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The amino acids L-glutamate and glycine are essential agonists
of the excitatory NMDA receptor, a subtype of the ionotropic
glutamate receptor family. The native NMDA receptor is com-
posed of two types of homologous membrane-spanning sub-
units, NR1 and NR2. Here, the numbers of glycine-binding NR1
and glutamate-binding NR2 subunits in the NMDA receptor
hetero-oligomer were determined by coexpressing the wild-
type (wt) NR1 with the low-affinity mutant NR1Q387K, and the wt
NR2B with the low-affinity mutant NR2BE387A, subunits in Xe-
nopus oocytes. In both cases, analysis of the resulting dose–
response curves revealed three independent components of
glycine and glutamate sensitivity. These correspond to the
respective wild-type and mutant affinities and an additional
intermediate hybrid affinity, indicating the existence of three

discrete receptor populations. Binomial analysis of these data
indicates the presence of two glycine and two glutamate bind-
ing subunits in the functional receptor. In addition, we analyzed
the inhibitory effects of the negative dominant NR1R505K and
NR2BR493K mutants on maximal inducible whole-cell currents
of wt NR1/NR2B receptors. The inhibition profiles obtained on
expression of increasing amounts of these mutant proteins
again were fitted best by assuming an incorporation of two NR1
and two NR2 subunits into the receptor hetero-oligomer. Our
data are consistent with NMDA receptors being tetrameric
proteins that are composed of four homologous subunits.
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Both the propagation of action potentials and synaptic transmis-
sion are crucially dependent on the transient opening of voltage-
and ligand-gated ion channel proteins that regulate the movement
of selected ions across the neuronal plasma membrane (Hille,
1992). Typically, ion channels are multisubunit proteins, the
composition of which can vary with cell type and stage of devel-
opment; the number of subunits and their stoichiometry, how-
ever, are highly conserved within a given channel protein family.
For example, voltage-gated potassium channels are always tet-
rameric proteins, postsynaptic nicotinic acetylcholine receptors
are composed of five homologous subunits, and gap junction
proteins mediating coupling at electrical synapses contain six
identical or related subunits (Betz, 1990; MacKinnon, 1995).

In the mammalian brain, excitatory neurotransmission is pre-
dominantly mediated by members of the glutamate receptor su-
perfamily of ligand-gated ion channels. Different subtypes of
these receptors are found at .50% of all chemical synapses in the
CNS. Based on pharmacological studies, ionotropic glutamate
receptors have been grouped into three distinct subfamilies:
AMPA receptors, kainate receptors, and NMDA receptors
(Watkins et al., 1990; Gasic and Hollmann, 1992). Of these, the
NMDA receptors have received special attention: they have been
implicated in synaptic plasticity and memory formation because
of properties that qualify them as coincidence detectors (Olney,

1990; Nakanishi, 1992). In addition to membrane depolarization,
NMDA receptors require the simultaneous binding of both glu-
tamate and the coagonist glycine for efficient gating (Johnson and
Ascher, 1987; Kleckner and Dingledine, 1988). Site-directed mu-
tagenesis has localized the glycine and glutamate binding sites of
NMDA receptors to homologous segments of its principal sub-
units NR1 and NR2 (Kuryatov et al., 1994; Wafford et al., 1995;
Hirai et al., 1996; Laube et al., 1997). The NR1 subunit is
expressed in several splice variants throughout the CNS (Durand
et al., 1992; Nakanishi et al., 1992; Sugihara et al., 1992; Hollmann
et al., 1993). The NR2 subunit exists in four isoforms encoded by
different genes (NR2A-D) that create functional and regional
heterogeneity of NMDA receptors (Kutsuwada et al., 1992;
Meguro et al., 1992; Monyer et al., 1992). Despite considerable
progress in their functional analysis, the number and stoichiom-
etry of NMDA receptor subunits are still a matter of debate.

Mutational analysis from our laboratory has shown that posi-
tion 387 of the NR1 and the NR2B subunits is crucial for
high-affinity binding of glycine and glutamate, respectively
(Kuryatov et al., 1994; Laube et al., 1997), whereas substitution of
a conserved arginine (NR1R505, NR2BR493) (Hirai et al., 1996;
Laube et al., 1997) abolishes channel function. Here, we have
exploited these findings to determine the numbers of NR1 and
NR2 subunits in recombinant NMDA receptors generated by
Xenopus oocytes. By coexpressing different ratios of wild-type
(wt) with low-affinity or negative dominant mutant NR1 and
NR2B subunits, we find that two copies of both NR1 and NR2B
are contained in recombinant heteromeric NMDA receptor
channels. Thus, our data indicate that NMDA receptors are
tetrameric proteins.

MATERIALS AND METHODS
Voltage-clamp recording of agonist dose–response curves from recom-
binant NMDA receptors generated by coinjection into Xenopus oocytes

Received Dec. 5, 1997; revised Jan. 23, 1998; accepted Feb. 4, 1998.
This research was supported by Deutsche Forschungsgemeinschaft (SFB 169),

Human Capital and Mobility Program (Contract ERBCHRXCT930167), and Fonds
der Chemischen Industrie. We thank Drs. S. Nakanishi and M. Mishina for supply-
ing the NR1 and NR2B cDNAs, Dr. R. Harvey for critical reading of this manu-
script, and M. Baier and H. Reitz for secretarial assistance.

Correspondence should be addressed to Heinrich Betz, Department of Neuro-
chemistry, Max-Planck-Institute for Brain Research, Deutschordenstrasse 46, 60528
Frankfurt /Main, Germany.
Copyright © 1998 Society for Neuroscience 0270-6474/98/182954-08$05.00/0

The Journal of Neuroscience, April 15, 1998, 18(8):2954–2961



of wt NR1 (Moriyoshi et al., 1991) and NR2B (Kutsuwada et al., 1992)
or mutant NR1 Q387K (Kuryatov et al., 1994), NR1 R505K (Hirai et al.,
1996), and NR2B E387A and NR2B R493K (Laube et al., 1997) cRNAs was
performed as described (Kuryatov et al., 1994). Linearized plasmid DNA
of the NR1 and NR2B subunits was used for the in vitro synthesis of
cRNAs with the mCAP mRNA Capping Kit (Stratagene, La Jolla, CA)
and T7 and T3 RNA polymerases, respectively. cRNA concentrations
were adjusted to 50–500 ng/ml by measuring the optical density at 260
nm. For coinjection experiments, appropriately diluted aliquots of the
different cRNAs were mixed at the indicated ratios before injection
(Kuhse et al., 1993; Laube et al., 1993). The ratio and the amount of
injected NR1 and NR2B cRNAs were kept constant. Voltage-clamp
recordings of glycine- and glutamate-induced currents in the presence of
saturating concentrations of L-glutamate and glycine, respectively, were
performed 48 hr after injection in Mg 21-free frog Ringer’s solution
containing reduced Ca 21 concentrations (0.9 mM) at a holding potential
of 270 mV (Laube et al., 1993). Under these conditions we obtained a
high stability of our recordings for up to 1 hr. Parallel experiments in the
absence of Ca 21 and after injection of 10 mM BAPTA or preincubation
with its membrane-permeant derivative BAPTA-AM revealed that any
contribution of Ca 21-activated chloride conductances had no significant
effect on apparent agonist affinities (B. Laube, unpublished data). To
allow for efficient solution exchanges, the BPS drug application system
(Adams and List, Westbury, NY) was used. All experimental values are
presented as the mean 6 SD of peak current responses.

For the evaluation of half-maximal effective agonist concentrations
(EC50 ) and Hill coefficients (nH ) from dose–response curves, data from
several (n) oocytes were fitted to the Michaelis-Menten equation (1)
using the least-squares fit:

I 5 ImaxS @A#nH

@A#nH1@EC50#
nHD (1)

where I is current, Imax the maximal current response, and A the agonist
concentration.

To calculate dose–response properties for mixtures of NMDA recep-
tors, we used the following equation:

I 5 O
i50

j S fi z
@A#nH

@A#nH1@ki#
nHD (2)

where fi is the fraction of the total receptors contributed by species i and
ki the apparent equilibrium dissociation constants (EC50 values) for
agonist binding to a channel species with i mutant subunits (K0 , K1 , . . .
and Ki ). K0 and Ki were determined by measuring the respective EC50
values of glycine- and glutamate-induced currents through the nonmixed
channels. Assuming a random association of subunits, fi was determined
by binominal probability calculation using the least-squares fit method.

The relative concentrations of NR1(wt) and NR1(mutant) or NR2B(wt)
and NR2B(mutant) subunits were assumed to correlate with the amounts
of cRNAs injected (MacKinnon, 1991).

For experiments involving mixtures of channel species, groups of
oocytes were injected with NR1(wt)/NR1(mutant) and NR2B(wt)/
NR2B(mutant) cRNAs mixed at the indicated ratios and coexpressed
with the corresponding NR2B or NR1 subunit at a NR1/NR2B ratio of
1:3. For statistical analysis, data were subjected to a nonpaired Student’s
t test using the StatView program (Abacus Concepts, Berkeley, CA).
Correlation coefficients for curve fittings were determined using the
Levenberg–Marquardt algorithm (Synergy Software, Reading, PA).

RESULTS
To determine the stoichiometry of glycine-binding NR1 and
glutamate-binding NR2 subunits in recombinant NMDA recep-
tors, we coexpressed the wild-type (wt) with low-affinity or neg-
ative dominant mutant subunits at different ratios and estimated
the number of subunits in, and the relative abundance of, the
resulting hybrid receptors by analyzing their agonist response
properties.

Glycine response properties of channels generated on
coexpression of wt and mutant NR1 with
wt NR2B subunits
To assess the number of NR1 subunits within the NMDA recep-
tor channel, we injected cRNA encoding either the wt NR1
subunit or the low-affinity mutant NR1Q387K together with the
NR2B cRNA into Xenopus oocytes. The glycine response prop-
erties of the resulting receptors were then analyzed in the pres-
ence of saturating concentrations of L-glutamate using voltage-
clamp recording. When NMDA receptors containing the wt NR1
and NR2B subunits were generated by injection of the respective
cRNAs, superfusion of glycine evoked maximal membrane cur-
rents (Imax), with a mean amplitude of 3600 6 1000 nA and a
half-maximal response (EC50) at a glycine concentration of
0.52 6 0.28 mM (Table 1). A drastic reduction in glycine affinity
(EC50 5 7.4 6 2.1 mM) without a significant change in efficacy
(Imax 5 3500 6 1400 nA) was obtained when the NR1Q387K

mutant was coexpressed with the wt NR2B subunit (Table 1).
These EC50 values are in accord with previous work (Kuryatov et
al., 1994). Coinjection of mixtures of wt NR1 and mutant
NR1Q387K cRNAs was then performed at ratios of 5:1, 1:1, and

Table 1. Glycine dose–response properties obtained on coexpression of different ratios of the NR1 wild-type and NR1Q387K mutant subunits with NR2B

cRNAs injected EC50 (mM) nH Imax (nA) Fractional current (%) n

NR1 0.52 6 0.28 1.6 6 0.2 3600 6 1000 9
NR1 1 NR1Q387K (5:1) 2400 6 1100 3

HA-component 0.7 6 0.4 1.8 6 0.3 80 6 9
IMA-component 38 6 21 1.5 6 0.5 20 6 9
LA-component n.d. n.d.

NR1 1 NR1Q387K (1:1) 1700 6 700 4
HA-component 0.8 6 0.5 1.8 6 0.4 24 6 6
IMA-component 51 6 17 1.4 6 0.3 48 6 9
LA-component 4900 6 2200 1.7 6 0.6 28 6 7

NR1 1 NR1Q387K (1:5) 1900 6 800 3
HA-component n.d. n.d.
IMA-component 76 6 42 1.6 6 0.6 26 6 13
LA-component 8000 6 3200 1.2 6 0.2 74 6 13

NR1Q387K 7400 6 2100 1.5 6 0.3 3500 6 1400 4

NR1 wild-type and NR1 mutant cRNAs were coinjected with the NR2B cRNA into Xenopus oocytes at the RNA ratios indicated in parentheses, and glycine dose–responses
of the resulting receptors were analyzed by voltage-clamp recording as detailed in Materials and Methods. EC50 values 6 SD were calculated from dose–response curves
obtained from three to nine oocytes, each. Imax values were determined in the presence of saturating concentrations of L-glutamate. nH, Hill coefficient; n.d., not detectable.
HA, High-affinity; IMA, intermediate-affinity; LA, low-affinity components of mixed receptor populations.
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1:5 to determine how the apparent glycine affinity varied with
mutant subunit number. When equal amounts of both NR1
cRNAs were coinjected, a triphasic dose–response curve with
high-affinity (HA), intermediate-affinity (IMA), and low-affinity
(LA) components resulted (Fig. 1A, Table 1). The corresponding
EC50 values for glycine were 0.8 6 0.5 mM, 51 6 17 mM, and 4.9 6
2.2 mM, with calculated fractional current contributions of 24 6
6%, 48 6 9%, and 28 6 7% for the HA-, IMA- and LA-
components, respectively (Table 1, Fig. 1B). Coinjection of the wt
and mutant NR1 cRNAs at ratios of 5:1 and 1:5 produced
NMDA receptors exhibiting whole-cell currents comparable to
those generated at a ratio of 1:1 (2400 6 1100 and 1900 6 800
nA); however, the fractional contributions of the HA-, IMA-, and
LA-components changed considerably with the cRNA ratio used
(Fig. 1C). At a ratio of 5:1, a biphasic dose–response curve for
glycine was obtained with EC50 values of 0.7 6 0.4 and 38 6 21
mM reflecting the HA- and IMA-components, whereas injection
at a cRNA ratio of 1:5 created channels displaying EC50 values of
76 6 42 mM and 8.0 6 3.2 mM, corresponding to the IMA-
and LA-components, respectively, without any detectable
HA-fraction.

To determine whether the apparent glycine affinities of the

HA-, IMA-, and LA-components, and thus the stoichiometry of
incorporated NR1 subunits, may vary in the different NMDA
receptor complexes depending on the relative abundances of the
NR1 or NR1Q387K subunits, we statistically analyzed the distri-
bution of EC50 values of glycine for the HA-, IMA- and LA-
components at the different ratios of NR1 and NR1 Q387K cRNAs
that were injected. If variable numbers of NR1 or NR1 Q387K

subunits are incorporated, the EC50 values of the different frac-
tional components should change with cRNA injection ratios.
However, the EC50 values for glycine determined in these exper-
iments were not significantly different from those obtained at a
cRNA injection ratio of 1:1 (Fig. 2, Table 1). This indicates that
the number of NR1 subunits in the NMDA receptor complex is
constant, and that discrete receptor populations are generated on
coexpression of the wt and mutant NR1 subunits. Calculation of
the relative frequencies of the three channel species generated by
the different RNA mixtures according to binominal theory cor-
roborated this interpretation. At an RNA ratio of NR1 to
NR1Q387K of 5:1, the relative fractions were f0 5 0.6944, f1 5
0.2777, and f2 ,, 0.05 (0.0277), corresponding to NMDA recep-
tor populations in which 69% of the receptors contained two wt
NR1 subunits, 27.7% both wt and mutant NR1 subunits, and 3%

Figure 1. Membrane currents in oocytes
expressing heteromeric NMDA receptors
generated by coinjection of NR1,
NR1 Q387K, and NR2B subunits. A, Glycine-
activated whole-cell currents in the presence
of 100 mM L-glutamate obtained at a hold-
ing potential of 270 mV. Oocytes in-
jected with the wt NR1 and NR1 Q387K

cRNAs at a ratio of 1:1 were superfused
with the glycine concentrations indicated
above the application bars. Calibration: 200
nA, 15 sec. B, Glycine dose–response curves
obtained from oocytes injected with NR1
and NR1 Q387K (●) cRNAs at ratio of 1:1.
Note the triphasic dose–response seen on
coexpression of the wt and mutant NR1
subunits. Corresponding EC50 values for the
high-affinity (HA), intermediate-affinity
(IMA), and low-affinity (LA) components
are 0.56 mM, 48 mM and 4.8 mM, with frac-
tional contributions of 27, 44, and 29% of
the maximal current, respectively. C, Gly-
cine dose–response curves recorded from
oocytes injected with the NR1 and
NR1 Q387K cRNAs at a ratios of 5:1 (f) or
1:5 (Œ), respectively. In both cases, clearly
biphasic dose–response curves were ob-
tained. The corresponding EC50 values of
the HA- and IMA-, or IMA- and LA- com-
ponents are 0.9 and 50 mM, or 84 mM and 7
mM, with fractional current contributions of
79 and 21%, or 26 and 74%, respectively, of
the maximal current. In both B and C, the
solid lines represent least-squares fits of the
data to the modified Hill Equation 2. The
dotted lines correspond to the dose–response
curves of the pure NR1/NR2B and
NR1 Q387K/NR2B HA- and LA-components.
Data from individual oocytes are shown; all
measurements were repeated on at least
three different oocytes with similar results.
The mean (6 SD) of the EC50 values and the
Hill coefficients calculated from these exper-
iments are given in Table 1. The subunit
compositions predicted for tetrameric recep-
tor complexes are indicated schematically (s
represents NR1 wt, F NR1 Q387K, and U
NR2B).
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two mutant NR1 subunits. Analysis of the experimental points
according to Equation 2 without consideration of the low abun-
dance LA channel species (,3% of the total current) resulted in
an excellent fit corresponding to relative fractions of 80 6 9% and
20 6 9% for the HA- and IMA-channels, respectively (Table 1).
The same procedure was used to determine the relative propor-
tions of the IMA- and LA-components for the 1:5 cRNA ratio
and yielded relative abundances of 26 6 13% and 74 6 13% for
the IMA- and LA-components (Table 1). These data are consis-
tent with the presence of two copies of the NR1 subunit in the
NMDA receptor channel complex.

Glutamate response properties of channels generated
on coexpression of wt and mutant NR2B with
wt NR1 subunits
The mode of analysis described above was also extended to the
NR2B subunit. To this end, cRNA encoding either the wt NR2B
or the mutant NR2B E387A subunit was injected with the wt NR1
RNA into Xenopus oocytes, and the L-glutamate response prop-
erties of the resulting receptors were analyzed in the presence of
saturating concentrations of glycine. On expression of the wt
NR2B subunit, superfusion of L-glutamate evoked maximal
membrane currents with an amplitude of 3600 6 1000 nA and an
EC50 value for L-glutamate of 1.5 6 0.5 mM (Table 2). A signifi-
cant reduction of L-glutamate affinity (EC50 5 363 6 65 mM)
without loss in gating efficacy (Imax 5 3300 6 700 nA) was
obtained with the NR2BE387A mutant (Table 2). These values are
consistent with our previous data (Laube et al., 1997). We then
coinjected the wt NR2B and the mutant NR2BE387A cRNAs at
ratios of 5:1, 1:1, and 1:5. On coexpression of equal amounts of
both NR2 cRNAs, a L-glutamate dose–response curve was ob-
tained with a maximal current amplitude of Imax 5 2900 6 400
nA (Table 2) that appeared to be composed of at least two
components (Fig. 3). The glutamate affinities of its discrete frac-
tions proved difficult to calculate; this probably reflects the

smaller difference in glutamate affinities of the wt and low-affinity
NR2B subunits (;250-fold) as compared with that in glycine
affinities of the wt and low-affinity NR1 subunits (;10,000-fold).
Nevertheless, these data could be fitted to Equation 2, assuming
the presence of three different channel species, with a predomi-
nant intermediate affinity of ;30 mM. When the NR2B cRNAs of
the wt and mutant subunit were coexpressed at ratios of 5:1 and
1:5, the resulting hetero-oligomeric NMDA receptors showed
whole-cell currents comparable to those determined for the wt
hetero-oligomers (4200 6 1300 and 2500 6 900 nA). However, in
contrast to the weakly triphasic dose–response relation seen at
the RNA ratio of 1:1 (Fig. 3), now clearly biphasic current/agonist
concentration relationships were seen (Fig. 3). For the NR2B/
NR2BE387A ratio of 5:1, dose–response curves with HA- and
IMA-components were obtained that showed EC50 values for
L-glutamate of 1.3 6 0.8 and 33 6 19 mM, respectively (Fig. 3,
Table 2). Coexpression of the NR2B and the NR2BE387A subunit
at a ratio of 1:5 resulted in IMA- and LA-components with EC50

values of 23 6 13 and 380 6 93 mM, respectively (Fig. 3, Table 2).
Again, according to binominal theory the relative fractions of the
three putative channels species generated at a cRNA ratio of 5:1
should be f0 5 0.6944, f1 5 0.2777, and f2 ,, 0.05 (0.0277). The
experimental points were therefore fitted to Equation 2 without
considering the low abundance LA-channel species, resulting in
relative fractional contributions of 72 6 10% and 28 6 10% for
the HA- and IMA-components, respectively (Table 2). Con-
versely, the IMA- and LA-components generated at an RNA
ratio of 1:5 were calculated to have relative abundancies of 33 6
12% and 67 6 12%, respectively (Table 2). Comparison of the
apparent glutamate affinities of the HA-, IMA-, and LA-
components determined from the different injection experiments
revealed no significant differences in the corresponding EC50

values for glutamate (Table 2). These data suggest that two copies
of the NR2B subunit are present in the heteromeric receptor
protein, and that the number of NR2 subunits in the NMDA
receptor complex is invariant.

Incorporation of negative dominant subunits
To further verify the copy number of NR1 and NR2 subunits in
the heteromeric NMDA receptor, we coexpressed the nonfunc-
tional NR1R505K (Hirai et al., 1996) and NR2B R493K (Laube et
al., 1997) subunits with wt NR1 or wt NR2B, respectively, at
varying cRNA ratios. The arginine residue found at position 505
of NR1 and position 493 of NR2B is conserved among all known
members of the glutamate receptor subunit family, including
non-NMDA receptors, and its substitution leads to nonfunctional
channels (Uchino et al., 1992; Hirai et al., 1996; Kawamoto et al.,
1997; Laube et al., 1997). cRNAs transcribed in vitro from the
NR1R505K or NR2BR493K subunit cDNAs fail to create func-
tional channels on coinjection with NR2 or NR1 cRNA into
oocytes (Hirai et al., 1996; Laube et al., 1997). This cannot be
attributed to assembly incompetence of the NR1R505K or the
NR2BR493K subunit, because coexpression of these mutants with
the wt NR1 or wt NR2B subunit caused a strong reduction in the
Imax value at stoichiometric cRNA concentrations (Fig. 4A,B).
Because neither glycine nor glutamate affinities were changed on
coexpressing NR1R505K or NR2BR493K at different ratios with
the respective wt proteins (Fig. 4C) (and data not shown), the
reduction in Imax should directly reflect the number of mutant
subunits incorporated. We therefore examined the relative con-
tributions of the NR1 and NR2B subunits to receptor function by
injecting wt NR1 or NR2B with mutant NR1R505K or

Figure 2. Glycine affinities of the different NMDA receptor popula-
tions generated by coexpressing the wt NR1 and NR1 Q387K subunits with
NR2B. The EC50 values of the HA-, IMA-, and LA-components obtained
on coinjection of different ratios of the NR1 and NR1 Q387K cRNAs as
described in Figure 1 are plotted as a function of the relative fraction of
the wt NR1 cRNA injected (the number of experiments is given in Table
1). The dashed lines represent the mean of the EC50 values determined at
different cRNA ratios; error bars represent SD. Values in parentheses
represent the relative fraction of the current contribution of each com-
ponent. Note that the EC50 values of glycine for the different current
components are independent of the relative ratios of cRNAs injected.
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NR2BR493K cRNAs at various concentration ratios (1:0; 1:0.25;
1:0.5; 1:1; 1:2; 1:5) into oocytes, together with the complementary
NR2B or NR1 cRNAs. This caused a decrease in inducible
whole-cell responses with increasing amounts of the mutant
cRNAs, as expected for a dominant negative effect (Fig. 4A,B).
Notably, at a 1:1 cRNA ratio, the residual Imax value was only

24 6 6% for NR2BR493K and 17 6 10% for NR1R505K of that
seen when the respective wt cRNA was injected alone. This is
consistent with the stochastic incorporation of a single copy of the
nonfunctional subunit into a tetrameric protein. Indeed, the Imax

cRNA ratio relation shown in Figure 4A,B was fitted best with
theoretical incorporation values of 1.7 and 2.2 for the NR2B and
NR1 mutant subunits, respectively. Thus, two and not three NR1
and NR2B subunits seem to be present within the NMDA recep-
tor hetero-oligomer. This result is consistent with the number of
NR1 and NR2 subunits estimated by coexpressing the low-affinity
mutants NR1Q387K and NR2BE387A, respectively (Figs. 1, 3).
Moreover, it argues strongly against the presence of nonbinding
“silent” subunit copies that would not be detected by dose–
response analysis of the hybrid receptors.

DISCUSSION
This study describes an electrophysiological approach to deter-
mine the subunit composition of heteromeric NMDA receptors.
By varying the ratio of coexpressed wt and low-affinity mutant
subunits and examining the resulting dose–response relations, we
conclude that two NR1 and two NR2 subunits are present in the
recombinant NMDA receptor complex. Similarly, our analysis of
the negative dominant effects of the NR1 R505K and NR2B R493K

mutant seen on coexpression with wt NMDA receptor subunits is
consistent with the presence of two copies of the NR1 and NR2B
subunits, each, within functional NMDA receptors. We therefore
conclude that NMDA receptors—and by inference from the
existing sequence homologies, ionotropic glutamate receptors—
are likely to be tetrameric proteins.

It should be noted that our conclusion is based on two assump-
tions. First, we assume that wt and mutant subunits are assembled
with similar efficiencies. The comparable maximal current ampli-
tudes obtained at various ratios of wt and mutant cRNAs strongly
support this premise (Tables 1, 2). Also, when expression times
were varied in other experiments (B. Laube, unpublished obser-
vations), the relative fractions of the HA-, IMA-, and LA-
components were not altered, suggesting that wt and mutant
polypeptides are synthesized at similar rates. Second, we propose
that the mutations that were introduced predominantly affect
agonist binding rather than channel gating. This is consistent with

Table 2. L-Glutamate dose–response properties obtained on coexpression of different ratios of the NR2B wild-type and NR2BE387A mutant subunits
with the NR1 subunit

cRNAs injected EC50 (mM) nH Imax (nA) Fractional current (%) n

NR2B 1.5 6 0.5 1.5 6 0.2 3600 6 1000 9
NR2B 1 NR2BE387A (5:1) 4200 6 1300 3

HA-component 1.3 6 0.8 1.5 6 0.2 872 6 10
IMA-component 33 6 19 1.3 6 0.4 28 6 10
LA-component n.d.

NR2B 1 NR2BE387A (1:1) 2900 6 400 4
HA-, IMA-, LA-component n.d.

NR2B 1 NR2BE387A (1:5) 2500 6 900 3
HA-component n.d. n.d.
IMA-component 23 6 13 1.2 6 0.4 33 6 12
LA-component 380 6 93 1.7 6 0.1 67 6 12

NR2BE387A 363 6 65 1.4 6 0.2 3300 6 700 3

NR2B wild-type and mutant cRNAs were coinjected with the NR1 cRNA into Xenopus oocytes at the RNA ratios indicated in parentheses, and L-glutamate responses of the
resulting receptors were analyzed by voltage-clamp recording as detailed in Materials and Methods. EC50 values 6 SD were calculated from dose–response curves obtained
from three to nine oocytes, each. Imax values were determined in the presence of saturating concentrations of L-glutamate and glycine. nH, Hill coefficient; n.d., not detectable.
HA, High-affinity; IMA, intermediate-affinity; LA, low-affinity components of mixed receptor populations.

Figure 3. Membrane currents in oocytes coexpressing NR1, wt NR2B,
and mutant NR2B E387A subunits. Glutamate dose–response curves ob-
tained from oocytes injected with the NR2B and NR2B E387A cRNAs at
ratios of (F) 1:1, (f) 5:1, and (Œ) 1:5 are shown. Note the clearly biphasic
shape of the glutamate dose–response curves obtained at the 5:1 and 1:5
cRNA injection ratios. The corresponding EC50 values of the HA- and
IMA-, or IMA- and LA-current components are 1.3 and 42 mM, or 22 and
360 mM, with fractional contributions of 68 and 32%, or 26 and 74%,
respectively, of the maximal current. The solid lines represent least-
squares fits of the modified Hill equation (Eq. 2) assuming the presence of
three different channel species. The dashed lines correspond to the dose–
response curves of the pure NR2B and NR2B E387A high- and low-affinity
components. Data from individual oocytes are shown; all measurements
were repeated on at least three different oocytes with similar results. The
mean (6 SD) of the EC50 values and the Hill coefficients calculated from
these experiments are summarized in Table 2. The subunit compositions
predicted for the respective tetrameric NMDA receptor complexes are
indicated schematically, with s representing NR2B wt, : NR2B Q387K,
and U NR1.
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the dramatic shift in EC50 values seen with all the mutants
(Kuryatov et al., 1994; Laube et al., 1997) used in this study
(for discussion, see Amin and Weiss, 1993; Colquhoun and
Farrant, 1993).

In previous reports, the subunit stoichiometries of ionotropic
glutamate receptors, including the NMDA receptor subtype,
could not be clearly established. Sedimentation analysis and
chemical cross-linking of non-NMDA glutamate receptors have
produced contradictory data, although most results have been
interpreted as being indicative of a pentameric assembly
(Blackstone et al., 1992; Wenthold et al., 1992; Brose et al., 1993;
Wu and Chang, 1994). For example, chemical cross-linking of
AMPA receptors has suggested the presence of five subunits
(Wenthold et al., 1992; Brose et al., 1993), whereas velocity
sedimentation data revealed a significantly lower molecular mass
consistent with ionotropic glutamate receptors being tetrameric
proteins (Henley and Oswald, 1988; Blackstone et al., 1992; Wu
and Chang, 1994). Analysis of the activation kinetics of native
NMDA receptor channels revealed a kinetic model with two
glutamate and two glycine binding sites (Benveniste and Mayer,
1991; Clements and Westbrook, 1991). A recent report exploiting
the differential sensitivity of wt and mutant AMPA receptor
GluR1 subunits to ion channel blockers proposes a pentameric
structure for glutamate receptors (Ferrer-Montiel and Montal,
1996).

To theoretically analyze possible stoichiometries on NMDA
receptor subunits, Sutcliffe et al. (1996) generated b-barrel-
based models assuming tetrameric, pentameric, and hexameric
assemblies. Apart from the number of subunits, the main
differences between these models arise from alterations in the
pore size of the ion channel. Comparison of its predicted
diameter with the available experimental evidence supported a
pentameric structure, although a tetramer could not be defi-
nitely excluded. However, the conclusions reached from such
modeling approaches strongly depend on the structural as-
sumptions made. Notably, some previous expression data on
recombinant NMDA receptors are in excellent agreement with
the results obtained here. Wafford et al. (1993) showed that
hetero-oligomeric NMDA receptors can contain at least two
different types of NR2 subunits. Similarly, coexpression of
NR1 wt and channel mutant subunits has been reported to
produce intermediate conductance states (Béhé et al., 1995);

4

that incorporation of a single copy of the negative dominant subunit
would not impair channel function; the calculated correlation coefficient
for our data is r 2 5 0.64. B, Inactivation of NMDA receptor current on
coexpression of the NR2B and NR2B R493K subunits together with the
NR1 protein. Membrane currents were measured and analyzed as de-
scribed in A. The least-squares fit for the inactivation curve gave a
calculated copy number of 1.7 (r 2 5 0.97). The respective correlation
coefficients for the theoretical inactivation curves obtained from assuming
the presence of two (2), three (3), or four (4) copies of the NR2 subunit
are r 2 5 0.93, 0.74, and 0.53, respectively. The inactivation curve pre-
dicted for three NR2 subunits with a putative single “silent” copy
(a) fitted with a correlation coefficient of r 2 5 0.74 only. Agonist con-
centrations used were 100 mM glutamate and 10 mM glycine. All data were
normalized to the responses obtained on coinjecting the NR1 and the
NR2B cRNAs alone and represent the mean 6 SD (values in brackets
represent the number of experiments). C, EC50 values obtained from the
glutamate dose–response relations determined on coexpression of the
NR2B and NR2B R493K subunits at the indicated cRNA ratios. Note that
incorporation of the NR2B R493K mutant into the NMDA receptor has no
significant effect on apparent glutamate affinity. n.d., Not determined
because of a low current–response.

Figure 4. Incorporation of negative dominant NMDA receptor subunit
mutants. A, Inactivation of NMDA receptor current on coexpression of
the NR1 and NR1 R505K subunits together with the NR2B protein. Mem-
brane currents were determined in oocytes coinjected with different ratios
of the NR1 and NR1 R505K cRNAs; relative inducible whole-cell currents
are plotted against increasing NR1 R505K/NR1 cRNA ratios. The solid line
represents the least-squares fit for the inactivation curve (calculated copy
number of 2.2; r 2 5 0.94). The dashed lines represent theoretical inacti-
vation curves, assuming the presence of two (2), three (3), or four (4)
NR1 subunits, and full inactivation on incorporation of a single
NR1 R505K polypeptide; these could be fitted to the experimental data
with correlation coefficients of r 2 5 0.91, 0.75 and 0.58, respectively. The
dotted line (a) corresponds to the expected inactivation curve for an
NMDA receptor containing three copies of the NR1 subunit, assuming
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this was taken as evidence for the presence of two copies of the
NR1 subunit in the functional NMDA receptor. A recent study
published after submission of this manuscript, however, has
challenged this interpretation. Using a strategy identical to
that of Béhé et al. (1997), Premkumar and Auerbach (1997)
obtained data consistent with three NR1 and two NR2 sub-
units being assembled in the NMDA receptor channel. At
present, we have no explanation for the discrepancies between
this report and our results.

The subunit composition of the NMDA receptor predicted
from our analysis differs markedly from that of other postsyn-
aptic ligand-gated ion channels, i.e., the members of the nico-
tinic acetylcholine receptor superfamily, which all are pentam-
eric membrane proteins (Betz, 1990; Changeux et al., 1992).
Notably, however, both voltage-gated potassium channels
(MacKinnon, 1991; Liman et al., 1992) and cyclic nucleotide-
gated channels (Root and MacKinnon, 1993), i.e., membrane
proteins known to be tetramers, resemble glutamate receptors
in having reentrant loop domains that form the ion channel
(for review, see MacKinnon, 1995). Significant sequence ho-
mology has been noted between the channel loop domains of
these ion channels and the corresponding reentrant M2 seg-
ment of glutamate receptor subunits (Wo and Oswald, 1995;
Wood et al., 1995). Thus a shared tetrameric structure of
glutamate receptors and the ion channel proteins mentioned
above may reflect a similar organization of the respective pore
regions, although the latter display different orientations with
respect to their topology in the plane of the plasma membrane
(McKinnon, 1995).
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