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ABSTRACT

Modeling the binding sites for spermine and ifenprodil on the
regulatory (R) domains of the N-methyl-p-aspartate receptor
GIluN1 and GIuN2B subunits was carried out after measuring
spermine stimulation and ifenprodil inhibition at receptors con-
taining GIuN1 and GIuN2B R domain mutants. Models were
constructed based on the published crystal structure of the
GluN1 and GIuN2B R domains, which form a heterodimer (Na-
ture 475:249-253, 2011). The experimental results and model-
ing suggest that a binding site for spermine was formed by the
residues near the cleft between the R1 and R2 lobes of the
GIluN1 R domain (GIuN1R) together with residues on the sur-
face of the R2 (C-terminal side) lobe of the GIuN2B R domain

(GIuN2BR). The ifenprodil binding site included residues on the
surface of the R1 lobe (N-terminal side) of GIuN1R together with
residues near the cleft between the R1 and R2 lobes of
GIuN2BR. It was confirmed using a Western blot analysis that
GIuN1R and GIuN2BR formed a heterodimer. Models of sperm-
ine and ifenprodil binding to the heterodimer were constructed.
The modeling suggests that an open space between the two R1
lobes of GIuUN1R and GIuN2BR is promoted through spermine
binding and that the R1 lobes of GIuUN1R and GIuN2BR ap-
proach each other through ifenprodil binding—an effect oppo-
site to that seen with the binding of spermine.

Introduction

N-Methyl-p-aspartate (NMDA) receptors are tetramers
composed of combinations of GluN1, GluN2, and GluN3 sub-
units (Traynelis et al., 2010). Each subunit contains a distal
amino terminal domain (Perin-Dureau et al., 2002), also re-
ferred to as the regulatory (R) domain (Masuko et al., 1999),
which has structural similarity to bacterial periplasmic bind-
ing proteins, in particular, the leucine/isoleucine/valine bind-
ing protein, and contains two lobes, R1 and R2. The R domain
is linked to the proximal part of the extracellular N-terminal
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region—the L1 domain—which, together with part of the
extracellular M3-M4 loop (the L2 domain), forms the ligand
binding site—the glycine binding site in GluN1 and the glu-
tamate binding site in GluN2 (Kuryatov et al., 1994; Laube et
al., 1997). The structures of the ligand binding domains
(LBDs) of several glutamate receptor subunits, including
GluA2, GluK1, GluK2, GluN1, and GluN2A, have been de-
termined by X-ray crystallography, and these domains form
bilobed clamshell structures (Armstrong et al., 1998; Mayer
et al., 2001; Furukawa and Gouaux, 2003; Furukawa et al.,
2005; Mayer, 2005). The crystal structures of the R domains
from GluN2B (Karakas et al., 2009), GluA2 (Jin et al., 2009),
and GluK2 (Kumar et al., 2009) also have been reported.
Polyamines (putrescine, spermidine, and spermine) are
present at millimolar concentrations in cells and play impor-
tant roles in cell proliferation and differentiation (Igarashi
and Kashiwagi, 2010). In the nervous system, spermine may
be released from neurons and have effects on NMDA recep-

ABBREVIATIONS: NMDA, N-methyl-D-aspartate; LBD, ligand binding domain; MOE, Molecular Operating Environment; R, regulatory.
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Structure of R Domain of NMDA Receptors
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tors (Masuko et al., 2003). Spermine has multiple effects on
NMDA receptors, including stimulation and a weak voltage-
dependent channel block that involves the binding of sperm-
ine to at least two distinct sites (Benveniste and Mayer, 1993;
Williams, 1997; Masuko et al., 1999; Kashiwagi et al., 2002).
We have suggested that a spermine binding site for the
stimulation of NMDA receptors is located in or near the cleft
of the GluN1 R domain (Masuko et al., 1999; Han et al.,
2008).

Ifenprodil is an atypical NMDA antagonist that selectively
inhibits NMDA receptors containing the GIluN2B subunit
(Williams, 1993). Mutations at several residues in GluN1R
greatly influenced ifenprodil inhibition, and we have sug-
gested that this region may form part of the ifenprodil bind-
ing site (Masuko et al., 1999). It also has been reported that
mutations at residues in GluN2BR strongly affect ifenprodil
inhibition (Perin-Dureau et al., 2002). Indeed, it has been
reported recently that GluN1R and GluN2BR form a het-
erodimer and that ifenprodil binds at the interface between
GluN1R and GluN2BR (Karakas et al., 2011).

Using soluble, purified GluN1R, GluN2AR, and GluN2BR,
we found that spermine and ifenprodil bound to these do-
mains with affinities in the orders GluN1R > GluN2BR >
GluN2AR for spermine and GluN1R ~ GluN2BR
GluN2AR for ifenprodil (Han et al., 2008). In this article, we
have studied the effects of various mutations in the R do-
mains of GluN1 and GluN2B on spermine stimulation and
ifenprodil inhibition at intact GluN1/GluN2B receptors and
have modeled the spermine and ifenprodil binding sites on
GluN1R, GluN2BR, and the GluN1R/GluN2BR heterodimer
based on the reported structures of GluN1R and GluN2BR
(Karakas et al., 2011) and on our experimental results.

Materials and Methods

NMDA Clones and Site-Directed Mutagenesis. The rat GluN1
clone used in these studies is the GluN1A variant (Moriyoshi et al.,
1991), which lacks the 21-amino-acid insert encoded by exon 5. This
clone was supplied by Dr. S. Nakanishi (Osaka Bioscience Institute,
Osaka, Japan). The rat GluN2A and GluN2B clones (Monyer et al.,
1992) were gifts from Dr. P. H. Seeburg (Center for Molecular Biology,
University of Heidelberg, Heidelberg, Germany), and the mouse
GluN2B clone (Kutsuwada et al., 1992) was a gift from Dr. M. Mishina
(Graduate School of Medicine, University of Tokyo, Tokyo, Japan). The
preparation of several GluN1 and GluN2B mutants has been described
previously (Masuko et al., 1999). Site-directed mutagenesis to construct
additional GluN1 and GluN2B mutants was carried out according to
the method of Ho et al. (1989) using the polymerase chain reaction. For
mutations in GluN2B, the rat clone was mainly used. In some cases, the
mouse GluN2B clone containing a 1.7-kb HindIII-Sphl fragment of the
rat GluN2B clone was used to obtain the mutants more easily (Williams
et al., 1998). Amino acids are numbered from the initiator methionine in
each subunit. Chimeric constructs of GluN2B and GluN2A—
GluN2B(198)2A, GluN2B(357)2A, GluN2B(413)2A, GluN2B(489)2A,
and GluN2B(858)2A, in which the number indicates the final amino

acid of GluN2B included in the construct—were generated using Xhol,
ApalLl, Narl, Hpal, and Xbal for fusion sites, respectively, and EcoRI
for the C-terminal side. The GluN2A fragments prepared using the
above restriction enzymes were inserted into the same restriction sites
of GluN2B. In some cases, the restriction sites were created in either
the GluN2A or GluN2B clone by site-directed mutagenesis using the
M13 phage system (Kunkel et al., 1987). Mutations and correct fusion of
GluN2A and GluN2B were confirmed by DNA sequencing.

Preparation of Oocytes and Voltage Clamp Recording.
Adult female Xenopus laevis (Saitama Experimental Animals Supply
Co. Ltd., Saitama, Japan, or Nasco, Fort Atkinson, WI) were chilled
on ice or anesthetized with tricaine, and the preparation and main-
tenance of oocytes were carried out using methods similar to those
described previously (Williams et al., 1994). Capped complementary
RNAs were prepared from linearized ¢cDNA templates using
mMESSAGE mMACHINE kits (Ambion, Austin, TX). Oocytes
were injected with GluN1 and GluN2 cRNAs in a ratio of 1:5
(0.2—4 ng of GluN1 plus 1-20 ng of GluN2). Macroscopic currents
were recorded with a two-electrode voltage clamp using a
GeneClamp 500 amplifier (Molecular Devices, Sunnyvale, CA). Elec-
trodes were filled with 3 M KCl. Oocytes were superfused continu-
ously (approximately 5 ml/min) with a Mg?*-free saline solution [96
mM NaCl, 2 mM KCl, 1.8 mM BaCl,, and 10 mM HEPES (pH 7.5)].
This solution contained BaCl, rather than CaCl,, and oocytes
were injected with K'-1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid (100 nl, 40 mM, pH 7.0) on the day of recording to
eliminate Ca®"-activated Cl~ currents (Williams, 1993). Oocytes
were voltage-clamped at a holding potential of —20 mV. Data were
recorded by using a Digidata 1332A interface with pCLAMPS8 soft-
ware for Windows (Molecular Devices) or using a BIOPAC Systems
MP100 interface with AcqKnowledge software (BIOPAC Systems,
Camino Goleta, CA).

Molecular Modeling of GluN1R and GluN2BR and Docking
Simulation. Three-dimensional structures of GluN1R and GluN2BR
were constructed with Molecular Operating Environment (MOE)
(version 2009; CCG Inc., Montreal, QC, Canada) based on the infor-
mation for NMDA receptors in the Brookhaven Protein Databank
(code 3QEL). Spermine and ifenprodil were docked into the appro-
priate sites of GluN1R or GluN2BR by using the docking module in
MOE. The GluN1R and GluN2BR heterodimer in complex with
spermine was constructed by taking into consideration the appropri-
ate binding sites of spermine on GluN1R and GluN2BR with MOE.
The GluN1R and GluN2BR heterodimer in complex with ifen-
prodil was constructed by using the homology modeling module in
MOE. The molecular mechanics calculations and the calculation
of the interaction energy of these complexes were performed by
using the Amber99 force field by MOE. The three-dimensional
structures of these complexes were displayed using MolFeat (ver-
sion 4; FiatLux, Tokyo, Japan). Secondary structure alignment
was performed based on the structures of GluN1R and GluN2BR
(Karakas et al., 2011) using the SWISS-MODEL Workspace (Ar-
nold et al., 2006).

Trypsin Sensitivity of the Complex of the Heterodimer of
GluN1R/GluN2BR with Spermine or Ifenprodil. GluN1R and
GluN2BR proteins were purified as described previously (Han et al.,
2008). The reaction mixture (0.3 ml) containing 15 pg of GluN1R
plus 10 pg of GluN2BR, either 100 M spermine or 1 pM ifenprodil,
10 mM Tris-HCl1 (pH 7.5), and 50 mM KCl was incubated in the

Fig. 1. Effects of spermine and ifenprodil at GluN1/GluN2B receptors containing GluN1 and GluN2B mutants. The effects of spermine (100 pM) and
ifenprodil (1 pM) were determined in oocytes expressing GluN1/GluN2B receptors with wild-type (WT) and mutant GluN1 or GluN2B subunits,
voltage-clamped at —20 mV and activated by 10 .M glutamate and 10 pM glycine. Values are mean + S.E.M. from 20 oocytes for wild-type and four
oocytes for each mutant. A, mutations that show stimulation <115% (approximately 70% decrease in spermine stimulation compared with wild type)
in the presence of spermine are highlighted by open columns. The solid line (100%) indicates the activity in the absence of spermine, and the dotted
line indicates the activity in the presence of spermine in wild-type GluN1/GluN2B receptors. B, mutations in which currents are >80% of control in
the presence of ifenprodil (approximately 70% decrease in ifenprodil inhibition compared with the wild type) are highlighted by open columns. The
solid line (100%) indicates the activity in the absence of ifenprodil, and the dotted line indicates the activity in the presence of ifenprodil in wild-type
GluN1/GluN2B receptors. Mutants shown with black letters were identified previously, and mutants shown with white letters in a black box were

newly identified.


http://www.pdb.org/pdb/explore/explore.do?structureId=3QEL

presence and absence of 1 pg of trypsin at 30°C for 2 h, and 7 pg of
anti-GluN1 (sc-9058; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) was added to the reaction mixture. Then, antibody-coupled
protein was precipitated by the addition of 2 pl of PANSORBIN cells
(Calbiochem, San Diego, CA) and incubated at 4°C for 2 h. The
precipitate was collected by centrifugation at 30,000¢ for 5 min,
washed three times with a buffer containing 0.5 M Na-phosphate
buffer (pH 7.5), 100 mM NaCl, 1% Triton X-100, and 0.1% SDS, and
boiled for 5 min in SDS-polyacrylamide gel electrophoresis sample
buffer. Western blot analysis was performed by the method of
Nielsen et al. (1982) using 3 pg of protein and enhanced chemilumi-
nescence Western blot reagents (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK). GIuN1R and GluN2BR were detected with
anti-GluN1 (sc-9058; Santa Cruz Biotechnology, Inc.) and anti-
GluN2B (sc-9057; Santa Cruz Biotechnology, Inc.). These commer-
cially available antibodies were raised against epitopes in the first 70
to 300 amino acids of the N terminus (i.e., the R domain) of each
subunit.

Results

Effects of Spermine and Ifenprodil at GluN1 and
GluN2B R Domain Mutants and Modeling of Spermine

and Ifenprodil Binding Sites. We have reported that sev-
eral amino acid residues in the R domains of GluN1 and
GluN2B strongly influence spermine stimulation and ifen-
prodil inhibition and are likely to contribute to the binding
sites for these modulators (Williams et al., 1995; Masuko et
al., 1999; Han et al., 2008). To characterize in more detail the
binding sites for spermine and ifenprodil on the R domains of
GluN1 and GluN2B, we examined the effects of these mod-
ulators using many additional GluN1R and GluN2BR mu-
tants. For the identification of mutants having effects, we
selected arbitrary thresholds of <115% of control for sperm-
ine (approximately 70% decrease in spermine stimulation
compared with wild type) and >80% of control for ifenprodil
(approximately 70% decrease in ifenprodil inhibition com-
pared with wild type). As shown in Fig. 1, in addition to 14
amino acid residues shown previously to influence spermine
stimulation and ifenprodil inhibition (shown by open col-
umns and with mutants labeled using black letters), 15
amino acid residues were newly identified as being in-
volved in spermine stimulation and ifenprodil inhibition
(shown by open columns and with mutants labeled using
white letters). A number of additional mutants had effects
close to these thresholds—for example, V42A, 1216T, and
Y239L on ifenprodil inhibition—but are not explicitly dis-
cussed further in the modeling studies below. Those mu-

A Spermine stimulation
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tants lie near the proposed binding sites and may cause
local disruptions in structure.

The results shown in Fig. 1 were obtained using 100 pM
spermine and 1 pM ifenprodil. In addition, the effects of
spermine and ifenprodil on wild-type receptors and receptors
containing several key mutants were examined over a range
of concentrations of spermine and ifenprodil. As shown in
Fig. 2, the degree of spermine stimulation and ifenprodil
inhibition at wild-type receptors was concentration depen-
dent, but neither modulator had significant effects at the
mutant receptors over the concentration range used. At wild-
type receptors, the EC;, values for spermine and ifenprodil
were 38 and 0.27 pM, respectively, and the Hill coefficients
for spermine and ifenprodil were close to 1.

Spermine stimulation and ifenprodil inhibition are ob-
served in receptors containing GluN1 (without the exon 5
insert) and GluN2B (Durand et al., 1993; Williams, 1993;
Williams et al., 1994). Through the use of purified, soluble
recombinant R domains, the K, values for the binding of
spermine to the R domains were 19 uM (GluN1R), 140 pM
(GluN2AR), and 33 .M (GluN2BR), and the K, values for the
binding of ifenprodil were 0.18 uM (GluN1R) and 0.21 pM
(GluN2BR); the binding of ifenprodil to GluN2AR was negli-
gible (Han et al., 2008). In Fig. 3, the amino acid sequences of
the R domains and immediate distal linker/ LBDs of GluN1,
GluN2A, and GluN2B are shown together with amino acid
residues that influence spermine stimulation and ifenprodil
inhibition as determined at functional, intact receptors (Fig.
1). Although the amino acid sequence of the GIuN2AR is
similar to that of GluN2BR (57% identical amino acid resi-
dues and 72% homologous amino acid residues in 355 amino
acid residues), the effects of spermine and ifenprodil on
GluN1/GluN2A and GluN1/GluN2B receptors are drastically
different. There are three residues (Asp206, Asp210, and
Asp213) in GIuN2BR that influence both spermine stimula-
tion and ifenprodil inhibition, and the amino acid sequence of
this region of GIuN2BR differs from that of GluN2AR. It may
be that a structural difference of this region strongly influ-
ences the effects of spermine and ifenprodil at GluN2A and
GluN2B, thus accounting for their selectivity at receptors
containing GluN2B. With regard to GluN1R, the residues
that influence ifenprodil inhibition were clustered (from
Asp100 to His134), whereas those that affect spermine were
separated into two regions (from Asp170 to Glul86 and from
Glu340 to Glu342). This contrasts with the effects of muta-
tions in GluN2BR, where residues affecting spermine stim-

B Ifenprodil inhibition

Fig. 2. Effects of various concentra-
tions of spermine (A) and ifenprodil
(B) at GluN1/GluN2B receptors con-
taining GluN1 and GluN2B mutants.
Experiments were carried out as de-
scribed in the legend to Fig. 1 by
changing the concentrations of sperm-
ine (25-250 pM) and ifenprodil (0.25-
2.5 uM). Values are mean + S.E.M.
from at least five oocytes for each
mutant.
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. (D o oo ® 0 . o Q) Fig. 3. Ammp acid sequences of th_e R
domains and immediately distal regions
in GluN1, GluN2A, and GluN2B. Second-

S0 ary structure alignment was performed
R domain as described under Materials and Meth-
ods. The positions of «a helices and B
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bition, respectively. Amino acid residues
R domain shown in @ are not conserved between
— 00 GIuN2A and GluN2B.
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Red; a helix
Blue; B strand
Green; structure undetermined

ulation were clustered (from Glul91 to Asp213), whereas
those affecting ifenprodil were separated into two regions
(from Thr76 to Phell4 and from Phel76 to Lys234).
Although spermine and ifenprodil bind to GluN1/GluN2B
heterodimers (Karakas et al., 2011; Mony et al., 2011), they
also can bind to GluN1 and GluN2B individually, possibly as
monomers (Han et al., 2008). Thus, modeling of spermine and
ifenprodil binding sites on GluN1R and GluN2BR monomers
was carried out first. As shown in Fig. 4A, spermine bound
near the cleft of GluN1R, and ifenprodil bound on the surface
of the R1 (N-terminal) lobe of GIuN1R. In contrast, spermine
bound to the surface of the R2 (C-terminal) lobe of GluN2BR,
and ifenprodil bound near the cleft of GluN2BR (Fig. 4A). It
is noted that the relative position of the spermine binding

GOKR1 | S——ENKTDEEPGY | KKGCKGFC ID I LKK | SKSVKFTYDLYLVTNGKHGKK 489
o o o0 e © o o000

® ; residues involved in spermine stimulation
Q@ ; residue involved in ifenprodil inhibition
¢ ; residues not conserved between GIuN2A and GIuN2B

site near the cleft of GluN1R was different from the position
of the ifenprodil binding site near the cleft of GluN2BR.
Other views of the sites for spermine and ifenprodil are
shown in Fig. 4B, in which more detailed interactions of
amino acid residues with spermine and ifenprodil are illus-
trated. The interactions of spermine and ifenprodil with res-
idues in both GluN1 and GluN2B, of course, do not imply that
there are separate functional binding sites for each modula-
tor on GluN1 and GluN2B. Indeed, as discussed below, each
subunit R domain (GluN1R and GluN2BR) may contribute to
a single functional binding site for each modulator in an
intact heterodimer.

Model structures of a heterodimer of GluN1R and GluN2BR
with spermine or ifenprodil were constructed, because there
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B
GIuN1R
SPM

GIuN2BR
SPM

Fig. 4. Modeling of spermine and ifenprodil binding to GluN1R and GluN2BR monomers. Modeling was done as described under Materials and
Methods. A, spermine and ifenprodil binding to GluN1R and GluN2BR monomers is shown from two different angles, rotated by 90°. B, expanded
spermine and ifenprodil binding sites on GluN1R and GluN2BR monomers. SPM, spermine; IFN, ifenprodil; NT, N terminus; CT, C terminus. Amino
acid residues that influence spermine stimulation, ifenprodil inhibition, and both spermine stimulation and ifenprodil inhibition are depicted with a

stick model in red, green, and blue, respectively.

is good evidence that R domains exist and function as a
heterodimer (Karakas et al., 2011; Mony et al., 2011). In
these models, additional amino acid residues are involved in
the interactions with spermine and ifenprodil. Thus, it is
expected that spermine and ifenprodil bind to the het-
erodimer more tightly than to the GluN1R and GIluN2BR
monomers. As shown in Fig. 5, the relative positions of
GluN1R and GluN2BR are altered through the binding of
spermine and ifenprodil—the R1 lobes of GluN1R and
GluN2BR are separated as a consequence of spermine bind-
ing but are brought together through the binding of ifen-
prodil. This difference may lead ultimately to the stimulation
(spermine) or inhibition (ifenprodil) of NMDA receptor activ-
ity through the interaction of the R domains with the LBDs.

To look for further evidence of a difference in the structure
of the GluN1R/GluN2BR heterodimer when spermine or if-
enprodil is bound, the trypsin sensitivity of GluN1R and
GluN2BR, which were purified as described previously (Han
et al., 2008), was examined. As shown in Fig. 6, the GluN1R
and GluN2BR monomers were digested readily by trypsin
(right panels in Fig. 6), but the heterodimer complex of

GluN1R and GluN2BR (studied in the absence of spermine or
ifenprodil) was nearly insensitive to trypsin. The recovery of
GluN1R and GluN2BR by anti-GluN1 was nearly equal (con-
trol in left panels in Fig. 6), confirming that GluN1R and
GluN2BR form a heterodimer. Sensitivity of the heterodimer
to trypsin was increased in the presence of spermine to a
greater extent than in the presence of ifenprodil. This is
consistent with the idea that the spermine-GluN1R/
GluN2BR complex is more relaxed than the ifenprodil-
GluN1R/GluN2BR complex.

Necessity of GluN2B LBD for Spermine Stimulation
and Ifenprodil Inhibition. We determined whether an in-
teraction between the R domain and the LBD of GluN2B is
necessary for spermine stimulation and ifenprodil inhibition
by constructing various fusion genes of GluN2A and GluN2B,
because there are differences in the amino acid sequences in
the linker region between the R domain and the N-terminal
region (L1 lobe) of the LBDs (Fig. 3). It was found that not
only the linker region but also part of the L1 lobe of GluN2B
is necessary for spermine stimulation and ifenprodil inhibi-
tion [Fig. 7, construct 3, GluN2B(489)2A]. If only the R do-
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Fig. 5. Modeling of spermine (A) and ifenprodil (B) binding sites on
GluN1R and GluN2BR heterodimers. Modeling was done as described
under Materials and Methods. NT, N terminus; CT, C terminus; R1 and
R2, R1 and R2 lobes, respectively. The models show the approximate
orientation of GluN1R and GluN2BR. The interaction energy of these
complexes also is shown.

main and linker region of GluN2B was fused to the residual
part of GluN2A [Fig. 7, construct 4, GluN2B(413)2A], then
spermine stimulation and ifenprodil inhibition were smaller
than those seen in GluN2B or GluN2B(489)2A. The results
suggest that an interaction between the R domain and the L1
lobe of the LBD of GluN2B is necessary for spermine stimu-
lation and ifenprodil inhibition in GluN1/GluN2B receptors.

GluN1R + GIuN2BR

Immunoprecipitation with anti-GluN1

Spermine
+Trypsin

Ifenprodil

Detection by T -
+Trypsin

Western blotting

Control  +Trypsin

Anti-GIluN1

Relative amount: 1504003 0.87+0.09 059 +0.08 0.81+0.11
Average + S.E.
: Spermine Ifenprodil
Control  +Trypsin
P +Trypsin  +Trypsin

Anti-GluN2B | e — — —

Relative amount:
Average + S.E.

1.00+0.01 0.91+0.08 0.62**+0.06 0.81+0.06

In addition, the EC;, for glutamic acid and glycine was
influenced strongly by the R domains. When GluN2BR and
the L1 lobe of GluN2B were present instead of GluN2AR and
the L1 lobe of GIuN2A, the EC;, values for glutamic acid
and glycine were reduced. The results again support the idea
that the R domain influences the function of the LBD allos-
terically. These results also support the idea that the functional
unit of NMDA receptors consists of a heterodimer of GluN1 and
GluN2, because a structural change of GluN2 influences the
affinity for glycine, which binds to the LBD of GluN1.

Discussion

In this study, we tried to identify the binding sites for
spermine and ifenprodil on the heterodimer of rat GluN1R
and GluN2BR subunits, based on the results of studies mea-
suring spermine stimulation and ifenprodil inhibition at in-
tact receptors containing GluN1R and GluN2BR mutants.
This approach was driven in part by the report that GluN1R
and GluN2BR exist as a heterodimer (Karakas et al., 2011).
We confirmed that a heterodimer complex is formed in ex-
periments using recombinant R domain proteins, in which an
antibody against GluN1R precipitated both GluN1R and
GluN2BR. In modeling studies, it was found that the struc-
ture of the complex of spermine-GluN1R/GluN2BR was
different from that of the complex of ifenprodil-GluN1R/
GluN2BR. Although an open space between the R1 lobes of
GluN1R and GluN2BR was promoted by the binding of
spermine, the R1 lobes of GIuN1R and GluN2BR became
closer after the binding of ifenprodil. Because the relative
positions of the C termini of GluN1R and GIuN2BR in a
spermine-GluN1R/GluN2BR complex were different from
those in an ifenprodil-GluN1R/GluN2BR complex (Fig. 5),
the relative positions or spacing of the R domain and LBD
may be changed through the binding of spermine and ifen-
prodil. In this way, an R domain heterodimer may have
different effects on the LBDs of GluN1 and GluN2B, depend-
ing on whether spermine or ifenprodil is bound to the R
domain. Indeed, different conformational states of R domains
have been observed in native a-amino-3-hydroxy-5-methyl-4-

GIuN1R or GIuN2BR

) ) o Fig. 6. Trypsin sensitivity of the het-
Without immunoprecipitation

erodimer GluN1R/GluN2BR with sperm-
ine or ifenprodil and of GluN1R or
GluN2BR monomer. The heterodimer
GluN1R/GluN2BR with and without
spermine (100 pM) or ifenprodil (1 pM)
was treated with trypsin, and the level of
GluN1R and GluN2BR was measured as
described under Materials and Methods.
Complexes were immunoprecipitated
with anti-GluN1 antibody and detected
by Western blot analysis with anti-GluN1
or anti-GluN2B antibodies. In the right
panel, GluN1R or GluN2BR monomer
was incubated with trypsin and detected
by Western blot analysis with anti-GluN1
or anti-GluN2B antibodies. The level of
protein was quantified with a LAS-3000
luminescent image analyzer (Fuji Film,
Tokyo, Japan). Relative amounts are
shown as mean *+ S.E. of triplicate deter-
minations. Student’s ¢ test was performed
for the control values versus the values
obtained with trypsin treatment. s, p <
0.01; =+, p < 0.001.

Control +Trypsin

.__' B —
| —
T

1.00+0.06 0.28"**+0.09

Control +Trypsin

— g

1.00 +0.07 0.33** +0.07
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Fig. 7. Effects of spermine and ifenprodil at GluN1/GluN2 receptors containing wild-type or chimeric GluN2B and GluN2A subunits. Schematics of
the chimeric GluN2B and GluN2A constructs are shown in the figure. R1, R2, L1, and L2 indicate lobes of the R domains and LBDs, respectively.
Linker (| ) indicates the linker region between the R domains and the LBDs. Spermine stimulation and ifenprodil inhibition were measured at
GluN1/GluN2 receptors containing wild-type or chimeric GluN2 subunits using 100 pM spermine and various concentrations of ifenprodil in oocytes
voltage-clamped at —20 mV. The EC;, values for glutamic acid and glycine were determined from currents measured over a range of concentrations
of glutamic acid and glycine. Values are means from at least five oocytes. Statistical analysis was performed using one-way analysis of variance with
a Tukey-Kramer post hoc test. #*, p < 0.01 versus values obtained from GluN1/GluN2B receptors.

isoxazolepropionic acid receptor complexes (Nakagawa et al.,
2005).

With regard to the complex of spermine-GluN1R/GluN2BR, a
similar model has been proposed based on the measurement
of NMDA receptor activity using mutants at a number of
cysteine and acidic amino acid residues (Mony et al., 2011).
We have taken a similar approach, but our model allows for
more detail because many amino acid residues involved in
spermine stimulation were identified (Fig. 1). In our model,
not only the R2 lobes of both GluN1R and GluN2BR but also
the R1 lobe of GIuN1R are involved in the formation of the
complex with spermine. Spermine bound at the interface
between GluN1R and GluN2BR rather than within the cleft
of GluN1R and GluN2BR.

With regard to the ifenprodil-GluN1R/GluN2BR complex,
the reported X-ray crystallographic structure was deter-
mined using a splice variant of GluN1R from Xenopus laevis
that includes exon 5 (Karakas et al., 2011), rather than a
GluN1R variant that lacks exon 5 (used in the present work),
together with rat GluN2BR. Our model constructed with rat
GluN1R (lacking exon 5) and GluN2BR was essentially the
same as the published crystal structure (Karakas et al.,
2011). The results confirmed that the effects of ifenprodil on
GluN1/GluN2B receptors are not affected markedly by the
presence or absence of the exon 5 insert (Pahk and Williams,
1997).

It was shown that residues Asp206, Asp210, and Asp213 in
GluN2BR are involved in both spermine stimulation and
ifenprodil inhibition. The structure of the region containing
these three residues may be flexible and not contribute di-
rectly to the binding sites for spermine and ifenprodil. How-
ever, this region may be important for the formation of a
ternary complex containing GluN1R, GluN2BR, and sperm-
ine (or ifenprodil). Notably, the structure of this region in
GluN2AR is different from the structure in GIluN2BR, and
spermine stimulation and ifenprodil inhibition are not ob-
served in receptors containing GluN1 plus GluN2A. Thus,
this region may be the key determinant of the subunit-spe-
cific effects of spermine and ifenprodil.

In conclusion, the structure of the GluN1R/GluN2BR het-
erodimer was changed significantly through the binding of
spermine or ifenprodil. Such a structural change is probably
involved in alterations in NMDA receptor channel gating
through an interaction with the LBDs.
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