A). Both mGluR1a and PSD-95 were
mostly concentrated at the PSD III fraction, whereas the presyn-
aptic marker protein, synaptophysin, was deprived from synapto-
some by detergent extraction. Both tamalin and cytohesin-2 were
enriched up to the PSD II fraction but slightly and completely
deprived from the PSD III fraction, respectively. The results
indicated that both tamalin and cytohesin-2 are localized at
postsynaptic membrane fractions and are relatively tightly and
loosely associated with postsynaptic membranes, respectively.

Next, we triply transfected mGluR1a, tamalin, and myc-
cytohesin-2 into COS-7 cells and analyzed coimmunoprecipita-
tion of mGluR1a by anti-cytohesin-2 antibody. Anti-cytohesin-2
antibody coimmunoprecipitated mGluR1a, but a small amount of
coimmunoprecipitates was also observed without tamalin trans-
fection (Fig. 6B). Importantly, coimmunoprecipitation of
mGluR1a was increased by increasing concentrations of tamalin
transfected into COS-7 cells (Fig. 6B). Therefore, formation of
an mGluR1a/cytohesin-2 complex without tamalin transfection
seemed to be mediated by endogenous tamalin-related proteins.
To confirm this possibility, we triply transfected myc-N-tam,
mGluR1a, and myc-cytohesin-2 into COS-7 cells and examined
whether this mutant lacking a cytohesin-binding domain com-
petes with endogenous tamalin-like proteins for complex forma-
tion of mGluR1a and cytohesin-2. Transfection of myc-N-tam
significantly reduced coimmunoprecipitation of mGluR1a and
cytohesin-2 in a concentration-dependent manner (Fig. 6C). The
results strongly indicated that tamalin links a complex formation
between mGluR1a and cytohesin-2.

The interaction between cytohesin-2 and mGluR1a was further
addressed in solubilized rat brain membrane fractions (Fig. 6D).
Immunoblotting showed that anti-cytohesin-2 antibody coimmu-
noprecipitated not only tamalin but also a dimeric form of
mGluR1a in brain membrane fractions, whereas no proteins were
precipitated with normal IgG (Fig. 6D). The results indicated that

Figure 5. Interaction between mGluR1a and tamalin in transfected
HEK293 cells. A, HEK293 cells were transfected with full-length
mGluR1a, mouse tamalin, or both. Cell lysates were immunoprecipitated
with either anti-tamalin antibody (lanes 5–7 ) or nonimmunized serum
(lane 8) and immunoblotted with anti-mGluR1a antibody. Inputs (lanes
1–4 ) show 1⁄20 of cell lysates used for immunoprecipitation. A dimeric
form of mGluR1a was detected by immunoprecipitation with anti-tamalin
antibody. B, HEK293 cells were transfected with either mGluR1a or
mGluR1a del3 with or without full-length tamalin. Immunoprecipitation
and immunoblotting were performed as in A. C, Solubilized rat brain P2
membrane fraction was immunoprecipitated with either anti-tamalin an-
tibody or normal IgG and immunoblotted with anti-mGluR1a or anti-
mGluR5 antibody. Inputs show equivalent amounts of extracts used for
immunoprecipitation.
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a protein complex of mGluR1a/tamalin/cytohesin-2 exists in the
rat brain.

Effects of tamalin on intracellular trafficking of group
1 mGluRs
To study the effects of tamalin on cell-surface expression of
mGluR1a, we transfected fixed amounts of mGluR1a and myc-
cytohesin-2 in combination with different amounts of tamalin. We
then biotinylated cell-surface proteins of transfected cells with a
membrane-impermeable biotin ester. No cytoplasmic myc-
cytohesin-2 was biotinylated under the experimental condition
(data not shown), indicating that the biotin ester did not pene-
trate through the cell membrane. We immunoprecipitated
mGluR1a from cell lysates and quantified biotinylated cell-
surface mGluR1a by avidin-HRP reaction. Amounts of cell-
surface mGluR1a increased in a concentration-dependent man-
ner by more than threefold when tamalin was cotransfected with
mGluR1a (Fig. 7A,B). Furthermore, when myc-N-tam was coex-
pressed with mGluR1a and myc-cytohesin-2, cell-surface expres-
sion of mGluR1a was conversely reduced in a concentration-
dependent manner of transfected myc-N-tam (Fig. 7A,B). In both
cases, the amounts of total mGluR1a that immunoprecipitated
with anti-mGluR1a antibody remained unchanged (Fig. 7A). This
result indicated that the interaction between mGluR1a and tama-
lin is critical for cell-surface expression of mGluR1a.

The cell-surface expression of mGluR1a was further assessed
by immunofluorescence staining of nonpermeabilized COS-7
cells, using anti-mGluR1 antibody directed against the extracel-
lular portion of mGluR1. In this experiment, anti-mGluR1 anti-
body was first reacted with the cell-surface mGluR1a on nonper-
mealized cells. Anti-tamalin antibody was then reacted with
intracellular tamalin in permeabilized cells. No tamalin immuno-
reactivity was detected without tamalin transfection, indicating
that tamalin per se is not expressed in COS-7 cells (Fig. 7C).
When tamalin was cotransfected with mGluR1a, tamalin immu-
noreactivity was distributed in the cytoplasm and plasma mem-
brane as well as perinuclear compartments (Fig. 7C). In these
cells, a significant increase in cell-surface distribution of
mGluR1a was detected as compared with cells transfected with
mGluR1a alone (Fig. 7C).

We next examined the role of tamalin in intracellular traffick-
ing of endogenous mGluR5 in cultured hippocampal neurons,
using adenovirus-mediated gene expression of recombinant pro-
teins. In this experiment, the neuronal expression of recombinant
proteins was enforced by combining the tet gene expression
system. tTA was expressed under the control of the neuron-
specific enolase promoter and drove neuron-selective expression
of recombinant proteins through an interaction of tTA with the
tet response element located upstream of each recombinant con-
struct (TRE-myc-tamalin, TRE-myc-N-tam, or TRE-EGFP). The

4

myc-N-tam cDNA were increased as indicated. Cell lysates were immu-
noprecipitated with anti-cytohesin-2 antibody. Immunoprecipitates and
cell lysates were blotted with anti-tamalin and anti-mGluR1a antibodies
as in B. D, Solubilized brain P2 membrane fraction was immunoprecipi-
tated with anti-cytohesin-2 antibody or normal IgG. Immunoprecipitated
mGluR1a was blotted with anti-mGluR1a antibody, followed by immu-
noreaction with HRP-conjugated anti-mouse IgG. Immunoprecipitated
tamalin was blotted with biotinylated anti-tamalin antibody, followed by
reaction with avidin-HRP. mGluR1a and tamalin were then detected by
HRP reaction. Inputs show 1⁄10 (mGluR1a) and an equivalent amount
(tamalin) of membrane fraction used for immunoprecipitation.

Figure 6. A complex formation of mGluR1a, tamalin and cytohesin-2. A,
Synaptosomal and PSD I, II, and III fractions (1 �g protein each) were
immunoblotted with the indicated antibodies. B, COS-7 cells were trans-
fected with mGluR1a, myc-cytohesin-2, and tamalin. Amounts of trans-
fected cDNAs for mGluR1a and myc-cytohesin-2 were fixed (0.5 �g
each), whereas those of tamalin cDNA were increased as indicated. Cell
lysates were solubilized and immunoprecipitated with anti-cytohesin-2
antibody. Immunoprecipitates and cell lysates were blotted with anti-
tamalin and anti-mGluR1a antibodies. Inputs show 1⁄50 of cell lysates used
for immunoprecipitation. C, COS-7 cells were transfected with mGluR1a,
myc-cytohesin-2, and myc-N-tam. Amounts of transfected cDNAs for
mGluR1a and myc-cytohesin-2 were fixed (0.5 �g each), whereas those of
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combination of the adenoviral gene delivery with the tet expres-
sion system specified an expression of recombinant proteins in
neurons, giving rise to 20–25% expression in a neuronal cell
population without any appreciable expression in glial cells (data
not shown). In adenovirus-uninfected culture, mGluR5 immuno-
reactivity was confined to soma in a large population of cultured
neurons with little or only weak mGluR5 immunoreactivity in

their neuritic processes (Fig. 7D, double arrow, E). In contrast,
coinfection of adenoviruses carrying NSE-tTA and TRE-myc-
tamalin exhibited extensive distribution of mGluR5 immnoreac-
tivity not only in soma but also throughout neuritic processes of
most of the adenovirus-infected neurons (Fig. 7D, arrowheads, E).
In cultured hippocampal neurons, moderate expression of endog-
enous tamalin was detected by immunoblotting analysis (data not

Figure 7. Tamalin-mediated increase in cell-surface mGluR1a expression
in COS-7 cells and neuritic mGluR5 targeting in hippocampal neurons. A,
COS-7 cells were transfected with fixed amounts of cDNAs for mGluR1a
and myc-cytohesin-2 (0.5 �g each) in combination with indicated amounts of
cDNA for either tamalin or myc-N-tam. Cell-surface proteins were biotin-
ylated with a membrane-impermeable biotin ester. Cell lysates were immu-
noprecipitated with anti-mGluR1a antibody. An aliquot of immunoprecipi-
tates was immunoblotted with anti-mGluR1a antibody, followed by
immunoreaction with HRP-conjugated anti-mouse IgG. An equivalent
amount of immunoprecipitates was run on a separate gel and reacted with
HRP-conjugated avidin. Both total mGluR1a and biotinylated cell-surface
mGluR1a were detected with HRP reaction. B, Relative amounts of cell-
surface mGluR1a were quantified and plotted against concentrations of
tamalin cDNA transfected into COS-7 cells. Data represent mean � SD (n �
3). C, COS-7 cells were transfected with mGluR1a and myc-cytohesin-2 with
and without tamalin. Cell-surface mGluR1a was immunostained on nonper-
meabilized cells with antibody against the extracellular domain of mGluR1,
whereas tamalin was immunostained on permeabilized cells with anti-

tamalin antibody. Scale bar, 20 �m. D, Cultured hippocampal neurons were infected with adenovirus containing the TRE-myc-tamalin or TRE-myc-
N-tam together with the NSE-tTA adenovirus. Two days after infection, neurons were immunostained with anti-myc antibody (lef t panel ) and
anti-mGluR5 antibody (right panel ). Intense mGluR5 immunoreactivity was seen in neurites of most of the myc-tamalin-expressing neurons (arrowheads).
Little mGluR5 immunoreactivity was observed in neurites of either myc-N-tam-expressing neurons (arrow) or adenovirus-uninfected neurons (double
arrows). G, Glial cells. Scale bar, 20 �m. E, Neurons displaying positive mGluR5 immunostaining in neurites were counted. Data indicate percentages
of neurons exhibiting neuritic mGluR5 immunostaining for each virus construct (mean � SD; n � 2 with 30 neurons per experiment). Asterisks indicate
statistical significance as compared with both uninfected neurons and EGFP-transfected neurons (**p � 0.01, *p � 0.05; unpaired Student’s t test).
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shown). Consistent with this observation, coinfection of adeno-
viruses bearing NSE-tTA and TRE-myc-N-tam significantly re-
duced a cell population displaying neuritic localization of
mGluR5 immunoreactivity (Fig. 7D, arrow, E). In control, the
adenoviral infection per se, as detected by EGFP expression, had
no effect on mGluR5 distribution or morphological characteris-
tics of cultured neurons (Fig. 7E). The results indicated that
tamalin plays an important role in intracellular trafficking of
group 1 mGluRs in both heterologously transfected cells and
cultured neurons.

DISCUSSION
A number of PDZ domain-containing proteins have been re-
ported to interact with target proteins via the recognition of a
PDZ-binding motif located at their C-terminal regions. This
investigation concerns identification and characterization of the
PDZ domain-containing tamalin that interacts with group 1
mGluRs. Both yeast two-hybrid screening and in vitro GST pull-
down assay showed that tamalin interacts directly with the
C-terminal sequences of group 1 and group 2 mGluRs but not
with those of group 3 mGluRs. Structural analysis of tamalin and
ct-mGluR1a by truncation and deletion mutations further indi-
cated that the PDZ domain of tamalin is crucial for interaction
with the PDZ-binding motif at the C-terminal sequence of
mGluR1a. The expression patterns of mRNAs for tamalin and
mGluR5 correlate well with a preferential distribution of both
mRNAs at the telencephalic region. Additionally, tamalin is
enriched and codistributed with group 1 mGluRs in postsynaptic
membrane fractions. More decisively, a complex formation of
native tamalin and mGluR1a/mGluR5 in the rat brain was veri-
fied by coimmunoprecipitation of these proteins. Our data indi-
cate that tamalin forms a protein complex with group 1 mGluRs
at the postsynaptic site of specific neuronal cells.

Cotransfection of the deletional mGluR1a (mGluR1a del3 or
del10) and tamalin, however, suggested the involvement of an
additional sequence of mGluR1a in interaction with tamalin. It has
recently been shown that Shank and munc18-interacting protein 1
(Mint 1), in addition to their direct binding to the PDZ-binding
motifs of group 1 mGluRs and calcium channels, respectively,
interact indirectly with these target proteins via Homer and CASK,
respectively (Maximov et al., 1999; Tu et al., 1999). Our immuno-
precipitation analysis showed that anti-tamalin antibody coimmu-
noprecipitated several scaffold proteins from brain membrane frac-
tions, such as CASK, guanylate kinase-associated protein, and
Mint2 (data not shown). Although an interaction between
mGluR1a and these proteins was not yet determined, it is possible
that some of these scaffold proteins may contribute to a stable
complex formation between tamalin and mGluRs.

Recently, Nevrivy et al. (2000) reported that tamalin
(GRASP) interacts with cytohesins. This assembly occurs via the
C-terminal domain of tamalin and the CC domains of cytohesins.
Therefore, tamalin interacts with mGluR1a and cytohesins via
two separate structural domains of this scaffold protein. Impor-
tantly, a complex formation of mGluR1a/tamalin/cytohesin-2 was
verified in not only transfected cells but also in rat brain tissue.
Furthermore, N-tam that lacks a cytohesin-binding domain com-
peted with endogenous tamalin-like proteins and blocked assem-
bly between mGluR1a and cytohesin-2 in transfected cells.
Therefore, tamalin serves as a key scaffold protein that links a
complex formation between mGluR1a and cytohesins. Further-
more, tamalin forms intermolecular self-associations via its PDZ
domain and PDZ-binding motif (data not shown). It is thus

conceivable that tamalin contributes to a macromolecular com-
plex formation at synapses.

Tamalin and N-tam caused an increase and a decrease in not
only cell-surface expression of mGluR1a in transfected cells but
also in neuritic distribution of endogenous mGluR5 in cultured
hippocampal neurons, respectively. These changes in intracellular
trafficking of group 1 mGluRs are in good agreement with the
potency of tamalin and N-tam to increase and decrease a complex
formation of mGluR1a and cytohesin-2 in transfected cells. Cy-
tohesins are GEF proteins for the ARF family of small GTP-
binding proteins (Jackson and Casanova, 2000; Jackson et al.,
2000). These GEFs activate ARFs by facilitating a switch from an
inactive GDP-bound to an active GTP-bound state of ARFs. The
ARFs fall into three classes and control both nonclathrin
[coatomers for coat protomer complex (COP) vesicles] and clath-
rin (clathrin-associated protein adaptor complexes) coat recruit-
ments at distinct steps of intracellular membrane transport (Moss
and Vaughan, 1998; Chavrier and Goud, 1999; Roth, 1999). For
example, ARF1, the best-characterized ARF, has been shown to
regulate the assembly/disassembly of COPI coatomer onto Golgi
membranes and to be involved in the recruitment of the COPI
coat on trans-Golgi network membranes. ARF1 is also required
for the binding of the AP-1 adaptor proteins of clathrin-coated
vesicles to Golgi membranes. Additionally, ARF6 appears to
regulate some steps of the endocytic pathway by recycling target
proteins from endosomal compartments to plasma membrane
(D’Souza-Schorey et al., 1995; Peters et al., 1995). Interestingly,
tamalin possesses four YXXL consensus motifs, which interact
with � subunits of the clathrin adaptor complexes (Ohno et al.,
1995; Mellman, 1996; Heilker et al., 1999). Cytohesin-2 has been
shown to activate both ARF1 and ARF6 and colocalize with ARF
proteins (Chardin et al., 1996; Frank et al., 1998; Lee and Poha-
jdak, 2000). It is therefore possible that tamalin may serve as a key
element that links the ARF-GEF with the intracellular trafficking
machinery and regulate intracellular transport of mGluRs.

Recently, several PDZ domain-containing proteins that inter-
act with NMDA and AMPA receptors have been shown to bind
specifically to proteins involved in signal transduction processes
of small GTP-binding proteins. For example, PSD-95 and
synapse-associated protein-102 bind to synaptic GTPase-
activating protein (GAP), a novel rasGAP found only at excita-
tory synapses (Kim et al., 1998). Citron, a rhoGAP (Furuyashiki
et al., 1999; Zhang et al., 1999), and Kalirin, a rhoGEF (Penzes
et al., 2001), also bind to the PSD-95 family members and are
localized at excitatory synapses. These findings suggest that the
PDZ domain-containing proteins may play a key role in connect-
ing glutamate receptors to small GTP-binding proteins that reg-
ulate intracellular protein transport and synaptic organization.
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