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The complete amino acid sequences of two mouse glutamate receptor subunits (GluR1 and GluR2) have been deduced by cloning and sequencing

the cDNAs. Xenopus oocytes injected with mRNA derived from the GluR1 cDNA exhibit current responses both to kainate and to quisqualate

as well as to glutamate, whereas oocytes injected with mRNA derived from the GluR2 cDNA show little response. Injection of oocytes with both

the mRNAs produces current responses larger than those induced by the GluR 1-specific mRNA and the dose-response relations indicate a positively

cooperative interaction between the two subunits. These results suggest that kainate and quisqualate can activate a common glutamate receptor
subtype and that glutamate-gated ionic channels are hetero-oligomers of different subunits.
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1. INTRODUCTION

The glutamate receptor mediates excitatory transmis-
sion at many synapses in the mammalian central ner-
vous system and is involved in plastic and pathological
processes [1-3]. Pharmacological and electrophysio-
logical studies have suggested that there are at least five
classes of glutamate receptor [1]. The receptors for N-
methyl-D-aspartate (NMDA), quisqualate, kainate and
L-2-amino-4-phosphonobutyrate (AP4) are subtypes
of glutamate-gated ionic channels, whereas the re-
ceptor for frans-1-amino-cyclopentyl-1,3-dicarboxylate
(ACPD) is a G protein-coupled glutamate receptor.
However, there has been no direct evidence for the
presence of molecularly distinct glutamate receptor sub-
types. Recently, Hollmann et al. [4] have reported the
cloning, sequencing and expression of cDNA encoding
a kainate subtype of the glutamate receptor from rat
brain. The isolation and sequencing of ¢cDNAs en-
coding kainate binding proteins from chicken [5] and
frog [6] have also been described. In the present inves-
tigation, we have cloned and sequenced two cDNA
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species encoding glutamate receptor subunits from
mouse cerebellum and have analyzed the functional
properties of these subunits produced in Xenopus
oocytes by expression of the cloned cDNAs.

2. MATERIALS AND METHODS

2.1. Cloning and sequencing of cDNAs

Total RNA was extracted 7] from ICR mouse cerebella, and po-
ly(A)* RNA was isolated by oligo(dT)-cellulose chromatography [8].
An oligo(dT)-primed cDNA library was constructed in phage Agt10
using poly(A)* RNA as template. Double-stranded cDNA prepared
using the cDNA synthesis system (Bethesda Research Laboratories)
was blunted by T4 DNA polymerase, methylated by EcoRI
methylase, ligated with an EcoRI linker and cleaved by EcoRI. Size-
selected fragments longer than ~1 kb pair, prepared by elec-
trophoresis on 1.5% agarose gel, were ligated with Agt10. The screen-
ing of the cDNA library was effected by hybridization at 42°C in the
presence of 30% formamide with a rat kainate receptor cDNA probe
prepared as follows. Polymerase chain reaction (PCR) amplification
was carried out using cDNA synthesized from rat cerebral poly(A)*
RNA and synthetic oligodeoxyribonucleotides corresponding to
nucleotide residues 1177-1201 and 2083-2107 of the rat GluR-K1
c¢DNA [4]. The 0.74-kb PstI fragment from the PCR-amplified pro-
duct was used as a probe. 21 positive clones randomly chosen were
classified into two groups by restriction mapping and partial sequence
analysis. cDNA inserts from representative clones of each class, car-
rying the entire protein-coding sequences of the glutamate receptor
subunits GluR1 and GluR2, were subcloned into pBluescript SK(-)
(Stratagene) to yield the plasmids pK CR30 and pKCR24, respectively.
Nested deletions were made [9] and DNA sequencing was carried out
on both strands by the dideoxy chain termination method [10]. Gaps
and ambiguities wére resolved by the use of appropriate synthetic
primers. Oligodeoxyribonucleotides were prepared with an automatic
DNA synthesizer (Applied Biosystems).
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2.2. Expression of cDNAs

The 3.2-kb EcoRI fragment from pKCR30 was cloned into the
EcoRlI site of pSP65 [11] to yield the plasmid pSPGR1, which carried
the GluR1 cDNA in the same orientation as the SP6 promoter. The
3.2-kb Sall-Xbal fragment from pKCR24 was ligated with the 3.0-kb
Xbal-Sall fragment from pSP64AX [12] to yield the plasmid
pSPGR2. GluR1-specific and GluR2-specific mRNAs were synthesiz-
ed in vitro [11] using HindlIll-cleaved pSPGR1 and Xhol-cleaved
pSPGR2, respectively, as templates. Transcription was primed with
the cap dinucleotide G(5')ppp(5')G (0.5 mM) [13]. Xenopus laevis
oocytes were injected with the GluR1-specific and/or the GluR2-
specific mRNA,; the concentration of the respective mRNAs was 0.1
or 0.2 ug/ul and the average volume injected was ~ 50 nl per oocyte.
The injected oocytes were incubated at 20°C for 3 days in modified
Barth’s medium [14} containing gentamycin (0.1 mg/ml). The
follicular cell layer was removed [15] and whole-cell currents were
recorded at — 70 mV membrane potential and ~ 19°C with a conven-
tional two-micropipette voltage clamp; the two pipettes were filled
with 3 M KCl. The chamber was continuously perfused with normal
frog Ringer’s solution composed of 115 mM NaCl, 2.5 mM KCl, 1.8
mM CaCl; and 10 mM Hepes-NaOH (pH 7.2). Glutamate receptor
agonists were bath-applied for ~ 15 s; the NMDA solution applied
contained 6 #M glycine.

3. RESULTS AND DISCUSSION

A cDNA library derived from mouse cerebellar po-
ly(A)* RNA was constructed with the bacteriophage
vector Agtl0 and was screened by hybridization with a
DNA fragment comprising part of the rat kainate
receptor GluR-K1 ¢cDNA [4]. Two classes of cDNA
clones were isolated and sequence analysis of represen-
tative clones of each class, GluR1 and GluR2, revealed
open reading frames that encode sequences of 907 and
883 amino acids, respectively (Figs. 1 and 2). The
translational initiation site was assigned to the first
ATG triplet that appears downstream of a nonsense
codon found in-frame. Both the proteins contain a
putative amino-terminal signal peptide, whose cleavage
site was predicted by the method of von Heijne [16].
The proposed mature GluR1 and GluR2 proteins are
composed of 889 and 862 amino acid residues with
calculated M; of 99,645 and 96,207, respectively. Fig. 3
shows the alignment of the deduced amino acid se-
quences of the GluR1 and GluR2 proteins, which ex-
hibit 71% sequence identity with each other. As com-
pared with the rat kainate receptor GluR-K1 {4] and the
chick [5] and frog [6] kainate binding proteins, the
GluR1 protein shows 99%, 37% and 38% sequence
identity, respectively, and the GluR2 protein 71%, 39%
and 39% sequence identity, respectively.

Analysis of the deduced amino acid sequences for
local hydropathicity [18] suggests the presence of four
putative transmembrane segments (M1-M4) in the
GluR1 and GluR2 proteins. The hydrophobicity of
segments M1, M3 and M4 is high enough to allow
unambiguous assignment. Comparison of the hydro-
pathicity profiles of GluR1 and GluR2 with those of the
rat kainate receptor [4], the chick and frog kainate bin-
ding proteins [5,6] and the subunits of other neuro-
transmitter-gated ionic channels [19-21] leads to the
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assignment of segment M2, although its hydrophobicity
is not very high. The structural characteristics observed
suggest that the GluR1 and GluR2 proteins have the
same transmembrane topology, with the amino-
terminal region assigned to the extracellular side of the
membrane, as proposed for the rat kainate receptor [4],
the kainate binding proteins [5,6] and the subunits of
neurotransmitter-gated ionic channels [19-21]; note
that a region different from segment M2 was alsé pro-
posed as a putative transmembrane segment of the rat
kainate receptor [4]. This model is consistent with all
the potential N-glycosylation sites [22] found in GluR1
and GluR2 (Fig. 3, marked with asterisks) being located
on the extracellular side of the membrane. The region
preceding segment M1 of GluR1 and GluR2 contains
clusters of amino acid residues conserved in the rat
kainate receptor and the kainate binding proteins
(Fig. 3, underlined). These sites might be involved in
ligand binding. Segment M2 of GluR1 and GluR2 is
surrounded by negatively charged amino acid residues
(residues 562, 566 and 586 of GluR1 and residues 566,
570 and 590 of GluR2). Interestingly, these residues are
located at positions nearly equivalent to those of the
three rings of negatively charged and glutamine residues
that surround segment M2 of the nicotinic acetylcholine
receptor subunits [23]. The three anionic rings, of
which two are located near the cytoplasmic and ex-
tracellular mouths of the channel and the other is
located between the two, forming a narrow channel
constriction, have been identified as major deter-
minants of the rate of ion transport through the
acetylcholine receptor channel [23].

mRNAs specific for the GluR1 and GluR2 proteins
were synthesized by transcription in vitro of the cloned
¢DNAs and were injected singly or together into
Xenopus oocytes. After incubation for 3 days, the in-
jected oocytes were tested for current responses to
glutamate receptor agonists. Almost all oocytes injected
with the GluR1-specific mRNA responded to 30 4M L-
glutamate (Fig. 4A and Table I). This indicates that the
GluR1 protein is a glutamate receptor subunit. As ex-
pected from the 99% sequence identity observed be-
tween GluR1 and the rat kainate receptor GluR-K1 {4],
all injected oocytes responded to 100 «M kainate. Unex-
pectedly, however, 1 #M quisqualate also evoked a clear
response in almost all oocytes. Three out of the 30
oocytes tested exhibited a small response to 100 4M L-
aspartate. No detectable response was observed with
100 M NMDA. None of 30 noninjected control
oocytes responded to these glutamate receptor agonists.

The responsiveness of GluR1 both to kainate and to
quisqualate is in contrast with the reported selectivity of
the rat kainate receptor GluR-K1 for kainate [4].
Kainate evoked larger current responses than quis-
qualate, but quisqualate showed much higher apparent
affinity than kainate as indicated by the effector con-
centrations required for half-maximal response (ECso).
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Bl GCBCTCCAAGCATGAGBACGGGCTGCTCCCGGCTCAGTTAATCTGGCTGTCAGTCGGTGTTAACGCTGCAGTTTAACTGCTCGOCTCCCCTTCCAAGAGAR ~217
ACAAGAGAAACCTCACAGAAGGAAGGGAGGAAGGAAAGAAGCAAGCAAGGAATTGCAGGAAGAAAAGAGTCGGCAGACRATCCAGAAGAATCAAAGGGAGGGGAGGGA ~109
AGACCAAATCTATGGTTGGACCAGGGCTTCTTTTTCGCCAATGTAAAAAGGAATATGCCGTACATCTTTGCCTTTTTCTGCACCGGTTTTCTAGGTGCGETTGTGGGT -1

MetProTyrllePheAlaPhePheCysThrGlyPheleuGlyAlaValValGly ~1

GCCAATTTCCCCAACARTATCCAGATAGGGGGATTATTTCCARACCAACAATCACAGGAACATGCGGCTTTTAGGTTTGLTTTGTCACAACTLACGGAGCCCCCCAAG 108
AlaAsnPheProAsnAsnlieGlalleGlyGlyleuPheProAsnGinGinSerGinGlulisAlaAlaPheArgPheAlaleuSerGinteuThrGluProProlys 36

CTGCTTCCCCAGATCGATATTGTGAACATCAGCGACAGCTTTGAGATGACTTACCOATTCTGTTCCCAGTTCTCCAAAGGAGTGTACGCCATCTTTIGGATITTATGAA 216
LeuleuProGlinileAsplteValAsnileSerAspSerPheGluMetThrTyrArgPheCysSerGinPheSerlysGiyValTyrAlallePheGlyPheTyrGlu ¥4

CGAAGGACTGYC AACATGCTGACCTCCTTCTGTGGGGCCCTCCATGTGTGCTTCATCACTCCAAGTTTTCCCGTTGACACATCCAATCAGTTTGTCCTTCAGCTGCGE 324
ArgArgThr¥alAsnMetLeuThrSerPheCysGlyAlaLeuHisValCysPhelleThrProSerPhePrcValAspThrSerAsnGinPheValleuGinleuArg 108

CCGGAACTACAGGAAGCTCTCATTAGCATTATCGACCATTACAAGTGGCAGACTTTTGTCTACATTTATGATGCTGACCGGGGCCTGTCAGTCCTRCAGAGAGTCTTG 432
ProGluleuGinGluAlateulleSerilelleAspHisTyrlLysTrpGinThrPheVallyrileTyrAspAlaAspArgGlyleuSerValleuGinArgValleu 144

GATACAGCCGCCGAGAAGAACTGGUAGGTGACGGCTGTCAACATTCTAACAACCACGGAGGAAGGATACCGGATGCTCTTTCAGGACCTGGAGAAGAAAAAGGAGAGS 540
AspThrAYaAlaGlulysAsaTrpGinValThralaValAsalleleuThrThrThrGluGluGlyTyrArgMetleuPheGinAspleuGlulyslyslysGluArg 180

CTGGTGGTGGTGGACTGTGAATCAGAACGCCTCAARCGCCATCCTEGGCCAGATTGTGAAGCTAGAAAAGAACGGCATCGGGTACCACTACATCCTCGCCAACCTEGGC 648
LeuValvValValAspCysGluSerGluArglevAsnAlalleleuGlyGInlleVallysleuGluLysAsnGlylteGlyTyrHisTyriteLeuAlaAsnleuGly 216

TTCATGGACATTGACTTAAATAAGT TCAAGGAGAGTGGAGCCAATGTGACAGGTTTCCAACTGGTGAACTACACAGACACGATCCCAGCCAGAATCATGCAGCAGTGS 156
PheMetAsplleAspleuAsnlysPhelysGluSerGlyAlaAsnValThrGlyPheGinLeuVYalAsnTyrThrAspThrileProAlaArglleMetGinGlnTrp 252

AGGACAAGYGACGCTCGGGACCACACCAGGGTGGACTGGAAGAGGCCAAAGTACACTTCTGCTCTTACCTATGATGGTGTGAAGGTGATGGCGGAGGCCTTCCAGAGC 864
ArgThrSerAspAlaArgAspHisThrArgValAspTrplysArgProlysTyrThrSerAlaleuThrTyrAspGiyV¥allysVaiMetATaGluAlaPheGinSer 288

CTGCGGAGGCAGAGGATTGACATATCCCGGCGAGGGAATGCTGGGGACTGTCTGGCTAACCCAGCTGTGCCCTEGGGCCAAGGGATCGACATCCAGAGAGCCCTGCAG 972
LeuArgArgGinArglleAspIleSerArgArgGiyAsnAtaGliyAspCysLeuAlaAsnProAtaValProTrpGlyGinGlylleAsplieGinArgATateuGln 324

CAGGTGCGCTTTGAAGGTTTGACAGGAAATGTGCAGT TTAACGAGAAAGGGCGCCGGACCAACTACACCCTCCATGTGATCGAAATGAAGCATGATGGAATCCGCAAG 1080
GlnValArgPheGluGlyLeuThrGlyAsnValGinPheAsnGlulysGlyArgArgThrAsnTyrThrieuHisVallleGluMetlysHisAspGlylleArglys 360

ATTGGTTACTGGAATGAAGATGATAAATYTGTCCCCGCAGCCACGBACGCTCAGGCTGGAGGGGACAACTCAAGCGTCLAGAATAGAACCTACATCGTCACGACTATC 1188
11eGlyTyrTrpAsnGluAspAsplysPheValProAlaAlaThrAspAlaGIinAlaGlyGlyAspAsnSerServValGlnAsnArgThrTyrileValThrThrile 396

CTCGAAGATCCTTACGTGATGUTTAAAAAGAATGLCAACCARTTTGAAGGCAATGACCGCTATGAGGGCTACTGCGTEGAACTAGUTGUGGAGATCGCCARGCALETE 12958
LeuGluAspProTyrValMetleulyslysAsnATaAsnGInPheGTuG yAsnAspArgTyrGluBlyTyrlysValGluleuATaATaGlulTeA alysHisVal 432

GECTATTCCTACCGACTTGAGATTGTCAGCGACGGCAAATACGGAGCCCGGGATCCTGACACAAAGGCCTGGAATGGCATGGTGEGACGAGCTAGTCTATGGAAGAGCA 1404
GlyTyrSerTyrArgleuGlulleValSerAspGlyLysTyrGlyAlaArgAspProAspThriysAlaTrpAsnGlyMetValGlyGluleuValTyrGlyArgAla 468

GATGTGHCGGTGGCCCCCTTGACCATAACCTTGGTCCGGGAGGAAGTCATCGACTTCTCCAAGCCATTCATGAGTTTGGGAATCTCCATTATGATTAAGAAGCCACAG 1512
AspValAlaValAlaProleuThrileThrleuValArgGluGluVallleAspPheSertysProPheMetSerLeuGlylleSerIteMetllelysLysProGln 504

AAGTCCAAGCCAGGTGTCTTCTCCTTTCTTGACCCTTITGGCCTACGAGATCTGGATSTGTATAGTSTTTGCCTACATTGGAGTGAGCETCATCCTCTTCCTAGTCAGL 1620
LysSerlysProGlyValPheSerPheleuAspProleuAlalyrGlulleTrpMetlysIleValPheAlaTyrIleGlyvValServalvalleyPheleuValSer 540

COTTTCAGTCCTTATGAATGGCALAGTGAAGAGT TTGAAGAAGGACSAGATCAGACAACCAGTGACCAGTCAAATGAGTTTGGCATATYLAACAGCLUTGTGETTCTLG 1728
ArgPheSerProTyrGluTrpHisSerGluGluPheGluGluGlyArgAspGinThrThrSerAspGinSerAsaGliuPheGlyllePheAsnSerieulrpPheSer 516

CTGGGGGCCTTCATGCAGCAAGGATGTGACATTTCCCCCAGGTCCCTGTCTGGACGCATCGTCGETGGTGTCTGGTGGTTCTTCACTTTGATTATCATCTCCTCATAC 1836
LeuGlyAlaPheMetGInGInGlyCysAsplieSerProArgSerleuSerGlyArgl1eValGlyGlyValTrpTrpPhePheThrieyllellelleSerSerTyr 612

ACAGCCAACCYGGCTGCCTTCCTGACTGTGGAAAGGATGGTGTCTCCCATCGAGAGTGCAGAGGACCTGGLAAAGCAGACAGAAATTGCTTATGGCACATTGGAAGCA 1944
ThrAlaAsnLeuAlaAlaPheleuThrValGluArgMetValSerProlleGluSerAlaGluAspleuAlalysGInThrGlulleAlaTyrGliyThrieuGluAla 6§48

GBATCCACTAAGGAGTTCTTCAGGAGGTCTAAARATLGCTGTGT TTGAGAAGATGTGGACATACATGAAGTCTGCAGAACCGTCTLTGTTIGTTCGGACCACAGAGGAG 2052
GlySerThriysGluPhePheArgArgSertyslileAlaValPheGlulysMetTrpThrTyrMetiysSerAlaGluProServalPheValArgThrThrGluGly 684

GGCATGATCAGAGTGAGAAAATCTAAAGGCAAATATGCCTACCTCCTGGAGTCCACCATGAATGAGTATATTGAGCAACGCAAGCCCTGTGACACCATGAAAGTGGGA 2160
GlyMetIleArgValArglysSerlysGlyLysTyrAlaTyrlouleuGluSerThrMetAsnGluTyrile6luGinArglysProCysAspThrMetlysValGly 120

GGTAACTTGGATTCCAAAGGCTATGGCATTGCAACACCCAAGGGGTCCBCCCTGAGAGGTCCCGTAAACCTAGCGGTTTTGAAACTCAGTGAGCAAGGCGTCTTAGAC 2268
GlyAsnLeuAspSerlysGlyTyrGlylleAlaThrProlysGlySerAlaleuArgGliyProvalAsnleuAlaVYalleulysleuSerGluGinGlyVallevAsp 756

AAGLTGARAAGCARATGGTGGTACGATAAAGGGGAATGTLGAAGCAAGGACTCCGGAAGTAAGGACAAGACCASTGLTCTRGAGCCTRAGCAATGTGGCAGRLETRTTIL 2376
LyslevlysSerLysTrpTroTyrAsplysGlyGluCysGliySerLysAspSerGlySeriysAsplysThrSerAlaleuSerleuSerAsnValATlaGiyVelPhe 182

TACATCCTGATTGGAGGGLTLGGATTGGUCATGCTGETTGCCTTAATCGAGTTCTGCTACAAATCCCGTAGCGAGTCGAAGCGGATGAAGGGTTYCTGTYTTGATTICCA 2484
TyrlleLeul1aGlyGlyleuGlylruAlaMetleuValtAlaleylleGTuPhelysTyriysSerArgSerGluSerlysArgMetlysGlyPhetysleullePro 828

CAGCAATCCUATCAATGAAGCCATACGGACATCGACCCTCCCCAGGAACAGCGGGGCAGGAGCCAGCGGAGGAAGTGGCAGTGGAGAGAATGGCAGAGTGGTCAGCCAG 2592
GInGlnSerlleAsnGluAlalleArgThrSerThrLeuProArgAsnSerGlyAlaGlyAlaSerGlyGlySerGlySerGlyGluAsnGlyArgValvValSerGin 864

GACTTCCCCAAGTCCATGCAATCCATTCCCTGCATGAGCCACAGT TCAGGGATGCCCTTGGGAGCCACAGGATTGTAACTGGAGCAGACAGGAAACCCTTGGGGAGCA 2700

AspPheProlysSerMetGinSerlleProCysMetSerHisSarSerGiyMetProleullyAlaThrilyley 889
GGCTCAGGCTTCCCCAGCCLCATCCCAAGCCOTTCAGTGCCAAAAACARAGAAATGAAACACCGCCTCCAACCACCACAALCATATGGAGGGCAATTCAGCCAATGTC 2808
CCTGAAG -~~~ 3 2815

Fig. 1. Nucleotide sequence of cloned ¢cDNA encoding the mouse GluR1 protein and the deduced amino acid sequence. Nucleotide residues are

numbered in the 5'- to 3’-direction, beginning with the first residue of the codon specifying the amino-terminal residue of the mature subunit and

the preceding residues are indicated by negative numbers. Amino acid residues are numbered beginning with the amino-terminal residue of the

mature subunit and the preceding residues are indicated by negative numbers. Numbers of the nucleotide and amino acid residues at the right-hand

end of the individual lines are given. In the cDNA seguence, nucleotide 2815 is followed by a stretch of 11 dA residues, which may not represent
the poly(A) tail because no conventional polyadenylation signal is found.
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5'—-un ACAGGACGCAGGCATCAACAGCCACCAGCTAAACCTGGGAGATAAGGAT
TCTTCTGCCTTCACTTCGTGGTTTTAGCAGCTCCTTGCTAAATTTCGACCTCAAAATGCAGAGGATCTAATTTGCTGAGGAAAACGGTCAAAGAAGGAAAAGGAGGAA

AGGGAAACGAGGGGATATTTTGTGGATGCTCTACTTTTCTTGGAAATGCAAAAGATTATGCATATTTCTGTCCTCCTTTCTCCTGTYTTATGGGGACTGATTTTTGGT
MetGinlysIleMetHisIleSerValleuleuSerProValleuTrpGlyLeullePheGly

GTCTCTTCTAACAGCATACAGATAGGGGGGCTATTTCCAAGGGGCGCTGATCAAGAATACAGTGCATTTCGGGTAGGGATGGTTCAGTTTTCCACTTCGGAGTTCAGA
ValSerSerAsnSerlleGInlleGlyGlyLeuPheProArgGlyAlaAspGinGluTyrSerAlaPheArgValGlyMetValGinPheSerThrSerGluPheArg

CTGACACCCCATATCGACAATTTGGAGGTAGCCAACAGTTTCGCAGTCACCAATGCTTTCTGCTCCCAGTTTTCAAGAGGCGTCTATGCGATTTTTGGGTTTTACGAC
LeuThrProHislleAspAsnleuGluValAlaAsnSerPheAlaValThrAsnAlaPheCysSerGinPheSerArgGlyValTyrAlallePheGlyPheTyrAsp

AAGAAGTCTGTAAATACCATCACATCATTCTGTGGGACACTGCATGTATCCTTCATCACACCAAGCTTCCCAACAGATGGCACGCATCCATTTGTCATCCAGATGCGA
LysLysSerValAsnThrlleThrSerPheCysGlyThrLeuHisValSerPhelleThrProSerPheProThrAspGlyThrHisProPheVallleGlnMetArg

CCTGACCTCAAAGGAGCACTCCTTAGCTTGATTGAGTACTACCAATGGGATAAGTTCGCATACCTCTATGACAGTGACAGAGGCTTATCAACACTGCAAGCTGTGLTG
ProAsplLeulysGlyAlaLeuleuSerLeulleGluTyrTyrGIinTrpAsplysPheAlaTyrLeuTyrAspSerAspArgGlyLeuSerThrileuGinAlaValleu

GATTCTGCTGCGGAGAAGAAGTGGCAGGTGACTGCTATCAATGTGGGGAACATTAACAATGACAAGAAAGATGAGACCTACAGATCACTCTTTCAAGATCTGGAGTTA
AspSerAlaAlaGlulyslysTrpGinValThrAlalleAsnValGlyAsnlleAsnAsnAspLysLysAspGluThrTyrArgSerleuPheGinAspleuGluleu

AAAAAAGAACGGCGTGTAATCCTTGACTGCGAAAGGGATAAAGTCAATGACATTGTGGACCAGGTTATTACCATTGGAAAGCATGTTAAAGGGTACCATTATATCATT
LystysGluArgArgValllelLeuAspCysGluArgAsplysValAsnAspIleValAspGinVallleThrileGlyLysHisVallysGlyTyrHisTyrllelle

GCAAATCTGGGATTTACTGATGGAGACCTGCTGAAAATTCAGTTTGGAGGAGCAAATGTCTCTGGATTTCAGATTGTAGTCTACGACGACTCCCTGGCGTCTAAATTT
AlaAsnleuGlyPheThrAspGlyAsplLeuleulysIleGInPheGlyGlyAlaAsnValSerGlyPheGinllevaiValTyrAspAspSerLeuAlaSertysPhe

ATAGAAAGATGGTCAACACTCGAAGGAAAAGAATACCCTGGAGCACACACAGCGACAATTAAGTATACTTCGGCCCTGACTTATGATGCTGTCCAAGTGATGACTGAA
11eGluArgTrpSerThrLieuGluGlyLlysGluTyrProGlyAlaHisThrAlaThrllelysTyrThrSerAlaleuThrTyrAspAlaValGinValMetThrGlu

GCATTCCGCAATCTTCGGAAGCAGAGGATTGAAATCTCCAGGAGAGGAAATGCAGGAGATTGTTTGGCCAACCCAGCTGTGCCTTGGGGACAAGGCGTGGAAATAGAA
AlaPheArgAsnleuArglysGInArglleGlulleSerArgArgGlyAsnAlaGlyAspCysLeuAlaAsnProAlaValProTrpGlyGInGlyValGlulleGlu

AGGGCCCTCAAGCAGGTTYCAAGTTGAAGGTCTCTCTGGAAATATAAAATTTGACCAGAACGGAAAACGAATAAACTACACAATTAACATCATGGAGCTCAAAACAAAT
ArgAlaleulysGInValGinValGluGlyleuSerGlyAsnlleLysPheAspGInAsnGlyLysArglleAsnTyrThrileAsnlleMetGluleulysThrAsn

GGACCCCGGAAGATTGGGTACTGGAGTGAAGTGGATAAAATGGTTGTCACCCTAACCGAGCTCCCCTCTGGAAATGACACATCTGGGCTTGAAAACAAAACTGTGGTT
GlyProArgLysIleGlyTyrTrpSerGluValAsplysMetValValThrLeuThrGluleuProSerGlyAsnAspThrSerGlyLeuGluAsnLysThrvalVal

GTCACCACAATATTGGAATCTCCATATGTTATGATGAAGAAAAATCATGAAATGCTTGAAGGGAATGAGCGTTATGAGGGCTACTGTGTTGACTTAGCTGCAGAAATT
ValThrThriteleuGluSerProTyrValMetMetLysLysAsnHisGluMetleuGluGlyAsnGluArgTyrGTuGlyTyrCysValAspleuAlaAlaGlulle

GCCAAACATTGTGGATTCAAGTACAAGCTGACTATTGTTGGGGATGGCAAGTATGGGGCCAGGGATGCAGACACCAAAATTTGGAATGGTATGGTTGGAGAACTTGTA
AlalysHisCysGlyPheLysTyrLysLeuThrileValGlyAspGlylysTyrGlyAlaArgAspAlaAspThriysIleTrpAsnGlyMetValGlyGluLeuVal

TATGGGAAAGCTGATATTGCCATTGCTCCATTAACTATCACTCTCGTGAGAGAAGAGGTGATTGACTTCTCGAAGCCATTCATGAGCCTTGGAATCTCTATCATGATC
TyrGlyLysAlaAsplleAlalleAlaProleuThrIteThrieuValArgGluGluVallleAspPheSerLysProPheMetSerLeuGlylleSerlTeMet]le

AAGAAGCCTCAGAAGTCCAAACCAGGAGTGTTTTCCTTTCTTGATCCTTTAGCCTATGAGATCTGGATGTGCATTGTGTTTGCCTACATTGGGGTCAGTGTAGTTTTA
LysLysProGlinlLysSerLysProGlyValPheSerPheleuAspProteuAlaTyrGlulleTrpMetCysileValPheAlaTyr11eGlyValServalValleu

TTCCTGGTCAGCAGATTTAGCCCCTACGAGTGGCACACTGAGGAATTTGAAGATGGAAGAGAAACACAAAGTAGTGAATCAACTAATGAATTTGGGATTTTTAATAGT
PheleuValSerArgPheSerProTyrGluTrpHisThrGl1u6GluPheGluAspGlyArgGluThrGinSerSerGluSerThrAsnGluPheGlyllePheAsnSer

CTC¥GGTTTTCCTTGGGTGCCTTTATGCGGCAAGGATGCGATATTTCGCCAAGATCTCTCTCTGGGCGCATTGTTGGAGGTGTGTGGTGGTTCTTTACCCTCATCATC
LeuTrpPheSerLeuGlyAlaPheMetArgGinGlyCysAsplleSerProArgSerLeuSerGlyArglleValGlyGlyValTrpTrpPhePheThrieullelle

ATCTCCTCCTACACGGCTAACTTAGCTGCCTTCCTGACTGTAGAGAGGATGGTGTCGCCCATCGAAAGTGCTGAGGATCTGTCTAAGCAAACAGAAATTGCTTATGGA
.IleSerSerTyrThrAlaAsnlLeuAlaAlaPheleuThrValGluArgMetValSerProlleGluSerAlaGluAspleuSerLysGInThrGlulleAlaTyrGly

ACATTAGACTCTGGCTCCACTAAAGAGTTTTTCAGGAGATCTAAAATTGCAGTGTTTGATAAAATGTGGACTTATATGAGGAGTGCAGAGCCCTCTGTGTTTGTGAGG
ThrLeuAspSerGlySerThriysGluPhePheArgArgSerLysIleAlaValPheAspLlysMetTrpThrTyrMetArgSerAtaGluProSerValPheValarg

ACTACGGCAGAAGGAGTAGCCAGAGTCAGGAAATCCAAAGGGAAGTATGCCTACTTGCTGGAGTCCACAATGAATGAGTACATCGAGCAGAGGAAGCCTTGCGACACC
ThrThrAlaGluGIyVa]AlaArgValArgLysSerLysGlyLysTyrA)aTereuLeuG]uSerThrHetAsnGluTyrIleGluGlnArgLysProCysAspThr

ATGAAAGTGGGCGGCAACCTGGATTCCAAAGGCTACGGCATCGCCACACCTAAAGGATCCTCATTAGGAAATGCGGTTAACCTCGCAGTACTAAAACTGAATGAACAA
MetLysVaTGlyslyAsnLeuAspSerLysG!yTyrGlyl1eAlaThrProLysG]ySerScrLeuGlyAsnA1aanAsnLeuATeVn1LeuLysLeuAsnGluGln

GGCCTGTTGGACAAATTGAAAAACAAATGGTGGTACGACAAAGGAGAGTGCGGCAGCGGGGGAGGTGATTCCAAGGAAAAGACCAGTGCCCTCAGTCTGAGCAACGTT
G\yLeuLeuAspLysLeuLysAsnLysTrpTrpTyrAspLysGlyGluCysGlySerGlyGlyG]yAspSerLysGIuLysThrSerAlaLeuSerLeuSerAsnval

GCTGGAGTATTCTACATCCTTGTCGGGGGCCTTGGTTTGGCAATGCTGGTGGCTTTGATTGAGTTCTGTTACAAGTCAAGGGCCGAGGCGAAACGAATGAAGGTGGCA
AlaG]yValPheYyrIleLaanlGlyG1yLeuGlyLeuA1aMetLeuVa1AlaLeul1eG&uPheCysTerysSerArgA1aGluAluLysArgNetLysValA!a

AAGAATGCACAGAATATTAACCCATCTTCCTCGCAGAATTCCCAGAATTTTGCAACTTATAAGGAAGGTTACAACGTATATGGCATCGAGAGTGTTAAAATTTAGGGE
LysAsnAlaGlnAsnlIcAsnProSerSerSerGlnAsnSerGlnAsnPhcAleThrTerysGluGlyTyrAanalTyrGlylleGluSerValLyslle

ATGACCTTGAGCGCTGCCACGAGGAACAAGGCAAGGCTGTCAATTACAGGAAGTACTGGAGAAAATGGACGTGTTATGACTCCAGAATTTCCCAAAGCAGTGCATGCT
GTCCCTTACGTGAGTCCTGGCATGGGAATGAATGTCAGTGTGACTGATCTCTCGTGATTGATAGGAACCTTCTGAGTGCCTTACACAATGGTTTCCTIGTGTGTTTAT
TGTCAAAGTGGTGAGAGGCATCCGATATCTTGAAGGCTTTTCTTTCAGCCAA -~~~ -~ 3!

October 1990

-217
-109

-1
-1

108
36

216
72

324
108

432
144

540
180

648
216

156
252

864
288

972
324

1080
360

1188
396

1296
432

1404
468

1512
504

1620
540

1728
576

1836
612

1944
648

2052
684

2160
720

2268
756

2376
792

2484
828

2592
862

2700
2808
2860

Fig. 2. Nucleotide sequence of cloned ¢cDNA encoding the mouse GluR2 protein and the deduced amino acid sequence. For numbering of
nucleotide and amino acid residues, see the legend to Fig. 1.

The ECsp values obtained from the dose-response
curves were 9.2 xzM, 36 xM and 0.15 4M for L-
glutamate, kainate and quisqualate, respectively
(Fig. 4C). The Hill coefficients calculated from these
curves were 0.74, 1.1 and 0.83 for L-glutamate, kainate
and quisqualate, respectively.

76

The effects of various glutamate receptor antagonists
were examined at a concentration of 1 mM (Table II).
The response of 100 M kainate in oocytes injected with
the GluR1-specific mRNA was suppressed by
kynurenate, a glutamate receptor antagonist with broad
specificity, and was inhibited to some extent by y-D-
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Fig. 3. Alignment of the deduced amino acid sequences of the GluR1 and GluR2 proteins. Sequence comparison was performed using GENETYX
software (SDC Corp. Inc.). Numbers of the amino acid residues at the right-hand end of the individual lines are given. Sets of identical amino
acid residues in the homologous region (residues — 15 to 822 of GluR1 and residues — 15 to 826 of GluR2) are enclosed by solid lines, and sets
of conservative residues [17] by broken lines. The non-homologous regions are indicated by dashed lines beneath the sequences. The asparagine
residues as potential N-glycosylation sites are marked with asterisks. The putative transmembrane segments (M1-M4) are indicated. Clusters of
amino acid residues conserved among GluR1, GluR2, rat GluR-K1 [4] and the chick [5] and frog [6] kainate binding proteins are underlined.

glutamylglycine (y-DGG) and 5-D-glutamylamino-
methylsulphonate (GAMS), reported to act preferen-
tially on kainate and NMDA receptors [24] and on
kainate and quisqualate receptors [25], respectively.
Glutamate diethylester (GDEE), thought to be selective
for quisqualate receptors [26], showed essentially no in-
hibitory effect, but exhibited weak agonist activity. The
NMDA receptor antagonist D-(-)-2-amino-5-phos-
phonovaleric acid (APV) slightly inhibited the response
to kainate.

Oocytes injected with the GluR2-specific mRNA ex-
hibited no detectable response to 30 xM L-glutamate, 1
#M and 100 zM quisqualate, 100 xM L-aspartate and

100 .M NMDA (Table I). One of the 30 oocytes tested
showed a marginal response to 100 xM kainate (Table
I). Similar results were obtained when the mRNA was
injected in a 5-fold higher concentration.

Oocytes injected with both the GluR1-specific and
the GluR2-specific mRNA displayed larger current
responses to 30 xM L-glutamate, 100 «M kainate and 1
#M quisqualate than those injected with the GluR1-
specific mRNA alone (Fig. 4B and Table I); note the
difference in vertical scale between Fig. 4A and B. The
additive effect was most prominent for the response to
100 #M kainate. Thus, the glutamate receptor produced
in oocytes by injection of both the GluR1-specific and
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Fig. 4. Functional properties of the GluR1 and GluR2 proteins expressed in Xenopus oocytes. A and B, Whole-cell currents activated by bath ap-
plication of 30 xM L-glutamate (Glu), 100 xM kainate (Kain) and 1 4M quisqualate (Quis) in an oocyte injected with the GluR1-specific mRNA
(0.1 4g/ul) alone (A) or with both the GluR1-specific and the GluR2-specific mRNA (0.1 #g/x1 each) (B). Membrane potential, —70 mV. Inward
current is downward. The duration of agonist application is indicated by bars without taking into account the dead-space time in the perfusion
system (~1 s). C, Dose-response curves for inward currents activated by L-glutamate (circles), kainate (triangles) or quisqualate (squares) in
oocytes injected with the GluR 1-specific mRNA (0.2 xg/xl1) alone (open symbols) or with both the GluR1-specific and the GluR2-specific mRNA
(0.1 zg/ul each) (closed symbols). Each point represents the mean + SD of measurements on 4-11 oocytes at —70 mV membrane potential. The
theoretical curves have been drawn according to the equation I = Imax/[1 + (ECs0/A)"], where I represents the current response, Imax the maximum
response, A the concentration of agonist, and # the Hill coefficient. The maximum current responses were 14-48 nA (O), 16-70 nA (4), 6-22
nA (0O), 7-36 nA (@), 112-313 nA (A) and 5-19 nA (m).

Table [

Whole-cell currents activated by glutamate receptor agonists in Xenopus oocytes injected with either or both of the
GluR1-specific and the GluR2-specific mRNA

mRNA injected Whole-cell currents activated (nA)
30 M 100 M 1M 100 xM 100 .M
L-glutamate kainate quisqualate L-aspartate NMDA
GluR1 11 £ 15 29 + 23 9 + 13 2+ 1 ND
(29/30) (30/30) (28/30) (3730) (0/30)
GluR2 ND 1 ND ND ND
( 0/30) ( 1730) ( 0/30) 0/30) (0/30)
GluR1, GluR2 29 + 26 267 + 191 15 + 14 2 ND
(30/30) (30/30) (30/30) (2/30) (0/30)

Oocytes were injected with the GluR1-specific mRNA (0.1 #g/4l) or the GluR2-specific mRNA (0.1 xg/xl) or both

(0.1 ug/ul each). Inward currents activated by each agonist were recorded at —70 mV membrane potential. Data

are given as mean + SD when indicated; the means have been calculated only for the responsive oocytes. Numbers

in parentheses indicate the number of responsive oocytes relative to the number of oocytes tested. Our detectable
limit was ~1 nA. ND, not detectable
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TABLE I1

Sensitivities to antagonists of the GluR1 protein expressed alone or
together with the GluR2 protein

Antagonist added Response to 100 zM kainate (%)

(1 mM)

GluR1 GluR1, GluR2
None 100 100
Kynurenate 25 £ 5(4) 10 £ 0.7 (3)
y-DGG 55+1(4) 42 +3 @
GAMS 54 + 2(4) 39+2 (3
GDEE 98 + 2 (5) 97 +£3 @
APV 82 +2(4) 73 £ 0.9 %)

Qocytes were injected with the GluR1-specific mRNA (0.2 xg/xl)
alone or with both the GluR1-specific and the GluR2-specific mnRNA
(0.1 ug/ul each). Inward currents activated by 100 M kainate in the
presence and absence of 1 mM antagonist were recorded at — 70 mV
membrane potential. Data are given as means + SD; numbers in
parentheses indicate the number of oocytes tested. The current
responses to 100 zM kainate were 5-54 nA for the oocytes injected
with the GluR1-specific mRNA alone and 18-151 nA for the oocytes
injected with both the GluR 1-specific and the GluR2-specific mRNA.
No current response was detected when atagonist alone was applied,
except that GDEE evoked a small response in the oocytes injected
with the GluR 1-specific mRNA alone (6 + 4% of the response to 100
#M kainate, n=35)

the GluR2-specific mRNA is more selective for kainate
than that produced by injection of the GluR1-specific
mRNA alone. The ECso values were 5.7 xM, 91 xM and
0.12 xM for L-glutamate, kainate and quisqualate,
respectively (Fig. 4C). The values for L-glutamate and
quisqualate are similar to those obtained for GluR1 ex-
pressed alone, whereas the value for kainate is
somewhat larger. The Hill coefficients calculated were
2.0, 1.5 and 2.4 for L-glutamate, kainate and quis-
qualate, respectively. These values, especially those for
L-glutamate and quisqualate, are larger than those ob-
tained for GluR1 expressed alone (close to unity), in-
dicating a positively cooperative interaction between
the GluR1 and GluR2 proteins. The increase in channel
activity and cooperativity, together with the amino acid
sequence similarity, suggests that GluR2 is also a
glutamate receptor subunit. The response to 100 xM
kainate in oocytes injected with both the GluR 1-specific
and the GIluR2-specific mRNA was inhibited by
kynurenate, v-DGG, GAMS and APV (Table II). The
extents of inhibition were somewhat larger than those
observed for GluR1 expressed alone. GDEE exhibited
essentially no effect.

The present investigation demonstrates a molecular
species of glutamate receptor which is responsive both
to kainate and to quisqualate. This supports the view
that kainate and quisqualate may activate a common
receptor subtype [27-29]. Our results also show that co-
expression in Xenopus oocytes of the two glutamate
receptor subunits GluR1 and GluR2 produces higher
channel activity and cooperativity, as compared with
the GluR1 subunit expressed alone. This suggests that

FEBS LETTERS
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glutamate-gated ionic channels, like other neuro-
transmitter-gated ionic channels, are hetero-oligomers
of different subunits, although the combination of
GluR1 and GluR2 may not necessarily represent a
native receptor.
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