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Abstract: Metabotropic glutamate receptors (mGluRs)
are coupled to G protein second messenger pathways
and modulate glutamate neurotransmission in the brain,
where they are targeted to specific synaptic locations. As
part of a strategy for defining the mechanisms for the
specific targeting of mGIuR1«, rat brain proteins which
interact with the intracellular carboxy terminus of
mGluR1«a have been characterized, using affinity chro-
matography on a glutathione S-transferase fusion protein
that contains the last 86 amino acids of mGluR1a. Three
of the proteins specifically eluted from the affinity column
yielded protein sequences, two of which were identified
as glyceraldehyde-3-phosphate dehydrogenase and
B-tubulin; the other was an unknown protein. The identity
of tubulin was confirmed by western immunoblotting.
Using a solid-phase binding assay, the mGluR1a~tubulin
interaction was shown to be direct, specific, and satura-
ble with a Ky of 2.3 = 0.4 uM. In addition, mGluR1«, but
not mGIuR2/3 or mGluR4, could be coimmunoprecipi-
tated from solubilized brain extracts with tubulin using
anti-B-tubulin antibodies. However, mGluR1« could not
be coimmunoprecipitated with the tubulin binding protein
gephyrin, nor could it be coimmunoprecipitated with
PSD95. Collectively these data demonstrate that the
last 86 amino acids of the carboxyl-terminal tail of
mGluR1«a are sufficient to determine its interaction with
tubulin and that there is an association of this receptor
with tubulin in rat brain. Key Words: Metabotropic—
Glutamate receptor—Tubulin—Targeting.
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Metabotropic glutamate receptors (mGIuRs) constitute
a family of large G protein-coupled receptors that show

quence homology (62% identical at the amino acid lev-
el), are coupled to phospholipase C in transfected cells,
and have quisqualic acid as their most potent agonist.
The second group consists of mMGIuR2 and mGIuUR3,
which couple negatively to adenyl cyclase in transfected
cells and for which_-2-(carboxycyclopropyl) glycine is
the most potent agonist. The third group contains
mMGIuR4, mGIuR6, mGIuR7, and mGIuR8, which also
couple negatively to adenyl cyclase but hav&a-amino-
4-phosphonobutyric acid as their most potent agonist.

Splice variants for mGIluR1, mGIuR4, mGIuR5, and
MGIuR7 have been described, which involve alterations
in their C-terminal sequences (Pin et al., 1992; Simoncini
et al., 1993; Minakami et al., 1994; Flor et al., 1997).
Four C-terminal splice variants of mGIuR1 have been
described, namely, mGluk] mGIuR13, mGluR1c, and
mGIuR1d (Pin et al., 1992; Knopfel et al., 1995). In
MGIuR1B, the insertion of an 85-base sequence in the
carboxy-terminal tail introduces a stop codon that results
in a 318-amino acid deletion and also changes the read-
ing frame, resulting in a different and much shortened
C-terminal amino acid sequence from that of mGluR1
Similarly, in mGluR1c and mGIluR1d a different inser-
tion at the same position results in further changes in the
sequence of the C-terminal tails, which are also much
smaller than that of mGIuRL An additional splice
variant of mGIuR1, mGluR1e, is known that appears to
result in the production of the N terminus of the protein
only (Pin and Duvoisin, 1995).
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G protein-linked receptors (Tanabe et al., 1992). Eight
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several of which generate different subtypes by alterna- = sppreviations usedBSA, bovine serum albumin; GAPDH, glycer-
tive mRNA splicing (Knopfel et al., 1995; Pin and Du-  aldehyde-3-phosphate dehydrogenase; GST, glutatiSaransferase;
voisin, 1995). These eight mGIuR receptors and their mGIuR, metabotropic glutamate receptor; PAGE, polyacrylamide gel
subtypes may be Categorized into three subgroups on theelectrophoresis; PBS, phosphate-buffered saline; PBS-Ca/Mg, phos-

. : . .. phate-buffered saline containing 0.8vhCaCl, and 0.4 nM MgCl,;
basis of their sequence homOIOQy' agonist SeIeCtIVIty' PBS-N, phosphate-buffered saline containing 0.05% Nonidet P-40;

and signal transduction pathway. The first group contains psp, postsynaptic density; PVDF, polyvinylidene difluoride; SDS,
mMGIuR1 and mGIuR5, which share the strongest se- sodium dodecyl sulphate.
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Immunocytochemical studies have shown that the dif- 1995), and the mGIuR2/3 (AB1553) antibody was purchased
ferent groups of the mGIuRs exhibit differential intra- from Chemicon International.

neuronal targeting, with the group 1 mGIuRs being pre- prenaration of synaptosomes and tissue samples
dominantly postsynaptic, whereas the group 2 and group  gynaptosomes were prepared as described earlier (Hajos and

3 receptors are general_ly presynaptic (Baude et al., 1993;csiliag, 1976). In brief, five adult rats were decapitated, and the
Ohishi et al., 1995; Shigemoto et al., 1996, 1997). The whole brain was dissected, cleaned of white matter, and ho-

group 2 and group 3 mGIuRs can be differentially tar- mogenised in 0.3M sucrose (10 volumes). The homogenate

geted to different regions of axons, because in the rat
hippocampus the former are concentrated in the preter-
minal regions of axons, whereas the latter were found
predominantly in the presynaptic active zones (Shige-
moto et al., 1997). Furthermore, the precise synaptic
location of mGIluR% and mGIuR5 is highly ordered,
with the protein present in an annulus that surrounds the
postsynaptic density (PSD) (Baude et al., 1993; Lujan et
al., 1996, 1997). One possible explanation for the differ-
ential neuronal and synaptic targeting of the different
mGIuRs is that this is directed by interactions of their
cytoplasmic C termini with specific targeting proteins.
Precisely, this type of targeting mechanism appears to
operate for the synaptic localization of the ionotropic
glutamate receptors, and several different proteins, con-

taining PDZ domains, have been described that interact

with specific C-terminal sequences of these receptors
(Hunt et al., 1996; Kim et al., 1996; Muller et al., 1996;
Niethammer et al., 1996; Dong et al., 1997). A similar
PDZ domain-containing protein, which also binds to the
C-terminal residues of mGluRland mGIuR5, called
HOMER, has been described, although its precise func-
tion is currently unclear (Brakeman et al., 1997).

To identify other proteins that interact with the C
terminus of mGIluR& and could be candidates for its
targeting or localization, we have used affinity chroma-
tography of proteins from rat brain on a column contain-
ing the last 86 residues of the receptor. In this report we
identify one such protein as tubulin and show that it
interacts directly with mGluR4.

MATERIALS AND METHODS

Generation of fusion proteins and antibodies

Two antisera against mGIuR1 were used in this study, des-
ignated as F1 and F2. They were raised against a histidine-
tagged fusion protein containing an amino-terminal sequence
of mMGIuR1, residues 121-341 (F1 protein) (Ciruela and Mcll-
hinney, 1997), or a histidine-tagged fusion protein containing
the last 86 amino acids of mGluRlcarboxyl-terminal tail,
residues 1,114-1,199 (F2 protein). The latter was produced by
cloning aPst—Pst fragment of pmGR1 (Masu et al., 1991)
into the bacterial expression vector pET-28%((Novagen).
The same fragment was also subcloned into the pGEX-5X-2
bacterial expression vector (Pharmacia Biotech) to produce a
fusion protein termed F2-GST. The last 66 amino acids of
mGIluR4 were also cloned into the vector pGEX4T-1 (Pharma-
cia Biotech) to produce the fusion protein M4-GST. The pro-
duction and purification of the fusion proteins, the immuniza-
tion of rabbits, and affinity purification of the antisera were
performed as described previously (Ciruela and Mcllhinney,
1997; Clark et al., 1998). The sequence of the cDNAs and their
orientation in the vector were confirmed by DNA sequencing.
The anti-mGIluR4 has been described previously (Alaluf et al.,

was centrifuged twice at 1,509 for 10 min each. The com-
bined supernatants {Bwere then centrifuged at 9,5@Xor 20
min. The resulting supernatantjSand pellet (B membranes)
were carefully separated, $/as then centrifuged at 80,0@0
for 90 min to pellet insoluble materials. The resulting superna-
tant was filtered (pore size, Oidm; Millipore) and diluted 1:2
in 2X phosphate-buffered saline (PBS) containing 1.5l m
CaCl, and 0.8 nM MgCl, to give the soluble fraction SP,
membranes were resuspended in 10 ml of WB&ucrose and
layered over 20 ml of 0.8/ sucrose. Following centrifugation
for 25 min at 9,500y the synaptosomes were collected at the
upper interface of the two sucrose solutions.

Protein content was determined using the assay based on
bicinchoninic acid obtained from Pierce (Sorensen and Brod-
beck, 1986).

Chromatography of S; fraction using a glutathione
S-transferase (GST) or F2-GST affinity column and
microsequencing

Affinity columns were prepared by direct coupling of 2 mg
of fusion proteins to 3y of cyanogen bromide-activated Sepha-
rose as described by Trotta et al. (1979). The soluble extiact S
was sequentially passed over a GST and then an F2-GST
affinity column (2 ml) at 4°C in PBS containing 0.8MinCaCl,
and 0.4 nM MgCl, (PBS-Ca/Mg). The columns were washed
with 15 volumes of PBS-Ca/Mg until no protein was detected
in the eluates. Elution of bound proteins was performed with
0.1 M triethylamine (pH 11.5) and monitored by sodium do-
decyl sulphate (SDS)—polyacrylamide gel electrophoresis
(PAGE) and silver staining. To allow microsequencing of pro-
teins, the samples containing specifically eluted proteins were
pooled together and freeze-dried. Samples were analysed on
10% SDS-polyacrylamide gels and electroblotted onto polyvi-
nylidene difluoride (PVDF) membranes (Millipore) essentially
as described by Matsudaira (1987). Bands of interest were
excised from the Coomassie Blue-stained PVDF membrane
and N-terminally sequenced using a PE-Applied Biosystems
model 494A Procise protein sequencer (Perkin Elmer, Applied
Biosystems Division, Warrington, U.K.).

SDS-PAGE immunoblotting and overlay
experiments

SDS-PAGE was performed on 7-10% gels using a discon-
tinuous Tris-glycine buffer system (Laemmli, 1970). Immuno-
blotting was performed as described previously (Ciruela and
Mcllhinney, 1997). Incubations with the primary antibodies
were performed overnight at 4°C using the following antibody
concentrations: affinity-purified F2 antibody (F2-Ab; 24/
ml), monoclonal ant-tubulin antibody (1:200; Sigma),
monoclonal anti-gephyrin antibody (1:500; Alexis Corp.),
monoclonal anti-PSD95 antibody (1:500; Transduction Labo-
ratories), anti-mGIluR4 (1:2,000), or anti-mGIluR2/3 (1:2,000).
Immunoreactive bands were visualized using a 2-h incubation
with either swine anti-rabbit or sheep anti-mouse antibody
conjugated to horseradish peroxidase at room temperature,
followed by chemiluminescence detection (Pierce Supersignal
substrate).
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For overlay experiments with the fusion proteins the SDS-

PAGE-separated proteins were transferred to PVDF mem-

branes as for immunoblotting. After blocking with 5% (wt/vol)
dry milk in PBS containing 0.05% Nonidet P-40 (PBS-N),

F. CIRUELA ET AL.

used for solid-phase binding assay. The resulting preparation
was analysed by SDS-PAGE and Coomassie Blue staining. The
tubulin concentration was determined from densitometric scans
of gels stained with Coomassie Blue. Bovine serum albumin

PVDF membranes were washed in cold PBS-N and incubated (BSA) was used for calibration.

overnight at 4°C with the fusion proteins, either GST alone or
F2-GST. These were used at a final concentration @VBin
PBS-Ca/Mg containing 0.05% Nonidet P-40 and 5% (wt/vol)
dried milk. The membranes were washed>310 min) with
PBS-N-Ca/Mg and incubated with goat anti-GST antibody
(1:2,000; Pharmacia Biotech)rfd h at4°C. Immunoreactive

Solid-phase binding assay and analysis of
binding data

The affinity-purified F2-GST fusion protein was radiola-
belled with *23 by the chloramine-T method described by
Daddona and Kelley (1978) to a specific activity ofuCi/ug

bands were detected using rabbit anti-goat antibody conjugatedand then used in microtitre plate assay to determine its binding

to horseradish peroxidase followed by chemiluminescence de-

tection.

Immunoprecipitation of proteins

Supernatant Sfrom whole rat brain was solubilised in
ice-cold lysis buffer (PBS-Ca/Mg) containing 1% (vol/vol)
Nonidet P-40, 0.5% (wt/vol) sodium deoxycholic acid, and
0.1% (wt/vol) SDS for 1 h on ice. The solubilized preparation
was then centrifuged at 80,0@0or 90 min. The supernatant (1
mg of protein/ml) was processed for immunoprecipitation, each
step of which was conducted with constant rotation at 0—4°C.
All samples were precleared by incubation overnight with
preimmune rabbit IgG (4Qug/ml). Then 80ul of a 50%

to immobilized tubulin. In brief, microtitre wells were coated
with 8 pg per well of tubulin or control protein (BSA) in
sodium carbonate buffer (pH 9.0) overnight at 4°C. Before
protein binding, the wells were blocked with 1% BSA in
PBS-Ca/Mg fo 1 h and then incubated with?3-labelled
F2-GST fusion protein at various concentrations in PBS-Ca/Mg
containing 1% BSA overnight at 4°C. At the end of the incu-
bation period free'?3-labelled F2-GST fusion protein was
removed by multiple washing with cold phosphate buffer (pH
7.4) containing 1% BSA. Bound?3-labelled F2-GST was
extracted from the wells by incubation with 2p0of 1% SDS

at room temperature for 1 h, and radioactivity was determined
using a Beckman model LS 5000 CE scintillation counter.

(volivol) suspension of protein A-Sepharose beads was added,Specific binding was determined by subtracting counts of BSA-
and the mixture was incubated for a further 6 h. After the beads coated wells from the total counts of wells containing tubulin.

were pelleted at 10,000 for 15 s, the supernatant was trans-
ferred to a clean tube containing one of the following antibod-
ies: affinity-purified anti-mGIluR1 (F1-Ab; 1@g/ml), mono-
clonal antig-tubulin (5 wg/ml), monoclonal anti-gephyrin (5
ng/ml), monoclonal anti-PSD95 (gg/ml), anti-mGIuR2/3 (15
ng/ml), or anti-mGIluR4 (1Qug/ml). After overnight incubation

Scatchard analysis was performed as described previously
(Ciruela et al., 1995), and the data were analysed for one- or
two-site binding as described by Casado et al. (1990).

RESULTS

80 ul of protein A-Sepharose beads was added and then rotated

for 6 h asabove. The beads were washed twice with ice-cold
lysis buffer, twice with ice-cold lysis buffer containing 0.1%
(vol/vol) Nonidet P-40, 0.05% (wt/vol) sodium deoxycholic

Identification of intracellular proteins interacting
with the C terminus of mGluR1«
As a preliminary step towards identifying brain pro-

acid, and 0.01% (wt/vol) SDS, and once with ice-cold PBS- tejns that interact with the carboxyl-terminal tail of

Ca/Mg and aspirated to dryness with a 28-gauge needle. Sub-

sequently, 60ul of SDS-PAGE sample buffer was added to

each sample. Immune complexes were dissociated by heating

to 100°C for 5 min and resolved by SDS-PAGE in 7% gels. The

MGIuR 1w, the fusion protein termed F2-GST, containing
the last 86 amino acids of rat mGluR1was used to
overlay SDS-polyacrylamide gels of soluble extracts of

gels were electrophoresed and immunoblotted as describedf@t brain, following transfer of the proteins to PVDF

above.

Tubulin preparations

Microtubule proteins were prepared by the method of Vallee
(1986). In brief, soluble extracts {Sobtained from rat brain
were dialysed in PEM buffer [0.M PIPES-NaOH (pH 6.6)
containing 1 nM EGTA and 1 nM MgSQ,]. Microtubules
were polymerised by addition of 1 vh GTP and warmed to
37°C for 30 min. After polymerization, microtubules were
pelleted by centrifugation at 15,000 for 30 min at 37°C
through a sucrose gradient (PEM buffer containing 10% su-
crose and 1 Ml GTP). The microtubules were resuspended by
addition of 20 ml of ice-cold PEM buffer containing 1N

GTP. The mixture was homogenized in a Teflon/glass homog-

enizer, incubated on ice for 30 min to depolymerize the micro-
tubules, and then centrifuged at 15,a96r 30 min at 2°C. A

second microtubule assembly—disassembly cycle was per-

formed. Separation of tubulin from microtubule-associated pro-

teins was performed using diethylaminoethyl-Sephadex (Phar-

macia) chromatography (Vallee, 1986). Tubulin was eluted
with PEM buffer containing 0.3V NaCl and 0.1 M GTP,
dialysed in sodium carbonate buffer (pH 9.0) overnight, and
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membranes. Bacterially expressed GST alone was used
as a control for the overlay experiments. The GST or
F2-GST proteins bound to the blot were then incubated
with a specific goat anti-GST antibody and detected by
chemiluminescence. The F2-GST protein specifically
recognized six proteins in the; &action (Fig. 1A, lane

2), namely, p240, p203, p89, p55, p48, and p36 (with
apparent molecular masses 240, 203, 89, 55, 48, and 36
kDa, respectively). The interaction with protein p69 was
considered to be nonspecific because a protein with a
similar molecular size was consistently eluted from the
control GST column (Fig. 1A, lane 1).

To purify these proteins, we coupled F2-GST and GST
to CNBr-activated Sepharose-4B to produce affinity
chromatography columns. The soluble extrac)) (Bas
first passed through the GST-Sepharose-4B column and
then through the F2-GST column. After washing the two
columns, the interacting proteins were eluted with .1
triethylamine (pH 11.5) and analysed by SDS-PAGE
followed by Coomassie Blue staining.
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FIG. 1. Identification and affinity purification of proteins interact-
ing with the 86 C-terminal residues of mGIuR1«. A: Identification
of brain proteins interacting with the C terminus of mGluR1« by
gel overlay with fusion proteins. Soluble extracts (20 ug; Sj)
obtained from rat brain (see Materials and Methods) were ana-
lysed on 10% SDS-PAGE gels, and the proteins were transferred
to PVDF membranes and then probed with 3 uM GST (lane 1) or
F2-GST (lane 2) proteins. The fusion proteins bound to the blot
were then incubated with a specific goat anti-GST antibody and
developed using chemiluminescence. Similar results were ob-
tained in three different experiments. The positions of the mo-
lecular mass markers in kDa are indicated on the left. B: Purifi-
cation of proteins interacting with the C terminus of mGluR1« by
affinity chromatography on an F2-GST column. Soluble extracts
(Sg; 1.5 mg/ml) obtained from rat brain were applied to a 2-ml
GST (lane 2) or F2-GST (lane 3) affinity column overnight at 4°C.
The column was washed, and the proteins were eluted as de-
scribed in Materials and Methods. The freeze-dried eluate was
reconstituted in 100 ul of distilled water, and 20 ul of the sample
was analysed on a 10% SDS-PAGE gel. The proteins were
transferred to PVDF and Coomassie Blue-stained. Lane 1, mo-
lecular mass markers.

The eluate from the F2-GST-Sepharose-4B column
contained five specific proteins in high yield, namely,
p89, p61, p55, p36, and p25 (with apparent molecular
masses 89, 61, 55, 36, and 25 kDa, respectively; Fig. 1B,
lane 3). A major band, p69, was also eluted from both the
GST-Sepharose-4B and the F2-GST columns (Fig. 1B,
lane 2). Several of these affinity-purified proteins ap-
peared to correspond in size to those identified from the
overlay experiments. Three of these proteins specifically
eluted from the F2-GST column, namely, p55, p36, and
p25, yielded N-terminal protein sequences. The N-termi-
nal sequence of the p55 protein was identified as
MREIVHIQAGQCGNQ, that of the protein p35 was
VKVGVNGFGR, and that of p25 as ALD(Y/T)LA-
(E/D)AGA(L/E)(N/V)AN. The residues underlined in
the latter sequence were not unambiguously determined
because either they were obtained in low yield or more
than one amino acid was identified in that cycle of the
analysis. Analysis of protein databases showed p55 to be
B-tubulin and p35 to be glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), and no match was found for p25
despite trying different permutations of the identified
sequence.

Identification of B-tubulin by immunoblotting

To characterize further the proteins isolated from the
affinity columns, different rat brain and column fractions
were analysed by SDS-PAGE followed by immunoblot-
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ting with different antibodies (Fig. 2). When the blot was
probed with a C-terminal anti-mGluilantibody (F2-
Ab), an immunoreactive band of mGluRWwith an ap-
parent molecular size of 150 kDa was observed in the
total brain and synaptosome fractions (Fig. 2, lanes A
and B). As expected no mGluRIcould be detected in
the soluble $ fraction or in the proteins eluted from
either the GST or F2-GST-Sepharose-4B columns (Fig.
2, lanes C-E).

Reacting the immunoblot with a monoclonal antibody
to B-tubulin yielded an immunoreactive band with the
expected apparent molecular size of 55 kDa found in
total brain, the synaptosomes, the solubjér&ction, and
the proteins eluted from the F2-GST-Sepharose-4B col-
umn (Fig. 2, lanes A—C and E). No tubulin immunore-
activity was found in the proteins eluted from the control
GST-Sepharose-4B column (Fig. 2, lane D). This con-
firmed thatB-tubulin bound specifically to the carboxy-
terminal tail of MGluR L.

Gephyrin, the protein that acts as a bridge between
tubulin and the inhibitory glycine receptor and is impli-
cated in its postsynaptic localization, has been shown to
bind tubulin (Kirsch and Betz, 1995). Therefore, the
specific F2-GST column eluates were examined for the
presence of both gephyrin and PSD95, which has been
shown to react with the C-terminal residues of specific
NMDA receptor and potassium channel subunits (Hunt
et al., 1996; Kim and Sheng, 1996). The anti-gephyrin
antibody gave an immunoreactive band of the expected
molecular size (93 kDa) in the total brain, synaptosomal,
and soluble fractions but not in the specific eluate from
the F2-GST column (Fig. 2, lanes A—C). The monoclonal
anti-PSD95 vyielded an immunoreactive band with the
predicted apparent molecular size (93 kDa) in the total
brain and synaptosomal fractions and not in the soluble

FIG. 2. Immunoblot analysis of the MW

affinity column eluates. Samples (20 (kDa) ABCDE
Q) of total rat brain (lane A), rat brain = 250 . - -
synaptosomes (lane B), rat brain sol- 9§->

uble fraction (lane C), and eluted pro- 20:

teins from a GST (lane D) or F2-GST =~ 36 mp|

(lane E) column (5 wl; see Fig. 1) were probed with
analysed on 10% SDS-PAGE gels anti- mGluRlo
and transferred to PVDF mem- »s5pm,.

branes. Immunoblotting was per- 98

formed as described in Materials —$ | —emgmp =
and Methods using the specified an- 3¢,

tibodies as follows: anti-mGluR1« probed with
(F2-Ab; 2—4 pg/ml), monoclonal an- anti-g-Tubulin
ti-B-tubulin (1:200), monoclonal anti- 250>

gephyrin (1:500), and monoclonal “gg . -
anti-PSD95 (1:500). Immunoreactive gg:

bands were detected with swine

anti-rabbit (1:5,000) or sheep anti- 6= probed with
mouse (1:5,000) secondary antibody anti-Gephyrin
conjugated to horseradish peroxi-

dase followed by chemilumines-  250=s

cence detection. Similar results were 2372 |am @
obtained in three different experi- 50 =

ments. The positions of the molecu- ~ 36=»

probed with
anti-PSD95

lar mass markers in kDa are indi-
cated on the left.
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fraction or in the eluates from the F2-GST column (Fig.
2, lanes A and B). Indeed, as previously reported this
protein is enriched in the synaptosomal fractions. These
results suggest that the F2-GST column is specifically
purifying tubulin and that the complex of proteins iso-
lated from the F2-GST column and interacting with the
C-terminus of mGluR& does not contain PSD95 nor
does it contain gephyrin, despite the ability of the latter
to bind tubulin.

MGIuR1le interacts with tubulin in brain

To determine if tubulin interacts with the full
MGIuR1x in brain, coimmunoprecipitation studies with
anti-B-tubulin antibodies were performed on solubilized
rat brain extracts containing both membrane and cytoso-
lic proteins. The specifically immunoprecipitated pro-

teins were separated on SDS-polyacrylamide gels, andauently immunoblotted using the indicated

the proteins were transferred to PVDF membranes.
These were then immunoblotted using different antibod-
ies. Immunoprecipitation with an N-terminal mGluik1
antibody resulted in the identification of the 150-kDa
receptor when the immunoblot was probed with an
MGIuR1x-specific serum (Fig. 3, lane A). An immuno-
reactive band with an identical migration was also seen
in the immunoprecipitate from the argrubulin anti-
body, an indication that the two proteins are indeed
associated in the brain (Fig. 3, lane B). In contrast, the
immunoprecipitates performed with either anti-gephyrin
or anti-PSD95 failed to yield mGluR&immunoreactive
material, although both sera did immunoprecipitate their
respective proteins (Fig. 3, lanes C and D). The @nti-
tubulin immunoprecipitate did, however, contain gephy-
rin, indicating that these two proteins do indeed interact,
whereas the PSD95 immunoprecipitates contained only
PSD95, demonstrating that the interactions observed
with the other sera were indeed specific. The heavily
immunoreactive bands seen in all the tracks are due to
the immunoglobulin heavy chains derived from the pre-

cipitating antibodies. The presence of these meant that it

FIG. 3. Coimmunoprecipitation of mGluRla MW A B CD
with anti-B-tubulin. Supernatant S, from (;‘?;L

total rat brain was solubilized in ice-cold
lysis buffer as described in Materials and
Methods. The solubilized material (1 mg of
protein/ml) was immunoprecipitated using
specific N-terminal anti-mGIuR1 antibody
(lane A; 5 pg/ml), monoclonal antibody an-
ti-B-tubulin (lane B; 1:200), monoclonal an-

98 =t
64 =1

- e
probed with
anti-mGluR1a

tibody anti-gephyrin (lane C; 1:200), and 250
monoclonal anti-PSD95 (lane D; 5 ug/ml). 0§ =

After overnight incubation 80 ul of 50% -
(vol/vol) protein A-Sepharose beads was 64*:'
added, incubated, and pelleted as de- probed with
scribed in the text. The beads were anti Gephyrin
washed, resuspended in 60 ul of SDS-

PAGE sample buffer, and analysed on 7%  250=+
SDS-polyacrylamide gels. The gels were 98 =] -
subsequently immunoblotted using the in-

dicated antisera. The positions of the mo- 64— _am
lecular mass markers in kDa are indicated probed with

on the left. anti-PSD95
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FIG. 4. The coimmunoprecipitation of
mGluR1a with tubulin is specific. In a sep-
arate experiment supernatant S; from total
rat brain was solubilized in ice-cold lysis
buffer as described in Materials and Meth-
ods. The solubilized material (1 mg of pro-
tein/ml) was immunoprecipitated using
specific N-terminal anti-mGIuR1 antibody
(lane A; 5 ug/ml), monoclonal antibody an-
ti-B-tubulin (lane B; 1:200), affinity-purified
anti-mGIluR2/3 (lane C; 15 ug/ml), or affin-
ity-purified anti-mGIluR4 (lane D; 10 ug/ml).
After overnight incubation 80 ul of 50%
(vol/vol) protein A-Sepharose beads was
added, incubated, and pelleted as de-
scribed before. The beads were washed,
resuspended in 60 ul of SDS-PAGE sample
buffer, and analysed on 7% SDS-poly-
acrylamide gels. The gels were subse-

MW
wna AB CDh

250 =

o
98 e

probed with
anti-mGluR1a

250 =—{

98 -

probed with
anti-mGluR2/3

250 =1

98 =

antisera. The positions of the molecular
mass markers in kDa are indicated on the
left. Both mGIuR2/3 and mGIuR3 give
major immunoreactive bands at ~180 kDa with minor bands
apparent at 90 kDa, which is the predicted molecular size for the
protein. This is due to the formation of dimers of these receptors
as has been noted previously (Alaluf et al., 1995; Shigemoto et
al., 1997). The immunoglobulin heavy chain bands are not visible
on this immunoblot because the gel was subjected to electro-
phoresis for longer than shown in Fig. 3.

probed with
anti-mGluR4

was not possible to perform the reciprocal experiment of
immunoblotting for tubulin in the immunoprecipitates of
MGIuR 1y, as the tubulin would have migrated very close
to these immunoglobulin heavy chains, and this would
have obscured any immunoreactivity due to tubulin.

To determine if other members of the mGIuR family
interact with tubulin, a similar experiment was per-
formed using solubilized rat brain and performing im-
munoprecipitation with antB-tubulin together with spe-
cific antibodies to mGIluR2/3 and mGIuR4. The results
showed that both mGIluR2/4 and mGIluR4 could be found
in and immunoprecipitated from the brain extracts, but
that these mGIuRs could not be coimmunoprecipitated
with anti-B-tubulin antibody, although mGluRd.could
(Fig. 4).

The interaction of mGluR1e with tubulin is direct

To determine whether the interaction of mGIluR1
with tubulin was direct or mediated via another protein,
overlay experiments were performed using the F2-GST
protein (Fig. 5, lane C) and purified tubulin (Fig. 5, lane
A) that had been transferred to PVDF membranes fol-
lowing SDS-polyacrylamide gel separation. The purified
tubulin contained botla- and B-tubulin, which migrated
as a protein doublet. The results showed that in the lane
containing purified tubulin a band that reacted with the
F2-GST protein was seen at the expected position in the
gel (Fig. 5, lane D), whereas GST alone did not give any
reaction (Fig. 5, lane E). These results suggested that
MGIuRlx interacts directly with tubulin through its car-
boxy terminus, but the resolution of the overlay experi-
ments was not such as to allow us to determine if the
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MW A B MW DE B-amyloid precursor (Schulze et al., 1993). Using the
(kDa) (kDa) C-terminal tail of the intracellular adhesion molecule-1
o i as an affinity ligand, much as we used the C-terminal tail
- 50— [ of mGIuR1x here, Federici et al. (1996) copurified tu-
8= o = bulin and GAPDH. Further investigation showed that the
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FIG. 5. The interaction of mGluR1« with tubulin is direct. Puri- 250 = EREA )

fied tubulin (lane A; 8 ug), GST (lane B; 30 ng), and F2-GST (lane 98 = = 150l

C; 40 ng) were analysed on a 10% SDS-polyacrylamide gel, and 64 = .§ :

the purity was checked by staining with Coomassie Blue. In 50 = .. 3 125 ;

parallel, tubulin (8 ng) was electrophoresed and transferred to 36 % 100}

PVDF membranes. After blocking the membranes they were el g :

overlaid with either the F2-GST fusion protein (lane D; 3 uM) or 30 =~ 2 O ;

the control GST protein alone (lane E). Immunoreactive bands 22 0.50f :

were detected with anti-GST antibodies and chemiluminescence 16= E

development. The positions of the molecular mass markers in &= :

kDa are indicated on the left. T
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F2-GST fusion protein was interacting only witB-

tubulin. 5 3
To confirm that the binding is direct and to determine £ ls pr=23e03 WM
the affinity of the C-terminal fusion protein for tubulin, a = 25*% =0 S5 18
. L . . — 2 Totall
direct binding assay for the two proteins was established N E
using highly purified iodinated F2-GST and tubulin (Fig. 8 =l
6A). The specificity of the interaction of the two proteins & sl T
is shown by the fact that only unlabelled F2-GST could = Bound (ng) Nonspecific
compete with the labelled probe, whereas GST alone or & 10
a GST fusion protein containing the C-terminal tail of T 4
mGIuR4 could not do so (Fig. 6B). The latter result 2
confirms the earlier observation that mGIluR4 could not =0 . L L L L

=

. - . . ; e 1 2 3 4 5 6
be coimmunoprecipitated with an-ubulin antibodies 1251 F2-GST (uM)

(Fig. 4). Equilibrium binding studies on the binding of

F2-GST to tubulin gave saturable binding, which when FIG. 6. Determination of the binding affinity of tubulin for F2-

analysed as described previously (Casado et al., 1990)?)31- A: Coomassie Blue staified gel shows purified tLbulin (lafe
! : : ; . Lane 2 shows an autoradiograph of the radioiodinated F2-

gave a.beSt fittoa smgle site with an _apparlégtof 2.3 GST probe to indicate the purity of the reagents used in the

puM (Fig. 6C). Together these studies show that the assay. B: Specificity of the F2-GST-tubulin interaction under

fusion protein and presumably the C-terminal tail of nondenaturing conditions in a solid-phase binding assay. Mi-

MGIuR1x can bind directly to tubulin. crotitre wells were coated with tubulin (8 ug per well), and after
blocking as described in Materials and Methods, the plates were

incubated with 0.75 uM '2%|-labelled F2-GST fusion protein in
DISCUSSION the absence (None) or in the presence of an excess (300-fold) of

. ._competing proteins: F2-GST, GST, and M4-GST. Data are mean
The results presented here show that the fusion protein . SEM (bars) values of four replicates. Only the F2-GST protein

containing the last 86 residues of the C-terminal tail of displaced the labelled protein. G: Equilibrium binding isotherm of
MGIuR1x can be used to isolate specifically at least five '2°I-labelled F2-GST fusion protein to immobilized tubulin. Im-
rat brain proteins, from three of which we have been able mobilized tubulin (8 ng) was incubated with different concentra-

- - - : tions of '2%I-labelled F2-GST (@) in phosphate buffer (pH 7.4)
to obtain sequence information. Two of these were iden- containing 1% BSA overnight at 4°C as described in Materials

tified as G_APDH andB'tUbEJ"n, respectively, whereas  ang Methods. Nonspecific binding (O) was determined by the
the third yielded a less satisfactory sequence that couldbinding of '25I-labelled F2-GST to 1% BSA-coated wells. The
not be used to identify the protein. This last protein has specific binding was calculated by subtracting the nonspecific
not been studied here but remains under investigation. Pinding from the total binding. Data are mean * SEM (bars)
GAPDH is a well-recognized glycolytic enzyme that values of four replicates. Inset: Scatchard plot of the computer-

a 7Y - . - derived specific binding data. The plot was linear (r = 0.93),

has recently been identified as playing diverse roles in revealing an apparent single binding site, with a K, of 2.3 = 0.39
cell metabolism, including endocytosis, mRNA regula- M and a By, of 6.4 = 0.23 ng per tubulin-coated well. Al-
tion, and DNA repair (for review, see Sirover, 1997). g_‘og_gh thf dt?]ta COU('jd Suggffs_hthiptfser_‘celo“*’?‘th'ghdefc‘aff'”_'ty
: : ; inding site, the goodness of fit to both a single-site and two-site

Furthermore’_ the enzyme_ also interacts d|rectly with model was analysed as described previously (Casado et al.,
several proteins that contain CAG repeats such as Hun'1990), and no significant improvement in fit to a single site was

tingtin (Burke et al., 1966) and with the C-terminal tail of obtained when the data were fitted to a two-site model.
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tubulin binding of the intracellular adhesion molecule-1 ~ Tubulin, which itself binds and can hydrolyse GTP
and tubulin was mediated by the C-terminal domain of (Carlier, 1982), has been shown to interact with the
GAPDH, leading to the suggestion that the GAPDH was heterotrimeric G proteins &, Ga;;, and G, (Wang et
acting as an adaptor molecule, linking the intracellular al., 1990; Popova et al., 1997), and this interaction can
adhesion molecule-1 to the microtubule network (Fed- modulate the agonist-mediated responses of the receptors
erici et al., 1996). The direct interaction of the mGluR1  coupled to these G proteins. Indeed, there is evidence
C terminus with tubulin shown here would seem to rule that synaptic membrane G proteins are complexed with
out such a role for GAPDH with mGluRd Other stud- tubulin in vivo (Yan et al., 1996). Furthermore, anti-
ies have also shown that GAPDH can interact with tubulin antibodies have been demonstrated to increase
tubulin (Kumagai and Sakai, 1983; Huitorel and Panta- the rate of G protein-mediated GTP hydrolysis in re-
loni, 1985), and it may therefore have been copurified sponse to acetylcholine treatment of rat striatal mem-
with tubulin in the course of our affinity chromatography branes (Ravindra and Aronstam, 1990). Together these
using the mGIuR& C-terminal fusion protein. We have data have led to the suggestion that tubulin modulates
therefore not pursued the possibility of the receptor's receptor responses by interacting with specific G protein
interaction with GAPDH further. « subunits, facilitating GTP transfer, and stabilizing the
The direct interaction of mGIluR4 with tubulin de- ~ active Gu conformation (Roychowdhury et al., 1993;
scribed here is reminiscent of a similar interaction re- Roychowdhury and Raesnick, 1994). The domains re-
ported for thewl subunit of GABA, receptors (Item and ~ SPonsible for the interaction of G proteins with
Sieghart, 1994; Kannenberg et al., 1997). This was iden- MGIURIx have been identified as being the second and
tified using an approach similar to that described here, third intracellular loops of the protein and a short intra-
although the affinity of the interaction of tubulin with ~ cellular region of the C terminus, close to the last trans-
these receptors was not reported. The glycine receptormembrane domain (Pin et al., 1994; Francesconi and
may also be bound to tubulin, although in this case the Duvoisin, 1998; Mary et al., 1998). The C terminus of
interaction is mediated by the protein gephyrin, which MGIURIx, although not contributing to G protein bind-
has been shown to interact directly with tubulin with a N9, may be modulating receptor—G protein interactions
high affinity [Ko = 2.5 rM (Kirsch et al., 1991, 1995; by binding tubL!Im, Fhe'reby brlnglng it into th.e proximity
Kirsch and Betz, 1995)]. The dissociation constant for Of the G protein binding domains, where it can act as
the interaction of tubulin with the mGIuRAC-terminal ~ described above.
fusion protein is 2.3uM, which is considerably lower The evidence presented here suggests that the
than that of gephyrin for tubulin. However, although the MGIuR1x receptor C terminus can interact directly with

data we obtained were best fitted to a single low-affinity gueﬁgg?'gaﬁlh?#éd r?q%;oft?u;hdeamemgsgnussebdoﬂﬁ(rje tvc\)/ Otuhlg
site governing the interaction of tubulin and the C- . . ) , ; .
terminal fusion protein, the presence of a higher-affinity fusion protein. This could explain why we did not find

site cannot be excluded. In addition, the actual affinity of S'gﬂ'f'cam amounts of HOMER in th_e eIuate from our
the native mGIuR& receptor for tubulin could not be fusion protein column, as the expression of this protein is

determined in this study. Nevertheless, it is clear from low in unkindled brain (Brakeman et al., 1997). Given

: . that the fusion protein used in this study represents onl
the data presented here that the 'strlength 'of' the |nteract|.or125% of the totaFI) C-terminal sequence 03; thiz receptor i%/
between the receptor and tubulin is sufficient to permit ’

- e . ) is likely that other proteins are going to be complexed

tsr:Je cg S'ET# ;oi?rf;lmtfgéogfofhtr;?or;vci)cglr Ztie'r?i?i’cg\gggh with the remainder of the large intracellular domain of
'?’Ee physiological role for tﬁeyintera?ction 0?mGIuR1. this protein. The _character_ization of these _interactions
with tubulin is not addressed by this study. However, should shed considerable light on the targeting and reg-

there is clearly evidence for the presence of tubulin in ulation of this important glutamate receptor.

both synaptic membranes (Bhattacharyya and Wolff,

1976; Yan et al., 1996) and PSDs, as, interestingly, is REFERENCES

GAPDH (Walsh and Kuruc, 1992). Therefore, there ex-

ists the potential for interactions between the receptor Alaluf S., Mulvihill E. R., and Mcllhinney R. A. J. (1995) The metabo-

. . . - - tropic glutamate receptor mGIluR4, but not mGluR1s palmi-
and tubulin. The direct interaction of mGluRIwith toylated when expressed in BHK cells. Neurochem64, 1548 —

tubulin could function to stabilize the receptor at a spe- 1555,

cific location, by interaction with the cytoskeleton. A Baude A., Nusser Z., Roberts J. D. B., Mulvihill E., Mcllhinney
similar cytoskeletal interaction, although mediated by R. A-tJ-v a”GdI E‘im_ogyi P. (%9?3()‘ Tthe metabotvopic 9t')“tamat]?
other proteins, has been suggested to resultin the clus- [SCePST (TGLAE = concentited a periynapt merane of
tering at specific locations of the voltage-dependent so- Neuron11, 771-787.

dium channels (Srinivasan et al., 1988), the glycine re- Bhattacharyya B. and Wolff J. (1976) Polymerization of membrane
ceptor (Kirsch et al., 1991), and the nicotinic acetylcho- tubulin. Nature 264, 576 -578.

Brakeman P. R., Lanahan A. A., O'Brien R., Roche K., Barnes C. A,,

Im_e receptor (Hill, 1992). A_Iternatlvely, the interaction Huganir R. L., and Worley P. F. (1997) Homer: a protein that
with tubulin may play arole in the transport of mGlui1 selectively binds metabotropic glutamate receptdlature 386,
to the synapse. 284-288.
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