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The major excitatory neurotransmitters in the mammalian
CNS are aspartic and glutamic acid (Mayer and Westbrook
1987; Hollmann and Heinemann 1994). These act through
glutamate receptors and play an important role in many
physiological functions, ranging from development, to
learning and memory (Malenka and Nicoll 1993). Glutamate
receptors can be subdivided into two groups, those forming
ion channels, namely the AMPA, kainate and NMDA
receptors, and those acting through the heterotrimeric G
proteins, termed the metabotropic glutamate receptors
(mGluRs). There are eight members of the latter family that
can be further subdivided into three subgroups, on the basis
of their sequence homology, agonist specificity and signal
transduction pathway, and within these mGluR1 and
mGluR5 form Group 1. Both mGluR1 and mGluR5 have
quisqualate as their most potent agonist, couple to Gq/11

activating phospholipase C, and have different splice vari-
ants, resulting in alterations in their C-terminal sequences.
The alternative splicing of mGluR1 results in the removal of
318 amino acids from the C-terminus of mGluR1a and the
addition of 22–26 residues to form mGluR1b, c, d, e and f. A
similar splice site is present in mGluR5 where the insertion

of 32 amino acids 49 residues after the last transmembrane
region of mGluR5a gives rise to mGluR5b (Tanabe et al.
1992; Pin and Duvoisin 1995; Conn and Pin 1997).

All of the mGluRs fall into the Group C class of G protein-
coupled receptors which also include the GABAB receptor,
the calcium sensing receptor, the retinoic acid inducible
genes, and some of the taste and pheromone receptors
(Robbins et al. 2000; Pin et al. 2004). These have in
common a heptahelical domain and a large extracellular
domain which for most of them forms a disulphide bonded

Received July 4, 2007; revised manuscript received September 4, 2007;
accepted September 26, 2007.
Address correspondence and reprint requests to Dr R. A. Jeffrey

McIlhinney, MRC Anatomical Neuropharmacology Unit, Mansfield
Road, Oxford OX1 3TH, UK. E-mail: jeff.mcilhinney@pharm.ox.ac.uk
Abbreviations used: CFP, cyan fluorescent protein; EndoH, endogly-

cosidase H; ER, endoplasmic reticulum; FRET, fluorescence resonance
energy transfer; HA, haemagglutinin antigen; HBSS, Hank’s Balanced
Salt Solution; HEK, human embryonic kidney cells; mGluR, metabo-
tropic glutamate receptor; PBS, phosphate-buffered saline; PDI, protein
disulphide isomerase; ROI, region of interest; SDS–PAGE, sodium
dodecyl sulphate–polyacrylamide gel electrophoresis; YFP, yellow
fluorescent protein.

Abstract

The Group C G protein-coupled receptors include the

metabotropic glutamate receptors (mGluRs), the GABAB

receptor, the calcium sensor and several taste receptors,

most of which are obligate dimers, indeed recent work has

shown that dimerization is necessary for the activation of

these receptors. Consequently factors that regulate their

ability to homo- or heterodimerize are important. The Group 1

mGluRs include mGluR1 and mGluR5 both of which have

splice variants with altered C-termini. In this study, we show

that mGluR1b is a dimer and that it does not efficiently hete-

rodimerize with mGluR1a, unlike the two splice variants of

mGluR5 that can heterodimerize. Mutation of a positively

charged motif (RRKK) at the C-terminus of the mGluR1b tail

permits mGluR1b to heterodimerize with mGluR1a. Co-

expression of mGluR1a and mGluR1b in COS-7 cells results

in the accumulation of mGluR1b in intracellular inclusions that

do not contain mGluR1a. This behaviour is mimicked by a

chimera of the lymphocyte antigen CD2 with the C-terminus of

mGluR1b (pCD1b) and depends on the presence of the RRKK

motif. These accumulations are immunoreactive for endo-

plasmic reticulum (ER) markers, but not Golgi and ERGIC

markers. This segregation of mGluR1b from other ER proteins

may contribute to its failure to dimerize with mGluR1a.

Keywords: C-terminus, dimerization, endoplasmic reticulum,
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dimer (Romano et al. 1996; Tsuji et al. 2000; Pin and Acher
2002). Biochemical and structural studies have shown that
each of these extracellular regions forms a Venus Flytrap
domain between which there are direct interactions (Kuni-
shima et al. 2000; Tsuji et al. 2000; Liu et al. 2004a). From
structural and functional studies, it has become apparent that
agonist binding causes a change in the relative orientation of
the Venus Flytrap domains which results in the activation of
these receptors (Kunishima et al. 2000; Bessis et al. 2002;
Tsuchiya et al. 2002; Kniazeff et al. 2004a,b). Consequently,
the dimerization of these receptors is important for their
function and for most of these receptors this seems to be
driven by their extracellular domains and takes place in the
endoplasmic reticulum (ER) (Ray et al. 1999; Robbins et al.
1999; Ray and Hauschild 2000; Romano et al. 2001; Liu
et al. 2004a; Villemure et al. 2005). Indeed, soluble domains
of the extracellular domains of mGluR1 and mGluR4 are
secreted as dimers (Han and Hampson 1999; Robbins et al.
1999; Kunishima et al. 2000; Selkirk et al. 2002) although
the cysteine that forms the disulphide bridge between the
extracellular domains is not essential for dimer formation,
nor for functioning of the receptor (Tsuji et al. 2000;
Romano et al. 2001). With the exception of the reported
heterodimerization of the mGluR1 and calcium sensing
receptor, there has been no evidence for the heterodimeriza-
tion of other mGluRs, in fact mGluR1 and mGluR5 do not
form heterodimers when co-expressed in cells (Romano
et al. 1996; Robbins et al. 1999; Gama et al. 2001).
However, given that mGluR1a and mGluR1b are identical
at their N-terminus and that this is the region that drives the
dimerization of the receptors, it was a surprise to discover
that these two subtypes of mGluR1 did not heterodimerize
when co-expressed in human embryonic kidney (HEK) 293
cells (Robbins et al. 1999).

We have previously shown that an RRKK motif at the C-
terminus of mGluR1b can cause its retention in the ER but
that, on mutation of this to AAAA, the receptor can traffic
normally to the cell surface (Chan et al. 2001). This result,
together with our observation of the lack of heterodimeriza-
tion between mGluR1a and mGluR1b, led us to speculate
that the RRKK motif in mGluR1b might regulate its
dimerization with other mGluR1 isoforms. Therefore we
have studied the dimerization and trafficking of mGluR1b,
and mutants thereof, in transfected cells. In this study, we
provide the first direct evidence that mGluR1b is a dimer and
show that the RRKK motif prevents it from efficiently
dimerizing with other forms of mGluR1. Consistent with
this, in rat cerebellum, where both mGluR1a and mGluR1b
are co-expressed in Purkinje cells, co-immunoprecipitation
experiments did not reveal heterodimerization of the two
isoforms of the receptor. Immunocytochemical studies with
cell compartment specific antibodies showed that mGluR1b,
and a chimaeric molecule containing its C-terminus, is
apparently segregated from other membrane proteins in the

ER and this may contribute to its failure to dimerize with
other mGluR1 splice variants.

Materials and methods

Materials
Protein N-glycosidase F (pNGaseF) and Endoglycosidase H

(EndoH) were purchased from Roche Biochemicals (Lewes, UK),

and Lipofectamine 2000 from Invitrogen (Carlsbad, CA, USA).

JetPEI was supplied by Autogen Bioclear (Colne, UK). Horseradish

peroxidase-conjugated anti-mouse and rabbit antibodies were

purchased from Promega (Southampton, UK) and the Talon resin

was from BD Biosciences (San Diego, CA, USA). Antibodies used

in this study were rabbit anti-GluR1a C- and N-terminal and a rabbit

anti-mGluR1b C-terminal antibody that have been described

previously (Ciruela et al. 1999a; Chan et al. 2001), an anti-myc

mouse monoclonal antibody clone 9E10 produced in house from a

hybridoma, a rabbit anti-haemagglutinin antigen (HA) (BAbCO,

Berkeley, CA, USA), rabbit anti-sec24 a gift from Dr David

Stephens (University of Bristol, Bristol, UK), mouse anti-GM130

(BD Biosciences, Oxford, UK), mouse anti-protein disulphide

isomerase (PDI; Stressgen, San Diego, CA, USA), mouse anti-

ERGIC 53 (Alexis Biochemicals, San Diego, CA, USA), a mouse

monoclonal anti-CD2 a gift from Dr Neil Barclay (Oxford, UK),

Alexa 568-coupled goat anti-rabbit, Alexa 488-coupled goat anti-

rabbit, Alexa 488-coupled goat anti-mouse and Alexa 568-coupled

goat anti-mouse (Molecular Probes, Eugene, OR, USA).

Methods

Recombinant constructs
N-terminally FLAG-tagged mGluR1a, mGluR1b and their mutants

have been described previously (Ciruela et al. 1999b; Chan et al.
2001). A BglII/XhoI digest was performed on pcDNA3-myc-

HisA (Invitrogen) and the vector gel purified. The C-terminal tail

of mGluR1b was amplified by PCR using the primers 5¢-GGC-
AGCAAGAAGAAGATCTGCACCCGG-3¢ and 5¢-GCAGTGTGG-
GGGTTTCTCGAGCTGCGCATGTGC-3¢ and the product digested

with BglII/XhoI and ligated into the pcDNA3 myc-HisA vector to

give pcDNA3myc-His-1. The mGluR1b, in a pcDNA3 vector

(Ciruela et al. 1999a), was digested with BglII and the N-terminal

region isolated as the smaller fragment. This was then ligated into

the BglII digested, calf intestinal alkaline phosphatase treated

pcDNA3myc-His-1 to yield the final mGluR1b-mycHis tagged at

the C-terminus. Exactly the same steps, except using mGluRMM18

as the substrate in the PCR reaction, yielded mGluRMM18-mycHis.

To produce the yellow fluorescent (YFP) and cyan fluorescent (CFP)

protein forms of mGluR1b and mGluRMM18, the plasmids

encoding the myc-His versions of the proteins were digested with

BamHI and XhoI to excise the entire cDNA fragment of each, and

these ligated into BglII XhoI digested pEYFP-N1 and pECFP-N1

vectors (Clontech, Mountain View, CA, USA).

The mGluR5a and mGluR5b cDNAs and their C-terminally HA-

tagged versions in pcDNA3 were gifts from Dr Francesco Ferraguti

and Dr Corrado Corti and have been described previously (Mion

et al. 2001). Both mGluR5a and 5b-mycHis versions were prepared

by amplifying the C-terminal of mGluR5-HA in pcDNA3 from
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beyond an EcoR47III site to the stop codon with the primers

5¢-CGCAGGATGCACAGCAACAGGT-3¢ and 5¢-CAGTTCTAG-
ACAACGATGAAGA-3¢. The PCR product and the mGluR5 in

pcDNA3 were digested with EcoR47III and XbaI and ligated to

produce an mGluR5 without a stop codon and with an XbaI site at

the C-terminus. The whole sequence was then removed from the

pcDNA3 using EcoRI and XbaI and ligated into pcDNA3-mycHis

to give mGluR5a or 5b-mycHis.

The production of the constructs pCD1b and pCDMM18,

containing the C-termini of mGluR1b and mGluRMM18, respec-

tively, fused with the N-terminus and transmembrane domain of the

lymphocyte antigen CD2 has been described previously (Chan et al.
2001). To produce CD2-YFP the plasmid containing CD2 fused to

the C-terminal tail of mGluR1a previously described (Chan et al.
2001) was digested with BamHI and NotI to remove the mGluR1a

sequence. YFP (pEYFP-N1; Clontech) was amplified by PCR with

the primers 5¢-GACTCAGATCTCGAGCTAAGCTTCGAATTC-3¢
and 5¢-GATCTAGAGTCGCGGCCGCTTTACTTGTAC-3¢ contain-
ing 5¢ BglII and 3¢ NotI sites. The PCR product was gel purified,

digested with the appropriate enzymes, and ligated into the digested

CD2 plasmid to generate the construct CD2-YFP. For all constructs

the sequence changes were confirmed by DNA sequencing.

Tissue culture
Human embryonic kidney 293 cells and COS-7 cells were grown in

Dulbecco’s Modified Eagle’s Medium (Sigma Chemical Co., Poole,

UK) supplemented with 10% (v/v) foetal calf serum (Invitrogen),

2 mmol/L L-glutamine, 50 U/mL penicillin, 50 lg/mL streptomycin

(all from Invitrogen) at 37�C, in a humidified atmosphere of 5%

CO2. For microscopy the cells were plated onto glass coverslips.

Cells were either transfected using a calcium phosphate protocol or

jetPEI, a polyethylenimine-derived transfection reagent (Qbiogene,

Cambridge, UK). The calcium phosphate method was adapted from

(Jordan et al. 1996). The transfection mixture consists of: 540 lL
sterile water, 10 lg DNA, 186 lL of 1 mol/L CaCl2 and 750 lL of

2· HEPES-buffered saline pH 7.2. The mixture was gently mixed

and left for 45 s to allow the formation of the precipitate. An

appropriate volume was added directly to the cells (750 lL for a 25-

cm2 flask, 200 lL for a well of a 6-well plate). JetPEI was used

according to the manufacturer’s instructions. For transient transfec-

tions with cDNAs encoding mGluR5, the medium was replaced

with glutamate-free medium [Glutamax Dulbecco’s Modified

Eagle’s Medium, 10% (v/v) dialysed foetal calf serum] at 6 or

24 h after transfection, to avoid agonist-induced degradation of the

receptor.

Endoglycosidase treatment and SDS–PAGE analysis
Membranes prepared from cells transfected with the proteins of

interest were digested with pNGaseF or EndoH as described earlier.

Samples were prepared for polyacrylamide gel electrophoresis

(PAGE) by heating at 60�C for 15 min in 62.5 mmol/L Tris–HCl pH

6.6 containing 1% sodium dodecyl sulphate (SDS), 0.01% brom-

ophenol blue, 20 mmol/L dithiothreitol and 10% glycerol (SDS

sample buffer). The proteins separated by SDS–PAGE were

transferred to a polyvinylidene difluoride membrane using a BioRad

Transblot semi-dry transfer system (BioRad, Hemel Hempstead,

UK) and immunoblotted as described previously (Ciruela et al.
1999b, 2000).

Membrane preparation and immunoprecipitation
Membranes were prepared from transfected cells and rat

cerebellum as described by (Chan et al. 2001). For the immu-

noprecipitation from rat cerebellum, synaptic plasma membranes

were solubilized at 20�C for 10 min, in 50 mmol/L Tris–HCl (pH

7.2) containing 0.1 mol/L NaCl (Tris–saline), 1% SDS and

protease inhibitors, with a protein : detergent ratio of 1 : 5. The

supernatant was diluted 1 : 10 with 1% Triton X-100 in Tris–

saline and centrifuged at 100 000 gav for 1 h at 4�C. The

supernatant was removed and the mGluR1a receptor was

incubated with rabbit-anti-mGluR1a antibody (5 lg) overnight at

4�C, and the immunocomplexes isolated by adding protein G

Sepharose, 50 lL of a 1 : 1 aqueous suspension. After rotation

for 2 h at 4�C, the Sepharose beads were exhaustively washed

and the bound proteins eluted by incubation with SDS sample

buffer.

To investigate the dimerization of mGluRs, a modification of

the co-immunoprecipitation was performed as follows: cell

membranes were prepared 48 h after transfection of HEK293

cells with the two proteins, one of which was myc-His tagged. The

membranes were solubilized in Tris–saline containing 1% SDS, in

order to disrupt completely any weak non-covalent interactions.

The sample was then diluted 1 : 10 in Tris–saline containing 1%

Triton X-100, imidazole added to 2.5 mmol/L, and centrifuged at

15 000 gav for 15 min, at 4�C. The supernatant was rotated for 1 h

with 50 lL Talon resin (Clontech), which strongly binds to the His

tag. After extensive washing with 1% Triton X-100 in Tris–saline

containing 2.5 mmol/L imidazole, the proteins were eluted with a

small volume of Tris–saline containing 1% Triton X-100 and

0.25 mol/L imidazole. As a negative control, the precipitation of

the FLAG-tagged receptor was performed in parallel omitting the

myc-His-tagged receptor. The eluate was heated at 60�C for

30 min after the addition of SDS sample buffer. The eluted

proteins were then analysed by SDS–PAGE and immunoblotting,

together with a fraction of the supernatant, as a control for the

input material.

Immunocytochemistry
Cells to be processed were cultured on 22-mm diameter

borosilicate glass coverslips in a six-well plate and transfected

as appropriate. At 48 h post-transfection, the medium was

aspirated and the cells carefully washed in phosphate-buffered

saline (PBS) and fixed with 4% (w/v) p-formaldehyde in PBS for

5 min at 20�C. The fixed cells were washed in Tris–saline, pH

7.4 for 5 min, and where necessary, permeabilized with 0.25%

Triton X-100 for 5 min at 20�C. After incubation in blocking

buffer [1% (w/v) bovine serum albumin and 1% (v/v) normal

goat serum in PBS] for 30 min, each coverslip was overlaid with

150 lL of primary antibody appropriately diluted in blocking

buffer and incubated for at least 1 h at 20�C in a moist chamber.

After three washes in blocking buffer, the coverslips were

incubated with a 1/1000 dilution of the appropriate fluorophore-

conjugated secondary antibody for 1 h at 20�C. The coverslips

were then washed three times in PBS and mounted on

microscope slides in Vectashield mounting medium (Vector

Laboratories, Peterborough, UK) and sealed with clear nail

varnish. The images were taken using Zeiss LSM510 confocal

scanning microscope mounted on an Axiovert 100M inverted
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microscope (Carl Zeiss Ltd, Welwyn Garden City, UK). Anti-

bodies were used at the following dilutions rabbit anti-HA

1/1000, mouse anti-myc 1/10, rabbit anti-sec24 1/100, mouse

anti-ERGIC 53 1/100, rabbit anti-PDI 1/400, rabbit anti-GM130

1/400, rabbit anti-mGluR1a C-terminus 1/300, rabbit anti-

mGluR1a N-terminus 1/100, rabbit anti-mGluR1b C-terminus

1/300 and mouse anti-CD2 1/20.

Calcium imaging
Human embryonic kidney cells 293, 24 h after transfection with

the different mGluR constructs or a control plasmid (pcDNA3),

were subcultured onto poly-D-lysine coated coverslips and

incubated with glutamate-free medium for a further 24 h. The

cells were washed twice with HEPES-buffered Hank’s Balanced

Salt Solution containing 2 mmol/L CaCl2 (HBSS), and then

incubated at 20�C in 1 mL HBSS containing 1 lmol/L Fluo-4

(Molecular Probes) and 0.03% pluronic F-127 (Invitrogen) for

1 h. After three 5 min washes with HBSS the cells were imaged

on a Zeiss LSM510 confocal scanning microscope, using the 20·
lens of the Axiovert 100M inverted microscope. Images were

scanned every 2 s using a 488 nm excitation and 530–550 nm

emission filters. After monitoring the cells for 2 min, glutamate at

20 lmol/L was used to stimulate the cells. The cell responses

were quantified using the Zeiss LSM software and the results

plotted as a ratio of the Fluorescence emission (F) divided by the

initial unstimulated fluorescence (F0). For the control samples

transfected with pcDNA3 0.5% Triton X-100 was added at the

indicated time to show that these cells had loaded with Fluo-4.

Data were collected from a minimum of 14 cells and the results

analysed in GraphPad Prism (GraphPad Software, San Diego,

CA, USA) using the Kruskal–Wallis method for analysis of

variance.

FRET analysis
The fluorescence resonance energy transfer (FRET) occurring

between the mGluRMM18 or mGluR1b-YFP and mGluRMM18

or mGluR1b-CFP subunits was determined using acceptor

photobleaching (Nashmi et al. 2003; Liu et al. 2004b). Cells

were transfected with equal amounts of the YFP and CFP

mGluR1 constructs, and after 48 h, imaged on a Zeiss LSM510

scanning confocal microscope, using a 40· oil immersion lens.

The YFP and CFP were excited using the 514 and 458 nm lines

of the He–Ne laser and the bleaching of the YFP carried out by

repetitive scanning (30 iterations) of the region of interest (ROI)

on the cells using 90% of full laser power at 514 nm. The YFP

emission was collected through a long pass LP530 nm filter and

the CFP fluorescence through a band pass filter BP480–520 nm.

ROI were defined in the ER of the cells, taking care to avoid

large intracellular inclusions, using a pinhole of 206 lm. After

taking five 1 s scans across the cell, the ROI was bleached and

five additional scans were collected. The FRET signal was

calculated as the fractional increase in the CFP fluorescence

signal in the ROI after the bleach thus: [(CFPpost-bleach )
CFPpre-bleach)/CFPpost-bleach] · 100, after correction for the back-

ground signal, and the weak increase in CFP fluorescence seen

after the photobleaching protocol. Data was collected from a

minimum of 30 cells and the results analysed in GraphPad using

the Kruskal–Wallis method for ANOVA.

Results

Characterization of the mGluR1b-mycHis constructs
In our previous studies we used antibodies to the C-terminal
region of mGluR1a to perform immunoprecipitations form
cells labelled with 35S-methionine (Robbins et al. 1999). In
order to allow for more stringent solubilization conditions
prior to affinity-isolation of the receptors, we prepared
C-terminally myc-His-tagged version of mGluR1b and its
mutant form in which the RRKK motif was changed to
AAAA (mGluRMM18). These were examined for their
expression in transfected COS-7 cells and cell surface
expression by immunofluorescence. This showed that the
mGluRMM18-mycHis was present at the cell surface, giving
a granular pattern of staining, whilst the mGluR1b-mycHis
construct gave a much weaker granular pattern of immuno-
reactivity (Fig. 1a). Immunostaining of permeabilized cells
expressing these constructs showed that both were present in
the cells at comparable levels and that the mGluR1b-mycHis
formed intracellular inclusions that were not present in the
mGluRMM18-mycHis cells (see also Fig. 5). Endoglycosi-
dase treatment of the constructs expressed in HEK293 cells
showed that the mGluR1b-mycHis was fully EndoH sensi-
tive indicating that it was predominantly retained in the ER.
In contrast, the mGluRMM18-mycHis-tagged receptor was
EndoH resistant, consistent with our previously reported
findings on mGluR1b (Chan et al. 2001) (Fig. 1b). It should
be noted that that the dimer and monomer bands for the
glycosylated forms of mGluRMM18-mycHis appear to
migrate more slowly than those formed by mGluR1b-mycHis
indicating that the former is more fully glycosylated. The
totally de-glycosylated pNGaseF digested protein core of
the two proteins is, as expected, the same size. It should
be noted that the apparently SDS-resistant dimers of the
short splice variants of mGluR1, present in these SDS-
denaturing gels have been reported elsewhere and are
formed during the processing of the samples (Mary et al.
1998; Mateos et al. 1998; Chan et al. 2001; Francesconi and
Duvoisin 2002).

All of the mGluR1b constructs gave a similar peak
calcium response following challenge with 20 lmol/L glu-
tamate, indicating that they were functionally coupled
(Fig 1c). The mGluRMM18-mycHis receptor calcium re-
sponse appears to be more prolonged than that of either
mGluR1b or mGluR1b-mycHis, and this may reflect its
greater cell surface expression. The peak response evoked by
mGluR1b was not significantly different from that of
mGluRMM18, despite the fact that the wild type has a
much lower surface expression compared with the mutant.
This suggests that a small number of functional receptors on
the cell surface are sufficient to induce a maximal response,
which might be limited by other factors such as G protein
availability. Therefore, the elevated surface expression of
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mGluRMM18 would only increase the receptor reserve,
without altering the maximal response.

Dimerization of mGluR1b with itself and mGluR1a
As the mGluRs form disulphide bonded dimers, SDS-
solubilization will not disrupt them, but will guarantee the
disassociation of non-covalent or inadvertent associations
caused by the solubilization. In order to maximize recovery
of the target proteins during their subsequent affinity
isolation, the SDS-solubilized samples were diluted into
1% Triton X-100 to reduce the SDS concentration to 0.1%,
prior to the isolation step. Thus using the myc-His-tagged
constructs, affinity-isolations were performed, using Talon

resin, from SDS-solubilized cell membranes to test if the
homodimerization of mGluR1b with itself and heterodimer-
ization with mGluRMM18 could be detected. As can be
seen in Fig. 2a, co-expression of mGluR1b-mycHis and
FLAG-tagged mGluR1b and immunoprecipitation of the
mGluR1b-mycHis, resulted in the co-immunoprecipitation of
FLAG-tagged mGluR1b, indicating that mGluR1b can form
homodimers of these constructs in the cells. However, if
FLAG-tagged mGluR1b and mGluRMM18-mycHis were
co-expressed together then we consistently failed to
co-immunoprecipitate the two proteins, suggesting that they
do not heterodimerize to a significant extent under these
conditions (Fig. 2a).

Having established that the Talon resin could be used to
demonstrate the dimerization of mGluR1b, the dimerization
of mGluR1a and mGluR1b was examined using co-expres-
sion of both mGluR1b-mycHis and mGluRMM18-mycHis
with FLAG-tagged-mGluR1a. As can be seen in Fig. 2b,
mGluR1a is only weakly co-immunoprecipitated with
mGluR1b-mycHis, but significantly more of it is brought
down when it is co-expressed with mGluRMM18-mycHis. In
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Fig. 1 (a) Immunofluorescence of mGluR1b-mycHis and mGluRMM18-

mycHis in COS-7 cells. COS-7 cells were transfected with either

mGluR1b-mycHis [a(ii and iv)] or mGluRMM18-mycHis [a(i and iii)].

After 48 h the cells were fixed and immunostained for the receptor

using a rabbit N-terminal anti-mGluR1b antibody. In panels [a(iii and

iv)], the cells were treated with 0.25% Triton X-100 prior to the primary

antibody incubation to permeabilize the cells. The scale bar is 10 lm

and the arrows show the inclusions formed by the mGluR1b-mycHis.

(b) Endoglycosidase treatment of membranes from HEK293 cells

expressing either mGluR1b-mycHis or mGluRMM18-mycHis. Mem-

branes were prepared from the cells 48 h after transfection and trea-

ted with the indicated endoglycosidases. After SDS–PAGE and

western blotting the receptors were detected using an anti-myc anti-

body. The mGluR1b shows almost complete EndoH sensitivity, as

indicated by its reduction in size, whereas the mGluRMM18-mycHis is

almost completely EndoH resistant. The position of the molecular

weight markers are indicated by the arrows and the position of the

monomer and dimer forms of mGluR1b are indicated by the single and

double asterisks respectively. Similar results were obtained in three

separate experiments. (c) Calcium responses evoked by stimulating

mGluR1b, mGluR1b-mycHis and mGluRMM18-mycHis. HEK293 cells

were transfected with the indicated constructs and after 48 h their

calcium responses to 20 lmol/L glutamate determined using the cal-

cium sensitive dye, Fluo-4. The time of addition of the glutamate, or

0.5% Triton X-100 to the control cells, is indicated by the arrow. All of

the mGluR1b constructs gave a response to glutamate with no sig-

nificant difference in the mean peak responses (mGluR1b 3.55 ± 0.31,

mGluR1b-mycHis 3.6 ± 0.35 and mGluRMM18-mycHis 4.1 ± 0.38).

The results are the mean ± SEM responses from 14, 16 and 21 cells

respectively. However, the area under the curve for the mGluRMM18-

mycHis responses was significantly different from that of the

mGluR1b and mGluR1b-mycHis (p < 0.05), and these were not dif-

ferent from each other. Similar results were obtained in two separate

experiments.
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three experiments results similar to those shown here were
obtained, in two more we failed to co-immunoprecipitate
mGluR1a and mGluR1b suggesting that the two mGluR1
subtypes are only weakly associated. If mGluR1b and
mGluR1a were to heterodimerize then we reasoned that
either the mGluR1a would act as a chaperone for mGluR1b
causing it to move to the cell surface and become EndoH
resistant or the mGluR1a associated with mGluR1b would be
ER retained and become EndoH sensitive. Therefore, we

examined the endoglycosidase sensitivity of the two receptor
isoforms after their co-expression in HEK293 cells. In this
experiment, the glycosylation status of both mGluR1a and 1b
was unchanged when they are co-expressed, suggesting that
they do not associate to any significant extent, consistent
with the co-immunoprecipitation experiments (Fig. 2c).

To further examine the possibility that mGluR1b or
mGluRMM18 were dimerizing, a FRET analysis was
performed to see whether the C-termini of the different

Transfected with:
mGluR1a-Flag
mGluR1b-mycHis
MM18-mycHis

Probed for:

Anti-FLAG

Anti-Myc

Probed for:

Anti-Myc

Anti-FLAG

Transfected with: 

mGluR1b-Flag

mGluR1b-mycHis

MM18-mycHis

Lys
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100
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Transfected with:

Mr X 10–3
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*
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100
150
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100
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Mr X 10–3
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*
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*

250
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150
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Mr X10–3

*
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mGluR1a+mGluR1b mGluR1b mGluR1amGluR1a+mGluR1b   

Probed with:  anti-mGluR1b anti-mGluR1a

Ppt Lys Ppt Lys Ppt
Lys Ppt Lys Ppt Lys Ppt

Lys Ppt

C F H C CC F FF H HH

(a)

(c)

(b)

Fig. 2 (a) Talon isolation of FLAG-tagged mGluR1b, by mGluR1b-

mycHis or mGluRMM18-mycHis, from SDS-solubilized cell mem-

branes from cells transfected with the indicated cDNAs. HEK293 cells

were transfected as shown and after 48 h cell membranes were pre-

pared from the cells. The solubilized material was incubated with Talon

resin to isolate the (His)6 form of the receptor and the isolate analysed

on SDS–polyacrylamide gels followed by western blotting for the

indicated epitope tag. The starting material is indicated by Lys and the

Talon isolate by Ppt. Note that whilst mGluR1b and mGluRMM18 form

homodimers they do not heterodimerize as shown by the absence of a

Talon isolated FLAG-tagged band in the lane where both FLAG-

tagged mGluR1b and mGluRMM18-mycHis are co-expressed. Similar

results were obtained in three separate experiments. (b) Talon

isolation of FLAG-tagged mGluR1a, by mGluR1b-mycHis and

mGluRMM18-mycHis, from SDS-solubilized cell membranes from

cells transfected with the indicated cDNAs. Note the relatively weak

co-isolation of FLAG-tagged mGluR1a with mGluR1b-mycHis

compared with when FLAG-tagged mGluR1a is co-expressed with

mGluRMM18-mycHis. Similar results were obtained in three separate

experiments and in two further experiments no co-immunoprecipitation

of mGluR1a with mGluR1b was seen. (c) Endoglycosidase sensitivity

of mGluR1b and mGluR1a when expressed alone or together.

HEK293 cells were transfected with the indicated cDNAs and after

48 h membranes were prepared from the cells. These were subjected

to treatment with no enzyme (C) or with EndoH (H) or pNGaseF (F).

The digests were analysed on 5% SDS–polyacrylamide gels followed

by immunoblotting for the different receptors. The endoglycosidase

sensitivity of both mGluR1a and mGluR1b is not altered when they are

co-expressed, suggesting that they do not associate and are not

trafficking together to the cell surface. In all the panels, the position of

the molecular weight markers are indicated by the arrows and the

position of the monomer and dimer forms of mGluR1b are indicated by

the single and double asterisks respectively. Similar results were

obtained in two separate experiments.
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receptors when expressed as YFP/CFP C-terminally tagged
pairs, were in proximity. The FRET signal was determined by
photobleaching the YFP versions of the proteins and
monitoring the increase in the CFP fluorescence in their
CFP forms, because of the acceptor YFP being bleached. The
results showed a mean fluorescence increase for mGluR1b-
YFP/CFP pair of 9.9% ± 3.9 (SD; 32 cells), with the
mGluRMM18-YFP/CFP pair giving 9.7% ± 3.5 (SD; 35)
FRET. The mGluRMM18-YFP/mGluR1b-CFP pair however
only gave a 3.2% ± 3.4 (SD; 35) FRET signal. The FRET
values obtained from mGluRMM18-YFP/CFP pair, and the
mGluR1b-YFP/CFP pair, were not significantly different, but
both were significantly different from the mGluRMM18-YFP
and mGluR1b-CFP pair (p > 0.01). Although the FRET
signals are low they are comparable with those reported for
similar C-terminal truncated constructs of mGluR1a (Tatey-
ama et al. 2004). These data are also consistent with the
mGluR1b and mGluRMM18 forming dimers, whereas the
mGluRMM18/mGluR1b pair do not.

This prompted us to ask if the alternative splice variants of
the other Group 1 mGluRs, namely mGluR5a and 5b, were
able to heterodimerize, or whether their alternatively spliced
C-termini also prevented heterodimerization. Therefore,
mGluR5a and 5b carrying different epitope tags were co-
expressed in HEK293 cells and immunoprecipitated sepa-
rately. The results show clearly that the two mGluR5 splice
variants do indeed heterodimerize (Fig. 3).

mGluR1a and mGluR1b do not dimerize in the rat
cerebellum
Together these data show that the affinity isolation method
described here can demonstrate the dimerization of the
different mGluRs and provides convincing evidence that the
RRKK motif in the C-terminus of mGluR1b is involved in
the prevention of heterodimerization of mGluR1b with
mGluR1a and can also prevent the association of mGluR1b
with its mutated form mGluRMM18-mycHis.

It remains possible that, in the brain, where the mGluR1b
receptor is fully glycosylated (Chan et al. 2001), mGluR1a
could act as a chaperone for mGluR1b, especially in the
cerebellum where the two splice variants are co-expressed in
Purkinje cells (Mateos et al. 2000). Therefore, we solubilized
cerebellar membranes from rat brains using SDS and
immunoprecipitated mGluR1a using a C-terminal antibody.
The resulting immunoprecipitate was split into two aliquots
and each immunoblotted for either mGluR1a or mGluR1b.
The results show that whilst we obtained good solubilization
of the mGluRs and recovered the mGluR1a in good yield, we
could not detect mGluR1b in these precipitates (Fig. 4). The
same results were obtained in two separate experiments.
Thus in cerebellar synaptic membranes, mGluR1a and
mGluR1b are not associated in heterodimers.

The ER retention motif causes segregation of mGluR1a
and mGluR1b and causes the latter to form intracellular
ER-derived accumulations
As mGluR1b does not heterodimerize with mGluRMM18 or
mGluR1a we examined the intracellular distribution of
mGluR1a, when co-expressed with either mGluR1b or
mGluRMM18 in COS-7 cells. The results shown in Fig. 5

Transfected with: 
mGluR5a-Flag
mGluR5a-mycHis
mGluR5b-mycHis

Probed for:

Flag

Myc

Lys

250

150

250

150

Mr X 10–3

Ppt Lys Ppt Lys Ppt

Fig. 3 Talon isolation of FLAG-tagged mGluR5a, by mGluR5a-

mycHis or mGluR5b-mycHis, from SDS-solubilized cell membranes

from cells transfected with the indicated cDNAs. HEK293 cells were

transfected as shown and after 48 h cell membranes were prepared

from the cells. The solubilized material was incubated with Talon resin

to isolate the (His)6 form of the receptor and the isolate analysed on

SDS–polyacrylamide gels followed by western blotting for the indi-

cated epitope tag. The starting material is indicated by Lys and the

Talon isolate by Ppt. The position of the molecular weight markers are

indicated by the arrows. Similar results were obtained in three sepa-

rate experiments.

Probed for:      anti-mGluR1a           anti-mGluR1b

250

100

150

Mr X 10–3

*

**

Tot Pel Ppt Tot Pel Ppt

Fig. 4 Immunoprecipitation of mGluR1a from rat cerebellar mem-

branes. The soluble material after a 100 000gav centrifugation was

immunoprecipitated for mGluR1a using an anti-mGluR1a C-terminal

antibody, and the immunoprecipitate split into two aliquots before

analysing the total lysate (Tot), the 100 000 gav pellet (Pel) and the

precipitate (Ppt) on a 5% SDS–polyacrylamide gel followed by

immunoblotting for either mGluR1a or mGluR1b as indicated. Similar

results were obtained in two separate experiments. The position of the

molecular weight markers are indicated by the arrows and the position

of the monomer and dimer forms of mGluR1b are indicated by the

single and double asterisks respectively. Similar results were obtained

in two separate experiments.
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demonstrate that mGluRMM18 and mGluR1a show an
almost complete overlap in their intracellular distribution
(Fig. 5 lower row), whereas mGluR1b, although clearly
present in the ER with mGluR1a, gives multiple bright
puncta of immunofluorescence that do not coincide with the
immunostaining of mGluR1a (Fig. 5 upper row). This
suggests that mGluR1b may be segregating from mGluR1a
within the ER. To examine whether this behaviour of
mGluR1b is conferred solely by the C-terminal tail, we made
use of a reporter molecule, the lymphocyte surface antigen,
CD2, where we replaced its C-terminus with that of
mGluR1b to give pCD1b. This construct has been shown
to convert CD2 from a fully glycosylated surface expressed
protein into an ER retained EndoH sensitive form (Chan
et al. 2001). We then co-expressed CD2-YFP with pCD1b in
COS-7 cells, and following fixation and permeabilization,
immunostained the cells for pCD1b with a C-terminal anti-
mGluR1b antibody. CD2-YFP was clearly apparent at
the cell surface (Fig. 6 upper row) whilst pCD1b was
retained in the cells in large intracellular inclusions (Fig. 6
lower row). However where these inclusions were present,
the fluorescence of CD2-YFP was significantly diminished
suggesting that it was being excluded, at least in part, from
these areas of the ER (Fig. 6 lower panel). Furthermore, the
observation that CD2 was still being trafficked to the cell
surface suggests that despite the formation of the pCD1b

inclusions, the normal cell processing of membrane proteins
was maintained. In order to see if the C-terminal tail of
mGluR1b was allowing the CD2 to progress further than the
ER we examined the localization of the pCD1b in different
cell compartments. The results show that as before the large
intracellular inclusions formed by pCD1b are immunoreac-
tive with the ER marker PDI, but not with the Golgi marker
GM130, or the exit site marker Sec 24 nor with the
intermediate compartment marker ERGIC 53 (Fig. 7). Inter-
estingly, neither the intracellular distribution of the latter two
proteins appears to be altered despite the formation of the
inclusions containing pCD1b (Fig. 7; left hand column,
lower two rows). Thus, as suggested by the surface
expression of CD2-YFP, the intracellular machinery for
trafficking proteins to the cell membrane seems to continue
to function despite the sequestration of pCD1b into the
ER-derived inclusions.

Discussion

The use of the myc-His-tagged versions of mGluR1b and
mGluR1MM18 in this study confirms and extends our
previous finding that the RRKK motif in the C-terminus of
mGluR1b retains the majority of the receptor in the ER
(Chan et al. 2001). Despite this some receptor does arrive at
the plasma membrane where it is functional, but this protein,

Fig. 5 Co-expression of mGluR1a with

FLAG-tagged mGluR1b and co-expres-

sion of mGluR1a with FLAG-tagged

mGluRMM18. COS-7 cells were transfect-

ed with the indicated constructs using a

1 : 1 ratio of DNA and 48 h later they were

fixed, permeabilized and immunoreacted

with an anti-FLAG antibody (mGluR1b and

mGluRMM18) and with an anti-mGluR1a

antibody (mGluR1a). The secondary anti-

bodies were an Alexa 488-coupled goat

anti-mouse antibody, and an Alexa 568-

coupled goat anti-rabbit antibody. The scale

bar represents (10 lm) and the right hand

column shows the merged images of the

red and green channels. The arrows indi-

cate the intracellular accumulations formed

by mGluR1b but not mGluRMM18.
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previously quantified at 10% of the total, is EndoH sensitive,
unlike mGluR1b found in the brain (Chan et al. 2001).
Similar arginine-rich motifs have been described in other
membrane proteins such as the NMDA receptor NR1 subunit
(Standley et al. 2000), potassium channels (Zerangue et al.
1999), GABAB R1 (Margeta-Mitrovic 2002) and kainate
receptors (Ren et al. 2003) and have been suggested to
regulate the surface expression of these proteins. These
studies have led to the suggestion that either RXR or F/Y/
RRXR, where F/Y are any hydrophobic or aromatic amino
acids and X is any amino acid, provide ER retention motifs at
the appropriate place in the C-terminus of membrane proteins
(Zerangue et al. 2001; Michelsen et al. 2005). The RRKK
motif in mGluR1b does not conform to this consensus, and
this may suggest that the domain in mGluR1b acts differently
from other members of this type of ER retention motif.

Generally the ER retention of these proteins by the
charged residues is overcome by the association of the
retained protein with another receptor subunit as is the case
for the GABAB receptor, potassium channels and NMDA
receptor. In the latter case additional forward trafficking
signals may involve the phosphorylation of residues flanking
the retention motif and/or interaction with a PDZ-binding
protein (Scott et al. 2001, 2003; Xia et al. 2001). Alterna-
tively, the oligomerization of receptor subunits recruits
additional proteins to facilitate the trafficking of the receptor,
or channel complex, from the ER, as happens with the
potassium channels and their recruitment of the 14-3-3
proteins after oligomerization (O’Kelly et al. 2002). One
candidate for a partner protein to facilitate the trafficking of
mGluR1b is mGluR1a, but as shown here it does not
efficiently associate with mGluR1b in transiently transfected
cells, or in the cerebellum. Consequently, in the brain where
mGluR1b is fully glycosylated (Chan et al. 2001) there must
exist other proteins that facilitate the trafficking of this

receptor subtype, in this context it is interesting to note that a
subunit of the GABAA receptor has been reported to promote
the cell surface expression of GABAB R1 subunits (Bala-
subramanian et al. 2004).

The mechanism by which the arginine-based ER retention
motifs operate is currently unclear, although clearly it causes
the accumulation of mGluR1b in an ER-derived cell
compartment. Indeed, the apparent sequestration of
mGluR1b or a chimera of it into the ER-derived compart-
ment may be one mechanism by which its dimerization with
mGluR1a may be minimized. The ER accumulation of
mGluR1b could result from its retrieval from the cis-Golgi
apparatus or by its failure to utilize the normal trafficking
mechanisms from the ER. This could reflect a failure of the
receptor to interact with the coat protein 1or 2 complexes,
respectively (Bonifacino and Lippincott-Schwartz 2003), and
there is some evidence that at least some of the arginine-
based motifs can bind coat protein 1 proteins (Yuan et al.
2003; Brock et al. 2005), although other studies suggest
different mechanisms (Zerangue et al. 2001). As we could
not detect the presence of mGluR1b or pCD1b in the Golgi
apparatus, or in the ERGIC compartment it would seem that
it is either actively retained in the ER or fails to leave it. In
either case, its exit from the ER should involve either the
formation, or the disruption, of a protein interaction. As the
C-terminal tail of mGluR1b can act to restrict CD2 to the ER,
it seems probable that this sequence of amino acids is
sufficient to cause the ER retention. However, despite several
attempts using the yeast two hybrid system and proteomic
approaches, with both the normal mGluR1b C-terminus or
that derived from mGluRMM18, we have so far failed to
identify proteins interacting with this region of the receptor.

Our studies indicate that one function of the RRKK motif
is to prevent the heterodimerization of mGluR1b with
mGluR1a. Although using the more stringent solubilization

Fig. 6 COS-7 cells were transfected with

the CD2-YFP and pCD1b constructs using

a 1 : 1 ratio of DNA, and 48 h later they

were fixed (upper panel) or fixed and per-

meabilized (lower panel). The cells in the

upper panel were incubated with a mouse

antibody to CD2 before being reacted with

an Alexa 568-coupled anti mouse antibody

to reveal the surface CD2. In the lower pa-

nel, the permeabilized cells were incubated

with a rabbit anti-mGluR1b antibody before

being reacted with an Alexa 568-coupled

anti-rabbit antibody, to detect the intracel-

lular pCD1b. The left hand column shows

the YFP signal, the middle column shows

the Alexa 568 signal and the right column

panel shows the merged signals. The scale

bar represents (10 lm).
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conditions, permitted by the use of the Talon resin, to isolate
potential heterodimers of mGluR1a and mGluR1b, did reveal
occasional low levels of heterodimerization, these were much
less than those found when the RRKK motif was removed by
mutation. Likewise, no heterodimerization of these receptor
subtypes was detected in rat cerebellum isolates, where both
are expressed in the Purkinje cells. Interestingly, we were
able to show clear homodimerization of both mGluR1b and
mGluRMM18, but not heterodimerization of mGluR1b and
mGluRMM18. This represents the first clear evidence that
mGluR1b does exist as a homodimer and strongly suggests
that the RRKK motif can regulate this dimerization.

As mGluR5a and mGluR5b, the other members of the
mGluR Group 1 family, appear to heterodimerize efficiently
and are well expressed at the cell surface, the question arises
as to why the mGluR1 family has this RRKK motif that
prevents heterodimerization of the receptor. In many cases,

the heterodimerization between receptor subtypes, or even
between different receptors, can result in a change of
pharmacological properties [as observed for example for
the opioid receptors (Jordan and Devi 1999) and taste
receptors (Zhao et al. 2003)] or desensitization profile (as for
the somatostatin receptor SSTR2/SSTR3 heterodimers;
(Pfeiffer et al. 2001). As the functional differences between
the two mGluR1 splice variants are minor (Pin et al. 1992;
Joly et al. 1995; Mary et al. 1997) heterodimerization would
not be expected to have a huge impact on the receptor
properties. Nevertheless, heterodimerization would affect the
array of proteins interacting with the dimeric mGluR. Thus
mGluR1a, but not mGluR1b, can interact with the proteins
Tamalin and Homer (Brakeman et al. 1997; Tu et al. 1998;
Kitano et al. 2002). The interaction with Homer in particular
can lead to association of mGluR1a with other proteins such
as the IP3 receptor and Shank (Tu et al. 1998, 1999). Indeed,

Fig. 7 Intracellular accumulations of pCD1b

contain endoplasmic reticulum markers.

COS-7 cells were transfected with pCD1b

and 48 h later fixed using cold methanol

and immunostained for pCD1b and the

indicated marker proteins. pCD1b was

detected using a rabbit anti-mGluR1b anti-

body in all the panels apart from the bottom

row, where the mouse anti-CD2 was used.

The secondary antibodies were an Alexa

568-coupled goat anti-mouse antibody, and

an Alexa 488-coupled goat anti-rabbit anti-

body. The right hand column shows the

merged images and the scale bar repre-

sents (10 lm).
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interaction of Homer and mGluR1a appears to modulate the
constitutive activation of the receptor (Ango et al. 2001), and
this and other Homer-mediated interactions can be modulated
by the activity-induced expression of the dominant negative
short variant Homer 1a (Minami et al. 2003). Therefore, the
lack of heterodimerization between mGluR1a and mGluR1b
keeps mGluR1b insensitive to the actions of Homer1a,
creating a receptor pool with a functional profile similar to
mGluR1a but differently regulated upon neuronal activation.
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