British Journal of Pharmacology (2000) 130, 65-72

© 2000 Macmillan Publishers Ltd Al rights reserved 0007 -1188/00 $15.00 C‘)

www.nature.com/bjp

Characterization of the binding of two novel glycine site antagonists
to cloned NMDA receptors: evidence for two pharmacological

classes of antagonists
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1 The potency of two novel glycine site antagonists, GV150,526A and GV196,771A, was assessed
by their ability to inhibit the binding of [PH]-MDL105,519 to cell homogenates prepared from
mammalian cells transfected with either NR1-1a, NR1-2a, NR1-1a/NR2A, NR1-1a/NR2B, NR1-1a/
NR2C or NR1-1a/NR2D NMDA receptor clones.

2 The inhibition constants (K;s) for GV150,526A displacement of [PH]-MDL105,519 binding to
either NR1-1a or NR1-2a expressed alone were not significantly different and were best fit by a one-
site binding model. GV150,526A inhibition to NR1-1a/NR2 combinations was best fit by a two-site
model with the NR1-1a/NR2C having an approximate 2—4 fold lower affinity compared to other
NR1-1a/NR2 receptors.

3 The K;s for GV196,771A displacement of [*'H]-MDL105,519 binding to NR1-1a, NR1-2a and all
NRI1-1a/NR2 combinations was best fit by a two-site binding model. There was no significant
difference between the Ks for the binding to NR1-1a and NR1-2a; NR1-1a/NR2A receptors had an
approximate 4 fold lower affinity for GV196,771A compared to other NR1-1a/NR2 combinations.
4 The K;s for both GV150,526A and GV196,771A for the inhibition of [*H]-MDL105,519 binding
to membranes prepared from adult rat forebrain were determined and compared to the values
obtained for binding to cloned NMDA receptors.

5 The K;s for a series of glycine site ligands with diverse chemical structures were also determined
for the inhibition of [?’H]-MDL105,519 binding to NR1-1a/NR2A receptors. L689,560 displayed
similar binding characteristics to GV150,526A.

6 It is suggested that glycine site antagonists may be divided into two classes based on their ability
to distinguish between NR1 and NR1/NR2 receptors with respect to binding curve characteristics.
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Abbreviations:

ACEA1021, 5-nitro-6,7-dichloro-1,,4-dihydro-2,3-quinoxalinedione; CGP 6154, (+)-trans-4-[2-(4-azidophenyl)-

acetylamino]-5,7-dichloro-1,2,3,4-tetrahydro-quinoline-2-carboxylic acid; DKA, 5,7 dichlorokynurenic acid;

DMSO, dimethylsulphoxide;
acid sodium salt;

GV150,526A, (3-[2-(phenylaminocarbonyl)ethyl]-4,6-dichloroindole-2-carboxylic
GV196, 771A (E-4,6-dichloro-3-(2-oxo-1phenyl-pyrrolidin-3-ylidenemethyl)-1H-indole-2-

carboxylic acid; HEK, human embryonic kidney; K, dissociation/inhibition constant; L689,560, trans-2-
carboxy-5,7-dichloro-4-phenylaminocarbonyl amino-1,2,3,4-tetrahydroquinoline; L701,324, 7-chloro-4-hydroxy-
3-(3-phenoxy)phenyl-2(H)-quinolone; MDL105,519, (E)-3-(2)-phenyl-2-carboxyethenyl)-4,6-dichloro-1-indole-2-
carboxylic acid; MK8O1, (+)-5-methyl-10,11dihydro-dibenzo[a,d]ccyclohepten-5,10-imine; NMDA, N-methyl-D-
aspartate; NR1, NR2 etc., NMDA receptor subunit 1,2

Introduction

The N-methyl-D-aspartate (NMDA) subclass of glutamate
receptor is an ionotropic receptor with a high permeability for
Ca*" requiring the binding of both the agonist, L-glutamate,
and the co-agonist, glycine, for channel activation. NMDA
receptors play a crucial role in long term potentiation (Bliss &
Collingridge, 1993) and nociception (reviewed in Dickenson
1990). They are also involved in the pathophysiology of many
neurological disorders including epilepsy and hypoxic damage
(reviewed in Meldrum & Garthwaite, 1990). NMDA receptor
antagonists have potential therefore as drugs for the treatment
of cerebral ischaemia and neurotrauma. However, glutamate
and non-competitive NMDA receptor antagonists such as the
channel blocker, (+)-5-methyl-10, 11 dihydro-dibenzo[a,d]c-
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cyclohepten-5,10-imine (dizocilpine, MK801), have a plethora
of side effects which include psychomimetic effects, memory
impairment, neurotoxicity, tachycardia, and hypertension
(reviewed in Danysz & Parsons, 1998). In contrast, glycine
site antagonists with nanomolar affinity for the strychnine-
insensitive glycine binding site of the NMDA receptor have
been developed which have more promising therapeutic
profiles. These include 5,7-dichlorokynurenic acid (DKA),
L689,560 (trans-2-carboxy-5,7-dichloro-4-phenylaminocarbo-
nyl amino-1,2,3,4-tetrahydroquinoline) and ACEA1021 (5-
nitro-6,7-dichloro-1,4-dihydro-2,3-quinoxalinedione; reviewed
in Danysz & Parsons, 1998). These compounds have served as
templates for a new generation of glycine site antagonists
which include substituted indole-2-carboxylates such as
GV150,526A  (3-[2-(phenylaminocarbonyl)ethyl]-4,6-dichlor-
oindole-2-carboxylic acid sodium salt) and GV196,771A
(E-4,6-dichloro-3-(2-oxo-1phenyl-pyrrolidin-3-ylidenemethyl)-
1H-indole-2-carboxylic acid sodium salt). GV150,526A re-
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duces the infarct area and protects against somatosensory
evoked potentials in the middle cerebral occlusion model of
focal ischaemia in the rat (Bordi et al., 1997). Furthermore it is
devoid of amnestic side effects at doses well above the
neuroprotective range of action (Bordi et al., 1997). It is
currently in phase III clinical trials for treatment of stroke.
GV196,771A’s in vivo properties include a reduction in the
pain sensitivity in the second phase of inflammation in the
formalin test and it blocks the sensitization caused after
chronic constriction injury of the left sciatic nerve in rat
(Quartaroli et al., 1999). It has been suggested that
GV196,771A is an anti-hyperalgesic compound useful in the
treatment and prevention of chronic pain. GV150,526A and
GV196,771A displace strychnine-insensitive [*H]-glycine bind-
ing to membranes prepared from adult rat cerebral cortex with
inhibition constants, K;=3.2 nM (Mugnaini et al., 1997) and
K;=28 nM (Quartaroli et al., 1999) respectively.

The NMDA receptor is a hetero-oligomeric protein
complex. There are six known NMDA receptor genes encoding
three types of subunit, NR1, NR2 and NR3A. The NRI1
subunit has eight distinct forms generated by alternative
splicing designated NR1a,1b—NR4a,4b. Four separate genes
encode the homologous NR2A —NR2D subunits. Functional
NMDA receptors are assembled from a combination of both
NR1 and NR2 subunits yielding receptor subtypes with
distinct electrophysiological and pharmacological properties
(reviewed in Hollmann & Heinemann, 1994; Sucher et al.,
1996; Das et al., 1998). Site-directed mutagenesis, glycine site
agonist and antagonist radioligand binding to cloned receptors
as well as [PH]-CGP 6154 ((+)-trans-4- [2-(4-azidophenyl)-
acetylamino]-5, 7-dichloro-1,2,3,4-tetrahydro-quinoline-2-car-
boxylic acid) photoaffinity labelling has led to the localization
of both agonist and antagonist glycine binding sites to the
NRI1 subunit (Hirai et al., 1996; Grimwood ef al., 1995; Honer
et al., 1998). The glutamate binding domain is formed by the
NR2 subunits (Laube et al., 1997).

Here, we investigate the NMDA receptor subtype selectivity
of GV150,526A and GV196,771A by assaying their ability to
inhibit the binding of the glycine site antagonist, [*H]-
MDLI105, 519 ((E)-3-(2)-phenyl-2-carboxyethenyl) -4,6-di-
chloro-1 [*H]-indole-2-carboxylic acid), to both native and
cloned NMDA receptors. Some of these results have been
published in abstract form (Chopra et al., 1998; 1999).

Methods

Plasmid construction and transfection of cells

The full-length cDNAs encoding the rat NR1-1a, NR1-2a and
mouse NR2A, NR2B and NR2C (alternative nomenclature
NRel, NRe2, NRe3) were subcloned into the mammalian
expression vector pCIS, as previously described (Chazot et al.,
1992; 1994; Cik et al., 1993). The cDNA encoding the mouse
NR2D (alternative nomenclature NRe4), was excised from the
pSPGR4 vector (Moriyoshi er al., 1991) and directionally
cloned into the HindIll/EcoRI cloning sites of the pcDNA
mammalian expression vector. Human embryonic kidney
(HEK) 293 cells were cultured and transfected with NMDA
receptor clones using the calcium phosphate precipitation
method (Cik et al., 1993). HEK 293 cells were transfected with
either each individual plasmid (10 ug total DNA) or pCISNR1-
la/pCISNR2A, pCISNRI1-1a/pCISNR2B, pCISNRI1-1a/
pCISNR2C, pCISNR1-1a/pcDNANR2D binary combinations
(10 pug total DNA in 1:3 ratios respectively). Cells transfected
with pCISNR1-1a/pCISNR2A and pCISNRI1-1a/pCISNR2B

were grown in the presence of 1 mM ketamine post-transfection
to prevent NMDA receptor-mediated cytotoxicity.

Preparation of P2 membranes and cell homogenates

from HEK 293 transfected cells

Well-washed P2 membranes were prepared from adult Wistar
rat forebrains as previously described (Chazot et al., 1993).
Transfected HEK 293 cells were harvested 24 h post-
transfection. The cell suspensions were centrifuged at
3000xg for Smin at 4°C, the pellets collected and
homogenized with a Dounce glass/glass homogenizer in ice-
cold 50 mMm Tris-citrate, pH 7.4, containing S mM EDTA, and
5 mM EGTA. The homogenate was recentrifuged at 30,000 x g
for 30 min at 4°C. The pellet was again homogenized and
centrifuged. The final cell pellet was then resuspended in
50 mMm Tris-citrate, pH 7.4, containing 5 mM EDTA, and
5mM EGTA and either assayed immediately for [*H]J-
MDL105,519 radioligand binding activity or analysed for the
expression of the NMDA receptor subunits by immunoblot-
ting using the appropriate anti-NMDA receptor subunit-
specific antibodies (Chazot & Stephenson, 1997a.b).

Protein determination

Protein concentrations were determined by the method of
Lowry et al. (1951) employing bovine serum albumin as the
standard protein.

Radioligand binding assays

[’H]-MDL105,519 competition radioligand binding assays
were carried out by a rapid filtration assay (Chazot et al.,
1998). Well-washed HEK 293 cells homogenates (50—100 ug
protein) or adult rat P2 membranes (100 ug protein) in
50 mm Tris-citrate, pH 7.4, containing 5 mM EDTA, and
5 mMm EGTA were incubated with [*'H]-MDL105,519 (1 nm)
with either buffer or displacing drug to a final volume of
200 pl for 90 min at 4°C. Bound ligand was collected by
rapid filtration using a Brandel cell harvester onto glass fibre
filters (GF/B) which had been presoaked, in 50 mMm
potassium dihydrogen phosphate, pH 7.4 for at least 30 min
at 4°C. The filters were washed rapidly three times with ice-
cold 50 mM potassium dihydrogen phosphate, pH 7.4
(3x3 ml). Radioactivity was quantified using optiphase
scintillation fluid (4 ml) by liquid scintillation spectroscopy.
Non-specific binding was defined using 1 mM glycine in
50 mM Tris-citrate, pH 7.4. Stock solutions of GV150,526A
and GV196,771A were dissolved in 10 mM KOH and 1%
(v v™') dimethylsulphoxide (DMSO) respectively with sub-
sequent dilutions for both into 50 mM Tris-citrate, pH 7.4.
All other displacing drugs studied were dissolved in 0.1%
(v v™') DMSO with subsequent dilution into 50 mM Tris-
citrate, pH 7.4. [P'H]-MDL105,519 radioligand displacement
binding assays using both GVI150,526A and GV196,771A
were carried out using borosilicate glass tubes. All other
competition binding experiments were carried out in
polypropylene tubes. Note that the inclusion of 10 mMm
KOH, and 0.1% (vv~!) DMSO had no effect on [*H]-
MDL105,519 specific binding.

Data analysis
Results from the radioligand binding studies were analysed

using non-linear least squares regression analysis using Graph
PAD prism for both a one-site and a two-site binding model.
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The F-test was used to assess whether the one-site or the two-
site competition model best fit the data (P<0.05). The ICs,
values for competition curves fitted to a one-site model were
calculated from the following equation Y=A+(B—-A) /
1+ 10X where A and B are the minimum and maximum
percentage specific binding respectively, Y is the specific
binding at a fixed concentration of displacing drug and
X =log;, concentration of displacing drug. The ICs, values
for competition curves fitted to a two-site competition model
were calculated from Y=A+(B—A)/(Fraction 1/1+10
X—loglCamy 4 (1 — Fractionl/1 + 10X ~'°¢!®we) where A, B, X and
Y are the same as above: (1) and (2) are the high and low
affinity sites. For the one-site and two-site binding models, the
apparent inhibition constants (K;) were calculated using the
Cheng-Prusoff equation (Cheng & Prusoff, 1973), K;=1Cs/
[1+(L/Kp)], where ICs, is the concentration of ligand giving
50% inhibition of specific binding, [L] is the [*H]-MDL105,519
concentration and K,=the dissociation constant for the
binding of [*H]-MDL105,519 to the appropriate NRI or
NR1-1a/NR2 combination (Chazot et al., 1998).

Materials

The expression vector pcDNA was obtained from Invitrogen
(Netherlands). Ketamine was from Research Biochemicals Inc.
(Natick, MA; U.S.A.). ’H]-MDL105,519 (85 Ci mmol ") was
purchased from Amersham International (Aylesbury, Bucks.,
U.K.). GV150,526A and GV196771A, (both>99% purity as
determined by both mass spectrometry and high performance
liquid chromatography) were gifts from GlaxoWellcome
(Verona, Italy). All other drugs were purchased from Tocris
Neuramin (Bristol, U.K.). NMDA receptor cDNAs were
generous gifts from Professors S. Nakanishi (Kyoto, Japan)
and M. Mishina (Nigata, Japan). Human embryonic kidney
293 cells were a gift from Professor T. G. Smart (School of
Pharmacy, London, U.K.), and the pCIS plasmid was a gift
from Dr C. Gorman (Genentech, South San Francisco, CA,
U.S.A.). All other materials were of the highest commercial
purity available.

Results

Displacement of [PH]-MDLI105,519 binding to NRI
subunits expressed in HEK 293 cells by GV150,526 A,
GV196,7714 and MDL105,519

We previously showed that ["H]-MDL105,519 bound to both
the NR1-1a and NR1-2a splice forms when each was expressed
alone in HEK 293 cells with the same high affinity, i.e.
Kp~3 nM (Chazot et al., 1998). These two splice forms differ
in that NR1-2a does not contain exon 21, a 37 amino acid
insert also termed the C1 splice cassette which is found in
NR1-la adjacent to the transmembrane domain 4 in the
intracellular C-terminal tail. Thus these two splice forms were
also used for the characterization of the binding properties of
GV150,526A and GV196,771A to NRlsubunits expressed
alone in mammalian cells. Further, since it was again
previously shown that MDL105,519 did not distinguish
between NR1-1a and NR1-2a with respect to binding affinity,
displacement assays using MDL105,519 were always carried
out in parallel with those for GV150,526A and GV196,771A.
Competition  binding between [*H]-MDL105,519 and
GV150,526A, MDL105,519 to both NR1-1a and NR1-2a was
best fit to a one-site model (unpaired students z-test, P <0.05).
Hill coefficients were close to unity and there was no significant

difference in K;s between the different splice forms. The K;
values were for MDLI105,519, 13+5nM (NRI1-la) and
11+6 nMm (NR1-2a) and for GV150,526A, 3.4+1.5 nMm
(NRI-1a) and 5.0+3.0nM (NRI1-2a). In contrast,
GV196,771A binding to each of the NRI1 splice variants was
best fit by a two-site model (unpaired students z-test, P <0.05)
with Hill coefficients significantly <1, i.e. 0.6+0.1, indicating
the presence of more than one binding site. The high and low
K; values were respectively 8+3 nM; 153+41 nm (NRI1-1a)
and 4+2 nM; 121+20 nM (NR1-2a). The percentage con-
tributions for the high and low affinity sites were 47 +2%,
53+1% (NR1-1a) and 48 +2%, 52+2% (NR1-2a). Figure 1
shows typical inhibition curves. The values are the means+s.d.
for n=>5 binding curves from five separate transfections.

Displacement of [PH]-MDL105,519 binding to binary
NRI/NR2 subunit combinations by GV150,526A4,
GV196,7714, and MDL105,519

For all [’H]-MDL105,519 binding studies to NRI1/NR2
receptors expressed in HEK 293 cells, the expression of the
respective NR2 subunit was always verified by immunoblot-
ting using the appropriate anti-NR2 subunit antibody (results
not shown). Also, as for the NRI1 binding experiments,
MDL105,519 displacement assays were always carried out in
parallel with those for GVI150,526A and GV196,771A.
Displacement of [PH]-MDL105,519 binding to all four NR1/
NR2 combinations, i.e., NRI1-la/NR2A, NRI-1a/NR2B,
NR1-1a/NR2C, and NR1-1a/NR2D recombinant receptors
by both GV150,526A, and GV196,771A resulted in 100%
inhibition curves which were best fitted to a two-site model
(students r-test, P<0.05) with Hill coefficients in the range
0.4-0.6+0.2. In contrast, the competition profile of
MDL105,519 was significantly best fitted to a one-site model
(students r-test, P<0.05) with Hill coefficients in the range
0.9-1.040.1. Typical displacement curves for all three drugs
using 1 nM [*H]-MDL105,519 are shown in Figure 2, and
Table 1 summarizes the apparent inhibition constants. These
are the mean +s.d. for n=>5 displacement binding curves from
n=>5 transfections for each drug. There was no significant
difference in the affinity of MDL105,519 for the heteromeric
NMDA receptor subtypes investigated. The two sites that were
resolved from the displacement of [*'H]-MDL105,519 binding
to these heteromeric receptors by GV150,526A, and
GV196,771A were present in approximately equal propor-
tions; GV150,526A had an approximate 3 fold lower affinity
for the NR1-1a/NR2C high affinity site whereas GV196,771A
had an approximately 2 fold lower affinity for the NR1-1a/
NR2A low affinity site.

Displacement of [PH]-MDLI105,519 binding to adult rat

forebrain membranes by GV150,526A4, GV196,771A, and

MDLI105,519

[PH]-MDL105,519 competition curves were also carried out to
membranes prepared from adult rat forebrain using
GV150,526A, GV196,771A and MDL105,519. As before,
MDL105,519 displacement assays were carried out in parallel
with either GV150,526A or GV196,771A. Typical displace-
ment curves are shown in Figure 3 and the K;s are summarized
in Table 1. Both GV150,526A, and GV196,771A were best
fitted to a two-site model whereas the competition profile for
MDL105,519 was best fitted to a one-site sigmoidal model
(students -test, P<0.05). The Hill coefficients were 1.0+0.1
(MDL105,519); 0.54+0.1 (GV150,526A and GV196,771A).
Within experimental error, MDL105,519 had the same K; as
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all four NR1/NR2 combinations; the binding affinities of
GV150,526A and GV196,771A resembled most closely,
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Figure 1 Competition profiles for the inhibition of [*H]-
MDL105,519 binding to NRI-la and NRI1-2a NMDA receptor
subunits by GV150,526A, GV196,771A and MDL105,519. HEK293
cells were transfected with pCISNRI-la or pCISNRI1-2a (10 ug
DNA), by the calcium phosphate method, cells were harvested 24 h
post-transfection, well-washed cell homogenates prepared and [*H]-
MDL105,519 radioligand binding competition assays carried out all
as described in Methods. (A) Displacement by GV150,526A; (B)
Displacement by GV196,771A and (C), Displacement by
MDL105,519. Data points are means+s.d. for five separate
experiments from five independent transfections. MDL105,519, and
GV150,526A inhibition of [PH]-MDL105,519 binding to both of the
NRI1 splice forms was best fitted to one-site model. In contrast,
GV196,771A binding to each of the NRI1 splice variants was best
fitted by a two-site model (unpaired students t-test, P<0.05).
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Figure 2 Competition curves for the inhibition of [*H]-MDL105,519
binding by GV150,526A, GV196,771A and MDL105,519 to NR1-1a/
NR2A, NR1-1a/NR2B, NR1-1a/NR2C and NRI-1la/NR2D cloned
NMDA receptors. HEK293 cells were transfected with either
pCISNRI1-1a/pCISNR2A, pCISNRI1-1a/pCISNR2B, pCISNRI-1a/
pCISNR2C or pCISNRI-1a/pcDNANR2D (10 ug of DNA in a
1:3 ratio for NR1-1a:NR2 respectively) by the calcium phosphate
precipitation method. Cells were harvested 24 h post-transfection,
well-washed cell homogenates prepared and [*H]-MDLI105,519
radioligand binding competition assays carried out all as described
in Methods. (A) Displacement by GV150,526A; (B) Displacement by
GV196,771A; and (C) Displacement by MDL105,519. Data points
are means+s.d. for five separate experiments from five independent
transfections. MDL105,519 inhibition of [*H]-MDL105,519 binding
to all the heteromeric subtypes was best fit to a one-site model
whereas both GV150,526A and GV196771A displaced binding to
heteromeric receptors, which was best fit by a two-site model
(unpaired students #-test, P<0.05). The apparent K;s are summarized
in Table 1.
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Table 1 A summary of the apparent K;s for GV150,526A, GV196,771A and MDL105,519 binding to cloned NR1/NR2 binary NMDA

receptors expressed in HEK 293 cells

Receptor GV150,526 A
K (nm)
0.740.2 (53+2)*
84454 (47+2)*
0.5+0.1 (56 +2)*
80+ 54 (44+2)*

341 (56+2)*
109+47 (44+2)*
0.4+0.1 (56+2)*
47425 (44+2)*
2.6+1.2 (S1+3)*
42+34 (49+3)*

NR1-1a/NR2A
NRI1-1a/NR2B
NR1-1a/NR2C
NR1-1a/NR2D

Adult rat forebrain

GV196,7714 MDLI05,519
K; (nm) K; (nm)
6+3 (37+6)* 1244

4841260 (62+6)*

442 (55+4) 1545

220+ 100 (45+ 5)*

SI+1  (55+4)* 1246

180420 (454 5)*

442 (55+4)* 1847

153470 (454 5)*

92472 (44+5)* 15410

400+ 150 (56+6)*

MDL105,519 inhibition of [°’H]-MDL 105,519 binding to all four binary NMDA receptor combinations was best fitted to a one-site
model. GV150,526A and GV196,771A inhibition of [’H]-MDL 105,519 binding to all four combinations was best fitted to a two-site
model (unpaired student’s s-test, P <0.05). *Values are the apparent K;s for the two-site binding model with the percentage contribution

for each site given in brackets.
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Figure 3 Competition curves for the inhibition of [PH]-MDL105,519
binding by GV150,526A and GV196,771A to membranes prepared
from adult rat forebrain. Membranes were prepared from adult rat
forebrains and [*H]-MDL105,519 radioligand binding competition
assays carried out as described in Methods for GV150,526A,
GV196,771A and MDL105,519. Data points are means+s.d. for
three separate experiments. The apparent inhibitory constants (K;s)
are summarized in Table 1.

receptors, the abundance of the binding sites resolved by the
two-site model was approximately 50%.

Displacement of [*H]-MDL105,519 binding to NRI-1a/
NR2A receptors expressed in HEK 293 cells by glycine,
DKA, L701,324, and L689,560

Competition profiles for the inhibition of [*H]-MDL105,519
binding to NRI1-1a/NR2A receptors by other glycine site
ligands with diverse chemical structures were carried out to
establish whether these could also resolve more than one
binding site as found for the displacement of [*H]-
MDL105,519 binding to NR1/NR2 receptors by GV150,526A,
and GV196,771A. Figure 4 shows the resultant competition
curves for the inhibition of PH]-MDL105,519 binding to NR1-
1a/NR2A receptors by glycine, DKA, L701,324 (7-chloro-4-
hydroxy-3-(3-phenoxy)phenyl-2(H)-quinolone), and L689,560.
Hill coefficients were close to unity for glycine, DKA and
L701,324 displacement curves. Values were, 1.0+0.1; 0.9+0.2
and 1.0+0.1 respectively. The displacement curve for
L689,560 however, was best fitted by a two-site model with a
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Figure 4 Competition curves for the inhibition of [*H]-MDL105,519
binding to NR1-1a/NR2A receptors expressed in HEK 293 cells by
glycine, DKA, L701,324 and L689,560. HEK 293 cells were
transfected with either pCISNR1-1a/pCISNR2A (A, 10 ug of DNA
in a 1:3 ratio) or pCISNRI-la (B) by the calcium phosphate
precipitation method. Cells were harvested 24 h Post—transfection,
well-washed cell homogenates prepared and ["H]-MDL105,519
radioligand binding competition assays carried out all as described
in Methods. Data points are means+s.d. for three separate
experiments from three independent transfections. For (A) glycine,
DKA and L701,324 inhibition of [PH]-MDL105,519 binding was best
fit to a one-site model whereas L689,560 was best fit by a two-site
compared to a one-site model (unpaired students #-test, P<0.05). (B)
L689,560 inhibition of [*’H]-MDL105,519 binding was best fitted by a
two-site compared to a one-site model for NR1-1a/NR2A but by a
one-site fit for NR1-1a (unpaired students r-test, P<0.05).
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Figure 5 Chemical structures of glycine site ligands. The filled areas
show the molecule determinants shared by all the glycine site
antagonists; the hatched areas show the structural moieties shared
between those antagonists which display complex binding behaviour
in [*H]-MDL105,519 inhibition assays.

Hill coefficient significantly less than one, 0.6+0.2 (unpaired
students r-test, P<0.05). K; values were:- glycine,
3900+ 1000 nM; DKA, 50410 nm; L701,324, 4.2+1.1 nM
and L689,560, 2.440.7 nM and 70+43 nM, with 464+4% and
54+4% percentage contributions to each site respectively.
Note that the displacement curve for the inhibition of [*H]-
MDL105,519 binding to NR1-1a by L689,560 was best fitted
by a one-site binding model (Figure 4).

Discussion

In this study, the binding properties of two glycine site
antagonists, GV150,526A and GV196,771A, to both native
and cloned NMDA receptor subtypes expressed transiently in
HEK 293 cells were characterized using the glycine site
antagonist radioligand, [P’H]-MDL105,519. GV150,526A and
GV196,771A both displaced [*H]-MDL105,519 radioligand
binding with high affinity from NR1-1a, NR1-2a and NR1-1a/
NR2 receptors. Overall, GV196,771A had an approximate 10
fold lower affinity than GV150,526A for all NMDA receptor
subtypes studied including those expressed in adult rat
forebrain. These findings are in agreement with previous
binding studies where it was shown that both GV150,526A and
GV196,771A are high affinity ligands for the strychnine-
insensitive glycine binding site of the NMDA receptor
(Mugnaini et al. 1997; Quartaroli et al., 1999), the major
determinants for high affinity glycine site antagonists reside on
the NR1 subunit and that the 37 amino acids of the C1 exon
present in the NR1-1a but not the NR1-2a splice variant does
not effect antagonist binding affinity (Siegel et al., 1996;

Grimwood et al., 1995; Laurie & Seeburg, 1994; Chazot et al.,
1998). However, the interesting finding was that for
GV150,526A in NRI1-1a/NR2 combinations and in native
brain membranes, the Hill coefficients of all four displacement
curves were significantly <1 and were best fitted by a two-site
binding model. For GV196,771A, the situation was more
complex since all displacement curves, i.e. binding to NR1-1a,
NR1-2a, NRI-1a/NR2 or brain membranes yielded Hill
coefficients < 1 and were best fitted by a two-site model.

Biphasic, concave inhibition curves may be the result of
either impurity and/or stability of the displacing ligand;
binding to a heterogeneous population of receptors which
have different affinities for the ligand; the existence of two
binding sites within a receptor with different affinities for the
ligand; different states of an apparently single binding site and
negative co-operativity. For GV150,526A, the biphasic
binding curve is coincident with the presence of the NR2
subunit since displacement assays carried out in parallel and
under identical conditions to NRI-la and NRI1-1a/NR2
yielded one-site and two-site fits respectively thus together
with the>99% purity determined by high performance liquid
chromatography and mass spectrometry eliminates ligand
impurity and stability as a possible explanation for hetero-
geneity.

When mammalian cells are transfected with NR1 and
NR2 clones, the expressed receptors are heterogencous being
a mixture of unassembled NR1 and assembled NR1/NR2
complexes (Chazot & Stephenson, 1997b). The biphasic
displacement curves may therefore be explained by
GV150,526A having lower affinity for NR1/NR2 compared
to NRI1 receptors. The high affinity K;s for the two-site fit
are in approximate agreement with the K; values for binding
to NRI1-1a single subunits (c.f. Table 1 and Results). When
the NR1-1a subunit is expressed alone, it has been reported
that it does not reach the cell surface but it is retained in
intracellular occlusions associated with the endoplasmic
reticulum (Mcllhinney et al., 1998). Thus the one-site versus
two-site models may be resolved by the displacement of
[FH]-MDL105,519 binding by GV150526A to cell surface
receptors rather than to homogenates of transfected cells
where putative intracellular pools are accessed by the
hydrophilic radioligand. However, Ehlers et al. (1995) found
that NR1 splice forms containing the first COOH-terminal
cassette, C1, i.e. NR1-la and NR1-3a, when expressed alone
in fibroblast cells were located in discrete, receptor-rich
domains associated with the plasma membrane in contrast
to the splice variants lacking this cassette (NR-2a and NR-
4a) which were distributed throughout the cell. The
resolution of these studies did not permit distinction between
NRI1-1a labelling expressed on the cell surface or NR1-1a
labelling localized to the intracellular face of the membrane.
If NR1-1a is expressed at the cell surface, it would exclude
the possibility of distinguishing between NR1-la and NRI1-
1a/NR2A receptors by cell surface binding studies.

In a previous study, [*H]-GV150,526A in the concentra-
tion range, 0.3—30 nM, and using glycine to measure the
non-specific binding, bound with a single high affinity site
to membranes prepared from rat brain (Mugnaini et al.,
1997). This is in contrast to the results reported here in
that the displacement of [FH]-MDL105,519 binding by
GV150,526A to brain membranes was best fit by a two-
site. model. The discrepancies may be explained by the
narrow range of [PH]-GV150,526A used, i.e. 0.3-30 nMm
with the K; (low affinity) for NR1/NR2A or NRI1/NRB,
the most prevalent receptor subtypes, being K;=80 nM and
the inherent difficulty of using [*H]-GV150,526A. The
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latter results in low signalinoise ratios at high [*H]-
GV150,526A concentrations thus making deviation from
one-site binding difficult to detect.

Several other glycine site antagonists were studied in [*H]-
MDL105,519 displacement assays to see if under the assay
conditions used here, they exhibited similar behaviour to
GV150,526A. Of the five compounds, only L689,560 yielded a
one-site fitted to NR1-1a and a two-site fit to NR1-1a/NR2A
receptors. Grimwood et al. (1995) also reported a Hill
coefficient of 1.00 for the displacement of [PH]-L689,560
binding by unlabelled L689,560 to both singly expressed
NR1-1a and NR1-4a subunits. No binding information has yet
been published for NRI/NR2 combinations. However,
displacement by 1.689,560 in either [*’H]-L689,560 or [*H]-
glycine inhibition assays to rat brain also yielded a Hill
coeflicient of 1.0 although the rates of dissociation/association
were both better fitted by a double exponential suggestive of
heterogeneity of sites (Grimwood et al., 1992). In another
study, Parsons et al. (1997) found that L689,560 displaced the
binding of [*H]-MDL105,519 to rat cerebral cortical mem-
branes with a Hill coefficient=1.13.

Although to our knowledge, this is the first time that glycine
site antagonist binding has been found to be best fitted by a
two-site binding model and that this property has been
ascribed to the NR2 subunit even though the major
determinants for high affinity binding are localized within the
NRI1 subunit, there is some evidence which suggests that NR2
subunits may contribute to the affinity of this site. For
example, MDL105,519 does not distinguish between all four
NR1-1a/NR2 forms but in functional studies, L.689,560 has a 5
fold selectivity for NRI-la/NR2A compared to NRI-1a/
NR2B receptors and notably, the antagonist response curve
for NR1-1a/NR2A deviated from sigmoidal behaviour (Hess
et al., 1996); DKA has an approximate 2 fold lower affinity for
NRI1-NR2B, NR1/NR2D compared to NR1/NR2A and NR1/
NR2C (Laurie & Seeburg, 1994). More recently, it was shown
that [PH]-CGP 61594, a glycine site antagonist which is also a
photoaffinity ligand, preferentially labelled NR2B-subunit
containing NMDA receptors although the incorporated
radioactivity was associated with only the M, ~ 120 000 NR1
subunit (Honer ez al., 1998). A low affinity reversible binding
site for [PH]-CGP 61594 was found in rat cerebellar
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