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Oligomeric N-methyl p-aspartate receptor (NMDAR) in brain is a ligand-gated ion channel that
becomes selectively permeable to ions upon binding to ligands. For NMDAR channel, the binding of glu-
tamate and glycine results in opening of the calcium permeable channel. Because the calcium influx
mediated by NMDAR is important for synaptic plasticity and excitotoxicity, the function of NMDA recep-
tors has been implicated in both health and disease. Native NMDA receptors are thought to be het-
eromeric pentamers with a central ion conduction pathway. There are five genes (NR1, 2A, 2B, 2C, and
2D) encoding various subunits that have been cloned, and NR1 is thought to be the essential subunit
since it forms a functional channel by itself. To study NMDAR structure and function, we have searched
for peptide modulators of NR1 using random peptide bacteriophage libraries. The peptides were identi-
fied based on their specific association with a purified receptor fusion protein that contains the putative
ligand binding domain. We report the identification of one group of cyclic peptides (Mag-1) with a
consensus sequence of CDGLRHMWFC. Using biochemical binding analysis and patch clamp electro-
physiological recording, we show that the synthetic Mag-1 peptides cause noncompetitive inhibition of
the receptor channel activity.
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N-methyl D-aspartate receptor (NMDAR) channels belong to the
superfamily of ligand-gated ion channels. The glutamate-mediated
channel activity is important for synaptic plasticity, synaptogenesis,
and excitotoxicity. NMDARs are encoded by at least five genes
(NR1, 2A, 2B, 2C, and 2D) and their spliced variants’. NR1 is an
essential subunit for mediating glutamate-induced channel activity,
since a homomultimeric NR1 complex, when expressed in Xenopus
oocytes, exhibits some of key properties found in native channels.
These properties include direct permeability of calcium, voltage
dependent Mg* blockade of the ion channel, and binding sites
for modulators such as Zn*, glycine, and polyamines*". The other
subunits by themselves cannot form a functional channel; however,
they coassemble with NR1 to form heteromultimers that increase
the functional expression and channel diversity. The NR1 poly-
peptide can be divided into two regions: an extracellular amino-
terminal domain containing the putative agonist binding site, and
a hydrophobic core region with multiple transmembrane segments
that participate in the formation of the ion conducting pathway™".
Although several classes of compounds have been found to modu-
late the NMDAR, at the molecular level little is known regarding
the amino acid residues that are responsible for the interaction. To
better understand the physiological roles of NMDARs with differ-
ent subunit composition, it would be helpful to develop specific
ligands that are capable of distinguishing different subunits.
Ligands or toxins that modulate ion channel activity play an
instrumental role in our current understanding of structure and
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function of ion channels. We have used a random peptide display
strategy to identify peptides with potential biological activity. The
peptide libraries used in this study were constructed by inserting
random oligonucleotides into the gene that encodes bacterial fila-
mentous phage major coat protein pVIII, a strategy that has first
been used for pIII'", a minor coat protein. Thus, the sequence of
expressed peptide as a part of pVIII coat protein is “bar-coded” by
DNA sequence inside the viral particle. Each phage particle in the
pool carries a distinct peptide on its surface. With several libraries
consisting of more than 10 billion different peptides, and an
NMDAR fusion protein as a target, we have identified multiple
peptide families that specifically recognize the extracellular amino-
terminal domains of the NR1 subunit. We describe one class of
peptides that we isolated from a constrained cyclic library (CX,C),
consisting of 0.5X 10" independent clones. These peptides bind
specifically to NR1 and cause noncompetitive inhibition of the
channel activity.

Results

Peptide isolation. To obtain the purified “target” protein for isolat-
ing specific peptide ligands, the putative aminoterminal domain of
NR1 (N-NR1, a.a 1-561%°) was subcloned and stably expressed in
Chinese hamster ovary (CHO) cells as a fusion protein (Fig. 1A),
in which the carboxyl-terminal portion contains an epitope tag
for monoclonal antibody (Mab179) and a signal for a glycosyl-
phosphatidylinositol (GPI) anchor®. The surface-expressed N-NR1
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