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ABSTRACT: L-Glutamate-activated cation channel proteins from rat brain synaptic membranes were solubilized, 
partially purified, and reconstituted into liposomes. Optimal conditions for solubilization and reconstitution 
included treatment of the membranes with nonionic detergents in the presence of neutral phospholipids plus 
glycerol. The  affinity batch chromatography procedure described previously [Chen et  al. (1988) J .  Biol. 
Chem. 263,417-4271 was used to obtain a fraction enriched in glutamate-binding proteins. Quench-flow 
procedures were developed to characterize the rapid kinetics of ion flux induced by receptor agonists. 
[ 14C] Methylamine, a cation that permeates through the open channel of both vertebrate and invertebrate 
glutamate receptors, was used to measure the activity of glutamate receptor-ion channel complexes in 
reconstituted liposomes. L-Glutamate caused an increase in the rate of [ 14C]methylamine influx into liposomes 
reconstituted with either solubilized membrane proteins or partially purified glutamate-binding proteins. 
The increase in methylamine influx was dependent on the concentration of L-glutamic acid with an estimated 
K,,, for L-glutamate equal to 0.2 pM for synaptic membrane proteins and 0.32 p M  for purified proteins. 
Of the major glutamate receptor agonists, only N - m e t h y b a s p a r t a t e  activated cation fluxes in liposomes 
reconstitued with glutamate-binding proteins. Glutamate-activated methylamine flux was completely inhibited 
by the N - m e t h y b a s p a r t a t e  receptor antagonist 2-amino-5-phosphonopentanoic acid. In liposomes re- 
constituted with glutamate-binding proteins, N-methyl-D-aspartate- or glutamate-induced influx of Na+ 
led to a transient increase in the influx of the lipid-permeable anion probe S14CN-. Electrophoretic analysis 
of partially purified proteins reconstituted in liposomes indicated enrichment of several bands, the most 
prominent being those of molecular size equal to -69, 60, 35, and 25 kDa. Antibodies raised against the 
purified 71 - and 63-kDa glutamate-binding proteins reacted strongly with the -69-kDa band of reconstituted 
proteins and markedly decreased the initial rate of glutamate-activated cation flux. These results indicate 
the functional reconstitution of N-methybaspartate-sensitive glutamate receptors and the role of the 
-69-kDa protein in the function of these ion channels. 

x e  case for L-glutamic acid as an excitatory neurotrans- 
mitter in the mammalian central nervous system has been 
reviewed extensively [e.g., see Curtis and Johnston (1974), 
Krnjevic, ( 1  974), Watkins and Evans (198 l) ,  Cotman and 
Iversen ( 1  987), and Cotman et al., (1 988)]. L-Glutamic acid 
released from nerve terminals diffuses across the synaptic cleft 
and reaches postsynaptic receptors. Activation of these re- 
ceptors leads to one of two types of responses, either activation 
of phospholipase C and metabolism of phosphatidylinositol 
(Recasens et al., 1988; Sladeczek et al., 1988; Sugiyama et 
al., 1989) or increases in neuronal membrane Na+, K', and 
Ca2+ permeability and subsequent neuronal excitation [e.g., 
see Nowak et al. (1984), MacDermott et al. (1986), Cull- 
Candy and Usowicz (1987), and Jahr and Stevens (1987)l. 

A further subclassification of the excitatory amino acid 
receptors linked to ion channels on the basis of the sensitivity 
of these receptors to specific agonists was first proposed by 
Watkins and colleagues (Watkins & Evans, 1981) and further 
amplified recently [e.g., see Watkins et al. (1990)j. These 
receptors are subclassified to the three major types activated 
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by c~-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA),' an analogue of quisqualic acid, by kainic acid and 
by N-methybaspartate (NMDA). The best characterized 
class of ion channel linked receptors with respect to agonist 
and antagonist effects is the NMDA receptor for which very 
selective antagonists exist, such as 2-amino-5-phosphono- 
pentanoic, 2-amino-7-phosphonoheptanoic acid, and 3- 
carboxypiperazin-4-yl-phosphonic acid. 

In electrophysiological studies of single-channel charac- 
teristics of these three subtypes of glutamate receptors, it was 
shown that all types of receptors activate ion channels that 
exhibit the same multiple conductance states (Cull-Candy & 
Usowicz, 1987; Jahr & Stevens, 1987). In recent studies, it 
was also demonstrated that the NMDA and AMPA receptors 
coexist in the same neuronal synapses (Bekkers & Stevens, 
1989). These observations have led to the suggestion either 
that all receptor recognition macromolecules are linked to one 
type of ion channel complex or that different pairs of recog- 
nition macromolecules activate the same ion channel complex 
through interactions with distinct recognition subunits 
(Cull-Candy & Usowicz, 1987). Further resolution of the 

I Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole- 
propionic acid; DTT, dithiothreitol; EDTA, ethylene diaminetetraacetic 
acid; EGTA, [ethylenebis(oxyethylenenitrilo)] tetraacetic acid; NMDA, 
N-methybaspartic acid; PE, phosphatidylethanolamine; SDS-PAGE, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
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from Amersham/Searle Corp., and ~ - [~H]g lu tama te  (20 
Ci/mmol) was from ICN Biomedicals. Dog brain phospha- 
tidylethanolamine (PE),' cholesterol, and n-octyl glucoside 
were purchased from Sigma Chemical Co. Bio-Beads SM2 
were obtained from Bio-Rad. Purified Triton X-100 was from 
Pierce. All other chemicals used were obtained from the 
sources described previosuly (Chen et al., 1988). 

Preparation of Synaptic Membranes, Solubilization of 
Membrane Proteins, and Partial Purification of Glutamate- 
Binding Proteins. Synaptic membranes were isolated from 
four to eight brains of adult male Sprague-Dawley rats as 
described in Chen et al. (1988). Rat brain tissue was hom- 
ogenized in the presence of six protease inhibitors (pepstatin, 
benzamide, phenylmethanesulfonyl fluoride, t-aminocaproic 
acid, benzamidine hydrochloride, and EGTA) that were at the 
concentrations we have previously used (Chen et al., 1988). 
The synaptic membranes were resuspended in 20 mL of buffer 
containing 0.25 M sucrose, 20 mM potassium acetate, 10 mM 
Tris-sulfate, 0.1 mM dithiothreitol (DTT), 0.1 mM EDTA, 
0.5 mg/mL PE, and 10% glycerol, pH 8.0. To this suspension 
was added an equal volume of the same buffer that contained 
either 4% (v/v) Triton X-100 or 4% (w/v) n-octyl glucoside. 
Triton X- 100 solubilization was employed in all experiments 
that included further purification of glutamate-binding pro- 
teins, whereas n-octyl glucoside was the detergent used in 
studies of synaptic membrane protein solubilization and re- 
constitution. Solubilization was achieved by gentle hand- 
homogenization and stirring for 45 min at 0 OC. The deter- 
gent-treated preparation was centrifuged at 4oooOg for 40 min 
and the supernatant collected. 

Further purification of L-glutamate-binding proteins from 
the solubilized membrane extract was carried out by affinity 
batch separation on glass fiber with coreticulated L-glutamate 
(Chen et al., 1988). After overnight incubation of the soluble 
extract with the glass fiber matrix, the non-glutamate-binding 
proteins were eluted with 200-300 mL of solubilization buffer 
that contained 0.1% Triton X-100, and the glutamate-binding 
proteins were eluted by two consecutive 4-h incubations at 4 
"C with 25 mL of the same buffer solution containing 0.1% 
n-octyl glucoside and 5 mM L-glutamate. The eluates and 
washes were combined and dialyzed extensively against buffer 
that contained 20 mM potassium acetate, 10 mM Tris-sulfate, 
0.1 mM DTT, 0.1 mM EDTA, and 10% glycerol, pH 8.0, but 
did not contain detergent or glutamate. The samples were 
concentrated by dialysis against poly(vinylpyrro1idone) (M, 
40000). 

Reconstitution of Solubilized Synaptic Membrane Proteins 
or Partially Purified Glutamate-Binding Proteins into Lipo- 
somes. Reconstitution into liposomes of synaptic membrane 
proteins that were solubilized in n-octyl glucoside was initiated 
by adding a mixture of PE/cholesterol (4:l weight ratio) in 
solubilization buffer to a final concentration of IO mg of lip- 
id/mL of solution. Following overnight dialysis of the sus- 
pension against potassium acetate/EDTA/DTT/Tris-sulfate 
buffer, the suspension was concentrated to 5-10 mL by dialysis 
against poly(vinylpyrro1idone). This was followed by recon- 
stitution of proteins into liposomes after extraction of detergent 
through incubation (15 min at 4 "C) with polystyrene beads 
(Bio-Beads) in capped columns. The eluate was centrifuged 
at  300000g for 1 h to collect the liposomes formed. 

The reconstitution of partially purified glutamate-binding 
proteins into liposomes was performed according to the fol- 
lowing procedure. The concentrated samples of glutamate- 
binding protein (10-20 mL) were added to 60-100 mg of a 
washed and dried lipid mixture of PE and cholesterol (4:l 

structure of excitatory amino acid receptors can only come 
from dissection of the protein composition of each receptor 
subtype. 

The structure of a kainate receptor was recently elucidated 
by the cloning of the cDNA for a kainate receptor protein and 
the expression of the receptor-ion channel complex in frog 
oocytes following injection of mRNA formed from tran- 
scription of the cDNA (Hollman et al., 1989). The structure 
of the kainate receptor protein inferred from the cDNA rep- 
resents a protein of molecular size equal to approximately 100 
kDa. NMDA did not activate the kainate receptor-ion 
channel expressed in frog oocytes following injections of the 
oocytes with mRNA derived from the cloned cDNA for the 
100-kDa protein, Quisqualate and AMPA, however, activate 
this receptor-ion channel protein expressed in mammalian cells 
and frog oocytes (Keinanen et al., 1990; Boulter et al., 1990). 
These results would indicate that NMDA receptors may have 
a different protein composition from the subtype of receptor 
which is a kainate/AMPA receptor-ion channel. 

The structure of the NMDA receptor-ion channel complex 
isolated from rat brain neuronal membranes was recently 
reported to contain four protein subunits with molecular 
weights ( M , )  of 67000, 57000,46000, and 33000 (Ikin et al., 
1990). We recently isolated from rat brain synaptic mem- 
branes a 58-kDa protein which has ligand-binding sites for the 
selective antagonists of NMDA receptors, the amino- 
phosphonocarboxylic acids (Cunningham & Michaelis, 1990). 
This 58-kDa protein has the characteristics of a receptor-as- 
sociated, antagonist-binding subunit and may correspond to 
the 57-kDa protein in the complex of the NMDA receptor 
proteins isolated by lkin and colleagues (Ikin et al., 1990). We 
have also reported previously on the isolation and character- 
ization of two glutamate-binding proteins from rat brain sy- 
naptic membranes with estimated molecular sizes equal to 71 
and 63 kDa. Although the ligand selectivity for the binding 
sites of these proteins is not commensurate with that of 
NMDA receptors, it is possible that these proteins are 
structurally related to the 67-kDa protein subunit of the 
NMDA receptor complex isolated by Ikin et al. (1990). 

An understanding of the structure and regulation of glu- 
tamate receptor complexes in neuronal membranes will come 
either from successful expression of receptor proteins through 
recombinant DNA techniques or through the isolation and 
functional reconstitution of proteins that are associated with 
these receptor-ion channel complexes. Great success was 
achieved in the definition and characterization of the nicotinic 
acetylcholine receptor-ion channel complex by the approach 
of protein isolation and functional reconstitution into liposomes 
or planar lipid bilayers [e.g., see Michaelson and Raftery 
(1 974), Huganir and Racker (1 980), and Suarez-Isla et al. 
(1 983)]. Functional reconstitution of glutamate-activated ion 
channel proteins into liposomes or other lipid bilayers has not 
been described by any investigators. The studies reported in 
this paper represent the approaches that we pursued in order 
to determine the parameters that should be used for solubi- 
lization of synaptic membrane proteins and functional re- 
constitution of glutamate-activated ion channel proteins. We 
also describe the development of rapid kinetic procedures for 
the measurement of glutamate-activated cation fluxes and the 
reconstitution into liposomes of a partially purified preparation 
of glutamate-binding proteins which exhibited characteristics 
of L-glutamate-sensitive and NMDA-sensitive ion channels. 

MATERIALS AND METHODS 
The source of [ ''C]methylamine (48 mCi/mmol) was New 

England Nuclear, ZZNaCl and KSI4CN (50 mCi/mmol) were 
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weight ratio). This was followed by reconstitution of proteins 
into liposomes following detergent extraction through incu- 
bation with polystyrene beads. The eluate was centrifuged 
at 300000g for 1 h to collect the pelleted liposomes. 

Protein Determination. The amount of protein in particulate 
fractions was determined by the procedure of Peterson (1977), 
whereas that in solubilized and liposome-reconstituted samples 
was measured by the fluorescence procedure of Neuhoff et 
al. (1 979). 

Determination of Rapid Kinetics of [I4C]Methylamine and 
SI4CN- hf lux .  A Durrum Multi-Mixing system was used to 
perform assays of the rapid kinetics of [I4C]methylamine and 
SI4CN- influx into proteoliposomes. The rapid-mix-quench 
technique was employed. A liposome suspension in 10 mM 
Tris-sulfate/O.l mM EDTA buffer, pH 7.4, was loaded into 
one of the syringes. The incubation medium consisting of 0.2 
mM EDTA, 0.1 mM MgSO,, 2 pM glycine, and 10 mM 
Tris-sulfate, pH 7.4, that contained either 10 mM methyl- 
amine ([14C]methylamine, 5 pCi/mL) or 25 mM Na2S04 and 
1 mM KSCN (KSi4CN, 2 hCi/mL), was loaded in the other 
syringe. The liposome suspension and the incubation solution 
were delivered in equal volumes from the two reagent syringes. 
The quench solution contained 0.5 mM 2-amino-5- 
phosphonopentanoic acid (or 1 mM 2-amino-3 phosphono- 
propionic acid), 2 mM  g glutamate diethyl ester, and 0.5 mM 
MgSO, in  10 mM Tris-sulfate buffer, pH 7.4, and was de- 
livered from the third syringe. Appropriate volumes were used 
in order to maintain the ratios of the solutions equal to 1:1:8.3, 
respectively, and in order to collect 200 pL of the quenched 
reaction product. The quenched reaction volume was collected 
in a calibrated syringe, the volume noted, and the sample 
immediately filtered through 0.22-pm Millipore filters. The 
filters were washed with 3 mL of ice-cold buffer that contained 
1 mM MgS04, 0.1 mM EDTA, and 10 mM Tris-sulfate, pH 
7.4. Dissolution of filters and measurement of trapped ra- 
dioactivity were conducted as described previously (Chang & 
Michaelis, 1980). Background ion flux was defined as the 
uptake in the absence of any agonists acting on L-glutamate 
receptors. The instrument was precalibrated by following the 
rate of hydrolysis of dinitrophenyl acetate by KOH according 
to the procedures recommended by the manufacturer, and the 
reaction times were continuously monitored by a computer 
through digital conversion of signals from the movement of 
the pneumatic drive. 

Antibodies against the 71- and 63-kDa Proteins. Highly 
purified preparations of the 71- and 63-kDa proteins were used 
to immunize rabbits in order to raise antibodies against these 
glutamate-binding proteins (Eaton et al., 1990). The immune 
and preimmune sera previously collected and characterized 
for their reactivity against these two proteins (Eaton et al., 
1990) were used in immunoblot staining of proteins electro- 
transferred to nitrocellulose filters and in isolation of IgG that 
was used in ion flux studies. The purification of IgG by 
precipitation with ammonium sulfate and chromatographic 
separation on DEAE-Sephadex was performed as described 
previously (Eaton et al., 1990). The purified IgG fractions 
were used immediately after purification. The purity of the 
IgG fractions was determined by polyacrylamide gel electro- 
phoresis under denaturing conditions. 

Polyacrylamide Gel Electrophoresis and Immunoblot 
Staining. Sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) was performed as described pre- 
viously (Chen et al., 1988). Either the gels were stained with 
silver nitrate (Wray et al., 1981) or the separated proteins in 
the gels were electrotransferred onto nitrocellulose sheets. 
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Proteins transferred to nitrocellulose filters were stained with 
the colloidal gold preparation Aurodye according to the 
specifications of the manufacturer and as described previously 
(Chen et al., 1988). 

Immunochemical staining of transferred proteins was per- 
formed according to the procedure of Blake and colleagues 
(Blake et al., 1984) using alkaline phosphatase conjugates of 
goat anti-rabbit antibodies (1: 1000 dilution) and 5-bromo-4- 
chloro-3-indolyl phosphate together with nitroblue tetrazolium 
(blue reaction product). The nitrocellulose filter following 
electrotransfer of proteins was washed with phosphate-buffered 
saline that contained 0.5% Tween-20 and incubated with 3% 
(w/v) gelatin in phosphate-buffered saline for 1 h at room 
temperature to block the remaining protein-binding sites. The 
blocked membrane was incubated with anti-glutamate-binding 
protein antiserum (1:lOOO dilution) in 50 mL of phosphate- 
buffered saline containing 1% (w/v) gelatin for a minimum 
of 4 h a t  30 "C. The alkaline phosphatase reaction was de- 
veloped in 0.1 M Tris-HC1 buffer, pH 9.8, that contained 4 
mM MgC12, nitroblue tetrazolium, and the substrate for the 
enzyme (Blake et al., 1984; Chen et al., 1988). 

Data Analysis. All ion flux kinetic data were analyzed by 
computer-assisted, nonlinear, least-squares approximation to 
a first-order rate equation for flux with an offset value at zero 
time: 

I ,  = I m ( l  - e-J') + A,  

The I terms represent specific ion flux in moles per milligram 
of protein in liposomes at time t (I ,)  and at equilibrium ( I - ) ,  
A,  is the estimated amount of ion associated with the liposomes 
at time zero, and J is a rate coefficient for the overall reaction 
including ligand binding to receptor proteins, activation of the 
ion channel, ion permeation through the channel, and possible 
time-dependent inactivation of the ion channel. 

RESULTS 
Glutamate-Activated Ion Fluxes into Proteoliposomes 

Formed with Synaptic Membrane Proteins. When synaptic 
membranes were extracted with a buffer that contained 2% 
(v/v) Triton X-100, 10% (v/v) glycerol, and 0.5 mg/mL PE, 
an average of 83.2% (f4.3, SEM, n = 7 experiments) of the 
membrane proteins were solubilized. If n-octyl glucoside was 
used in place of the Triton X-100, an average of 50% (f10.6, 
SEM, n = 4 experiments) of membrane proteins were obtained 
in the solubilized fraction. In all experiments to be presented, 
the synaptic membranes were solubilized in Triton X-100 when 
the soluble extract was to be used for further protein purifi- 
cation. Otherwise, the membranes were solubilized in n-octyl 
glucoside, and PE/cholesterol (4:l) was added in a solution 
that contained the same detergent. The mixture was dialyzed 
and passed over Bio-Beads to remove the detergent and allow 
for the reconstitution of membrane proteins into liposomes. 
This method led to the formation of unilamellar liposomes 
observed under electron microscopy and to the incorporation 
of 68.1% (f8.2,  SEM, n = 4 experiments) of the solubilized 
proteins into the liposomes. 

Preliminary experiments were performed by using a manual 
procedure to measure 22Na fluxes into liposomes during in- 
cubation periods ranging from 2 to 300 s. The measurement 
of 22Na fluxes was used to select the optimal conditions for 
reconstitution of synaptic membrane proteins. These condi- 
tions were found to consist of solubilization of synaptic mem- 
brane proteins in the presence of nonionic detergents, the use 
of neutral phospholipids and cholesterol, and the employment 
of 10% glycerol during solubilization and subsequent chro- 
matographic separation of glutamate-binding proteins. The 
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permeability to 22Na of liposomes reconstituted with membrane 
proteins was 8-10 times greater than the permeability of li- 
posomes formed under identical conditions but without any 
proteins incorporated. The increased permeability described 
above was evident under two different procedures for meas- 
uring 22Na fluxes, gradient-dependent 22Na flux and isotopic 
exchange flux according to the method of Garty et al. (1983). 
This is not an unusual observation since even phospholipid 
liposomes reconstituted with nonchannel proteins have much 
greater permeability to ions such as Na+ when compared with 
liposomes formed without proteins (Papahadjopoulos et al., 
1973). The addition of 8 p M  L-glutamate caused an increase 
in the rate of 22Na+ influx above background (data not shown). 

The rate of 22Na flux measured by this manual technique 
was slow and would be difficult to relate to receptor-mediated 
ion channel openings that occur in the range of millisecond 
time periods. Furthermore, since synaptic membranes also 
contain L-glutamate transport carriers which are known to 
cotransport Na+ and L-glutamate (Kanner & Sharon, 1978), 
measurements of glutamate activation of 22Na+ flux could be 
the result of both L-glutamate-induced openings of Na+ 
channels as well as 22Na cotransport with L-glutamate into the 
reconstituted liposomes. In order to avoid the contribution 
of transport systems to the ion fluxes detected in reconstituted 
preparations, we measured the glutamate activation of influx 
into liposomes of an ion, methylamine, which does not support 
L-glutamate transport and does not permeate voltage-gated 
ion channels very well, but has high permeability through 
quisqualate and L-glutamate postsynaptic receptors in locust 
muscle (Anwyl, 1977), and through NMDA and kainate re- 
ceptors in chick brain neurons (Vyklicky et al., 1988). 

In  order to estimate the more rapid events of ion channel 
activation, we employed the quench-flow, rapid kinetics pro- 
cedures described under Materials and Methods. All [14C]- 
methylamine flux assays were performed in the presence of 
submicromolar concentrations of free magnesium ions buffered 
by EDTA in order to avoid inhibition of the NMDA receptors 
produced by Mg2+ (Nowak et al., 1984). In addition, the 
incubation media contained 1 pM glycine, final concentration, 
because glycine functions as an allosteric activator of NMDA 
receptors (Johnson & Ascher, 1987). Under these conditions, 
all three types of L-glutamate-activated receptors should have 
been responsive to the respective agonists. An additional 
feature of the rapid kinetics flux assays was the use of a quench 
solution to stop the further flux of ions at the termination point 
of the assay. This was accomplished through the use of high 
concentrations of the quisqualate receptor antagonist, L- 
glutamate diethyl ester, and of either one of the NMDA re- 
ceptor antagonists, 2-amino-5-phosphonopentanoic acid or 
2-amino-3-phosphonopropionic acid, together with elevated 
Mg2+ concentrations in the quench solution. The effects of 
these agents on glutamate-activated ion flux will be described 
later, but in general, 2-amino-5-phosphonopentanoic acid was 
the most effective inhibitor when introduced a t  the concen- 
tration used in the quench solution. 

As shown in Figure I A ,  the rate of background flux of 
[14C]methylamine into liposomes reconstituted with membrane 
proteins was constant over the 100-800-ms reaction period. 
L-Glutamate at 5 WM final concentration brought about rapid 
enhancement of [14C]methylamine flux into the reconstituted 
proteoliposomes. The cation flux in the presence of 5 p M  
L-glutamate was significantly greater than background flux, 
and the stimulation of cation flux appeared to be complete 
within the period of 200 ms (Figure 1A). The rate of ion flux 
into these liposomes during the late reaction period of 200-800 
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1 : L-Glutamate activation of 1I4Clmethvlamine flux into 
liposomes reconstituted with solubilized synaptic membrane proteins. 
(A) Rapid kinetics of [14C]methylamine flux were determined in the 
absence (0) and in the presence of 5 pM L-glutamate (w). Membrane 
protein solubilization in n-octyl glucoside, reconstitution of solubilized 
proteins in PE/cholesterol liposomes, and rapid kinetic, quench-flow 
assays of [14C]methylamine flux were performed as described under 
Materials and Methods. The data shown are the mean (ASEM) from 
five separate solubilization and reconstitution experiments. The curve 
drawn through the values for L-glutamate-enhanced [I%]methylamine 
flux represents the best estimate for a pseudo-first-order rate equation 
with offset values as described under Materials and Methods. 
Background flux could not be fitted to a first-order rate equation; 
therefore, only a regression line is shown. The rate coefficient is k 
= 9.4 s-l, and maximal net flux above the offset value is I ,  = 162 
nmol/mg. Values for L-glutamate-induced cation flux that are sig- 
nificantly different from background flux are indicated (asterisk, p 
50.05 for one-tailed t-test statistic, 8 df). (9) Concentration-de- 
pendent enhancement by L-glutamate of ['4C]methylamine flux. Rapid 
kinetic assays of L-glutamate-induced ['4C]methylamine flux were 
performed as described above. The data for ['4C]methylamine influx 
into liposomes measured at 100-ms incubation in the absence of 
L-glutamate were subtracted from those determined in the presence 
of the concentrations of L-glutamate shown, Le., net methylamine influx 
was calculated. The values shown are the mean net influx at 100 ms 
from four solubilization and reconstitution experiments. The curve 
drawn represents the best fit to the Michaelis-Menten type of equation 
with the following constants: K,, = 0.2 gM and 1- = 125 nmol/mg 
of proteins. 

ms was not greater when measured in the presence of 5 p M  
L-glutamate than the constant rate of methylamine flux ob- 
served in liposomes incubated in the absence of L-glutamate. 
Assuming a pseudo-first-order rate of reaction for L- 
glutamate-induced [14C] methylamine flux, the rate coefficient 
for this flux was estimated to be 9.4 S - I ,  and I ,  was 162 
nmol/mg of protein (Figure IA). 

The activation of [14C]methylamine flux into liposomes 
reconstituted with membrane proteins was dependent on the 
concentration of L-glutamate employed in these assays (Figure 
IB).  The estimated K,,, for L-glutamate activation of 
[14C]methylamine flux determined at 100 ms was 0.2 p M ,  and 
the maximal net flux at 100 ms was 125 nmol/mg of protein. 
There was no evidence of cooperativity in the activation of 
[14C]methylamine flux by L-glutamate. The estimated K,,, 
for L-glutamate-induced [I4C]methylamine flux is an order 
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of magnitude smaller than the K,,, for L-glutamate transport 
carriers in synaptic membranes which is approximately equal 
to 2 p M  (Kanner & Sharon, 1978a; Michaelis et al., 1982). 
The K,,, for glutamate enhancement of cation flux is nearly 
identical with the KD for ~-[~H]glutamate binding to synaptic 
membrane sites considered to be related to glutamate receptors 
[e.g., see Foster and Fagg (1984), Fagg and Matus (l984), 
and Monaghan et al. (1985)l. It appeared, therefore, that the 
glutamate activation of [I4C]methylamine flux was related to 
interaction of glutamate with membrane receptors. 

The fact that L-glutamate transport into liposomes did not 
occur under the conditions of rapid kinetic measurements of 
[I4C] methylamine fluxes was also demonstrated directly. 
Assays were performed with reconstituted liposomes that were 
incubated with 0.5 and 1.0 p M  ~ - [ ~ H ] g l u t a m a t e  in the 
presence of 5 mM methylamine, final concentration. L- 
[3H]Glutamate transport into the reconstituted liposomes 
during the 100-800-ms incubation period in the presence of 
methylamine was not greater than the background binding or 
entrapment measured in the presence of 12.5 mM K2S04 (data 
not shown). The amount of ~- [~H]glu tamate  associated with 
liposomes that were incubated in the presence of 12.5 mM 
K2S04 was considered background binding or entrapment 
because an inward-directed K+ gradient across synaptic 
membranes does not support carrier-mediated L-glutamate 
transport into membrane vesicles (Kanner & Sharon, 1978a; 
Michaelis et al., 1982). 

[ I 4 c ]  Methylamine Influx into Proteoliposomes Reconsti- 
tuted with Partially Purified Glutamate-Binding Proteins. 
One of the goals of these investigations was to determine 
whether a fraction of glutamate-binding proteins obtained 
following affinity chromatography of solubilized synaptic 
membrane proteins on L-glutamate-derivatized matrices had 
properties related to glutamate-activated ion channels. If such 
activity could be demonstrated in this partially purified protein 
fraction, then a more complete characterization of the proteins 
that form some of these channels might be more easily 
achieved. As is shown in Figure 2A, 5 p M  L-glutamate caused 
an increase in [I4C]methylamine flux into liposomes recon- 
stituted with glutamate-binding proteins. [I4C]Methylamine 
flux produced by L-glutamate was significantly greater than 
background during the 200-600-ms reaction period (Figure 
2A). The liposomes reconstituted with partially purified 
glutamate-binding proteins also exhibited considerably higher 
background flux of [I4C]methylamine than that observed in 
liposomes reconstituted with membrane proteins (Figures 1A 
and 2A). This might be an indication either that there were 
more channels permeable to methylamine in the liposomes with 
the binding proteins or that the isolated protein fractions 
contained high amounts of associated detergents that were not 
completely removed by dialysis and Bio-Bead extraction. 

The estimated rate coefficient for [I4C]methylamine flux 
in the presence of 5 p M  L-glutamate added to the incubation 
medium was 8.6 s-l, and I ,  was 1173 nmol/mg of protein. The 
rate coefficient for L-glutamate-activated [I4C]methylamine 
flux in liposomes reconstituted with the binding protein fraction 
was nearly identical with that determined for proteoliposomes 
reconstituted with membrane proteins. However, the I ,  was 
approximately 7 times that determined for liposomes recon- 
stituted with synaptic membrane proteins. Analysis of the net 
[I4C] methylamine flux a t  100-ms reaction times activated by 
increasing L-glutamate concentrations revealed a K,,, for L- 
glutamate equal to 0.32 pM (Figure 2B). This estimated value 
of K,,, for [ 14C]methylamine flux into liposomes reconstituted 
with glutamate-binding proteins was nearly identical with the 
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FIGURE 2: L-Glutamate activation of [ 14C]methylamine flux into 
liposomes reconstituted with partiall purified glutamate-binding 

measured in the absence (0) or presence (U) of 5 fiM L-glutamic acid. 
The purification of glutamate-binding proteins and their reconstitution 
into liposomes were performed as described under Materials and 
Methods. Ion flux assays were conducted, and the data obtained were 
analyzed according to the procedures described in Figure 1A. All 
values shown are the mean ( S E M )  from five separate protein pu- 
rification and reconstitution experiments. The constants estimated 
by fitting the data for glutamate-induced methylamine flux to a 
pseudo-first-order equation are k = 8.6 s-I and I, = 1173 nmol/mg 
of protein. Values of glutamate-induced flux that are significantly 
different from background flux are indicated (one asterisk, p 5 0.05; 
two asterisks, p 5 0.01, 8 df). (B) Determination of concentration- 
dependent stimulation by L-glutamate of [I4C]methylamine influx 
was performed as described in Figure 1B. The values shown are the 
mean net influx at 100 ms from three to four protein isolation and 
and reconstitution experiments. The constants estimated from the 
optimal fit to the Michaelis-Menten type of equation are K,, = 0.32 
pM and I,,,,, = 547 nmol/mg of protein. 

proteins. (A) Rapid kinetics of [ I  1 Clmethylamine influx were 

one estimated for glutamate activation of ion flux in liposomes 
reconstituted with synaptic membrane proteins (K,,, = 0.2 
pM). However, the estimated net maximal transport activity 
a t  100 ms in liposomes reconstituted with partially purified 
glutamate-binding proteins was approximately 5 times that 
determined for liposomes with synaptic membrane proteins. 

Glutamate Receptor Agonist and Antagonist Effects on 
[14C]Methylamine Flux into Proteoliposomes with Gluta- 
mate-Binding Proteins. Influx of [I4C]methylamine into 
proteoliposomes reconstituted with the glutamate-binding 
proteins was activated by NMDA as well as L-glutamate 
(Figure 3). The rate coefficient for NMDA-induced me- 
thylamine flux was approximately one-fifth that for the glu- 
tamate-activated cation flux in these liposomes (Figure 3). 
Quisqualate a t  10 pM final concentration produced only a 
small, transient increase above background during the first 
100 ms. This increase in methylamine flux above background 
was not maintained in the 200-800-ms period (data not 
shown). Kainic acid did not increase methylamine flux above 
background during any period of reaction (data not shown). 
These results were indicative of activation by L-glutamate of 
a receptor-ion channel complex in these liposomes that may 
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FIGURE 3: L-Glutamate and NMDA activation of [14C]methylamine 
influx into liposomes reconstituted with partially purified gluta- 
mate-binding proteins. Rapid kinetics of methylamine flux were 
measured in the presence (m) or absence (0) of 10 pM L-glutamate 
(A) or in the presence (m) or absence (0) of 10 pM NMDA (B). Each 
value represents the mean ( H E M )  from six protein isolation and 
reconstitution experiments. Both glutamate- and NMDA-stimulated 
flux as well as background [14C]methylamine flux were measured in 
the same preparations. Values of glutamate- and NMDA-induced 
flux that are significantly different from background flux are indicated 
(asterisk, p I 0.05, IO df). Data analysis and curve-fitting were 
performed as described in Figure 1A. Estimated constants for glu- 
tamate-activated ion flux are k = 6.1 s-I and I, = 1152 nmol/mg 
of protein; those for NMDA-stimulated methylamine flux are k = 
1.2 s-l and I ,  = 2412 nmol/mg of protein. 

be related to the NMDA rceptor, although the presence of a 
quisqualate-sensitive ion channel that is rapidly inactivated 
by the continuous presence of the agonist cannot be excluded. 

Further evidence for the presence of an NMDA receptor-ion 
channel complex was sought by examining the effects of se- 
lective receptor antagonists on L-glutamate-induced methyl- 
amine flux into proteoliposomes. The quisqualate receptor 
antagonist L-glutamate diethyl ester did not alter substantially 
either the rate of glutamate-activated methylamine flux or the 
I ,  produced by IO pM L-glutamate (Figure 4). On the other 
hand, the N MDA inhibitor 2-amino-5-phosphonopentanoic 
acid completely inhibited the flux activated by L-glutamate 
(Figure 4). Very high concentrations of these two agents were 
used in these assays, ones that corresponded to the concen- 
trations present in the quench solution used in all rapid kinetic 
determinations. 

L-Glutamate-Induced S14CN Uptake into Proteoliposomes 
Reconstituted with Glutamate-Binding Proteins. In all ion 
flux assays described above, we employed salts that contained 
mostly membrane-impermeable or slowly permeable anions, 
such as sulfate. Thus, permeation of cations such as methyl- 
amine or Na' through the proteoliposome membrane would 
probably not be accompanied by kinetically equivalent per- 
meation of counterions. If a highly lipid-permeable anion such 
as SCN- is employed, its distribution across the liposome 
membrane would be determined by its chemical gradient as 
well as by the movement of cations. Under such conditions, 
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FIGURE 4: Effect on L-glutamate-stimulated [I4C]methylamine flux 
of the receptor antagonists 2-amino-5-phosphonopentanoic acid and 
L-glutamate diethyl ester. Rapid kinetics assays and data analysis 
were performed as described in Figure 3. The incubations were 
conducted in the presence of either 10 pM L-glutamate (m), or 10 
pM L-glutamate plus 2 mM glutamate diethyl ester (A), or IO pM 
L-glutamate plus 0.5 mM 2-amino-5-phosphonopentanoic acid ( 0 )  
and in the absence of all agents (0). The receptor antagonists had 
no effect on background [14C]methylamine flux. The estimated 
constants for glutamate-activated methylamine flux are k = 7.4 s-I 
and I ,  = 1502 nmol/mg of protein, those for glutamate-activated 
flux in  the presence of 2 mM L-glutamate diethyl ester are k = 5.3 
s-I and I, = 1391 nmol/mg of protein. The values of [I4C]- 
methylamine flux shown are the mean from three to five protein 
isolation and reconstitution experiments. 

SCN- would function as a probe for changes in cation per- 
meation through the liposome bilayer and would provide an- 
other measure of L-glutamate-activated cation flux. 

The flux of SI4CN- was measured under both basal and 
L-glutamate-induced Na+ flux conditions in proteoliposomes 
reconstituted with partially purified glutamate-binding proteins 
(Figure SA). The kinetics of SI4CN- flux were determined 
primarily for proteoliposomes incubated in a medium that 
contained 12.5 mM Na2S0,, final concentration. Nearly 
identical results were obtained when 5 mM methylamine was 
used in place of Na2S04 (data not shown). Background SCN- 
flux was a linear process within the incubation period of 
100-800 ms. Finally, the enhancement of S14CN flux pro- 
duced by L-glutamate was dependent on the concentration of 
glutamic acid. The estimated K,,, for glutamate-induced 
SCN- flux in proteoliposomess reconstituted with the binding 
proteins was 0.47 p M  (data not shown). 

Activation of SI4CN- flux was induced not only by L- 
glutamate but also by the NMDA receptor agonists NMDA 
and ibotenic acid (Figure 5B,C). Ibotenic acid is a glutamate 
analogue with partial selectivity for the NMDA receptor 
(Watkins & Evans, 1981). Quisqualic acid a t  the same 
concentration as ibotenic acid and NMDA produced a very 
small and short-lived activation of SI4CN- in the same pro- 
teoliposome preparations (Figure 5D). As was observed with 
NMDA-enhanced methylamine flux, the rate coefficient for 
NMDA-stimulated SCN- flux was approximately one-fifth 
that of the coefficient estimated for glutamate-stimulated 
SCN- flux (Figure 5 ) .  On the other hand, the rate coefficient 
for ibotenate-induced SCN- flux was 2 times that for L- 
glutamate-stimulated flux, but the net SCN- flux activated 
by ibotenic acid was considerably smaller (Figure 5 ) .  The rate 
coefficients for both NMDA- and L-glutamate-induced SCN- 
flux were approximately half of those estimated for [I4C]- 
methylamine flux into liposomes reconstituted with gluta- 
mate-binding proteins. The slower kinetics of SCN- flux are 
probably due to the fact that this anion flux is a secondary 
process brought about by the initial influx of cations. 

Analysis of the Proteins in the Glutamate-Binding Protein 
Liposomes and of the Role of the 71- and 63-kDa Proteins 
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FIGURE 5: Characterization of the rapid kinetics of activation by 
receptor agonists of S14CN influx into liposomes reconstituted with 
partially purified glutamate-binding proteins. Rapid kinetic mea- 
surements were obtained under conditions identical with those de- 
scribed in Figure 2A except for the inclusion of Na2S04 and KSCN 
into the incubation medium as described under Materials and Methods. 
All data shown are mean values of SCN- flux from four to six protein 
purification and reconstitution experiments. All data were analyzed 
by fitting to pseudo-first-order rate equations as described in Figure 
1A. The estimated rate coefficients are 2.7 s-l for 5 pM L-glutamate 
(W in A), 0.63 s-I for 10 pM NMDA (W in B), 6.5 s-' for 10 pM 
ibotenate (W in C), and 12.1 s-I for 10 pM quisqualate acid (W in D). 
Flux of SI4CN in the absence of any agonists (0 )  is also shown. 

in Glutamate-Initiated Ion Flux. Examination by SDS- 
PAGE and silver staining of the proteins present in liposomes 
reconstituted with the partially purified glutamate-binding 
protein fractions were indicative of a high degree of enrichment 
of proteins with a molecular size of approximately 67-70 kDa 
(Figure 6A, lanes 2 and 3). In some experiments, these 
proteins migrated in SDS gels at slightly different positions 
depending on the amount of lipid associated with the proteins. 
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FIGURE 6: Protein composition of the glutamate-binding protein 
fraction determined by SDS-PAGE followed by silver staining and 
by immunostaining in Western blots. (A) Silver-stained electrophoretic 
pattern of synaptic membrane proteins (lane 1) and of the partially 
purified and liposome-reconstituted glutamate-binding protein fraction 
(lanes 2 and 3). The amount of protein loaded on each lane was 2.5 
pg. The liposome-reconstituted protein fractions were dialyzed against 
0.1% SDS in H,O and lyophilized prior to dissolution in electrophoresis 
sample buffer. The migration of molecular weight marker proteins 
for each electrophoretic separation is indicated on the figure. The 
partially purified preparations of protein used for electrophoresis are 
from two different reconstitution experiments and are typical of most 
such experiments. (B) Electrotransfer of glutamate-binding proteins 
and immunostaining with antibodies raised against the 71 - and 63-kDa 
glutamate-binding proteins. An aliquot (2.5 pg) of glutamate-binding 
proteins was subjected to electrophoresis and electrotransfer to ni- 
trocellulose filter. Reaction with the antiserum and staining with the 
alkaline phosphatase substrate were performed as described under 
Materials and Methods. 

Although in some experiments a 67-70-kDa and a 59-62-kDa 
band were the predominant proteins detected, in most prep- 
arations, there were several other prominent bands detected 
by SDS-PAGE analysis. The proteins most frequently ob- 
served had estimated molecular sizes of 59-62, 51-54,40-42, 
33-36, and 24-25 kDa (Figure 6A). The silver-stained bands 
for some of these proteins tended to be diffuse and may have 
included several proteins or may have represented micro- 
heterogeneity of each protein species. 

To ascertain the relationship of the 67-70-kDa proteins in 
reconstituted liposomes to the glutamate-binding proteins that 
we had previously purified and characterized (Chen et al., 
1988), we used antibodies raised against the 71- and 63-kDa 
glutamate-binding proteins (Eaton et al., 1990) in Western 
blots of the isolated proteins (Figure 6B). These antibodies 
have been shown to have high selectivity in recognizing the 
glutamate-binding proteins in immunoassays and to label 
primarily a protein band with a molecular size equal to 66-70 
kDa in both synaptic membranes and purified preparations 
of the glutamate-binding proteins (Eaton et al., 1990). Fur- 
thermore, these antibodies were previously used to purify the 
7 1- and 63-kDa proteins by immunoaffinity chromatographic 
procedures and to immunoextract 5565% of the glutamate- 
binding entities from solubilized synaptic membrane protein 
preparations (Eaton et al., 1990). As is shown in Figure 6B, 
the antibodies reacted strongly with a 67-70-kDa protein band 
in the liposome preparations reconstituted with the partially 
purified glutamate-binding proteins. 

Since most of the preparations of partially purified gluta- 
mate-binding proteins used in these reconstitution experiments 
contained proteins other than the 67-70-kDa proteins, we 
probed the contribution of the 67-70-kDa glutamate-binding 
proteins to the glutamate-activated [14C] methylamine flux by 
prereacting the liposomes with the antibodies against these 
proteins. In these studies, the purified IgG fraction from 
preimmune and immune sera was used, and the liposomes were 
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chromatographic procedures designed for the purification and 
subsequent functional reconstitution of glutamate-binding 
proteins, therefore, this solubilization medium was used in all 
experiments described in this paper. 

The use of [I4C]methylamine as the permeant ion through 
putative glutamte-activated ion channels and the employment 
of quench-flow, rapid kinetic measurements of ion fluxes 
represent methodological advances in the detection of func- 
tionally reconstituted glutamate receptor-ion channels. By 
measuring the increase in permeability for [14C]methylamine, 
we were able to obtain estimates of glutamate-activated ion 
fluxes in liposomes reconstituted with synaptic membrane 
proteins without any apparent contribution to these fluxes by 
glutamate transport carriers. The kinetics of glutamate ac- 
tivation of ion channels could be described as a pseudo- 
first-order rate process. Maximum flux ( I , )  was achieved 
within 200-400 ms, whereas in the absence of glutamate 
[14C]methylamine flux was a slow, linear process. 

In liposomes reconstituted with synaptic membrane proteins, 
the estimated rate coefficients for ion fluxes due to glutamate 
activation of ion channels were not descriptive of a single 
process. The estimated rates for ion flux are probably the 
result of rates of binding of glutamate with various receptor 
subtypes present in neuronal membranes, an average of rates 
of ion permeation through different types of ion channels 
associated with these receptors, and the end product both of 
the rates of activation and of densensitization of different types 
of glutamate receptors. Reports from different laboratories 
have identified different rates of desensitization for various 
glutamate receptors, with the AMPA or quisqualate-sensitive 
ones having the most rapid rates of desensitization, on the order 
of 5-100 ms (Kiskin et al., 1986; Franke et al., 1987; Trussell 
et al., 1988). Since both kainate and AMPA/quisqualate 
receptors are apparently formed by homopolymers of isoforms 
of the recently cloned 100-kDa kainate receptor protein 
(Keinanen et al., 1990; Boulter et al., 1990), the differential 
desensitization rates are not an indication of different receptors 
for kainate and AMPA/quisqualate but of homopolymers 
formed by different isoforms of the 100-kDa protein (Sommer 
et al., 1990). Kainate-activated responses desensitize at a 
much slower rate than quisqualate-induced responses (Kiskin 
et al., 1986; Trussell et al., 1988; Sommer et al., 1990), 
therefore, it is likely that only desensitization of glutamate- 
activated, quisqualate-sensitive responses in liposomes recon- 
stituted with membrane proteins may have contributed sig- 
nificantly to the estimated rates obtained by rapid kinetic 
measurements (100-800-ms period). 

Methylamine fluxes produced by L-glutamate in liposomes 
reconstituted with partially purified glutamate-binding proteins 
had nearly identical rate coefficients with ion fluxes measured 
in liposomes reconstituted with synaptic membrane proteins. 
However, these two types of liposomes differed in the estimated 
maximal flux values activated by L-glutamate. The liposomes 
with glutamate-binding proteins had approximately 5-7 times 
higher maximum methylamine flux in response to glutamate 
as compared to liposomes reconstituted with synaptic mem- 
brane proteins. This enrichment in ion flux activity does not 
begin to approximate the nearly 200 times greater gluta- 
mate-binding activity associated with the partially purified 
preparation of glutamate-binding proteins when compared with 
synaptic membrane proteins (Chen et al., 1988). This dis- 
crepancy between enrichment in glutamate-binding and ion 
flux activity may be due to either protein denaturation during 
purification, inappropriate orientation of reconstituted gluta- 
mate-binding proteins, or formation of leaky liposomes upon 
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FIGURE 7: Effects of preincubation with immune and preimmune IgGs 
on L-glutamate-induced [14C]methylamine flux in liposomes recon- 
stituted with partially purified glutamate-binding proteins. Proteo- 
liposomes were preincubated for 1 h at  4 O C  with either buffer (m) 
or 5 pg/mL preimmune IgG (A) or 5 rg/mL immune Ifl(0). These 
proteoliposomes were subsequently employed in determinations of 
[‘4C]methylamine flux in the presence or absence of 10 pM L-glutamic 
acid. Since preincubation with either type of IgG had no effect on 
background flux, the data were combined to obtain a common 
background flux of methylamine. Each value shown is the mean from 
four protein isolation and reconstitution ex eriments. The constants 

of protein; those for glutamate-activated flux in the presence of 
preimmune IgG are k = 10.9 SI-’ and I ,  = 1232 nmol/mg of protein. 
Methylamine flux in samples incubated with L-glutamate following 
preincubation with immune IgG was a linear process. 

preincubated with the IgG fraction ( 5  pg/mL) for 1 h at 4 
OC. We have previously shown that under these conditions 
of incubation the immune IgG inhibits greater than 80% of 
the glutamate-binding activity of isolated binding proteins 
(Eaton et al., 1990). Preincubation of liposomes with immune 
IgG produced a marked decrease in the rate of glutamate- 
activated [I4C]methylamine flux (Figure 7). Treatment with 
immune or preimmune IgG had no effect on background 
[I4C]methylamine flux. The background methylamine flux 
shown in Figure 7 is the average of the buffer, immune IgG, 
and preimmune IgG treatment conditions. Incubation of li- 
posomes with preimmune IgG produced very small effects on 
glutamate-induced [‘4C]methylamine flux (Figure 7). 

DISCUSSION 
Several experimental approaches were developed in the 

overall effort to solubilize, partially purify, and reconstitute 
functional glutamate-activated cation channels from brain 
synaptic membranes. We can conclude from the studies de- 
scribed in this paper that the nonionic detergents Triton X-100 
and n-octyl glucoside can be used successfully in such proce- 
dures. Many experiments were performed under a variety of 
solubilization/reconstitution conditions with the ionic detergent 
sodium cholate, but functional reconstitution of glutamate- 
activated Na+ channels was never achieved (unpublished ob- 
servations). This is in contradistinction to the apparently 
successful solubilization and reconstitution of brain synaptic 
membrane L-glutamate transport carriers using sodium cholate 
and asolectin and lack of successful reconstitution when Triton 
X-l  00 was employed during solubilization of the transport 
carriers (Kanner & Sharon, 1978b). 

Crucial to successful reconstitutions of glutamate-sensitive 
ion channels solublized by either Triton X-100 or n-octyl 
glucoside is the presence in the solubilization buffer of either 
a neutral phospholipid, such as phosphatidylcholine or PE, at 
a concentration of 10-20 mg/mL or a low concentration of 
neutral phospholipids (0.1-0.5 mg/mL) plus 10% glycerol. 
The solubilization medium that contains low concentrations 
of PE (0.5 mg/mL) plus 10% glycerol can be used easily with 

for glutamate-activated flux are k = 7.4 s- P and I ,  = 1502 nmol/mg 
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reconstitution of these proteins. The experimental evidence 
we have accumulated was indicative of substantial leakiness 
of the liposomes reconstituted with partially purified gluta- 
mate-binding proteins. Nevertheless, despite this increase in 
background cation flux, these liposomes were useful in probing 
the characteristics of glutamate-activated ion flux. 

The fact that the rate coefficients for L-glutamate-induced 
[I4C]methylamine fluxes in liposomes reconstituted with 
partially purified glutamate-binding proteins were very similar 
to those determined in liposomes reconstituted with solubilized 
synaptic membrane proteins may be an indication that the 
purified preparations contain all of the subtypes of glutamate 
receptors found in synaptic membranes. Alternatively, it may 
be an indication that ion fluxes in both liposomes reconstituted 
with membrane proteins and those with partially purified 
glutamate-binding proteins are due to a predominant set of 
receptor-ion channel proteins. The latter possibility seems to 
be supported by the following observations. The rate coef- 
ficients for glutamate-induced methylamine flux and the es- 
timated K,,, for L-glutamate activation of fluxes were nearly 
identical in both sets of liposomes. Furthermore, the phar- 
macological characteristics of the glutamate-activated ion flux 
into liposomes reconstituted with the partially purified glu- 
tamate-binding protein fraction fit those of one subtype of 
receptor, the NMDA receptor. 

As was described earlier, Sokolovsky and his colleagues (Ikin 
et al., 1990) have isolated a complex of proteins apparently 
related to the NMDA receptor-ion channel. We have found 
that in  most of our preparations there were proteins with 
estimated molecular sizes fairly similar to those described by 
Ikin et al. (1990) such as the 67-70, 59-62,40-42, and 33- 
36-kDa proteins (Figure 6). The NMDA-induced ion fluxes 
and the sensitivity of such fluxes to inhibition by 2-amino-5- 
phosphonopentanoic acid may be the result of functional re- 
constitution of these proteins. The marked decrease in the 
initial rate of glutamate activation of ion fluxes by antibodies 
to the 71- and 63-kDa proteins may be the result of immu- 
nochemical homologies between the types of proteins that make 
up the NMDA receptor-ion channels, in particular the M ,  
67000 protein identified by Ikin et al., (1990) and the 71- and 
63-kDa glutamate-binding proteins. Alternatively, the 71-kDa 
glutamate-binding protein we had previously isolated may be 
the glutamate recognition protein of an NMDA receptor-ion 
channel complex in synaptic membranes. 

In  very recent studies, we have found that elution of glu- 
tamate-binding proteins from the affinity chromatography 
matrix by 3 mM NMDA produced high enrichment of the 
same complex of five proteins as those eluted by 5 mM glu- 
tamate, Le., the 69-, 60-, 40-, 3 5 ,  and 25-kDa proteins. 
Furthermore, when these proteins were reconstituted in lipo- 
somes, both NMDA and L-glutamate (10 pM) produced ac- 
tivation of ['4C]methylamine influx that was identical with 
that described in this paper. Finally, the activation of flux 
produced by exposure of the liposomes to 10 pM NMDA was 
markedly inhibited by pretreatment of the liposomes with the 
anti-7 I-kDa protein antibodies (unpublished observations). 
Since the glutamate-activated cation flux was also completely 
inhibited by 2-amino-5-phosphonopentanoic acid, but not by 
glutamate diethyl ester, it appears that the -70-kDa gluta- 
mate-binding protein is a component of the NMDA receptor 
complex. 

If the -70-kDa proteins are a component of the NMDA 
receptor complex, then we need to explain the very weak 
binding of NMDA to the purified 71- and 63-kDa proteins 
observed previously (Chen et al., 1988). One possibility is that 
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separation of the 71-kDa protein from the other protein sub- 
units that form the complex of the NMDA receptor-ion 
channel alters the ligand-binding properties of the protein. The 
binding of NMDA to the -70-kDa glutamate-binding protein 
may be strongly dependent on the interaction of this protein 
with other subunits. Solubilization of synaptic membrane 
proteins in the presence of lipids and glycerol, i.e., the method 
used in the reconstitution studies, may preserve the multisub- 
unit structure of glutamate/NMDA receptor-ion channel 
complexes and the sensitivity of the complexes to activation 
by NMDA. 

The binding of quisqualic acid to the purified 7 1 -kDa protein 
that we reported previously (Chen et al., 1988) may represent 
a low-affinity interaction of this ligand with the glutamate 
recognition site of the protein and may be unrelated to in- 
teractions of quisqualate with an AMPA-sensitive receptor-ion 
channel. This conclusion is based on the observation that the 
binding of quisqualate to the isolated 71-kDa protein has an 
estimated KD that is at  least 350 times higher than the K,,, 
for quisqualate-induced opening of ion channels in neuronal 
membranes (Perouansky & Grantyn, 1989). Furthermore, 
AMPA, which is a more selective agonist for the AMPA/ 
quisqualate receptors, did not bind to the isolated gluta- 
mate-binding proteins (Chen et al., 1988). Finally, we have 
never seen enrichment in our purified protein preparations of 
a -100-kDa protein that may correspond to the kainate/ 
AMPA receptor. 

We consider the results presented in this paper as initial 
evidence for the successful partial purification and reconsti- 
tution of L-glutamate/NMDA receptor-ion channels. We are 
currently accumulating further evidence for reconstitution of 
glutamate-sensitive ion channels by the use of planar lipid 
bilayer membranes and direct electrical measurements of ion 
channel activity (Uto et al., 1990; unpublished observations). 
The further definition of the precise protein composition of 
such receptors will be achieved either by proceeding to higher 
levels of purification of the protein complexes and application 
of the reconstitution methodologies we have developed or by 
cloning the cDNAs for these proteins and expressing them in 
cells such as the Xenopus oocyte. 
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