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Abstract

Kainate receptors are a class of ionotropic glutamate receptors that are widely expressed in the mammalian brain, yet little is

known about their physiological role or the mechanisms by which they are regulated. Kainate receptors are composed of multiple

subunits (GluR5–7; KA1–2), which can combine to form homomeric or heteromeric channels. While the kainate receptor subunit

KA2 can combine with GluR5–7 to form heteromeric channels, it does not form functional homomeric channels when expressed

alone. In an attempt to identify the molecular mechanisms for this, we have characterized the trafficking and surface expression of

KA2. We find that KA2 alone does not traffic to the plasma membrane and is retained in the endoplasmic reticulum (ER). In

contrast, co-expression with GluR6 disrupts ER-retention of KA2 and allows plasma membrane expression. Using a chimeric

reporter protein we have identified an ER-retention motif within the KA2 cytosolic domain. Recent studies have identified a

consensus ER-retention motif (RRR) that is contained within both the NMDA receptor NR1 subunit and Kþ channels. While KA2

contains a similar stretch of amino acids within its C-terminus (RRRRR), unlike the NR1 motif, disruption of this motif with

alternating glutamic acid residues does not disrupt ER-retention of KA2, suggesting a unique mechanism regulating KA2 surface

expression.

Published by Elsevier Inc.
Fast excitatory synaptic transmission in the central

nervous system (CNS) is mediated predominantly by the

ionotropic glutamate receptors which can be divided

into three classes: a-amino-3-hydroxy-5-methyl-4-isox-

azolepropionic acid (AMPA), N-methyl-DD-aspartate
(NMDA), and kainate receptors [1,2]. Although AMPA

and NMDA receptors have been extensively studied,

kainate receptors have received less attention primarily

due to the lack, until recently, of pharmacological agents

that distinguish between AMPA and kainate receptors

[3,4]. Kainate receptors are made up of different com-

binations of the GluR5–7 and KA1 and 2 subunits,

which are widely expressed throughout the CNS [2].
Kainate receptors participate in synaptic transmission
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both pre- and post-synaptically [4–9], have roles in

regulating both excitatory and inhibitory synaptic

transmission [4,9], and are involved in long-term po-

tentiation at hippocampal mossy fiber-CA3 synapses

[10,11] and at developing thalamocortical synapses [12].
Many oligomeric protein complexes contain subunits

that are only expressed at the plasma membrane when

assembled in the appropriate subunit stoichiometry. In

many cases, the fidelity of oligomerization is maintained

by retaining unassembled protein subunits in the ER

[13]. Several ER-retention motifs have been described

that are encoded within transmembrane proteins, in-

cluding the classic di-lysine (KK) and di-arginine (RR)
motifs. Recently, a variation of this positively charged

motif has been identified in multi-spanning transmem-

brane domain proteins such as the inwardly rectifying

Kþ channels and NMDA receptors (RXR; for review,
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see [14,15]). The NMDA receptor subunit NR1 contains
a stretch of three arginines (RRR) that regulate ER-re-

tention and disruption of this motif results in plasma

membrane expression [16–18].

The NMDA receptor subunit NR1 does not form

functional homomeric channels when expressed alone in

mammalian cells. Similarly, the kainate receptor subunit

KA2 does not form functional channels unless co-ex-

pressed with another kainate receptor subunit (GluR5–
7), leading to the possibility that the formation of an

oligomeric receptor complex masks an ER-retention

motif in KA2. In the current study, we investigated the

trafficking and surface expression of KA2 to examine the

mechanisms regulating plasma membrane expression of

KA2. We find that KA2, unlike GluR6, does not traffic

to the plasma membrane when expressed in heterologous

cells, but instead is ER-retained. However, upon co-ex-
pression with GluR6, KA2 traffics to the plasma mem-

brane and forms functional heteromeric kainate

receptors. The addition of the KA2 C-terminus to the

plasma membrane protein Tac results in ER-retention of

the TacKA2 chimera, thereby revealing the presence of a

dominant ER-retention motif in the KA2 C-terminus.

Like NR1, KA2 contains a positively charged motif

(RRRRR) within its C-terminus. However, unlike NR1,
disruption of the RRRRR motif with alternating glu-

tamic acid residues does not result in plasma membrane

expression, demonstrating a unique mechanism regulat-

ing KA2 receptor subunit surface expression.
Materials and methods

Antibodies and DNA constructs. The IL-2 receptor a-chain (Tac)

monoclonal antibody 7G7 (ATCC, Manassas, VA), GluR6/7 antisera

(Bob Wenthold, NIDCD/NIH, Bethesda, MD), and KA2 antibody

(Chemicon) were used for immunofluorescence and immunoblot

analyses. All fluorescent secondary antibodies were obtained from

Molecular Probes (Eugene, OR). The following cDNA constructs were

obtained as gifts: KA2 and GluR6 in mammalian expression vectors

(P. Seeburg, Max Planck, Heidelberg, Germany) and Tac (Juan Bo-

nifacino, NICHD/NIH, Bethesda, MD). Both wild-type and mutant

KA2 and GluR6 C-termini were amplified by PCR. The amplified tails

were subcloned into the cytosolic portion of Tac using XbaI and

EcoRV restriction sites as previously described [16]. Site-directed mu-

tagenesis was performed according to the QuickChange protocol

(Stratagene). The sequences of all PCR products and mutants were

confirmed by automated sequence analysis.

Immunofluorescence colocalization assay. HeLa cells (ATCC) were

maintained in Dulbecco’s modified Eagle’s medium (DMEM) con-

taining 10% fetal bovine serum, 1% LL-glutamine, and 0.1% gentamicin,

and incubated at 37 �C in a 5% CO2 atmosphere. HeLa cells grown on

glass coverslips were transfected with the cDNAs indicated (4lg of

DNA per well, six-well dish) using the calcium phosphate co-precipi-

tation method and analyzed 48 h later. Transfected cells were washed

in PBS and fixed in 4% paraformaldehyde in PBS for 15min at room

temperature. The cells were then washed in PBS and permeabilized in

0.25% Triton X-100 in PBS for 5min. The coverslips were ‘blocked’ in

10% normal goat serum in PBS for 1 h and incubated with anti-Tac

and anti-KDEL antibodies for 1–2 h at room temperature. Following

multiple washes with PBS, the cells were incubated with Alexa 568
anti-rabbit secondary antibodies (1:500) and Alexa 488 anti-mouse

secondary antibodies (1:500) for 30min at room temperature, washed,

and mounted with ProLong Antifade Kit (Molecular Probes; Eugene,

OR). The cells were visualized using a Zeiss Axioplan microscope and

pictures were taken with a 63� objective.

Glycosidase treatment and immunoblotting. Glycosidase treatment

was performed as previously described [19]. Briefly, transfected HeLa

cells plated on 10 cm dishes were collected in lysis buffer (TBS: 2mM

EDTA, 0.1mM AEBSF 4-(2-aminamide)benzenesulfonyl fluoride,

1 lg/ml leupeptin, and 5mM iodoacetamide) without detergent, soni-

cated, and total membranes were collected. The membranes were re-

suspended in 30 ll of lysis buffer containing 1% SDS and heated at

37 �C for 20min. Five volumes of cold 1% octyl glucoside was then

added to each sample and each sample was divided three ways: (i)

untreated; (ii) endoglycosidase H (Endo H) (2500U); or (iii) with N-

glycosidase F (1250U). All samples were incubated at 37 �C for 4 h and

then frozen until further analysis. Samples were thawed, resolved by

SDS–PAGE, transferred onto PVDF membranes, and probed with

either anti-KA2 (2lg/ml) or anti-GluR6/7 (1lg/ml) antibodies. The

blots were then incubated with anti-rabbit HRP secondary antibodies

(1:5000; Amersham), followed by detection with ECL reagents (Pierce).

Electrophysiology methods. One to three days after plating,

HEK293 cells were transfected with plasmids (0.8–1lg) using Super-

fect (Qiagen) according to the manufacturer’s instructions. To identify

transfected cells, 0.2 lg of a plasmid containing CD8 (kindly provided

by Prof. Michel Lazdunski, IPMC, Valbonne, France) was also in-

cluded with the plasmid of interest. To identify CD8-positive cells,

immediately prior to recordings the cells were briefly incubated with

polystyrene beads coated in anti-CD8 antibody (Dynal). Whole-cell

patch-clamp recordings were made two to three days after transfection

using electrodes (3–5MX) containing (mM): 117 CsMeSO4, 8 NaCl, 10

HEPES, 0.2 EGTA, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.4, 290mOsm.

The extracellular solution contained (mM): 130 NaCl, 5 KCl, 2 CaCl2,

1 MgCl2, 25 HEPES, and 30 DD-glucose, pH 7.3. Recordings were made

in voltage-clamp mode using an Axopatch 200-B with a holding po-

tential of )70mV and filtered at 5 kHz. Series resistance and input

resistance were monitored using a )2mV step applied before each

agonist application. Data were digitized at 10 kHz, displayed, and

analyzed on-line using the LTP program (www.ltp-program.com).

Agonist was rapidly applied by continuous local perfusion using an

assembly of four glass pipettes (each of external diameter of 1.5mm)

attached to a piezoelectric element driven by the acquision software.

One barrel contained extracellular solution and a neighboring barrel

contained extracellular solution plus 300lM kainate. The control

barrel was placed in front of the recorded cell with the perfusion to all

barrels turned off. Perfusion was commenced and then the agonist was

applied by rapidly moving the agonist barrel in front of the cell for

200ms and then returning to the control barrel. For each cell, agonist

was applied at least 10 times. For experiments with cells expressing

KA2 or KA2 mutants, interleaved experiments with cells expressing

either GluR6 or GluR6/KA2 were performed. For each construct at

least five cells were tested from at least three different cultures.
Results and discussion

ER-retention of KA2

The kainate receptor subunit KA2 does not form

functional homomeric channels [20]. However, it is un-

known if this is due to an inability of KA2 to traffic to

the plasma membrane or if KA2 homomeric channels

are accurately targeted to the plasma membrane, but do

not gate current. To address this question, we compared

http://www.ltp-program.com
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GluR6 and KA2 expression in HeLa cells. Kainate re-
ceptors are known to be glycosylated on asparagine

residues [21,22]. We therefore used endoglycosidase H

(Endo H) to determine whether or not these receptors

contained mature, complex carbohydrates when ex-

pressed in HeLa cells. Endo H distinguishes between
Fig. 1. KA2 is ER-retained when expressed in heterologous cells. (A

and B) HeLa cells were transfected with cDNAs encoding GluR6 or

KA2. (A) Membrane proteins were collected and incubated alone, with

Endo H, or with N-glycosidase F, and resolved by SDS–PAGE. Im-

munoblots were probed with anti-KA2 antibodies or GluR6 antibodies

as indicated. (B) The cells were fixed, permeabilized, and incubated

with KDEL mouse monoclonal antibodies and either KA2 or GluR6

rabbit polyclonal antibodies as indicated. Immunoreactivity was vi-

sualized using anti-mouse Alexa 568 (red) and anti-rabbit Alexa 488

(green). Pictures were taken with a 63� objective. (C) Averaged whole-

cell current in response to kainate (300 lM; black bar) from HEK-293

cells expressing either KA2 (upper) or GluR6 (lower; for this and

following figures, each trace is an average of 5–8 consecutive appli-

cations of kainate).
glycoproteins that are retained in the ER/cis-Golgi
(Endo H-sensitive) and those that have acquired com-

plex carbohydrate modifications and have at least tra-

versed the medial Golgi (Endo H-resistant). We found

that KA2 is completely Endo H sensitive when ex-

pressed alone, whereas GluR6 is partially Endo H sen-

sitive (Fig. 1A). This is evidence to suggest that KA2,

unlike GluR6, does not traffic beyond the ER when

expressed in HeLa cells.
To evaluate the localization of KA2 more precisely,

we used immunofluorescence microscopy. For these

studies we visualized the ER using an anti-KDEL anti-

body, a reagent that recognizes retention motifs present

in lumenal ER-resident proteins [13]. We found strong

colocalization of KA2 with KDEL-containing proteins

(Fig. 1B), confirming ER-retention of KA2. In contrast,

GluR6 displayed a diffuse predominantly plasma
membrane expression that did not colocalize with

KDEL-containing proteins. To analyze the functional

properties of homomeric KA2 and GluR6, we made

whole-cell recordings from HEK-293 cells expressing

either GluR6 or KA2 (Fig. 1C). GluR6-expressing cells

reliably produced robust inward currents in response to

kainate application. However, in cells expressing KA2,

kainate application never induced a current, consistent
with the lack of plasma membrane expression.

GluR6 masks ER-retention of KA2

GluR6 and KA2 coassemble [22] and form functional
heteromeric channels [20,23]. To determine if KA2 can
Fig. 2. KA2 traffics to the plasma membrane when co-expressed with

GluR6. (A and B) HeLa cells were transfected with cDNAs encoding

GluR6 and KA2. (A) Membrane proteins were collected and incubated

alone, with Endo H, or with N-glycosidase F, and resolved by SDS–

PAGE. Immunoblots were probed with anti-KA2 antibodies. (B)

Averaged whole-cell current in response to kainate (300lM; black bar)

from a HEK-293 cell expressing KA2 and GluR6.
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traffic to the plasma membrane when assembled with
GluR6, we co-expressed the two subunits in HeLa cells

and analyzed Endo H sensitivity. We observed a pro-

nounced size shift in Endo H treated KA2 when co-ex-

pressed with GluR6 (Fig. 2A), revealing that KA2 was

no longer completely Endo H sensitive. These data

demonstrate that co-expression with GluR6 obscures an

ER-retention motif in KA2 and allows protein transport

through the Golgi apparatus. This is consistent with
GluR6 enabling the release of KA2 from the ER and

subsequent trafficking to the plasma membrane. In

HEK-293 cells co-expressing KA2 and GluR6 kainate

application produced robust inward currents (Fig. 2B).

These data demonstrate that co-expression with GluR6

allows surface expression of functional kainate receptors

containing the KA2 subunit.

The KA2 C-terminus contains an ER-retention motif

Ionotropic glutamate receptors have cytosolic C-ter-

mini that contain regulatory motifs and sites of protein-

protein interactions. For example, the NR1 and NR2
NMDA receptor subunits contain ER-retention motifs

within their cytosolic C-termini [16–18]. To determine if

ER-retention of KA2 is also dependent on its cytosolic

C-terminus, we constructed chimeric proteins of the

plasma membrane protein Tac with either the C-termi-

nus of KA2 (TacKA2) or the C-terminus of GluR6

(TacGluR6). Tac-tail chimeras have been used exten-

sively to identify intracellular sorting motifs in proteins
Fig. 3. The C-terminus of KA2 contains a dominant ER-retention

motif. HeLa cells were transfected with cDNAs encoding TacGluR6 or

TacKA2. The cells were fixed, permeabilized, and incubated with

KDEL monoclonal antibodies and either KA2 or GluR6 rabbit

polyclonal antibodies. Immunoreactivity was visualized using anti-

mouse Alexa 568 (red) and anti-rabbit Alexa 488 (green). Pictures were

taken with a 63� objective.
[24–26]. The chimeric proteins were expressed in HeLa
cells and their subcellular localization was determined.

We found that TacGluR6 was expressed on the plasma

membrane (Fig. 3), demonstrating that there is no

dominant intracellular sorting signal in the C-terminus

of GluR6. In contrast, TacKA2 was highly colocalized

with the ER-resident KDEL-containing proteins. Thus,

both full-length KA2 (Fig. 1) and TacKA2 (Fig. 3) are

ER-retained, revealing that the C-terminus of KA2
contains a dominant ER-retention motif.

NR1 and KA2 have distinct ER-retention motifs

NMDA receptors require both an NR1 and an NR2
subunit to traffic to the plasma membrane [27]. Similarly,
Fig. 4. Disruption of the positively charged motif in KA2 does not

alter ER-retention of KA2. (A and B) HeLa cells were transfected with

empty vector, wild-type KA2, or KA2 R863,865E. (A) Membrane

proteins were collected and incubated alone, with Endo H, or with N-

glycosidase F, and resolved by SDS–PAGE. Immunoblots were pro-

bed with anti-KA2 antibodies. (B) The cells were fixed, permeabilized,

and incubated with KDEL mouse monoclonal antibodies and KA2

rabbit polyclonal antibodies as indicated. Immunoreactivity was vi-

sualized using anti-mouse Alexa 568 (red) and anti-rabbit Alexa 488

(green). Pictures were taken with a 63� objective. (C) Averaged whole-

cell current in response to kainate (300 lM; black bar) from a HEK-

293 cell expressing KA2 R863,865E.
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we have found that the kainate receptor subunit KA2
does not traffic to the plasma membrane unless co-

expressed with GluR6. A positively charged ER-re-

tention motif (RRR) has been identified in the C-ter-

minus of the NR1 subunit [16–18] and mutation of this

tri-basic motif with an internal glutamic acid residue

(RER) disrupts ER-retention of this subunit [16]. In-

terestingly, the C-terminus of KA2 contains a similar

motif (RRRRR) that is therefore a strong candidate
for regulating the ER-retention of this protein. A

thorough analysis of both flanking and internal amino

acid substitutions affecting the RXR motif indicates

internal negatively charged amino acids strongly dis-

rupt ER retention [28]. Therefore, to evaluate the im-

portance of this stretch of amino acids, we mutated

two of the internal arginines to glutamic acids (KA2

R863,865E) resulting in five amino acids with alter-
nating charges (RERER). We next examined the sub-

cellular localization of KA2 R863,865E using several

different assays. We found that like wild-type KA2,

KA2 R863,865E is completely Endo H sensitive

(Fig. 4A), consistent with retention of this mutant in

the ER. To identify the intracellular localization of this

KA2 mutant, we expressed the protein in HeLa cells

and found that it colocalizes almost perfectly with the
ER marker KDEL (Fig. 4B). In recordings from HEK-

293 cells expressing KA2 R863,865E no current was

evoked by kainate (300 lM; Fig. 4C), similar to wild-

type KA2. Together these data demonstrate that the

mutation of the RRRRR motif into a motif with al-

ternating charges (RERER) does not release KA2 from

the ER in heterologous cells, indicating that ER-re-

tention of KA2 is differentially regulated as compared
to a protein with the single canonical RXR motif such

as NR1.

There is ample evidence to suggest that the expression

of glutamate receptors on the post-synaptic membrane is

tightly regulated by local plasma membrane mechanisms

such as endocytosis and exocytosis [29,30]. In addition,

regulation of glutamate receptor trafficking through the

secretory pathway is also proving to be a critical
checkpoint for surface expression. For example, the

binding of certain isoforms of the protein Homer results

in the ER-retention of the metabotropic glutamate re-

ceptors mGluR1a and mGluR5 [19,31,32]. Further-

more, quality control of the assembly of heteromeric

ionotropic glutamate receptor complexes is also regu-

lated by ER-retention of misfolded or inappropriately

assembled receptors [16–18]. Our current findings dem-
onstrate that the kainate receptors have similar regula-

tory mechanisms, including the ER-retention of

subunits that have not been assembled into functional

heteromeric complexes. In this case the ER-retention

motif can be masked by the formation of an oligomeric

complex of KA2 with GluR6. Like NMDA receptors,

KA2 retention in the ER is an excellent example of
control in the secretory pathway that ensures appro-
priate synaptic expression of functional receptor com-

plexes assembled in the precise stoichiometry.
Acknowledgments

This work was supported by the National Institute of Neurological

Disorders and Stroke Intramural Research Program (D.M.H., D.E.H.,

J.M., and K.W.R.), the Wellcome Trust (J.T.R.I), and the National

Institute on Deafness and Other Communication Disorders Intramural

Research Program (S.S.). We thank Val Collett for advice and assis-

tance.
References

[1] J.C. Watkins, R.H. Evans, Excitatory amino acid transmitters,

Annu. Rev. Pharmacol. Toxicol. 21 (1981) 165–204.

[2] M. Hollmann, S. Heinemann, Cloned glutamate receptors, Annu.

Rev. Neurosci. 17 (1994) 31–108.

[3] D. Bleakman, D. Lodge, Neuropharmacology of AMPA and

kainate receptors, Neuropharmacology 37 (1998) 1187–1204.

[4] J. Lerma, Roles and rules of kainate receptors in synaptic

transmission, Nat. Rev. Neurosci. 4 (2003) 481–495.

[5] R. Chittajallu, M. Vignes, K.K. Dev, M.J. Barnes, G.L. Colling-

ridge, J.M. Henley, Regulation of glutamate release by presynap-

tic kainate receptors in the hippocampus, Nature 379 (1996) 78–

81.

[6] P.E. Castillo, R.C. Malenka, R.A. Nicoll, Kainate receptors

mediate a slow post-synaptic current in hippocampal CA3

neurons, Nature 388 (1997) 182–186.

[7] V.R.J. Clarke, B.A. Ballyk, K.H. Hoo, A. Mandelzys, A.

Pellizzari, C.P. Bath, J. Thomas, E.F. Sharp, C.H. Davies, P.L.

Ornstein, D.D. Schoepp, R.K. Kamboj, G.L. Collingridge, D.

Lodge, D. Bleakman, A hippocampal GluR5 kainate receptor

regulating inhibitory synaptic transmission, Nature 389 (1997)

599–603.

[8] M. Vignes, G.L. Collingridge, The synaptic activation of kainate

receptors, Nature 388 (1997) 179–182.

[9] D.M. Kullman, Presynaptic kainate receptors in the hippocam-

pus: slowly emerging from obscurity, Neuron 32 (2001) 561–

564.

[10] Z.A. Bortolotto, V.R.J. Clarke, C.M. Delany, M.C. Parry, I.

Smolders, M. Vignes, K.H. Ho, P. Miu, B. Brinton, R. Fantaske,

A. Ogden, M. Gates, P.L. Ornstein, D. Lodge, D. Bleakman, G.L.

Collingridge, Kainate receptors are involved in synaptic plasticity,

Nature 402 (1999) 297–301.

[11] A. Contractor, G. Swanson, S.F. Heinemann, Kainate receptors

are involved in short and long-term plasticity at mossy fiber

synapses in the hippocampus, Neuron 29 (2001) 209–216.

[12] F.L. Kidd, J.T.R. Isaac, Developmental and activity-dependent

regulation of kainate receptors at thalamocortical synapses,

Nature 400 (1999) 569–573.

[13] L. Ellgaard, A. Helenius, Quality control in the endoplasmic

reticulum, Nat. Rev. Mol. Cell Biol. 4 (2003) 181–191.

[14] D. Ma, L.Y. Jan, ER transport signals and trafficking of

potassium channels and receptors, Curr. Opin. Neurobiol. 12

(2002) 287–292.

[15] R.J. Wenthold, K. Prybylowski, S. Standley, N. Sans, R. Petralia,

Trafficking of NMDA receptors, Annu. Rev. Pharmacol. Toxicol.

43 (2003) 335–358.

[16] S. Standley, K.W. Roche, J. McCallum, N. Sans, R.J. Wenthold,

PDZ domain suppression of an ER retention signal in NMDA

receptor NR1 splice variants, Neuron 28 (2000) 887–898.



D.M. Hayes et al. / Biochemical and Biophysical Research Communications 310 (2003) 8–13 13
[17] D.B. Scott, T.A. Blanpied, G.T. Swanson, C. Zhang, M.D. Ehlers,

An NMDA receptor ER retention signal regulated by phosphor-

ylation and alternative splicing, J. Neurosci. 21 (2001) 3063–3072.

[18] H. Xia, Z.D. Hornby, R.C. Malenka, An ER retention signal

explains differences in surface expression of NMDA and AMPA

receptor subunits, Neuropharmacology 41 (2001) 714–723.

[19] K.W. Roche, J.C. Tu, R.S. Petralia, B. Xiao, R.J. Wenthold, P.F.

Worley, Homer 1b regulates the trafficking of group I metabo-

tropic glutamate receptors, J. Biol. Chem. 274 (1999) 25953–

25957.

[20] A. Herb, N. Burnashev, P. Werner, B. Sakmann, W. Wisden, P.H.

Seeburg, The KA-2 subunit of excitatory amino acid receptors

shows widespread expression in brain and forms ion channels with

distantly related subunits, Neuron 8 (1992) 775–785.

[21] K.W. Roche, L.A. Raymond, C. Blackstone, R.L. Huganir,

Transmembrane topology of the glutamate receptor subunit

GluR6, J. Biol. Chem. 269 (1994) 11679–11682.

[22] R.J. Wenthold, V.A. Trumpy, W.S. Zhu, R.S. Petralia, Biochem-

ical and assembly properties of GluR6 and KA2, two members of

the kainate receptor family, determined with subunit-specific

antibodies, J. Biol. Chem. 269 (1994) 1332–1339.

[23] G.T. Swanson, T. Green, R. Sakai, A. Contractor, W. Che, H.

Kamiya, S.F. Heinemann, Differential activation of individual

subunits in heteromeric kainate receptors, Neuron 34 (2002) 589–

598.

[24] J.S. Bonifacino, P. Cosson, R.D. Klauser, Colocalized transmem-

brane determinants for ER degradation and subunit assembly

explain the intracellular fate of TCR chains, Cell 63 (1990) 503–

513.
[25] M.S. Marks, P.A. Roche, E. van Donselaar, L. Woodruff, P.J.

Peters, J.S. Bonifacino, A lysosomal targeting signal in the

cytoplasmic tail of the b chain directs HLA-DM to MHC class

II compartments, J. Cell Biol. 131 (1995) 351–369.

[26] K.W. Roche, S. Standley, J. McCallum, C. Dune Ly, M.D.

Ehlers, R.J. Wenthold, Molecular determinants of NMDA

receptor internalization, Nat. Neurosci. 4 (2001) 794–802.

[27] R.A. Mcilhinney, B. Le Bourdelles, E. Molnar, N. Tricaud, P.

Streit, P.J. Whiting, Assembly, intracellular targeting, and cell

surface expression of the human N-methyl-DD-aspartate receptor

subunits NR1a and NR2A in transfected cells, Neuropharmacol-

ogy 37 (1998) 1355–1367.

[28] N. Zerangue, M.J. Malan, S.R. Fried, P.F. Dazin, Y.N. Jan, L.Y.

Jan, B. Schwappach, Analysis of endoplasmic reticulum traffick-

ing signals by combinatorial screening in mammalian cells, Proc.

Natl. Acad Sci. USA 98 (2001) 2431–2436.

[29] I. Song, R.L. Huganir, Regulation of AMPA receptors during

synaptic plasticity, Trends Neurosci. 25 (2002) 578–588.

[30] M. Sheng, M.J. Kim, Postsynaptic signaling and plasticity

mechanisms, Science 298 (2002) 776–780.

[31] V. Coutinho, I. Kavanagh, H. Sugiyama, M.A. Tones, J.M.

Henley, Characterization of a metabotropic glutamate receptor

type 5-green fluorescent protein chimera (mGluR5-GFP): phar-

macology, surface expression, and differential effects of Homer-1a

and Homer-1c, Mol. Cell Neurosci. 18 (2001) 296–306.

[32] F. Ango, D. Robbe, J.C. Tu, B. Xiao, P.F. Worley, J.P. Pin, J.

Bockaert, L. Fagni, Homer-dependent cell surface expression of

metabotropic glutamate receptor type 5 in neurons, Mol. Cell

Neurosci. 20 (2002) 323–329.


	Trafficking and surface expression of the glutamate receptor subunit, KA2
	Materials and methods
	Results and discussion
	ER-retention of KA2
	GluR6 masks ER-retention of KA2
	The KA2 C-terminus contains an ER-retention motif
	NR1 and KA2 have distinct ER-retention motifs

	Acknowledgements
	References


