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Use of a modified bacteriophage to probe
the interactions between peptides and ion
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Besides natural peptide ligands, screening of random peptide libraries has yielded novel bioactive peptides
for cell surface receptors. A method is described that uses a modified bacteriophage as a detection reagent to
monitor the expression of receptor channels in mammalian cells and to probe the molecular interaction
between phage-tethered peptides (®T-peptides) and specific receptor targets. By taking advantage of a spe-
cific multivalent interaction between ®T-peptides and the receptor target, assays have been developed that
use ®T-peptides specific for the N-methyl-p-aspartate glutamate receptor, an important ligand-gated ion
channel in the nervous system, to monitor the receptor expression in cultured mammalian cells. Combining
these ®T-peptide binding assays with fluorescence-activated cell sorting, 10* random glutamate receptor
mutants were screened and candidate interaction residues were identified. This dual heterologous expression
system offers a powerful approach to the molecular studies of protein-protein interactions.
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Molecular studies of the extracellular surface of membrane receptors
and ion channels rely mainly on monoclonal antibodies, chemical
modifications, and pharmacology. Selection of random peptides
for various target proteins has yielded a variety of interacting pep-
tides and provided potentially new probes for detailed structure and
function studies of these proteins. The random peptide libraries
have been generated either by chemical synthesis or by translation of
random nucleic acid codons'?. The approach that displays random
peptides as part of phage coat protein has been the most widely
adapted. This method has provided interesting peptides for study-
ing various soluble target proteins"**. Bioactive peptides have been
reported to interact with the hydrophilic portions of transmem-
brane proteins, including erythropoietin receptor (EPOR)* and
N-methyl-p-aspartate (NMDA) receptor channels''.

By taking advantage of the specific multivalent interactions between
the ®T-peptides and NR1, an essential subunit of NMDA receptors,
phage-mediated immunostaining and fluorescence-activated cell sort-
ing (FACS) procedures have been developed to monitor the expression
of NMDA receptor protein in mammalian cells. An extension of these
assays allows the screening of random NR1 mutants to identify candi-
date interacting residues on the receptor. These procedures expand the
usage of peptide-coated bacteriophages and facilitate molecular char-
acterization of peptide-receptor interactions.

Results

In vitro selection of peptides that interact with the NMDA receptor.
Using the putative amino-terminal domain of NR1 (N-NR1, amino
acids 1-561) as a target protein and several libraries consisting of more
than 10" random peptides, we have isolated several classes of NR1-
interacting peptides, including the Mag-1.1(CDGLRHMWEC) (ref.
11) and Mag-4 peptides (Fig. 1A). These two classes differ
in primary sequences. Similar to peptides in the Mag-1 family, Mag-4.1
phage binds selectively to N-NR1, but it fails to bind the N-terminal
domains of homologous subunits including N-NR2A and N-GluR1
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(Fig. 1B). The binding of Mag-4.1 phage was inhibited by synthetic
Mag-4.1 peptide with IC,, of approximately 100 uM. By contrast, a
mutated Mag-4.1 peptide showed no inhibition (Fig. 1C).

Monitoring the expression of NMDA receptor by the modi-
fied bacteriophage. Each phage particle contains about 400 copies
of the phage-tethered (®T)-Mag-4 peptide. Specific multivalent
interactions between N-NR1 and Mag-4.1 phage (Fig. 1) suggest
that phage particles can be used for receptor detection just as
primary antibodies are used in immunoassays.

To determine whether Mag-4.1 phage could interact with an
intact receptor complex on a cell surface, we incubated purified
Mag-4.1 phage with human embryonic kidney (HEK) cells that
transiently express functional NMDA receptor through assembly
of NR1 and NR2A subunits". After unbound phage was removed,
cells were stained with anti-phage antibody (see Experimental
protocol). Mag-4.1 phage bound to a subset of the cells (Fig. 2A
and B). The binding is sequence specific, evidenced by the fact that
a control phagemid lacking the Mag-4.1 peptide failed to bind
(data not shown). In addition, the Mag-4.1 phage binding was
completely inhibited in the presence of 500 wM synthetic Mag-4.1
peptide (Fig. 2C). High expression of conducting NMDA receptor
in tissue culture cells results in Ca*-mediated cell death, which
increases the background of fluorescent stain and reduces recovery
of plasmid DNA (see below). To avoid the cell death that results
from the expression of NMDA receptor, Chinese hamster ovary
(CHO) cell lines expressing N-NR1 were used in the remaining
experiments. The specificity of Mag-4.1 stain was further con-
firmed by double staining with a mouse antibody for N-NR1
(Fig. 2E) and a rabbit antibody for Mag-4.1 phage (Fig. 2F).

To obtain a more quantitative assessment and detection sensitiv-
ity of phage staining conditions, FACS was used to monitor the
phage binding. Wild-type CHO cells gave rise to background sig-
nal with the Mag-4.1 phage stain (Fig. 3A). This signal is similar to
that obtained by staining the cells with secondary antibody alone
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