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The region preceding pulutive transmembrane segment M1 of the glutamate reeeptor (GluR) channel is welt conserved among subunits and has

heen proposed to constitute a part of the ugonist bindingsite. The functional significanse of this region was examined by introdusing peint mulations

into churged residues of the al subunit of the mouss g-uminw Mhydroxy=$-methyl-disoxuzale propionic acid (AMPA}-selestive GluR ¢hannel,

The dose~-rexponse relationships of the mutiant receptors were studicd after expression in Nenwpies oocytex by injection of the mutant &1 subunil-

specific mRNA together with the wild-type a2-subunit-spesific mRNA, Variable changss in the ECy values for different agenists were found faor

the replacement of glutamic ucid 398 by lysine und for the replacement af lysine 445 by glutunie weid, These residues may be involved in selective
interuction of the GluR chunpel with agenists.

Glutamate reeeptor channel: Agonist binding site: Site-direcied mutagenssis

i. INTRODUCTION

GluR channels mediate most of the fust excitatory
synaplic trunsmission in the central nervous system [1]
and play a key role in synaptic plasticity, thought to
underlie memaory and learning as weil us development
of the nervous systen [2,3], Furthermore, abnormal ae-
tivaiion of GIuR channels has St¢n suggested to lead
neuronal cell death observed in various acute and
¢hronic disorders [4,5).

GluR channsls huve been classified into three mujor
sublypes, that is, receptors for kainate, AMPA and M-
methyl-p-asparate (NMDA) bused on pharmacological
und electrophysiological properties [1.6]. Recent studies
on cloning and expression of subupit cDNASs have re-
veuled a great molecular diversity of the GluR channel
subunit {7-23]. These Giuik chunnel subunits contain
four putative transmembrane segments (M1-M4) char-
acteristic for neurotransmitier-gated ion ¢hannels and
can be classified into six subfamilies (the @, §, . 8, g and
§ subfamilies) according to the amino acid sequence
hemeology [22,23]. The members of the @ subfamily
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form homomeric and heteromeric channels responsive
to L-glutamate, quisqualate. AMPA and kainate [7-11].
The apparent affinities of these channels are higher for
quisqualate and AMPA than for kainate. indicating
thut the @ subfamily represents AMPA-selective GluR
channels. The 82 (GluR6) subunit forms homomeric
channels responsive to L-glutamate and kainate, but not
to AMPA [13.17]. The ¥2 (KA-2) subunit when ex-
pressed together with the §2 or GluRS subunit yields
functional GluR channels selective for kainate [18.19].
Thus the 8 und y subfamilies include the subunits of the
kainate-selective GluR chanael. The members of the €
and £ subfamilies constitute NMDA receptor channels
[15.21~-23].

Studies with site-directed mutagenesis have shown
that arginine 586 in putative transmembrane segment
M2 of the &2 subunit determines the cation permeability
of the AMPA-selective GluR channel {24-26]. Fune-
tional importance of segment M2 in fon selectivity is in
accord with the current transmembrane topology motdel
of the GluR channel [8,10,11] analogous to that of the
acetylcholine receptor channel, for which supporting
evidence has accumulated indicating that segment M2
forms the transmembrane ion channel [27]. The agonist
binding site of the acetylcheline receptor channel has
been mapped in the region preceding segment M1 [28].
By analogy, it is reasonable to assume that the gluta-
mate binding pocket of the GluR chunnel is formed by
the region preceding segment M1. In the present inves-
tigation, the functional significance of this region ol the
21 subunit of the mouse AMPA-selective GluR channel
has been examined by site-directed mutagenesis,
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2. MATERIALS AND METHODS

3.4 Atwagenesis

Site-dirccted mutngenesix of the al subunit of the mouse GluR
ehannel selective for AMPA was carried out using appropriute syn-
iheiic oliganucleatides and DNA fragments derived {rom the plasmid
pSPGR 1 [10] by the two-step polymeruse chiin renction (PCR) exsen-
tially ax deseribed {29), except that the @ I-K3SE mutunt wax con-
strucied previously by the method of Nakamaye and Ecksiein [25,30].
PCR wus run for 30 eycles in the first <tep and for 18 cyeles in the
second step. PCR bulTer contained 30 mM KCl. 16 mM Tris-HCl (pH
8.1). 1.5 mM MgCl.. 0.01% (wiv) getatin, 0.1 uM cach of primerx. 200
1M euch of four deoxynucteotide triphasphutes, 0.5-5 ug/m! templnte
DNA and 23 U/mi Tag polymerase. Cycle canditions were hesting it
25*C for 1 min, annealing at 35-85°C for 2 min. und synthesisut 72°C
for 2 min. PCR products were digested with Stul or QamMl, and
resulting Seul (854)=Snl (1.363) or Sl (1. 348)=BamH1 (1945)
fragments werg substituted for the corresponding wild-type fmgments
in pSPGR 1 (Tuble ). The entire nucleotide sequenses of DNA frag-
ments repluced vore determined by the dideoxy chain termination
method [31) using the GENESIS 2000 DNA Analyxis System (Du
Pont). .

2.2, Funetional ennlysic

Messenger RINASs specific for mutant aud wild-type GluR chiannel
subunits were synthesized in vitco us described [10). Xenapux fuevis
oocyles were injected with the wild-type ar mutant al subunit-specific
mRNA (~ 5 pr ~ 10 npfaocyte) and the wiki-type a2 subunit-specific
mRNA {~ 1.3 or ~ 2.5 ng/oacyte). The injected oocytes were incu-
bated at 19*C for 2~4 duys in modified Barih's medium [32] conuining
gentamycin (0.1 mp/ml). On the second day, the follicular cell layer
was mechanicully removed alter treatment with | mg/ml collagenuse
{Wako) for | h |33} Whole-cell curtents were recorded al =10 mVY
membrane polentinl and ~ 20°C with a conventicnal 1wo-micro-
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pipelte voltage clamp: the two pipettes were filled with 3 M KCI. The
chamber wus coninuously perfised with narmal frog Ringer's solu.
tion composed of 115 mM NaCl, 2.5 mM KCi, 1.8 mM CaCl; und 10
mM Hepes-NaOPM (pH 7.2). Agonixis were bath.applicd for ~ 15 5.
Dose~cesponss curves were fitted by the equation £ = A/l + (ECy/
AY. where [ is the eurrent response, £, is the maximum response,
A is the concentrution of ugonist und » is the Hill coefTicient. When
very high concentrations of agonists were appiied, ymull current re-
spanscs were observed lor nensinjected contral aceyles; 0.4-9 nA for
1-30 mM L-glutaonie und 0.6-5 nA for 3-30 mM Kainate (avernges
of measurements on &= oncytes). Thede values were subtructed from
the current responses measured for injected oocytes.

3. RESULTS

The region preceding segmient M1 is highly sonserved
among GluR channel subunits [7-23] and has bezn pro-
poded o constitute a part of the agonist binding site
[10.11]. To test this proposal, we introduced point muta-
tions into charged residues in this region, under the
assumption that hydrogen bond interactions through
charged residues play a major role in agonist binding to
the GluR channel as is the case for the bacterial aspar-
tute receptor [34). The point mutations intraduced into
the al subunit of the mouse AMPA-sslective GluR
channel nre shown in Fig. |, together with the alignment
of putative agonist binding regions of the mouse and
Drosophife GIuR channea! subupits and the chick ka-
inate binding protsin [10,17,18,20-22,35,36). These mu-
tants are named by the wild-type amino acid residue, the
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Fig. 1. Point mutations introduced into the @t subunit of the mouse GIuR channel and alignment of pulative agenist-binding regions of the mouse

and Drasephife GIUR channel subunits and the chick kainate binding protein. The antine acid substitutions and pulative transmiembrane segment

M1 are indicuted, Sets of identicul or conservative residuss are enclosed. Conservative umino acid groups are defined as follows [381: 5, T, P, A

and Qi M, D, Eund Q; H, Rand i M. I, L and ¥, F. ¥ and W. Numbers of the amino acid residuss are given at the end of the individual lines.

Amine acid sequences are laken from [10] (at, @2). [17) (82). [18] (¥2). [2Q] (81}, [22] (&1}, [21] ¢£1), [35] (Drosophiilz DGIuR-11, DGR), und [36]
{chick kainate binding pretein, KBP).
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Fig. 2. Cffeets of poinl mututions on dose~respouse curves lor Lglutamate (A), AMPA (B), kainate {C) und quisqualate (D). Euch point represents

the meun fractional responses obtained from messurements on 3-5 oocytex a1 =70 mV membrane potential: the muximum current responses far

the mulation al-E3V8K were estimated by fitting tu the theoratical urve, S.E.M. sre indicated by burs when larger thun the symbols. o, wild type;

o, al-E338K; 0. al-DA43K; o, @1-K445E. The largest current responses messured were us follows, (A) 23<138 nA {0), 14-57 nA (o), 21-63 A

(0) and 47=172 nA (a). {B) 16-42 nA {0). 17=41 nA (0). 25-45 nA () and 19-103 nA {a). (C) 123+350 nA {0). 42-115 nA (o). |B4-293 nA (Q)
and 120-878 nA (ak (D) 22-16 nA (0). 13-37 oA (9), 16-23 nA (D) und 16~16 nA {&).

residue number and the substituted residue. For exam-
ple. ¢1-E398K represents the &l subunit mutant in
which glutamic acid 398 is repluced by lysine. Because
the heteromeric @l/a2 GluR channel exhibits much

Table
Constructian of point mutations in the GluR @1 subunit

Wild type Mutant ¢DNA
frugment
Amino ueid Codon  Amino ucld Codon repluced
Glulamie acide GAA Ly:in: AAA Siul
398
Glutamie agids GAA Glulumine CAA Shel
398
Glutamie acid. GAA Lysine AAA Siul
423
Aspurtic seid 441 GAC Lysine AAA Stul
Lysine 445 AAA  CGlutemic acid GAA Stul
Glutainic acide  GAG Lysine AAG HanHl
462
Arginine 481 CGG  Glutumic ueid GAG BamH1
Arginine 431 CGa Glutamine CAG BemM1
Arginine 481 CGG Lysine AAG GainH1
Aspartic ucid 486 GAC Lysine AAG Bamiil
Aspartic acid 486 GAC Glutamine CAG BamH1
Aspartic acid 486 GAC  Glutamic acid GAG BamHl
Lysine 501 AAG  Glutamic acid GAG BamHl
Lysine 502 AAG  Glutamic acid GAG GaniHl
Lysine 502 AAG Glutamine CAG BamHlI
Lysine 502 AAG Arginine AGG FamHl

Stul and BamHl reprasent the Snel (854)-Stul (1,363) and HwnHI
(1348)-BumHI (1,945) fragments from pSPGR1, respectively.

lurger current responses than the homomeric @l chan-
nel {10], the effects of the point mutations on dose-
response relationships for L-glutamate, AMPA, kainate
and quisqualate were examined after co-expression of
the mutant &l subunit and the wild-type &2 subunit in
Xenopus ageytes by injection of the respective subunit-
specific mRNAs, The wild-type heteromeric al/a2
channgl shows higher apparent affinities for AMPA and
quisgualate than for kainate, but exhibits larger curren:
responses to kainate than to L-glutamate, AMPA and
quisqualate ([10]: Fig. 2. cireles).

Replacement of lysine 501 by glutamic acid (the mu-
tation al-KS01E) did not appreciably affect dose-re-
sponse relationships for agonists (Table L) and current
amplitudes. Similarly, the mutations al- E423K, al-
K445E and a1-E462K exerted little eifect on dose-re-
sponse relations for kainate (Table II). The al- K445E
mutation, however, resulted in reduction of the appar-
ent affinities for L-glutamate (22-fold}, AMPA (6- fold)
and quisqualate (17-fold) as shown in Fig. 2 (triangles).
The mutation ihus differentially affects the EC,, values
for respeclive agonists. The effects of the mutations
¢1-E423K and e1-E462K on the affinity for - gluta-
mate were not examined because of low channel activi-
ties. The efficient assembly of the two subunits, expres-
sien on the cell surface or galing of the channel may be
hindered by the mutations @i-423K and «l- E462K.

Replacement of negatively charged glutamic acid 398
or aspartic acid 443 by positively charged lysine {the
mutatiens &l1-E398K and a1-D443K) decreased appar-
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ent affinities for all the agonists examined (Fig. 2. dia-
monds and squares). The cllects of the mutation al-
E398K were so strong that the current respanses did not
reach u plateau even at the highest congentrations of the
agonists tested, The EC, values for agonists were esti-
mated by extrapolating the fitting of the dose~response
curves. The decrease in the apparent affinity for L-gluta-
mize could be ~ 100,000-fold, whereas the extents of
reduction were ~ 20 to ~ 40 fold for AMPA, kainale
and quisqualate (Table II). The Hill coefficient values
were less than unity. On the other hand. the effects of
the mutation @1-D443K were ruther small (3-5-fold re-
duction) and no significant differences in the extents of
decrease were found among agenists (Table 1I). Neu-
tenlization of glutamic acid 398 (the mutation al-
E398Q) exerted no appreciuble effect on the apparent
affinity for kainate (Table 1), but the current ampli-
tudes observed were smaller,

Substitution of lysine for aspartic acid 486 (the muta-
tion e¢l-D4a80K) resulted in vanishment of any detectas
ble responses. When aspartic acid 486 was replaced by
plutamine or glutamic acid (the mutaiions al-D486Q
and @l-D486E), u small response to kainute was de-
tected without any appreciable alteration of the appar-
ent affinity (Table [I). The effects of these substitutions
on the affinities for Leglutamate, AMPA and quis-
qualate were not examined because of low channel ac-
tivities, Replucement of lysine 502 by glutumic acid or
glutamine (the mutations al-K502E und «1-K502Q)
also resulted in failure of functional recaptor formation.
Only arginine could replace lysine 502 without signifi-
cunt chunge in the apparent aflinity for kainate {the
mutation al-KS502R, Table I[), but the current ampli-
tudes were small. Arginine 481 could not be substituted
for by any of glutumic ucid. glutamine and lysine with-

Tuble [I

EfTects of paint mutitions in the GluR &l subusit on ECy values

al suhunit EC;, values (uM)
L-Glutumate AMPA Kainste  Quisqualate

Wild wype 58(1.2) 1.4 (2.0 136¢14) 0,17 (2.0)
EEK 600.000 (0.3) 30 (0.7} 3,500 (0.8) 7.6 (0.5}
E398Q ND ND 170 ¢1.2) ND
E423IK ND NT 180 ¢1.0) NT
Da43K 305 6.6 (1.5 3704y 0.73(1.2)
K445E 130 {1.0} 8.4 (1.1) 180 (i.3) 2541.0)
E462K ND NT 120 (1.2} NT
D4BEQ ND ND 100 {1.0) ND
D4BGE ND ND 140 (1.2) ND
KSOIE 650 187 94 (1.3) 0.14 (1.8)
K502R ND ND 140 (1.1) ND

EC,, values for respestive agonists were caleulsted Mrom dose-res
sponsc curves ohlained (rem measurements oh 2-8 oocyles: the dose-
response curves did not reuch a plateau for the mutation of al -E398K
and the ECyy vitlues were sstimated by fitting o n theoretical curve,
Hill coeflisient values arc indicated in parventheses. ND. not deters
mined because of low channe! activies, NT, net tested,
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out loss of measurable responses (the mutations al-
R4BIE. a1-R481Q and «1-RaBIK), suggesting the im-
portance of this urginine residue.

4. DISCUSSION

Functional significance of a pututive agonist-binding
region preceding segment M1 of the &l subunit was
examined by site-directed mutagenesis und analysis of
dose-response relationships of mutant GluR channels
cxpressed from cDNAs. Several charged residues in this
region have been identified to be important for re-
sponses to agonists, Among mutanis examined. the
strongest effect on the apparent uffinities for agonists us
well us the Hill coefficient values was observed for the
mutation «l-E398K. It is possible that heteromeric
chunnel fermution or subunit cooperativity muy be hin-
dered by the mutation, However, the ECy, values were
much larger than those far the homemeric &l channel
{10). Decrease in the apparent affinity cuused by the
mutation wits remarkably lurger for L-glutamate than
for AMPA, kainute and quisqualate. DifTerences in the
extents of reduction among agonists were also found for
the mutation a1-K445E. This mutution exerted no up-
preciable effect on the upparent affinity for kainate, but
strongly decreased the apparent affinities for L-gluta-
mate, AMPA and quisquulate. Glutamic acid 398 is
highly canserved ameong non-NMDA receptor channels
[7-14, 16-19] and kainate binding proteins [36.37], but
is not found in NMDA receptor chunnels [15,21-23). It
is interesting that lysine 445 is also well conserved
among GluR channels [7-13,15-17.20-23] and kainate
binding proteins [36.37] except for the ¥ subfamily of
the kainatesselective GIuR channel [14,18,19]. These
residues may be involved in selective intsraction of the
GiuR channel with different agonists.

Arginine 481. aspartic ucid 486 and lysine 502 are
located in a highly conserved domain in the putative
agonist binding region preceding segment M| (Fig. 1).
Conversion of these residues to oppositely churged res-
idues abolished the formation of responsive GluR chan-
nels, Remurkably, o subtle change from arginine to ly-
sinc at the position 481 also resulted in the failure of
functional receptor production. Among charged resi-
dues found in 4 putative agonist-bDinding region preced-
ing segment M1, arginine 481 is the only one that s
completely conserved among GluR channels [7-23,35)
and kainate binding proteins [36.37]. It is possible that
these residues are essential for proper folding and as-
sembly of the subunit polypeptide or gating of the chun-
nel. An alternative possibility is that the charged resi-
dues are key elements of the agonist hinding site af the
GWR channel, In this respect, it is to be noted that the
highly charged ligand binding pocket of the Selnonella
typhimuriumt aspartate receptor is formed by three
arginine residuas, which interact with aspartate by hy-
dragen bonds [34].
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