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ABSTRACT The N-methyl-D-aspartate (NMDA) subtype
of ionotropic glutamate receptors is a heterooligomeric mem-
brane protein composed of homologous subunits. Here, the
contribution of the M3-M4 loop of the NR1 subunit to the
binding of glutamate and the co-agonist glycine was investi-
gated by site-directed mutagenesis. Substitution of the phe-
nylalanine residues at positions 735 or 736 of the M3-M4 loop
produced a 15- to 30-fold reduction in apparent glycine
affinity without affecting the binding of glutamate and the
competitive glycine antagonist 7-chlorokynurenic acid; muta-
tion of both residues caused a >100-fold decrease in glycine
affinity. These residues are found in a C-terminal region of the
M3-M4 loop that shows significant sequence similarity to
bacterial amino acid-binding proteins. Epitope tagging re-
vealed both the N-terminus and the M3-M4 loop to be exposed
extracellularly, whereas a C-terminal epitope was localized
intracellularly. These results indicate that the M3—M4 loop is
part of the ligand-binding pocket of the NR1 subunit and
provide the basis for a refined model of the glycine-binding
site of the NMDA receptor.

Ionotropic glutamate receptors are oligomeric ion channel
proteins, which mediate fast neurotransmission at excitatory
synapses in the mammalian central nervous system. Pharma-
cological and molecular studies have grouped these receptors
into three distinct subfamilies, the a-amino-3-hydroxy-5-
methyl-4-isoxazole-propionate (AMPA) receptors (subunits,
GluR1-4), the kainate receptors (subunits, GluR5-7 and KA1-
2), and the N-methyl-D-aspartate (NMDA) receptors (sub-
units, NR1 and NR2A-D) (1). Of these, the NMDA receptors
have received particular attention, because they are implicated
in both synaptic plasticity and the pathogenesis of acute and
chronic neurodegenerative disorders (2-4).

A unique feature of NMDA receptors within the glutamate
receptor family is their requirement for both glutamate and the
co-agonist glycine for efficient gating (5, 6). Site-directed
mutagenesis has identified determinants of glycine binding in
both the extracellular region preceding the first membrane
spanning segment M1 and the N-terminal portion of the
M3-M4 loop domain of the NR1 subunit (7). From these data,
a model of the binding fold composed of these two regions has
been proposed (7), which is supported by significant sequence
similarities between these domains of glutamate receptor
subunits and a family of bacterial amino acid-binding proteins
(7-9). The model implies an extracellular localization of the
M3-M4 loop, which is consistent with recent studies of the
transmembrane topology of mammalian AMPA and kainate
receptor subunits (10-13) and the goldfish kainate binding
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protein (14) indicating three transmembrane segments and a
reentrant membrane loop (see Fig. 1A, right). It differs,
however, from the originally proposed topology with four
transmembrane-spanning segments (see Fig. 14, left) derived
by analogy to other ligand-gated ion channels, such as the
nicotinic acetylcholine or type A y-aminobutyric acid receptor
proteins (1, 15). The latter model is consistent with phosphor-
ylation of different serine residues within the M3-M4 loop
regions of kainate and AMPA receptor subunits both in
transfected cells (16, 17) and brain slices (18).

Here, site-directed mutagenesis was used to identify novel
determinants of glycine potentiation within the C-terminal
portion of the M3-M4 loop of the NRI1 subunit. Epitope
tagging revealed that the corresponding residues are located in
an extracellular domain characterized by significant sequence
similarity to the bacterial lysine/arginine/ornithine binding
protein (LAOBP) from Salmonella typhimurium (9). Based on
these results, we propose a refined structural model of the
co-agonist binding pocket of the NMDA receptor.

MATERIALS AND METHODS

In Vitro Mutagenesis. Oligonucleotide-directed mutagenesis
of the rat NR1 protein (19) was performed as described (7).
For the introduction of flag epitopes, oligonucleotide primers
of 72-bp length with a sequence encoding the flag domain
(DYKDDDDK) were synthesized (20). flag epitopes were
inserted into pN60 at positions following the codons corre-
sponding to amino acid positions 375 (flagl), 534 (2), 608 (3),
652 (4), 680 (5), 705 (6), 781 (7), and 857 (8) of the NR1 protein
(see Fig. 1B). All mutants and flag constructs were verified by
dideoxy sequencing.

cRNA Synthesis and Oocyte Expression. Synthesis of c(RNA
from linearized plasmid DNA, oocyte injection, and voltage-
clamp recording of the injected oocytes were performed as
described (7). Dose-response curves were analyzed according
to Schmieden et al. (21).

Cell Culture, Transfection, and Whole Cell Recording.
Human 293 embryonic kidney cells (ATCC CRL1537) were
cultured and transfected as described (22, 23) with equimolar
amounts of cDNAs encoding wild-type or epitope-tagged NR1
and wild-type NR2B (or €2; see ref. 24) subunits. To prevent
NMDA receptor-mediated cell death, the NMDA receptor
antagonist MK-801 (10 pM) was added to the culture medium
after transfection (25). For electrophysiological measure-
ments, the transfected cells were grown in the presence of the
competitive glycine antagonist 7-chlorokynurenic acid (100

Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate; LAOBP, lysine/arginine/ornithine binding protein;
NMDA, N-methyl-D-aspartate.
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uM). Whole-cell recordings from transfected cells were ob-
tained as described (26).

Immunofluorescence and Confocal Microscopy. Immuno-
labeling of transfected cells under permeabilizing conditions
was performed using a published protocol (27). For immuno-
labeling under nonpermeabilizing conditions, the transfected
cells were incubated with the anti-FLAG M2 monoclonal
antibody (Kodak) at a dilution of 1:100 (vol/vol) for 1 h. After
several washes with prewarmed culture medium, the glass
coverslips carrying the transfected cells were incubated for 1 h
in medium containing CY3-conjugated goat anti-mouse IgG
(Dianova, Hamburg, Germany; dilution, 1:500). Then, the cells
were washed and fixed for 5 min in 5% (wt/vol) paraformal-
dehyde in phosphate-buffered saline, mounted in Mowiol
(Hoechst Pharmaceuticals) and analyzed using a confocal laser
scanning microscope (model Sarastro 2000, Molecular Dy-
namics, Sunnyvale, CA) as described (27). Transfection effi-
ciencies were determined by calculating the ratio of immuno-
labeled cells under permeabilizing conditions divided by the
total number of cells counted; ~300 cells were analyzed for
each of the epitope-tagged NR1 constructs. The percentage of
cells immunolabeled under nonpermeabilizing conditions was
determined accordingly and normalized to the efficiency of
transfection. Experiments were carried out in triplicate for
each determination.

RESULTS

Aromatic Amino Acid Substitutions in the M3-M4 Loop
Region Alter Glycine Affinity. Comparison of the NR1 protein
with periplasmic bacterial amino acid-binding proteins, in
particular the glutamine-binding protein from Escherichia coli
(28) and LAOBP (29), has revealed two regions of significant
homology (7). The first corresponds to a segment in the
putative extracellular domain preceding M1, and a second one
is located in the amino-terminal region of the M3-M4 loop. In
LAOBP, these two regions form lobes that together mediate
substrate binding (29). Interestingly, the C-terminal portion of
the M3-M4 loop of the NR1 subunit also displays significant
homology to LAOBP (Fig. 1C). Because aromatic amino acids
are known to be crucial for agonist binding to different
neurotransmitter receptor proteins (31) including the N-
terminal region of the NR1 subunit (7), the phenylalanine
residues F735, F736, and F740 in this second homology region
of the M3-M4 loop were replaced by nonaromatic amino acids.
In addition, we mutated some of its charged amino acids as well
as an arginine preceding segment M1. These NR1 mutants
were then coexpressed with the NR2B subunit in Xenopus
oocytes, and dose-response relations for glycine and gluta-
mate were established by voltage-clamp recording.

Ion flux through the NR1/NR2B wild-type receptor was
maximal at glycine concentrations between 1 and 10 uM,
whereas saturation of the glutamate response occurred at
10-100 uM (Fig. 24). The corresponding ligand concentrations
eliciting a half-maximal current response (ECsp) in the pres-
ence of saturating concentrations of the second agonist were
2.8 uM for glutamate and 0.81 uM for glycine, respectively
(Fig. 2 B and C and Table 1). Most of the NR1 mutants tested
showed ECsq values for glycine and glutamate that were similar
to those obtained upon coexpression of the wild-type NR1 and
NR2B proteins (Table 1). However, the exchange of F735 or
F736 by alanine or serine in mutants NR1F735A NR1F735S
NR1F736A and NR1F736S increased the ECsp value for glycine
by 15- to 30-fold (Fig. 2 4 and B). Substitution of both residues
in mutant NR1F735AF736A jncreased the ECsg value of glycine
by >100-fold. In contrast, the apparent glutamate affinities
determined in the presence of saturating concentrations of
glycine were not significantly altered by the different mutations
except for mutant NR1F740A, which showed a significant change
in glutamate but not glycine affinity (Fig. 2C and Table 1).
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FiG. 1. Structural features of the NMDA receptor subunit NR1.
(4) Alternative models of the transmembrane topology of glutamate
receptor subunits. On the left, topology of the NR1 subunit according
to Moriyoshi ez al. (19); on the right, the three transmembrane domain
model proposed for AMPA /kainate receptor subunits (11, 12). Trans-
membrane segments are indicated by boxes, and the reentrant mem-
brane loop proposed for AMPA /kainate receptors is indicated by a
box enclosing a U-shaped line. (B) Positions of flag epitopes in NR1
subunit constructs. Stretches of hydrophobic amino acids correspond-
ing to putative intramembrane regions are displayed as white boxes.
(C) Alignment of the C-terminal region of the M3-M4 loop of the NR1
subunit (19) with the corresponding sequence of LAOBP (30). Homol-
ogous residues are shown by black boxes; residues forming the second
hinge region between the two lobes of the substrate binding domain of
LAOBP are indicated by a horizontal black bar below the sequence.
Positions where amino acid substitutions were introduced into the NR1
sequence are indicated by crosses, and mutations reducing glycine po-
tentiation are marked by arrows. The relative position of the aligned
region of the NR1 subunit is shown in B; amino acid numbering starts with
the putative first amino acid of the mature protein (19).

Most of the substitutions did not significantly affect channel
function; their maximal current responses (Imax) Were similar
to that of the wild-type NR1/NR2B protein (Table 1). How-
ever, mutants NR1F735A/F736A and NR1K746AT showed a
marked reduction in I, values, and NR1R505SN/K apd NR1F7408
never produced a detectable current upon agonist application.

We also investigated the sensitivity of the mutant receptors
to the competitive glycine site antagonist 7-chlorokynurenic
acid (32). Inhibition of current responses by 7-chlorokynurenic
acid was not altered in the mutants NR1F735A/S) NR 1F736A/S,
and NR1F735A/F736A (ICs values ranging from 0.69 to 0.84 uM
as compared to an ICsg value of 0.64 * 0.25 uM for wild-type
NR1; data not shown). In contrast, the ECsy value of the
glycine site agonist serine (5) was significantly increased for all
these mutants (H.H., unpublished data). Thus, residues F735
and F736 are important determinants of glycine site agonist,
but not antagonist, affinity.

Epitope Tagging Reveals an Extracellular Location of the
M3-M4 Loop. To demonstrate that the region containing
residues F735 and F736 is exposed extracellularly, we gener-
ated eight epitope-tagged NR1 subunit constructs (Fig. 1B); all
contained an epitope specifically recognized by the monoclo-
nal antibody, anti-FLAG M2 (20). The tagged NR1 subunits
were coexpressed with the wild-type NR2B subunit (24) in
Xenopus oocytes, and dose—response relations for glycine and
glutamate were established by voltage-clamp recording for the
resulting heterooligomeric receptors. Five of the constructs
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FiG. 2. Glycine responses of wild-type and mutant NR1 subunits.
In vitro-transcribed wild-type or mutant NR1 RNAs were coinjected
with the NR2B cRNA into defolliculated Xenopus oocytes. Membrane
currents elicited by superfusion of increasing concentrations of glycine
in the presence of 10 uM glutamate were recorded after 2-4 days. (A4)
Traces obtained with the wild-type NR1 subunit and the mutants
NR1F736A and NR1F735AF736A gre shown. Note that the current scale
for NR1F735A/F736A (iffers from those of the other recordings. (B and
C) Agonist dose-response curves of wild-type and mutant NR1
subunits coexpressed with NR2B. Dose-response curves for glycine in
the presence of a saturating concentration of glutamate (B) and for
glutamate in the presence of a saturating concentration of glycine (C)
were determined for the wild-type NR1 (@) and the mutant NR1F735A
(0), NR1F736A (m), and NR1F735A/F736A (4) subunits. For ECsg values,
see Table 1.

tested displayed a glycine and glutamate pharmacology resem-
bling that of the wild-type NR1 subunit (Table 2). Three
constructs (NR1-flag2, NR1-flag3, and NR1-flag6) did not
yield agonist-induced currents under our experimental condi-
tions. Coexpression of the constructs NR1-flagl, NR1-flag5,
and NR1-flag8 with the NR2B subunit in the human embry-
onic kidney cell line 293 also generated agonist-gated ion
channels (data not shown). Again, no significant differences
between epitope-tagged and wild-type NR1 subunits could be
detected.

The transmembrane topology of the epitope-tagged NR1
subunit was visualized by immunolabeling of cells coexpressing
the NR1 constructs and the wild-type NR2B subunit. Immu-
nolabeling under permeabilizing conditions revealed that all
epitope-tagged NR1-flag constructs were localized at the cell
membrane in large immunoreactive clusters of about 2.7 + 2.1
um? (mean * SD, n = 113; see Fig. 3, Left; data not shown).
When the cells were immunolabeled under nonpermeabilizing
conditions, however, only the epitope tags located at the
N-terminus (NR1-flagl) and between the transmembrane
segments M3 and M4 (NR1-flag4, NR1-flag5, NR1-flag6, and
NR1-flag7) were exposed at the surface of the transfected cells
(Fig. 3, Right; data not shown). In contrast, epitope tags located
at the N-terminus close to the postulated first transmembrane
region (NR1-flag2), at the position preceding segment M3
(NR1-flag3), and at the C-terminus (NR1-flag8) were not
detected in nonpermeabilized cells, although bright immuno-
staining was seen upon permeabilization (Fig. 3, Bottom; data
not shown). This is consistent with an intracellular location of
the flag3 and flag8 epitopes; the inaccessibility of the epitope
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Table 1. Agonist responses of the NR1 mutants

ECso, uM

Mutant L-Glutamate Glycine Imax, A n
NR1 28*12 0.81 +0.32 37x13 7
R505N - - NF 10
R505K - - NF 10
F735A 51x1.0 13 +3.8* 3609 4
F735S 6.5+ 14 19 = 5.9* 22x07 4
F736A 34%15 23 £3.5* 1.2+04 4
F736S 20%1.1 22+ 74 6.8 25 5
F735A/F736A 54*15 96 *+ 7.5* 015004 3
F740A 10.4 + 3.3* 1.0 05 45 *0.6 4
F7408 - - NF 10
K746A ND ND 0.04 £0.03 10
K746T 46 +03 11*0.1 0.14 £ 005 2
D747TH 27%02 24*07 31x05 4
D747Y 32+03 3008 53+1.0 4
K751M 1.8+04 0.90 * 0.51 37x11 4
H762P 5402 0.83 = 0.43 32+18 4

NR1 wild-type and mutant cRNAs were coinjected with the NR2B
cRNA into Xenopus oocytes, and the receptors generated were
analyzed by voltage-clamp recording as detailed. ECsp values = SD
were calculated from dose-response curves obtained from n oocytes
each. Imax values were determined in the presence of saturating
concentrations of both L-glutamate and glycine. ND, not determined;
and NF, nonfunctional.

*Statistically significant changes as compared to the ECso value of the
wild-type receptor (two-tailed ¢-test, P < 0.01).

preceding M1 (NR1-flag2) in nonpermeabilized cells may be
due to its proximity to the lipid bilayer.

Quantitative evaluation of the immunocytochemical data
substantiated these findings. Of the transfected cells coex-
pressing NR2B with NR1-flagl, NR1-flag5, or NR1-flag6,
75-92% displayed surface labeling under nonpermeabilizing
conditions, whereas only a very low percentage (4.0 = 0.3%)
of cells was weakly immunoreactive in cultures coexpressing
NR2B with NR1-flag8. We therefore conclude that in hete-
rooligomeric NMDA receptors both the N-terminus and the
entire M3-M4 loop of the NR1 polypeptide are extracellular,
whereas the C-terminus extends into the interior of the cell.

DISCUSSION

Our data demonstrate the extracellular localization of the
M3-M4 loop of the NR1 subunit and disclose novel determi-
nants of glycine binding in this region. Substitution of residues
F735 or F736 in the C-terminal half of the M3-M4 loop caused
a significant decrease in apparent glycine affinity without

Table 2. Agonist responses of the NR1-flag constructs

ECso, pM
Construct L-Glutamate Glycine
NR1 28=*12 0.81 £ 0.32
NR1-flagl 1.8+0.7 0.60 *+ 0.31
NRI1-flag2 NF NF
NR1-flag3 NF NF
NRI1-flag4 33+07 14+03
NR1-flag5 23*11 0.70 * 0.25
NR1-flag6 NF NF
NR1-flag7 24*05 0.93 + 0.34
NR1-flag8 3110 1.2*x04

ECso values were obtained from Xenopus oocytes coinjected with
cRNA synthesized from the various construct and the NR2B cDNAs
using two-electrode voltage-clamp conditions. For the determination
of glutamate and glycine dose-response curves, glycine or glutamate
were coapplied at saturating concentrations of 10 and 100 pM,
respectively. NF, nonfunctional.
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Fic. 3. Confocal optical sections of 293 cells coexpressing epitope-tagged NR1 and wild-type NR2B subunits. Coverslip cultures of transfected
cells were processed for immunolabeling with the anti-FLAG M2 monoclonal antibody under permeabilizing (Left) and nonpermeabilizing (Right)
conditions. Immunostaining under permeabilizing conditions (Left) shows the presence of the epitope-tagged NR1 constructs NR1-flagl, NR1-flag5,
and NR1-flag8 at the plasma membrane. Note the discontinuous distribution of NR1 immunoreactivity. Inmunolabeling under nonpermeabilizing
conditions (Right) reveals the N-terminal flagl epitope (Top) and flag5 in the M3-M4 loop (Middle); the C-terminal epitope flag8 (Bottom), in
contrast, is not detected, although the respective polypeptide is expressed at the plasma membrane (Bottom left). Bar = 5 pum.

changing the glutamate response. This effect was potentiated
upon exchanging both amino acids with alanine, whereas other
mutations in this region had no effect. Moreover, total mem-
brane currents were significantly reduced in the double mutant
NR1F735A/F736A " indicating that channel gating might be im-
paired. As mentioned above, significant homologies exist
between glutamate receptor proteins and periplasmic bacterial
amino acid-binding proteins, such as the glutamine-binding
protein and LAOBP (7-9, 28). The three-dimensional struc-

ture of LAOBP with and without bound ligand has been solved
by x-ray crystallography; this revealed a binding pocket formed
from two lobular domains connected by two short peptide
“hinge” regions (first and second connecting strands; see ref.
29). These hinge regions allow for rotational movement to
generate “open” and ‘“closed” conformations of LAOBP.
When a ligand binds to the first lobe, the two lobes come in
contact with each other, and the closed conformation is
stabilized (29).
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Residues F735 and F736 of the NR1 protein correspond to
Y190 and F191, respectively, in the second connecting strand
of LAOBP (see Fig. 1C). Y190 in LAOBP is one of the key
residues allowing for the opening and closing of the ligand
binding pocket by generating a large torsion between Y190 and
K189 (29). In LAOBP, neither of the connecting strands
between the lobes interacts with the substrate; however,
hydrogen bonds established between the residues in these
“connectors” are thought to contribute to the three-
dimensional structure of the ligand-binding pocket and to play
an important role for the dynamic movement of the lobes (29).
Assuming that the hinge structure of the ligand binding pocket
of LAOBP is conserved in the NMDA receptor, the decrease
in glycine affinity found with our mutants NR1F7354/S
NR1F736AS  and NR1F735AFT36A may result from an altered
tertiary structure of the ligand-binding pocket that is caused by
a disruption of the hydrogen bond network in the hinge region.
Consistent with this view, many mutations of the NR1 subunit
(NR1F515A NR1Y517S and NR1V524A1) [ocated at or close to a
stretch of amino acids (positions 517-520) that can be aligned
to the first connecting strand of LAOBP showed low or no
channel function upon heterologous expression (7).

Previous mutations of aromatic residues in the NR1 protein,
NR1F3%0S/W  NR1Y392A and NR1F46AH which correspond
to residues in lobe 1 of LAOBP (see Fig. 4), all drastically
increased the ICso value of 7-chlorokynurenic acid (7). In con-
trast, the mutants NR1F735A8 NR1F736AS  apd NR1F735AF736A
analyzed here did not show a significant change in 7-chlo-
rokynurenic acid inhibition. This suggests that the 7-chlo-
rokynurenic acid-binding site may be exclusively located on the
putative lobe 1 region of the NR1 protein and that binding of the

NH,
lobe 2
92Y = lobe 1
Q
F390 F Ja6
n S
\ S J569
‘u,. 36
g N s
hinge-region 2 E05
hinge-region 1
o V4
T GG
oM

F1G.4. Model of the transmembrane topology and glycine-binding
pocket of the NR1 subunit. The NR1 substitutions affecting glycine
affinity revealed in this (®) and a previous (O) study (7) are projected
schematically into the three-dimensional structure of LAOBP (29). In
this model, the membrane segments M1-M3 are replacing the hinge
region 1 of LAOBP, which connects lobes 1 and 2. The putative hinge
region 2 indicated by a dotted line contains residues F735 and F736
identified here as determinants of glycine binding. The amino acid
sequences connecting lobes 1 and 2 to transmembrane segments, as
well as the N- and C-terminal extensions of NR1, are not represented
at scale. The M2 region is drawn as a membrane reentrant loop as
proposed for the AMPA receptors (11, 12).
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antagonist to this region may prevent the closing movement of the
ligand-binding pocket by steric hindrance.

Substitution of arginine 505 of the NR1 protein by aspara-
gine or lysine also abolished the agonist response. In LAOBP,
the homologous residue R77 is used to stabilize the ligand’s
carboxyl group (29). In the GluR1 protein, substitution of the
corresponding residue R481 results in a loss of receptor
function (33). These data suggest that the conserved arginine
at position 505 of the NR1 protein (Fig. 4) may be directly
involved in glycine binding.

Immunocytochemical analysis of the expressed epitope tags
confirmed the extracellular localization of the M3-M4 loop. In
addition, our data are consistent with a topology characterized
by an extracellular N-terminus and an intracellular C-
terminus, respectively. The inaccessibility of the C-terminal
epitope tag of NR1-flag8 in nonpermeabilized cells cannot be
attributed to the retention of misfolded polypeptides in the
endoplasmic reticulum; as in permeabilized cells, this tagged
NR1 subunit was seen at the plasmamembrane. Also, the
NR1-flag8 construct formed functional receptors that resem-
bled those generated with the wild-type NR1 subunit. Thus,
our data show that the transmembrane topology model pre-
viously established for AMPA and kainate receptor proteins
(Fig. 14, Right; see refs. 10-14) also holds for the NMDA
receptor subunit NR1. Independent support comes from stud-
ies demonstrating phosphorylation of serines within the C-
terminal tail of the NR1 protein (34) and use of a N-
glycosylation consensus site engineered into its M3-M4 loop
sequence (35).

In conclusion, these and our previous (7) results show that
several residues along the M3-M4 loop domain are essential
for glycine potentiation. These residues are localized extracel-
lularly in regions displaying significant sequence similarity with
LAOBBP, thus supporting a model of the glycine-binding fold
based on the bilobular three-dimensional structure of LAOBP.
This model should foster the rational design of drugs that
target this site and thus might be suitable for the prevention of
neurodegenerative disorders caused by pathological activation
of this ligand-gated ion channel.
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