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A. STATEMENT OF THE PROBLEM STUDIED

Over the past three years our research efforts have been focused on the isolation from brain neuronal
membranes of a complex of proteins that have the characteristics of a glutamate/NMDA receptor, the
characterization of ligand binding sites associated with this complex and the analysis of the ion channel properties of
the complex upon reconstitution in planar lipid bilayer membranes, and the cloning of theglutamate-binding, CPP-
binding, and glycine-binding proteins of this complex. '

B. SUMMARY OF THE MOST IMPORTANT RESULTS

1. Isolation of synaptic membrane proteins that are associated with an NMDA receptor-like function. A protein
fraction eluted from an L-glutamate-ReactiGel matrix by introducing 5 mM NMDA into the elution buffer contains
proteins with estimated molecular sizes based on migration in SDS-PAGE that are equal to 70, 62, 43 and 41
(doublet), and 36 and 31 (doublet) kDa (Kumar et al., 1991; 1994). These proteins represent a greater than two-
thousandfold enrichment of NMDA -sensitive L—[3H] glutamate and MK-801-sensitive [3H]TCP binding entities
when compared with brain homogenates. The strychnine-insensitive [3H] glycine binding activit)j' in the NMDA-
eluted protein fractions is 218 £ 95 pmol/mg (95 nM glycine, n=5 determinations) and that for ["H]CPP binding is
100 + 25 pmol/mg protein (100 nM CPP, n=6 determinations). These observations are indicative of the co-
purification and enrichment of four recognition sites of NMDA receptors in this protein fraction. The estimated
equilibrium dissociation constant (Kp ) for L-glutamate binding to the agonist recognition sites in the complex is 99
nM and the maximum binding capacity (Bpmay) for these sites is 1.22 nmol/mg protein. The K; for NMDA
displacement of L-[3H] glutamate bound to this protein complex is 490 nM. The estimated Kp for [3H]TCP binding
to the complex is 73 nM and the B, is 1.5 nmol/mg protein. L-Glutamate and glycine added at a concentration of 5
UM and spermidine at 1 mM to the assay medium increased both the observed association rate constant (Kqps) and
the B, for the binding of [*HJTCP to the purified proteins. These observations are indicative of the presence of an
apparently intact NMDA receptor-ion channel complex in these protein preparations in which the agonist, co-
activator, and polyamine binding sites interact with the ion channel sites labeled by TCP. This complex has been

" purified further through chromatography on Sephacryl S-400 HR and sucrose density sedimentation to a final

enrichment of NMDA receptor ligand-binding sites that is greater than 6,000-fold of those observed in whole brain
homogenates (Kumar et al., 1994).

2. Reconstitution of the complex into planar lipid bilayer membranes. The possible formation of ion channels by
the isolated complex of proteins has been examined in reconstitution studies in which both ion flux into liposomes
(Ly and Michaelis, 1991) and ion channel conductance across planar lipid bilayers (Minami et al., 1992; Michaelis
et al., 1992) were measured. The Gaussian fits to all events collected from 6 reconstitution experiments reveal one
major conductance state of 48 pS and two less frequent conductance states of 23 and 71 pS. The reversal potential
for all three states of glutamate-induced openings of ion channels is approximately 0 mV. The slope conductances
for the three types of channel open states were obtained from linear I-V relationships and are estimated to be 23.1 +
0.7 pS, 46.8 + 1.0 pS, and 74.3 + 1.4 pS. The NMDA-activated conductance of these channels is blocked by the
introduction into the "trans" chamber of the channel blocker MK-801 or by the co-introduction of two open-ion
channel blockers, MK-801 and ketamine. Treatment of bilayers with the anti-70 kDa glutamate-binding protein
antibody (IgG fraction, see below) introduced to the "trans" side (extracellular face of membrane) causes a decrease
in the amplitude of channel events and in the total current measured over 50 s periods. Complete inhibition of all
glutamate-activated currents was also achieved by the introduction into the "trans" face of the bilayer of a well
characterized and highly specific monoclonal antibody to the 70 kDa glutamate binding protein. This antibody was
used previously to screen cDNA libraries and clone the cDNA for the glutamate binding protein (Kumar ez al.,
1991) and to label neurons and monitor the expression of this protein in neurons (Mattson et al., 1991; 1993).




3. Isolation of subunits of a glutamate/NMDA receptor complex and immunochemical characterization of the
isolated proteins. The purification of 63—71 kDa glutamate-binding proteins from rat brain synaptic membranes
was previously reported from this laboratory (Chen et al., 1988; Wang et al., 1992). Antibodies raised against the
purified glutamate-binding protein (Chen et al., 1988; Eaton et al., 1990) label a 63—71 kDa protein band in
synaptic membranes (Chen et al., 1988; Eaton et al., 1990, Wang et al., 1992), in protein fractions eluted by
NMDA from glutamate ReactiGel affinity matrices (Kumar et al., 1991), and in the fractions purified through
chromatography on Sephacryl S-400 HR (Kumar et al., 1994).

A 54-58 kDa protein was first purified in our laboratories and characterized as a CPP-, 2-AP5-, 2-AP7-,
and CGP 39653-binding protein (Cunningham and Michaelis, 1990; Eggeman et al., 1993). Antibodies raised
against the 54—58 kDa CPP and CGP 39653-binding protein most often labeled a protein species of 79-83 kDa
molecular size in synaptic membranes (Eggeman et al., 1993). The anti-54 kDa antibodies also immunoextract 62%
of the [ H]CGP 39653 binding sites from solubilized synaptic membrane proteins (Eggeman et al., 1993).

In order to probe the structure and function of the other two putative subunits of a glutamate/NMDA
receptor complex, i.e., the 41—43 and 31-36 kDa proteins, antibodies were raised against these proteins following
purification through affinity chromatography on glutamate-ReactiGel columns and electroelution of the specific
protein bands from SDS-PAGE. Also, affinity chromatography procedures were developed for the purification of a
glycine-binding protein that we believe is part of the complex identified above Purification of a protein of ~60 kDa
to homogeneity has been achieved by this technique, and this protein binds [ H]glycine with a stoichiometry of 1 mol
glycine per mol of protein.

4. Cloning of the CPP-binding and glycine-binding protein cDNAs and studies of the expression of these
proteins in brain. The cloning of the cDNA for the 71 kDa glutamate-binding protein was achieved in 1991
(Kumar et al., 1991). The structure of this protein bears no significant homology to the structure of either
NMDAR1 or NMDAR? or the kainate/AMPA receptors. E. coli transformed with the cDNA for the glutamate

. binding protein express the protein in a state that binds L-glutamic acid with the same affinity as that of the protein
purified from brain (Kumar et al., 1991). Site-directed mutations were introduced in the expressed protein to probe
the regions that contribute predominantly to the expression of ligand binding activity (Hong et al., unpublished
observations). A region near the C-terminal of the protein has been identified which plays a dominant role in the
expression of glutamate binding activity. Mutants which express a protein that has the whole N-terminal region up
to the putative transmembrane domain #4 removed, exhibit higher levels of binding activity than the mutants in
which 14 amino acids near the C-terminal region were deleted. The change in ligand binding characteristics of the
mutated proteins in this critical 14 amino acid region is a decrease in both Kp and B, for L-glutamic acid binding
to the protein. These observations confirm the likely extramembranous position of the C-terminal of the protein and
indicate that expression of this protein in bacterial cells provides a useful model for the study of ligand binding
selectivity.

The antibodies raised against the previously purified 54 kDa fragment of the CPP or CGP 39653-binding
protein have also been used in library screening and a 2.8 kb cDNA was cloned, which upon expression in bacteria
leads to the production of an 83 kDa protein which binds both [ H]CPP and CGP 39653 (Johnson et al., 1992). JE——
Preliminary studies indicate that this cloned and expressed protein has unique NMDA receptor sites that T

are sensitive to organophosphate inhibition (Johnson and Michaelis, unpublished observations). E
The sequence of the cloned cDNA already obtained is not homologous to other NMDA receptor proteins. A larger a
cDNA clone of 3.8 kb for the CPP-binding protein was also isolated and the sequencing of this clone is now nearly a

complete. Both the 3.8 and 2.8 kb clones label brain mRNA that has an estimated size of 3.8 kb, which is indicative ==
that the 3.8 kb clone represents the complete message for this protein. Both the glutamate-binding and the CPP-
binding proteins have recently been stably expressed in mammalian cells (green monkey kidney CV-1 cells) uSing ——epgmm—e—
the stable episomal expression of a vector that includes the Epstein Barr Virus EBNA1 and Ori regions. Cells ‘fﬂz_,_____
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stably transformed were selected through expression of antibiotic resistance genes for G418 and hygromycin.
Each of the cell lines that are stably expressing these proteins showed immunochemically recognizable proteins of
66 kDa for the glutamate-binding protein and 83 kDa for the CPP-binding protein.

In the most recent studies, cerebellar libraries were screened with the anti-43 kDa antibodies and eleven
clones were identified as expressing an immunoreactive protein. The largest insert in one of these clones is 1.8
kb. The sequence for this cDNA was completed and it is a unique sequence with only 20% homology to the
glutamate-binding protein (NMDARA 1) but no homology to either NMDART1 or R2 proteins. Northern blot
analyses of rat brain RNAs performed using the cloned cDNA reveal a 1.8 kb brain mRNA that is strongly
labeled. This indicates that the 1.8 kb cDNA insert is the complete message for this protein. This protein and its
cDNA are referred to as NMDARAS3. The transformation of E. coli with the cDNA for the NMDARA3 leads to
the expression of str;/chmne—msensmve but 5,7-dichlorokynurenic acid-sensitive [ H]glycine binding entities
which also contain ["H]TCP binding sites.

One of the key observations for both the NMDARA3 purified from brain synaptic membranes as well as
the protein expressed from the cloned cDNA is that the TCP binding activity of the protein is very strongly
enhanced by L-glutamate and glycine. These observations are a clear indication that this protein is indeed a
component of an NMDA receptor in brain.
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