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The primary structure of a novel subunit of the mouse NMDA (N¥-methyl-b-aspariate) receptor channel, designated £4, has been revealed by cloning

and sequencing Lhe cDMA. The &4 subunit shares high amino acid sequence idenlily with the g1, €2 and £3 subunits of the mouse NMDA. receplor

channel, Uius consututing the & subfamily of the glutamaie recepror channel. Expression from cloned cDNAs of the €4 subunit together with the

£l subunit in Xenopus oucytes yiekds functional NMDA receptor channels. The a4/41 heteromeric channel exhibils high apparent altinities for

agonists and low sensitivities 1o competitive antagonists. The g4 subunit is thus distinet in fusetional properties from the g1, £2 and £3 subunits,
and contributes further diversity of the NMDA receptor ehannel.

Gluamate receplor; N-Methyl-o-aspariate: NMDA receptor ¢hannel: &4 subunit: Moleculur diversily: Functional expression: Pharmacological
diversity

I. INTRODUCTION

The ghitamate receptor {GluBR) channel medintes
most of the fast excitatory synaptic transmission in the
central nervous system [1]. The N-methyi-p-aspartate
(NMDA) rcceptor channel, one of the three major
classes of the GluR channel, is highly perineable to Ca®"
in addiion10na" anb™RC. ands suscenline 1o vollage-
dependent Mg™ block. These characteristics make il
possible for the NMDA receptor channe! to play a key
role in aclivity-dependent synaptic plasticity in the hip-
pocarnpus, Uicaghic 1o wnderlic aremory and Mg
[2], and in experience-dependent synaptic plasticity in
the developing oram §3). In addnon, 2bnormad acrva-
tion of the NMDA receptor channel is implicated in
neurcaud cell deatht aliserved @ variaus acute and
chronic disorders [4,5].

Recent moiecular biological studies have revealed a
number of NMDA receptor chanue! subunits [6-10}.
These suounis comamn Tour puralve ransmemwnrans
segments (M1-M4) characteristic for neurotransmitter-
gated ion channels, and shure amino acid sequence ho-
mology with each other and with the subunits of the
AMPA- or kainate-selective GluR channel. According
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to the sequence homology, the NMDA recepior channel
subunits are classified into the € and & subfamilies of the
CloR channet [7-9]. Expression of the ¢t (NMDAR Y
subunit or its smaller form (the {1-2 subunit) yields
homomeric channeis with characteristics of the NMDA
receptor channel (6,7]. However, highly active NMDA
receptor channels are produced only when the 1 or
23 22 ibun s exniesend iy sihib ihe £) 2 nr 83
(NR2A, B ar C) subunit [8-1G]. The lunctional prapet-
ties of the resulting NML)A receptor channels such as
the apparent affinities for agonists, the sensitivities {0
coripetitive and nen-competitive antagonists and regu-
lation are critically determined by the constitute & sub-
umr 1. Furithermore, each member of the £ subumi
family exhibils distincy distribution in the adult brain
(& (1. Thetefare, & fas Heen coneluded that the mofs-
ular diversity ol the & subunit family underlies the func-
tional heterogeneity of the NMDA receptor channel [91.
Studies with site-directed mutagenesis have shown that
Ihe ponserve) asparacing 1o quatallve Lransmemheang
seginent M2 constitutes a Mg®* block site of the NMDA
receptor channel, and that the MX-801 site overlaps the
Mg®" site [11].

In the present investigation, we have revealed the
presence aid primary structure of a novel subunit of the
mouse NMDA. receptor channel. The novel subunit
shares high amino acid sequence homelogy with the gl,
&2 and 3 subunits of the mouse NMDA receptor chan-
nel, and is thus designated as the &4 subunit. The &4
subunit, when expressed together with the 1 subunit,
forms functional NMDA receptor channels with char-
acierisiics of high apparent affiniiies for agonists and
(o sRNsiivLeS 1O CODRIITYE BNTABONIss.
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2. MATERIALS AND METHCDS

2.1, Cluning and sequencing of cDNAs

Two highly conserved amino ucid sequences ol the mouse NMDA
receptor channel subunits [7-9], WNGM(I.M)GE in the region pre-
ceding segment Mi and Y TANLAA in segment M3, were chosen (o
synthesize the corresponding degenerale oligonucleotide primers, 5-
TGOANT, DOGIADATLDAISGUNGAS )V =0,.0, 7, L) .and
YGCGA,TIGC(T,CAGANGATTIGC.ATIGCNGAIT(G,A)-
TAZ. PCR was carried out for 30 eyeles (94°C, | min; 50°C, | min;
72°C, 1.5 min) after incubation at 94°C for 3 min in 30 ¢l of a reaclion
mixture containing 10 mM Tris-FICI (pH 8.3), 50 mM KCl, 1.5 mM
MgCls, 0.001% gelatin, ~20 ng of mouse lorebrain cDNA, 2 4M ench
of pruners, 200 4M ezch of four deaxyribonucleatide wiphasphudes
and 4 U of Tug polymerase. The PCR products were Lreated with T4
DA polymerise and nsered (o (e Aiell sie of the plasmid
pBlugserint 1T SK(+) (Stratagene), One clone carrying an &4 subunil
cDNA was {dentified Gy seresning undaer (ow stringency hybridization
cemiitions 132) and by sequencing. Screening of ouse Torebrain and
cerebeliar cDNA Vibraries construnied in 2210 under Migh siringoney
conditions wilh the £4 subunit cDNA as a probe yielded several cDNA
clones encoding the &4 subunit. Additienal eDNA clones were ob-
lained by series of sereenings of the same libraries witl: newly isofated
cDDNAs us probes. The cDNA inserts of these recombinant phage were
subecloned into the EcoRlI sile of the plasmids pBluescript 11 SK(-)
(Stratagene) or pBKSA [7].

The nucleotide sequences of the cDNA clones SEi | (114 10 2,469)
and SE4 (2,434 to 3,971} were determined on boll strands by the
dideoxy chain-termination method [13} using appropriaie primers pre-
pared with an automatic DNA synthesizer (Applied Biosystems); nu-
Chruiie Teaidunes At Saiiered I atve 0 3 i, Sinning i
the codon specilying the amino-terminal residue ol the mature ¢4
SURIANY, AR SR SRANAIIDS ReAdAr SRR ARSI B TR L ANTARATS,
Partial nucleotide sequences of the elones £E1 (- 114 10 1,920, TSEES
(1,035 10 2,210), and K1 (1,932 ta 3.971) were in campleie agreement
with those of SE4 and SELL. Analysts of nuclestide and amino acid
seguences was carrled om using GENETYR soliware {8DC), and
amino acil sequence identity was calculated using GenaWaorks soll.
wire (InielliGenelics).

2.2, Expression i Xenopus oocyies
The emiire coding sequenice of £4 subunit eDNA (residues =81 1o
3.891) wus inserted between the Neol and Xhel site: of the plusmid
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pSP35ST [14] (o yield the plasmid pSPGRe4 using appropriste syn-
thetic oliganucieotides and FCR. The g4 subunit-specific mRNA was
synthesized in vitro with SP6 RNA polymcrase in the presence of 0.5
mM cap dinucleolide 'mGpppG using EcoRl-cleaved pSPGRe4 as 1
template [15). Xennpus feevis oocyles were injected with the 84 subunit-
specific MRNA (~16 ng/oocyte) and/or the £1 subunil-speeific mRNA
{~ 13 ng/oceyte) [7). Whole-cell currenms were recorded afier 1-3 duys
CUGRIGR W & corventionid tna-miicrapire valtage Slamip (6
Normal frog Ringer’s solution contains 115 mM NacCl, 2.5 mM KCl,
.8 mM CuCl, und 10 mM MEPES-NaOH (pH 7.2}. Bu>-Ringer's
soiution contains 115 mM NaCl, 2.5 mM KCL 1.5 inM BaCl, and 10
mM HEPES-N4aOH (pH 7.2).

3. RESULTS AND DISCUSSION

3.\, Claning af the &4 subunit

By PCR ampliication of maouse brain <ONA with
degeneraie oligonucieciide primers corsesponding 1o
two highly conserved sequences among the subunits of
the mouse NMDA receptor channel, we found a novel
member of the £ subunit family of the mouse NMDA
recepter channel, designated as the &4 subunit. Fig. 1
shows the deduced amino acid sequence of the £4 sub-
unit aligned with those of the £1, £2, £3 and £1 subunits
of the mouse NMDA receptor channel [7-9). The initia~
ting methionine is assigned to the first methionine resi-
due faued in a loge apen reading frame. The amine
terminal hydrophobic segment is assumed to represent
g signal pepride and Ivs cleavage siie 15 predicied Oy e
resttiod of von Heijne {1 7,18]. The proposed macure &4
subunit is composed of 1,296 amino acids with a caleu-
lated molecular weight of 140,056, The &4 subunit
shares 38-49% amino acid sequence identity with the
members of the & subunit family [8,9] and 13-18% iden-
tity with the subunits belonging to the other subfumily
of the GluR channel subunit (Table I).

Analysis and comparison of the local hydropathicity

Table [
Pereent amino ueld sequence identity between rodesi GluR channel subunits

Sublamily o B ¥ ] £ L
Subunit al  xl C v} -1 g2 7 KA-1 ¥ b1 £l 2 &3 & 4
ol GG 64 6o 6 37 ¥ 34 32 25 14 13 15 13 13
al 27 36 37 35 3l 30 23 I3 13 15 14 20
C 71 36 g 35 32 3 22 12 12 14 i3 19
D 6 36 6 30 30 23 13 13 15 15 20
5-1 L] 37 38 23 14 14 15 14 2

2 72 39 37 21 11 12 13 13 20
7 39 39 a0 13 13 15 15 2
KA1 63 24 14 13 14 16 2
72 24 4 14 18 18 20
8l 14 15 17 16 19
&l 2 40 39 18
&2 39 18 16
&3 48 8
&t 17

Sequence data are taken from [16] Miouse @1 and @2}, [22] (rat C and D), [23] (rat 5-1), [24] (mouse S2), [25] (rat 7), [26] (rut KA-1), [27) (mouse
#2), [12] (mouse 81}, [8) (mouse £1), [9) (mouse &2 and £3) and [7] (mouse J1).
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. Aligament of the deduced smino acid sequences of the mouse MMDA recepter channef subunits. Aming nold zesidues are nunberad

[ {38 i Hed

1 i

bepinning with Lhe amino-terminal residue of the proposed mature subunit (indicated by open sq ), and the pre i residuss Ly negative
numbers. Numbers of the amino ucid residues at the right-hand end of the individual lines are siver. Sets of identical amino acid residues among
five subunits or four £ subuaits ace enclosed. The putative transmembrane segments (M [-M4) are incicated. The wositions of v, peinl _mumt@ons
E2-N5BIQ and £1-N598Q [11] affecting the Mg®* sensilivity of the channel are indicated by an ar-t 4d. The nueleoti 2 »quendd Gats of the

g4 subunit eDNA will appear in the DDBJ, EMBL and GeneBank Nuclcotide Sequence Datapase under accessic wumper 2422,
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Fig. 2. Funetional expression ffom cloned ¢DNAs of the £4/51 heter-
omeric NMDA receptor channel in Xenupus oocyles, Current re-
sponses were measured at —7¢ mV membrane polential in 1.ormal
Ringer’s solution. (A) Current responses of the 441 heteromeric
channel 1o 100 uM NMDA plus 10 4™ glycine (NMDA/Gly) and 10
MM L-glutamine plus 10 2M glycine (GlwiGly), and effect of | mM
Mg® on the response Lo GlwGly. (B) Effects of 500 uM APY und 100
LM 7CK on the response of the s4/41 heterameric ehanitel to GlwGly,

profile of the &4 subunit suggest the presence of four
putative transmembrane segments (M 1-M4) in the mid-
dle of the molecute {(Fig. 1). In accordance with this is
the recent finding that the asparagine residue 389 in the
M2 segment of the &2 subunit, and the corresponding
Asp-598 of the £1 subunit, constitute a Mg** block site
ol the NMDA receptor channel [11]. The &4 subunit
contains an asparagine residue at the corresponding
position in segment M2 (amine acid residue 612). In
addition to the putative transmembrane regicns, the
region preceding segment M! is also well conserved
among GluR channel subunits, where the agonist bind-
ing site has been postulated [16,19]. Some point muta-
tions introduced into this region of the al subunit
strongly reduce the ECs, value for agonists of the
AMPA-selective GluR channel [20,21]). Segiment M4 of
the &4 subunit is followed by a long carboxy-teriminal
sequence (461 amino acid residues), a characteristic fea-
ture common to the members of the & sublfamily [8-10].
The large carboxy-terminal region of the & subunit,
which could be ecither inside or outside of the mem-
brane, may play a role in functional modulation, assem-
bly or sorting of the NMDA receptor channel.

3.2, Functional expression

The &4 subunit-specific mRNA was synthesized in
vitro from cloned ¢DNA and was injecied into Xenopus
oocytes together with the £ subunit-specific mRNA.
The peak inward currents obiained in rormal frog
Hinger’s solution at —70 mY membrane potential were
LA (mean = S.EM.. = 13)and 68 £ 13 nA (n
= 8) in rasponse 1o 10 uM L-glutamate plus 10 4M
glyeine and 100 uM NMDA plus 10 #M glycine, respec-
tively (Fig. 2A). The current amplitudes were signifi-
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Fig. 3. Pharmacolepical properties ol the &4/5'1 heteromeric channel,
Current responses were measured at ~70 mY membrane potential in
Ba**-Ringer's solulion. {A) Duse-response relationships lor L-gluta-
mule (€) and glycine {@) in the presence of 10 #M alycine and 10 4M
L-glutamiate, respectively. Bach point represents the meun fractional
respoases oblained (rom 4 pocyies; 5.E.M. are indicated by bars when
larges than the symbols. The theorelival curves have been drawn
according Lo the equation f = [, /f1+(ECs/A)"]. where { represents
the ¢urrent respouse, [, Lhe maximum response, 4 the concentration
ol agonist, and a the Hill coefficient, The maximum ¢urrent responses
were 28-43 nA (o) and 27-44 nA (e}. (B) Effects of APV and 7CK
on the response 1o 4.7 gM L-glutimaie plus 0.9 uM glyeine: the
coneentrations of agonists were ~10-fold the respective TG, values.
Drala ave presented asmean £ 5.E.M. ol measurements on 4-0 cogyles,
Current responses in the absence of antagonists were 15-30 nA.

cantly larger than those obtained for oocyles injected
with the £'1 subupit-specific mRNA alone (17 = 1 nA,
n =10, and 13 & 2 nA, n =7, respectively). The re-
sponses of the g4/f1 heteromeric channel to 10 M
L-giutamate plus 10 4M glycine were suppressed Lo var-
ious extents by | mM Mg*", 500 uM p-2-amino-5-
phosphonovalerate {APY) and 100 4M 7-chlerokynure-
nate (7CK) (Fig. 2A,B). We thus conclude that the &4
protein is the subunit of the NMDA. receplor channel,

The apparent weak suppressive effects of the compet-
itive antagonists prompted us to examine the pharma-
cological properties of the £4/'1 channel quantitatively
using Ba*-Ringer’s solution. The EC,, values obtained
from dose-response relationships are 0.4 4M and 0.09
MM for L-glutamaie and giycine, with Mill coefficient
values of 1.4 and 1.2, respectively (Fig. 3A). The appar-
ent affinities for the agonists of the £4/41 heleromeric
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NMDAa receptor channel are thus higher than the el/£1,
£2/Z1 and €3/¢1 heteromeric channels [9). The order of
the alfinities for L-glutaimate and glycine is e/ 1 > 3/
L1 > &) = gl/f] channels. The effects of APV and
TCK were tested at agonist concentrations as high as
~ 10 times the ECs, values (Fig.3B). The €4/¢'1 channel
activity was reduced only by 319 in the presence of 100
#M APY and by 34% in the oresence of 3 uM 7CK. The
extents of inhibition are smaller than those observed for
the other &¢ heteromeric channels under similar condi-
tions (69-98% and 36-75%, respectively) [9]. The seusi-
tivity to APV is in the order €171 > &2/51 > €3/f1 >
£4/¢1 channels, whereas that to 7CK is in the order
£3/C1 > g2 > &1/l = §4/01 channels. The &4/l
heteromeric channel is thus characterized by high atfin-
ity for agonist and low sensitivity to competitive antag-
onist,

Qur previous studies suggest that the molecular diver-
sity of the & subunit family underlies the functional
heterogeneity of the NMDA receptor channel [9]. The
identification and functional characterization of the &4
subunit reveal further diversity of the NMDA receptor
channel.
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