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ABSTRACT

N-Methyl-p-aspartate receptors (NMDARs) composed of NR1
and NRS3 subunits differ from other NMDAR subtypes in that
they require glycine alone for activation. However, little else is
known about the activation mechanism of these receptors.
Using NMDAR glycine-site agonists/antagonists in conjunction
with functional mutagenesis of the NR1 and NR3 ligand-binding
cores, we demonstrate quite surprisingly that agonist binding to
NRS3 alone is sufficient to activate a significant component of
NR1/NR3 receptor currents. Thus, the apo conformation of
NR1 in NR1/NR3 receptors is permissive for receptor activa-
tion. Agonist-bound NR1 may also contribute to peak NR1/NR3
receptor currents but specifically enables significant NR1/NR3

receptor current decay under the conditions studied here, pre-
sumably via a slow component of desensitization. Ligand stud-
ies of NR1/NRS3 receptors also suggest differential agonist se-
lectivity between NR3 and NR1, as some high-affinity NR1
agonists only minimally activate NR1/NR3 receptors, whereas
other NR1 agonists are as potent as glycine. Furthermore,
liganded NR3 subunits seem necessary for effective engage-
ment of NR1 in NR1/NR3 receptor activation, suggesting sig-
nificant interactivity between the two subunits. NR3 subunits
thus induce plasticity in NR1 with respect to subunit assembly
and ligand binding/channel coupling that is unique among li-
gand-gated ion channel subunits.

N-Methyl-p-aspartate receptors (NMDARs) are a subtype
of ionotropic glutamate receptors (iGluRs) that serve critical
functions in physiological and pathological processes in the
nervous system, including neuronal development, plasticity,
and neurodegeneration (Lipton and Rosenberg, 1994; Cull-
Candy et al., 2001). NR1 and NR2A-D subunits coassemble
(Meguro et al., 1992; Monyer et al., 1992) to form conven-
tional NMDARs whose activation requires glycine and glu-
tamate as coagonists (Kleckner and Dingledine, 1988). Con-
ventional NMDARs composed of NR1 and NR2A-D subunits
also manifest high permeability to calcium and exhibit strong
voltage-dependent magnesium block. Like NR2 subunits,
NR3A-B subunits require NR1 for functional assembly
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(Chatterton et al., 2002). However, in contrast to NR2 sub-
units, NR3A-B subunits coassemble with NR1 to form exci-
tatory glycine receptors, as they require glycine alone for
activation, in the absence of glutamate or NMDA (Chatterton
et al., 2002). Receptors composed of NR1 and NR3 subunits
desensitize at high glycine concentrations, are less perme-
able to calcium, and are relatively resistant to magnesium
block (Chatterton et al., 2002). NR3 subunits bind glycine
with very high affinity (Yao and Mayer, 2006). In addition,
when coexpressed with NR1 and NR2 subunits in heterolo-
gous cells, NR3 subunits modulate NMDAR activity by de-
creasing subunit conductance, Ca®" permeability, and Mg?*
sensitivity (Ciabarra et al., 1995; Sucher et al., 1995; Nishi et
al., 2001; Pérez-Otatio et al., 2001; Chatterton et al., 2002;
Matsuda et al., 2002; Sasaki et al., 2002).

NR3A and NR3B subunits differ primarily with respect to
their regional and developmental expression, as well as the
glycine agonist binding sensitivities of the receptors into
which they assemble (Ciabarra et al., 1995; Sucher et al.,
1995; Nishi et al., 2001; Chatterton et al., 2002; Matsuda et
al., 2002; Sasaki et al., 2002). Mice genetically lacking NR3A

ABBREVIATIONS: NMDAR, N-Methyl-D-aspartate receptor; iGIuR, glutamate receptor; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid; MTS, methanethiosulfonate; MTSEA, methanethiosulfonate ethylammonium; 5,7-DCKA, 5,7-dichlorokyurenic acid; MDL, MDL 105,519
[(E)-3-(2-phenyl-2-carboxyethenyl)-4,6-dichloro-1H-indole-2-carboxylic acid]; NMDA, N-methyl-p-aspartate; ACPC, 1-aminocyclopropane-1-car-

boxylic acid; DTT, dithiothreitol.
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also manifest increased NMDA-induced currents and den-
dritic spine density (Das et al., 1998).

A number of studies have suggested that iGluRs, including
NMDARS, are tetrameric complexes (Rosenmund et al., 1998;
Chen et al., 1999; Safferling et al., 2001). Recent crystallo-
graphic, electrical macroscopic, and biophysical studies have
further demonstrated that two sets of agonist-binding do-
mains within a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid (AMPA) receptors assemble to form a dimer of 2-fold
symmetry (Armstrong and Gouaux, 2000; Sun et al., 2002;
Nakagawa et al., 2005). In contrast, conventional NMDARSs
are composed of NR1/NR2 heterodimers (Furukawa et al.,
2005) and studies with tandem NR1 and NR2A subunits
expressed in human embryonic kidney cells suggest that
NMDARs assemble as nonsymmetric 1-2 and 2-1 dimers
around the channel, with a pair of NR1 subunits facing a pair
of NR2 subunits (Schorge and Colquhoun, 2003). In addition,
patch-clamp recordings of single recombinant NR1/NR2B re-
ceptors suggest that NR1 and NR2 subunits control kineti-
cally distinct components of gating and undergo separate
conformational changes upon agonist binding that precede
opening of the channel pore (Banke and Traynelis, 2003). The
prevailing model for activation of conventional NMDARSs
suggests that binding of glycine and glutamate to NR1 and
NR2, respectively (Kuryatov et al., 1994; Anson et al., 1998),
induces closure of the ligand-binding domains (Furukawa
and Gouaux, 2003). The action of each ligand-binding domain
is then transduced in a concerted manner through a mem-
brane-spanning region of the NMDAR channel complex (M3
domain), whose rotation is ultimately implicated in channel
opening (Jones et al., 2002; Sobolevsky et al., 2002). In
contrast, there is evidence that certain AMPA and kainate
iGluRs may have subunit-specific channel gates that can
independently operate in response to agonist binding (Rosen-
mund et al., 1998; Smith and Howe, 2000; Swanson et al.,
2002). The activation mechanisms of NR1/NR3 receptors,
however, are completely unknown.

Here, we provide evidence that agonist binding to NR3 alone
is able to activate NR1/NR3 receptors. In the presence of NR3
ligand binding, unliganded NR1 is permissive for a significant
component of NR1/NR3 receptor activation, whereas concomi-
tant glycine binding to NR1 induces marked decay of NR1/NR3
receptor currents, presumably via a slow component of desen-
sitization. Thus, unlike other NMDARs, NR1/NR3 receptors
manifest nonconcerted receptor activation.

Materials and Methods

In Vitro ¢cDNA Mutagenesis. The amino acid residues for NR1
and NR3 subunits are numbered based on the sequences of the
immature polypeptides. Point mutations were generated with a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). Positive clones were confirmed via sequencing.

Electrophysiological Recording. Wild-type NR1, NR2A,
NR3A, NR3B, and mutant NR1, NR3A, and NR3B cRNAs were
produced using mMessage mMachine kits (Ambion, Austin, TX).
Oocytes were coinjected with 2 ng of NR1 and 4 ng of NR2A, or 12 ng
of NR3A/B. Mutant cRNAs were injected at the same concentration
as wild type. Recordings were performed 2 to 7 days after injection.
Two-electrode voltage-clamp recordings were performed at —80 mV
in bath solution containing 90 mM NaCl, 1 mM KCI, 1.5 mM BaCl,,
and 10 mM HEPES buffer, pH 7.5,.

Recordings were obtained from 3 to 15 oocytes per experiment.
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Steady-state current responses (equilibrium currents after full cur-
rent decay) were normalized internally to account for amplitude
variation among oocytes. Data points represent mean * S.E. Drug
dose-inhibition curve was derived by Prism 4 program (GraphPad
Software, San Diego, CA) using the modified Hill equation, I/, =
1/(1 + {[CI/IC;,}""), where [C] is the drug concentration, and ny is
the Hill coefficient. The statistical significance of the difference be-
tween two data groups was analyzed by Student’s ¢ test.

Methanethiosulfonate (MTS)-containing solutions were prepared,
stored, and applied as described previously (Karlin and Akabas, 1998).
Drugs and their sources were as follows: MTS reagents were from
Toronto Research Chemicals, Inc. (Toronto, ON, Canada); glycine, 5,7-
dichlorokyurenic acid (5,7-DCKA), and MDL 105,519 (MDL) were from
Tocris (Avonmouth, UK); D-glutamate, D-serine, NMDA, and 1-amino-
cyclopropane-1-carboxylic acid (ACPC) were from Sigma-Aldrich (St.
Louis, MO).

Molecular Modeling. The structure of the NR3B S1S2 ligand-
binding core was modeled using the X-ray structure of a homologous
domain from NR1 receptor (Protein Data Bank code 1pb8) as a tem-
plate. Modeler (Marti-Renom et al., 2000) was used to build the model,
using the alignment derived by the FFAS program (Rychlewski et al.,
2000). The structures of NR1 and NR3 complexes with different ligands
were predicted using the Autodock program. We first tested the perfor-
mance of Autodock on these systems by predicting the complex struc-
ture of NR1 with glycine using the NR1 X-ray structure (Furukawa and
Gouaux, 2003) with glycine removed and limiting the search space to
docking in the known binding pocket. The predicted complex was very
similar to the experimental one, differing only with respect to one
hydrogen bond. An additional hydrogen bond between arginine 523 and
glycine was predicted by the Autodock model instead of the hydrogen
bond between glycine and the hydroxyl group of serine 688 in the NR1
crystal structure.

Results

Interruption of NR1 Glycine Binding Potentiates
NR1/NR3 Receptor Steady-State Currents. As previ-
ously demonstrated in oocytes (Chatterton et al., 2002), gly-
cine-evoked responses of NR1/NR3B receptors progressively
decayed with increasing agonist concentration (Fig. 1A). Due
to concordant activation and current decay, the dose-re-
sponse of NR1/NR3 receptors could not be adequately fit by
the Hill equation to determine the number of binding sites
and EC;,. However, because glycine binding to NR1 is cen-
tral to NR1/NR2 receptor activation, we hypothesized that
NR1/NR3 receptors might also be activated via NR1-glycine
binding, with NR3 subunits playing a modulatory role. To
examine the contribution of NR1 glycine binding to NR1/NR3
receptor activation, we mutated several NR1 S1S2 amino
acid residues that have previously been demonstrated to be
important in agonist sensitivity (Kuryatov et al., 1994).

NR1 Phe484 has been suggested to form a “lid,” sterically
preventing bound agonist from leaving the closed cleft con-
formation (Furukawa and Gouaux, 2003), and mutation of
Phe484 to alanine drastically reduces the sensitivity of NR1/
NR2B receptors (-fold increase in glycine EC;, ~6350;
Kuryatov et al.,, 1994). Surprisingly, NR1(F484A)/NR3B
demonstrated only minimal reduction in apparent glycine
sensitivity but, in contrast to wild-type NR1/NR3B receptors,
displayed dramatic potentiation of steady-state currents,
with no apparent current decay even at the highest glycine
concentrations (Fig. 1B). The relative steady-state current
potentiation at each agonist concentration was quantified as
the ratio of glycine-evoked steady-state currents normalized
to the steady state response at 10 uM glycine (I/I,;, ). The
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Lioopm?Lio n of NR1(F484A)/NR3B receptors was 19.2 * 4.1,
whereas that of wild-type NR1/NR3B receptors was only
0.20 = 0.02 (Fig. 1C). In contrast, NR1(F484A)/NR2A recep-
tors evoked no detectable current in response to coapplication
of 200 uM NMDA and up to 1 mM glycine (not shown).
Receptors containing NR1(D481K,K483E) or NR1(Q405K),
each of which markedly attenuates NR1 glycine sensitivity
(-fold increase in Q405K glycine EC;,, 14,200; Kuryatov et
al., 1994), also demonstrated large potentiation of steady-
state currents, with minimal loss of apparent glycine sensi-
tivity (Fig. 1C). NR1(Q405K) was omitted from the graphical
representation in Fig. 1C because it evoked little or no cur-
rent with 10 uM glycine when coexpressed with NR3B.
NR1(D481K,K483E)/NR3B and NR1(Q405K)/NR3B recep-
tors demonstrated an I,y ,n/I10 . value of 7.5 + 1.8 and an
Lioo wm 30 v value of 5.4 * 0.6, respectively. The I/I,,
ratio between mutant (apart from NR1(Q405K)/NR3B) and
wild-type receptors was statistically different (Student’s ¢
test, p < 0.05) for all glycine concentrations equal to or
greater than 30 uM, but not at concentrations below 10 wM.
The mild loss of glycine sensitivity demonstrated by recep-
tors composed of NR1(F484A), NR1(D481K,K483E), or
NR1(Q405K) subunits coassembled with NR3B (Fig. 1C) mir-
rors the altered glutamate sensitivity reported for NR2B
when coassembled with these NR1 mutants (Kuryatov et al.,
1994). Coassembly of NR3A with each of these NR1 mutants
demonstrated similar results (data not shown). Together,

A NR1/NR3B
Glycine (uM): 1 3 10 30 100 300 1000
100 nA I—
30s
C
100 ~
F484A
10 | D481K/E483K
D732N

-
1

o
-
1

0.01 1

Normalized Current (I/l;4 pM)

0.001

3 10 30 100 300 1000
Glycine (uM)

T
:

each of the preceding NR1 S1S2 mutants potentiated steady-
state currents in NR1/NR3 receptors by attenuating the nor-
mally manifested current decay, which presumably reflects a
slow component of desensitization.

The preceding NR1 mutants each alter glycine efficacy
without directly disrupting the hydrogen bonds with which
glycine coordinates within NR1 S1S2 (Furukawa and
Gouaux, 2003). Thus, we next examined the effect of directly
interrupting NR1 glycine binding on NR1/NR3 receptor acti-
vation, using NR1(D732N) mutant subunits. The carboxyl
group of Asp732 in NR1 forms direct hydrogen bonds with
the a-amino group of glycine (Furukawa and Gouaux, 2003),
and mutation of Asp to Asn significantly attenuates glycine
sensitivity, without altering the EC;, of coassembled
NR2B (-fold increase in glycine ECy,, 14,500; Williams et al.,
1996). Compared with wild-type NR1/NR3B receptors,
NR1(D732N)/NR3B receptors also demonstrated marked po-
tentiation of steady-state currents, although comparably less
than that of the other NR1 S1S2 mutants examined (1,40 ./
Lo . value of 4.1 = 0.2; Fig. 1C). Thus, these data extend
the findings obtained with the S1S2 mutants affecting NR1
efficacy by directly implicating NR1 glycine binding in the
induction of NR1/NR3 receptor current decay. It is notewor-
thy, however, that despite the alteration in NR1 glycine
binding, NR1(D732N)/NR3B receptors demonstrated no ap-
parent loss of glycine sensitivity compared with wild-type
NR1/NR3B receptors (Fig. 1, C and D).

B NR1(F484A)/NR3B
Glycine (uM): 1 3 10 30 100 300 1000
SOOnAL
30s
D NR1(D732N)/NR3B
Glycine (uM): 1 3 10 30 100 300 1000
1HA
60s

Fig. 1. NR1 S1S2 domain mutants markedly potentiate glycine-evoked steady-state currents when coassembled with NR3 subunits. A, dose response
of glycine-evoked NR1/NR3B currents. Large tail currents representing resensitization are seen upon washout of high concentrations of agonist. B,
representative tracings of glycine dose response for NR1(F484A)/NR3B receptors. C, normalized steady-state (Ig,) glycine dose-response profiles
[log(Ipy/Tiqai0 ,ony)] of NRI/NR3B, NR1(D732N)/NR3B, NR1(F484A)/NR3B, and NR1(D481K/K483E)/NR3B receptors. D, representative tracings of
glycine dose response for NR1(D732N)/NR3B receptors. NR1(D732N)/NR3B receptors demonstrate similar apparent glycine sensitivity as wild-type

NR1/NR3B receptors.
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To rule out the possibility that NR1(D732N) permanently
altered the overall structure of NR1/NR3 receptors, we at-
tempted to reproduce the potentiation of NR1/NR3 steady-
state currents reversibly, by selectively restricting glycine
access to NR1. Therefore, we performed cysteine-scanning
mutagenesis (Karlin and Akabas, 1998) around the NRI1
binding pocket to identify NR1 mutants that would be ame-
nable to covalent modification by MTS reagents without sig-
nificantly affecting the glycine EC;, when coassembled with
NR2A. We identified one such mutant, V689C, that lies
within helix F at the lower lip of the NR1 glycine binding
cleft, with its side-chain directed toward the mouth of the
pocket (Furukawa and Gouaux, 2003). NR1(V689C) dis-
played only a small increase in glycine EC,, (6.6 £ 1.2 uM)
relative to wild-type NR1 when coinjected with NR2A. Gly-

Subunit-Specific Activation of NR1/NR3 Receptors 115

cine dose-response curves of NR1(V689C)/NR3A receptors
were qualitatively similar to those of wild-type NR1/NR3A
receptors (compare Fig. 2A, left tracing with left inset).
After covalent modification with MTS ethylammonium
(MTSEA), designed to sterically inhibit NR1 glycine bind-
ing, NR1(V689C)/NR3A receptors demonstrated dramatic
relief of current decay, with marked potentiation of steady-
state currents and no apparent loss of glycine sensitivity
(Fig. 2A, center tracing). In contrast, steady-state currents of
wild-type NR1/NR3A receptors were minimally inhibited by
MTSEA treatment (relative post-/pre-MTSEA ratio = 0.89 +
0.02). Coapplication of 100 uM glycine with MTSEA pre-
vented NR1(V689C)/NR3A receptor current potentiation,
demonstrating direct competition between glycine and
MTSEA for access to the NR1 agonist binding cleft (Fig. 2A,

A NR1(VEBIC)NRIA
Glycine (uM): 1 10 102 10 1 10 102 102 1 10 102 102
| T (1
MTSEA DTT
205 (2.5 mM) (5 mM)
Glygad: 2 93 1 3 0 20 100
MTSEA
NR1NR3A
(2.5mM)
Gly(100uM ); — —
soonal y(100uM )
30s
V 1|,|AL
50 sec
B

Glycine (pM): 1 10

60 nAI_

30s

Current Ratio
(=]
[=)

NR1(VEBIC)/NR2A

10

102

. W NR1(V689C)/NR2A
B NR1/NR2A

1 10
Glycine (uM)

100

Fig. 2. MTS-mediated inhibition of NR1 glycine binding reproduces effects of NR1 S1S2 ligand mutations. A, left inset, representative tracing of
glycine-evoked dose responses for wild-type NR1/NR3A receptors. Left tracing, NR1(V689C)/NR3A receptors demonstrate a similar glycine dose
response as wild-type receptors. Center tracing, marked relief of current decay occurs after application of 2.5 mM MTSEA. The marked potentiation
of NR1(V689C)/NR3A receptor steady state currents by MTSEA was reproducible across multiple (n = 4) experiments. However, accurate quantifi-
cation of potentiation was not possible because of the high sensitivity of NR1/NR3A and NR1(V689C)/NR3A to trace glycine in the bath solution. In
this setting, steady-state currents at high glycine concentrations were at times of lower amplitude than “baseline” currents. Right inset, coapplication
of 100 uM glycine with 2.5 mM MTSEA prevents MTSEA-mediated glycine steady-state current potentiation. Right tracing, 5 mM DTT restored
currents to pre-MTSEA levels. Arrowheads indicate start of wash after MTSEA or DTT incubations. B, left, dose-response of NR1(V689C)/NR2A
receptors pre-MTSEA treatment. Center, marked attenuation of NR1(V689C)/NR2A receptor currents after application of 2.5 mM MTSEA. Inset,
relative current response (post-MTSEA/pre-MTSEA) of NR1(V689C)/NR2A (black, n = 8) and NR1/NR2A (gray, n = 5) receptors at indicated glycine
concentrations (current ratio: glycine-induced currents after versus before MTSEA treatment). The current ratios between NR1(V689C)/NR2A and
NR1/NR2A receptors were statistically different (+*, p < 0.01) at all glycine concentrations tested. Right, 5 mM DTT approximates NR1(V689C)/NR2A
receptor currents to pre-MTSEA levels.
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right inset). However, at high (>100 uM) glycine levels, some
decay of NR1(V689C)/NR3A receptor current was still ob-
served, suggesting that MTSEA modification did not com-
pletely block NR1(V689C) glycine binding. Removal of
MTSEA by chemical reduction with dithiothreitol (DTT) re-
approximated glycine-evoked NR1(V689C)/NR3A steady-
state currents to pre-MTSEA levels (Fig. 2A, right tracing).
In contrast to NR1(V689C)/NR3A receptors, MTSEA modi-
fied-NR1 (V689C)/NR2A receptors displayed marked revers-
ible inhibition of glycine/NMDA-evoked peak currents
(Fig. 2B).

Disruption of the NR3 S1S2 Domain Abolishes NR1/
NR3 Receptor Activation. Because our experimental re-
sults above using NR1 S1S2 mutants indicated the impor-
tance of glycine binding to NR3 in receptor activation, we
directly tested the functional role of NR3 subunits in NR1/
NR3 receptors. Using the predicted structural similarities
between NR3 and NR1 subunits, we examined the activation
of NR1/NR3 receptors containing NR3 S1 segment mutants

A

S1
NR3A 521 IEHP .. G G 606
NR3B 423 VEHP .. G G 506
NR1 404 HREP .. A G 485
C
NR1(Q405K)/NR3A(N635C)
Glycine (uM): 10 102 10°
400 nA L
40s
post
LS p— MTSET
(1 mM)
post DTT
(5 mM)

designed to impair agonist sensitivity (Fig. 3A). NR1/
NR3A(Y605A) mutant receptors, in contrast to receptors con-
taining the homologous NR1 mutation and wild-type NR3A
subunits, demonstrated marked loss of glycine sensitivity,
with very small currents induced only at extremely high
glycine concentrations (Fig. 3B). Likewise, NR1/NR3 recep-
tors containing NR3A(E522K), NR3A(D602K,K604Q), or ho-
mologous NR3B S1 segment mutants (Fig. 3A) also displayed
drastically reduced glycine sensitivity or no detectable cur-
rent at up to 10 mM glycine (data not shown).

An alternate explanation for the marked loss of glycine
sensitivity with NR3 S1 mutants might be that the muta-
tions conferred decreased NR3 protein expression or stability
in oocytes. To exclude this possibility, we used the solved
partial crystal structure for the NR1 ligand binding domain
to construct an atomic model of the S1S2 region of NR3 (see
Methods). Analysis of the model suggested that the overall
folding pattern of NR3A/B may be very similar to NR1. We
used this information to perform cysteine-scanning mutagen-

B NR1/NR3A(Y605A)
Glycine (mM): 0.1 100
—— 100 nA
30s
80
<
£ 60
b=
2 40
=]
o 20
0.1 100 300
Glycine (mM):
D
— 1.0
[
w
B
= 0.8 NR1(Q405K)/NR3A(N635C)
=
% 0.6
_8
o 04
g
«— 0.2 b st
= Hecke
S i
(@]

10 100 1000

Fig. 8. Functional characteristics of NR3 subunits. A, aligned NR3A/B and NR1 S1 domains with mutated residues shaded. Sequences are numbered
according to the predicted NMDA subunit polypeptides. B, representative tracing (top) and dose-response curve (bottom) from NR1/NR3A(Y605A)
receptors manifesting marked loss of glycine sensitivity (other NR3 S1S2 domain mutants shaded in Fig. 3A displayed similar effects). C, top,
NR1(Q405K)/NR3A(N635C) receptors manifest a qualitatively similar response as NR1(Q405K)/NR3A receptors. Middle, Application of 1 mM MTSET
nearly abolished glycine-evoked activation of NR1(Q405K)/NR3A(N635C) receptors. Bottom, 5 mM DTT restored currents to pre-MTSET levels.
Arrowheads indicate start of wash after MTSET or DTT incubation. D, quantification of relative current attenuation after 1 mM MTSET treatment
(current ratio: glycine-induced currents after versus before MTSET treatment). The current ratio post-MTSET treatment was statistically different

from that before treatment (n = 5, **, p < 0.01).
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esis around the NR3A ligand-binding core to identify an
NR3A mutant that could reversibly inhibit activation of NR1/
NR3A receptors when modified by MTS reagents. NR1/
NR3A(N635C) receptors, containing a cysteine mutation
within the predicted anterior aspect of the NR3A ligand core,
demonstrated rapid decay of glycine-evoked currents with
steady-state amplitudes of less than 50 nA (not shown). To
facilitate quantitative analysis of the MTS effect on
NR3A(N635C), we coinjected this mutant with a second mu-
tant that disrupts glycine binding to NR1, namely
NR1(Q405K). NR1(Q405K)/NR3A(N635C) receptors demon-
strated sizeable glycine currents that showed decay only at
very high glycine concentrations (Fig. 3C, top). Consistent
with the data from the mutagenic disruption of glycine bind-
ing to NR3 subunits, covalent modification of NR1(Q405K)/
NR3A(N635C) receptors by MTSET nearly abolished the gly-
cine-evoked response (Fig. 3, C, center, and 3D). Removal of
MTSET by reduction with DTT restored glycine-evoked cur-
rents to essentially pre-MTSET levels (Fig. 3C, bottom). Co-
application of 100 uM glycine with 2.5 mM MTSET did not
inhibit the MTSET-mediated effect (data not shown).
NR1(Q405K)/NR3A receptor glycine currents were only mod-
erately inhibited by MTS (post-/pre-MTS ratio = 0.68 = 0.16,
n = 3). The mean post-/pre-MTS ratio between NR1(Q405K)/
NR3A(N635C) receptors and NR1(Q405K)/NR3A receptors
was statistically different (p < 0.01). Taken together, the
results from the reversible attenuation of NR3 glycine effi-
cacy provide additional structural and functional support for
an essential role of NR3 ligand binding in NR1/NR3 receptor
activation.

NR1 Glycine Binding Site Antagonists Potentiate
NR1/NR3 Receptor Currents. To further distinguish the
subunit-specific contributions to NR1/NR3 receptor activa-
tion, we examined the effect of NR1 glycine site antagonists.
The inhibitory actions of 5,7-DCKA and MDL against NR1
are well established (Kemp and Leeson, 1993), and the struc-
tural determinants for 5,7-DCKA binding to NR1 have been
characterized (Furukawa and Gouaux, 2003). In contrast, no
antagonists against the NR3 ligand binding domain have
been characterized. We reported previously that at glycine
concentrations without manifest current decay, 5,7-DCKA
and MDL inhibit NR1/NR3 receptor-mediated currents in a
dose-dependent fashion (Chatterton et al., 2002). We were
surprised to observe that at higher glycine concentrations,
where rapid current decay occurred, application of 5,7-DCKA
and MDL instead relieved NR1/NR3B receptor current decay
and potentiated NR1/NR3B steady-state currents (Fig. 4A
and MDL data not shown). The potentiation was most strik-
ing at agonist concentrations above 100 uM, with relatively
high agonist/antagonist ratios. NR1/NR3A receptors dis-
played similar inhibitor-mediated potentiation of steady-
state currents as NR1/NR3B receptors (data not shown). In
contrast, 5,7-DCKA and MDL inhibited NR1/NR2A receptors
at these glycine concentrations (Fig. 4A, inset; effective IC;,
=4.71 = 0.60 uM for 5,7-DCKA at NR1/NR2A in the pres-
ence of 150 uM glycine/200 uM NMDA; n = 5).

At higher 5,7-DCKA concentrations (=50 uM), potentia-
tion of fixed glycine-evoked NR1/NR3B steady-state currents
declined relative to that observed at lower 5,7-DCKA concen-
trations (<50 uM; Fig. 4, A and B). Due to the complex
nature of this response, one cannot calculate an accurate
affinity of 5,7-DCKA for NR1/NR3 receptors. However, the
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bimodal effect of 5,7-DCKA on glycine-evoked NR1/NR3B
currents suggested that this antagonist may bind to at least
two sites of differing affinities, possibly on different subunits.
To explore possible 5,7-DCKA binding to NR3 subunits, we
used the NR1(F484A) mutant subunit. The binding of DCKA
to NR1 has been shown to involve critical 7 stacking with the
aromatic ring of Phe484 (Furukawa and Gouaux, 2003), such
that mutation of Phe484 severely disrupts NR1 binding of
7-chlorokyurenic acid, an antagonist closely related to 5,7-
DCKA (Kuryatov et al., 1994). We found that 150 uM glycine
evoked nondecaying currents at NR1(F484A)/NR3B (Fig. 4C)
and NR1(F484A)/NR3A receptors (data not shown). In the
context of the marked attenuation of glycine efficacy reported
for the NR1(F484A) subunit (Kuryatov et al., 1994), we in-
terpret this finding as receptor activation induced largely
through NR3 agonist binding. Application of 5,7-DCKA to
NR1(F484A)/NR3B receptors, in contrast to its action at
wild-type NR1/NR3B receptors, did not potentiate 150 uM
glycine-activated currents, but instead elicited dose-depen-
dent inhibition (Fig. 4, C and D; apparent IC;, = 46.76 *+
5.12 uM in the presence of 150 uM glycine). The relative ICj,,
values for 5,7-DCKA in the presence of 150 uM glycine were
4.71 * 0.60 versus 46.76 = 5.12 uM for NR1/NR2A and
NR1(F484A)/NR3B receptors, respectively, suggesting that
5,7-DCKA binds preferentially to NR1 subunits over NR3
subunits within NR1/NR3 receptors. This finding parallels
the considerably greater 5,7-DCKA affinity observed for NR1
S1S2 relative to NR3A S1S2 (Yao and Mayer, 2006). The
asymmetric binding of 5,7-DCKA at NR1/NR3 receptors may
explain the observed antagonist-induced potentiation of
NR1/NR3 steady-state currents.

Agonists Further Distinguish Functional Properties
of Subunit Types within NR1/NR3 Receptors. We hy-
pothesized that the activation characteristics of NR1 and
NR3 might also be distinguishable on the basis of selective
affinities for known NR1 agonists. We first tested D-serine,
an endogenous full agonist of NR1 with approximately 3-fold
greater affinity than glycine (Kemp and Leeson, 1993; Schell
et al., 1995). The greater affinity of D-serine for NR1 has been
structurally ascribed to the presence of 3 additional hydrogen
bonds in the D-serine-NR1 S1S2 cocrystal complex compared
with that of glycine-coordinated NR1 (Furukawa and
Gouaux, 2003). We have shown that d-serine evokes only
very small or no detectable inward currents as an NR1/NR3
receptor agonist (Chatterton et al., 2002). In the context of
strong D-serine affinity for NR1, we reasoned that the small
steady-state currents evoked by D-serine at NR1/NR3B re-
ceptors and the absence of detectable inward currents at
NR1/NR3A receptors might in part be due to robust NR1-
induced current decay. This notion has also been suggested
from binding studies of NR3A (Yao and Mayer, 2006). To test
this possibility, we assessed the effect of D-serine at
NR1(D732N)/NR3B receptors. D-Serine elicited an approxi-
mately 20-fold increase in relative steady-state currents at
NR1(D732N)/NR3B receptors (1,9 ,m /10 o = 6.3 = 0.9)
compared with NR1/NR3B receptors (Ioo ynt Tio um =
0.30 = 0.09) (Fig. 5, A, bottom, and B). In contrast to the
apparent inhibition of glycine currents induced by D-serine at
wild-type NR1/NR3B receptors (Chatterton et al., 2002, Fig.
5, C, left, and D), addition of D-serine potentiated glycine-
evoked currents at NR1(D732N)/NR3B receptors (Fig. 5, C,
right, and D). Furthermore, at NR1(D732N)/NR3B receptors,
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the sensitivities to glycine and D-serine were similar. On the
other hand, the efficacy of glycine was approximately 4- to
6-fold greater than D-serine in a dose-response range in
which statistically little NR1(D732N) agonist binding is ex-
pected, and the evoked response would primarily be attrib-
utable to NR3B binding (Fig. 5, E, left, and F). This finding
contrasts with the comparable efficacies of these NR1 ago-
nists at NR1/NR2A receptors (Fig. 5, E, right and F) and may
reflect differences in the pharmacology of NR1 and NR3
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subunits within NR1/NR3 receptors. Together, then, these
data support the notion that p-serine is a high-affinity ago-
nist of NR3 (Yao and Mayer, 2006) but demonstrate that
D-serine has a greater efficacy at NR1 than at NR3 subunits.

ACPC, a potent partial NR1 agonist with approximately
5-fold greater binding affinity than glycine (Nadler et al.,
1988; Marvizon et al., 1989; Kemp and Leeson, 1993), was
markedly less potent and efficacious than glycine as an ago-
nist of NR1/NR3B receptors. In our system, the EC;, for
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Fig. 4. Effect of 5,7-DCKA on NR1/NR3B and NR1(F484A)/NR3B receptor steady-state currents. A, representative trace demonstrating dose-
dependent potentiation of 150 uM glycine-evoked steady-state currents by 5,7-DCKA on NR1/NR3B receptors. The largest potentiation was observed
at high ratios of applied glycine relative to applied 5,7-DCKA. At the highest 5,7-DCKA concentrations, relative inhibition of 150 uM glycine
steady-state currents was observed compared with lower concentrations of 5,7-DCKA. Inset, representative tracing of NR1/NR2A receptor inhibition
(150 uM glycine/200 uM NMDA) by 20 uM 5,7-DCKA. Slowed reactivation kinetics are apparent after 5,7-DCKA washout. B, 5,7-DCKA dose-response
profile for NR1/NR3B receptors (n = 4) in the presence of 150 uM glycine [current ratio: combined 5,7-DCKA/glycine current normalized to 150 uM
glycine current alone (I,)]. C, representative tracing of 5,7-DCKA dose-response in the presence of 150 uM glycine. D, 5.7-DCKA dose-response profile
for NR1(F484A)/NR3B receptors (n = 5) in the presence of 150 uM glycine (current ratio as defined above).
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ACPC at NR1/NR2A receptors in the presence of 100 uM
NMDA was 1.30 = 0.07 uM (n = 6), whereas the EC;, for
ACPC at NR1/NR3B receptors was >100 uM. At NR1/NR3B
receptors, small currents were detected upon application of
100 uM ACPC, with no apparent current decay observed
even at concentrations as high as 1 mM (Fig. 6, A and B).
Moreover, unlike the action of 5,7-DCKA on glycine-evoked
NR1/NR3B currents, application of 20 uM 5,7-DCKA com-
pletely inhibited 1 mM ACPC-induced currents, similar to
the inhibitory effect observed with 5,7-DCKA on glycine-
evoked currents at NR1(F484A)/NR3B receptors (compare
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Fig. 6, A and B, with Fig. 4, C and D). In contrast to the effect
of ACPC as an independent agonist of NR1/NR3B receptors,
as little as 1 uM ACPC induced apparent inhibition of gly-
cine-evoked NR1/NR3B currents, indicating a very potent
effect (Fig. 6, C and E). Because of the particularly strong
affinity of ACPC for NR1, we used the NR1(F484A) mutant
(see Fig. 1, B and D) to assess the contribution of NR1 to the
ACPC-induced glycine current decay. At NR1(F484A)/NR3B
receptors, 10 uM glycine-evoked currents were unaffected by
ACPC at concentrations up to 1 mM (Fig. 6, D and E).
NR1(D732N)/NR3B receptors demonstrated a similar atten-
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Fig. 5. Effects of D-serine on wild-type NR1/NR3B and NR1(D732N)/NR3B receptors. A, top, representative dose-response tracing of D-serine-evoked
currents at NR1/NR3B receptors. Bottom, dose response of D-serine-evoked currents on NR1(D732N)/NR3B receptors. B, current ratio (100 uM:10 uM
agonist) of glycine-evoked (black) and D-serine-evoked (gray) steady-state currents on NR1/NR3B (n = 5) and NR1(D732N)/NR3B (n = 6) receptors.
The current ratios between wild-type and mutant receptors were statistically different for both glycine and D-serine-evoked response (+#, p < 0.01).
Relative, rather than absolute, steady-state current amplitudes were assessed to circumvent possible variability between expression of wild-type and
mutant NR1/NR3B receptors. C, representative dose-response of D-serine in the presence of fixed 10 uM glycine on NR1/NR3B (left) and NR1(D732N)/
NR3B receptors (right). b-Serine induced current decay of NR1/NR3B glycine currents but potentiated glycine-evoked NR1(D732N)/NR3B receptor
currents. D, quantification of D-serine effects on glycine-evoked currents at NR1/NR3B (n = 5) versus NR1(D732N)/NR3B receptors (n = 6) [current
ratio: combined D-serine/glycine current normalized to 10 uM glycine current alone (I,)]. The current ratios between wild-type and mutant receptors
were statistically different at 1, 10, and 100 uM D-serine concentration (¥, p < 0.05; **, p < 0.01). E, representative tracing of glycine and D-serine dose
responses on NR1(D732N)/NR3B receptors (left) and NR1/NR2A receptors (right) in a linear agonist-response range. F, current ratios of glycine- and
D-serine-induced responses at NR1(D732N)/NR3B (n = 3) and NR1/NR2A (n = 4) receptors (equal concentrations of glycine and D-serine were applied;
200 uM NMDA was added for NR1/NR2A receptors). The current ratios between NR1/2A and NR1(D732N)/NR3B receptors were statistically different
(##, p < 0.01) at each agonist concentration.
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uation of the ACPC effect, albeit less marked at higher ACPC
concentrations (not shown). Thus, as with the action of D-
serine at wild-type NR1/NR3B receptors, the mechanism for
the reduction of glycine-evoked NR1/NR3B currents by
ACPC is consistent with the notion of NR1-enabled current
decay. Together, then, the most parsimonious explanation for
the effect of ACPC on NR1/NR3 receptors is that NR1 sub-
units are very sensitive to ACPC, whereas NR3 subunits are
quite insensitive. In support of this conclusion, in indepen-
dent ligand-binding studies, the NR1 S1S2 domain demon-
strated greater affinity for ACPC than the NR3A S1S2 do-
main (Yao and Mayer, 2006).

Discussion

Our data suggest that a component of NR1/NR3 receptor
activation may be mediated by binding of agonist to NR3
alone. A direct role of NR3 subunits in NR1/NR3 receptor
activation is in agreement with the reported high affinity of
glycine for the NR3A S1S2 domain (Yao and Mayer, 2006).
Agonist binding to NR1 may contribute to peak NR1/NR3
currents but specifically enables significant NR1/NR3 recep-
tor current decay under the conditions studied here. Thus,
the glycine dose-response profile of NR1/NR3 receptors may
be explained, in the context of a greater affinity of glycine for
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Fig. 6. Effect of ACPC on wild-type NR1/NR3B and NR1(F484A)/NR3B receptors. A, representative tracing from NR1/NR3B receptors comparing
glycine- versus ACPC-evoked currents. ACPC (right) was less effective and less potent than glycine (left) as an agonist of NR1/NR3B receptors and
did not induced current decay; 20 uM 5,7-DCKA completely inhibited rather than potentiated 1 mM ACPC-evoked currents at NR1/NR3B receptors.
B, quantitative comparison of ACPC-evoked currents (+ 5,7-DCKA) at NR1/NR3B receptors normalized to 10 uM glycine-evoked current (n = 6). The
10, 100, and 1000 uM ACPC-induced currents were all significantly smaller than 10 uM glycine-induced currents (+*, p < 0.01). C, representative
tracing of ACPC-induced current decay of NR1/NR3B glycine-evoked currents. D, unlike its effect at wild-type NR1/NR3B receptors, ACPC (=1 mM)
did not induce current decay of 10 uM glycine-evoked NR1(F484A)/NR3B currents. E, comparison of ACPC effects on glycine-evoked currents at
NR1/NR3B (n = 7) versus NR1(F484A)/NR3B (n = 7) receptors [current ratio: combined ACPC/glycine current normalized to 10 uM glycine current
alone (I,)]. The current ratios between NR1/NR3B and NR1(F484A)/NR3B receptors were statistically different (+, p < 0.05; **, p < 0.01) at 10, 100,

and 1000 uM ACPC concentrations.
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NR3 compared with NR1 (Yao and Mayer, 2006), by the
predominant effect of NR3-induced receptor activation and
concentration-dependent NR1-enabled current decay.

This activation scheme proposed for NR1/NR3 receptors is
supported by the differential effects of excitatory glycine site
agonists and antagonists at NR1 and NR3 subunits. For
example, we show that asymmetric binding of 5,7-DCKA at
NR1/NR3 receptors may account for the observed antagonist-
induced potentiation of NR1/NR3 steady-state currents.
High binding-site occupancy has traditionally been proposed
to maximize the open probability of NMDARs. Our data
instead suggest that selective removal of agonist from NR1
allows a larger number of NR1/NR3 channels to remain open,
presumably by attenuating receptor desensitization. We also
demonstrate that D-serine has a greater efficacy at NR1 than
at NR3 subunits, suggesting rapid, NR1-enabled current de-
cay as a central component of the apparent D-serine-medi-
ated inhibition of glycine-evoked NR1/NR3 receptor currents.
Furthermore, the absence of ACPC-induced current decay at
NR1/NR3B receptors and the strong inhibitory effect of 5,7-
DCKA on 1 mM ACPC-evoked currents suggest weak but
preferential binding of ACPC to NR3B over NR1 in unligan-
ded NR1/NR3 receptors. This also suggests that unliganded
NR3 subunits may exert a significant degree of negative
cooperativity on ligand binding and/or efficacy at NR1, be-
cause application of ACPC alone results in an apparent weak
and nondecaying response of NR1/NR3B receptors but, in
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contrast, a potent inhibitory effect when coapplied with a
nondecaying concentration of glycine.

The data presented here for NR1/NR3 receptors bear strik-
ing similarities to those of certain AMPA and kainate recep-
tors. GluR5/KA2 receptors, for example, can be activated by
dysiherbaine binding to GluR5 alone, without concomitant
binding to KA2 subunits (Swanson et al., 2002). Subsequent
glutamate binding to KA2 then enables significant GluR5/
KA2 desensitization. Other structure-function similarities
between NR1/NR3 receptors and non-NMDA iGluRs exist.
For instance, AMPA/kainate subunits and NR3 subunits, in
contrast to other NMDAR subunits, also share identical
amino acid residues within the guanine nucleotide-binding
site of domain 2. Furthermore, like kainate and AMPA re-
ceptors, which have been suggested to gate subconductance
states through agonist binding to only two or three subunits
(Rosenmund et al., 1998; Smith and Howe, 2000; Swanson et
al., 2002), NR1/NR3 receptors display a single unitary but
small conductance, consistent with predominant agonist
binding to NR3 subunits (Pérez-Otario et al., 2001; Chatter-
ton et al., 2002; Sasaki et al., 2002).

We speculate that upon functional assembly with NR3
subunits, the role of NR1 S1S2 in regulating channel activity
is effectively reversed compared with that of NR1 S1S2
within NR1/NR2 receptors. Under this scenario, NR1 adopts
an open-cleft configuration that is permissive for a compo-
nent of NR1/NR3 receptor activation (Fig. 7B). In contrast,
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Fig. 7. Schematic model for activation of NR1/NR3 receptors. A, simplified representation of NR1/NR2 receptor activation. The diagram depicts one
subunit each from an NR1 dimer (blue) and an NR2 dimer (green) proposed to form NMDA receptors. The intramembrane portion of the receptor is
represented by single coils (for simplicity) that are not staggered. The conformational changes that are proposed to precede channel opening but occur
after binding of glycine and glutamate to NR1 and NR2, respectively, are also omitted for simplicity (Banke and Traynelis, 2003). B, simplified
representation of NR1/NR3 receptor activation and current decay. One of two NR1/NR3 heterodimers inferred to form NR1/NR3 receptors is shown.
Left, NR1 is predicted to adopt a unique “permissive” conformation upon assembly with NR3 subunits (steel). Center-left, ligand binding to NR3
subunits alone is sufficient to activate a component of NR1/NR3 receptor currents. Center-right, ligand binding to NR1 is inferred to destabilize
NR1/NR3 receptors. Right, the conformational change associated with ligand binding leads to current decay.
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NR1 assembled with NR2 subunits is inferred to adopt a
functionally distinct apo state that requires agonist binding
to both NR1 and NR2 subunits for the permissive conforma-
tional change that enables channel opening (Fig. 7A) (Banke
and Traynelis, 2003). The present study, however, does not
exclude the possibility that NR1 agonist binding may con-
tribute to peak NR1/NR3 receptor currents.

Our new data on NR1/NR3 receptors define a functional
plasticity of NR1 subunit assembly and ligand binding/chan-
nel coupling that has been hitherto unrecognized, and which
seems to be unique among ligand-gated receptor subunits.
Furthermore, the predominant effects of glycine binding to
NR3 over NRI1 for activation of NR1/NR3 receptors, as well
as subtle differences in assembly of NR1 with NR2 and NR3
subunits, afford a novel model system for dynamically and
more fully evaluating features of NMDARS not readily eluci-
dated by NR1/NR2 physiology or currently available crystal
structures. In vivo, the functional dichotomy between NR1
and NR3 subunits would make NR1/NR3 receptors an ideal
biosensor for glycine, whose concentration-dependent feed-
back inhibition mediated by NRI1-induced current decay
could potentially be regulated across a dynamic range by
allosteric effectors of NR1, such as protons and polyamines
(Kashiwagi et al., 1997). In agreement with the similarities
described here between NR1/NR3 receptors and non-NMDA
iGluRs, sequence data suggest that NR1 and NR3 subunits
are the least divergent of NMDAR subunits from a putative
common ancestor gene (Andersson et al., 2001). It is con-
ceivable, then, that the increased cation selectivity, dual
agonist requirement, and glutamate coagonist specificity of
NMDARSs containing NR2 subunits may represent an evolu-
tionary attempt to provide increased receptor selectivity in
the setting of evolving complexity within the synaptic cleft.
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