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In this study, the heteromeric N-methyl-D-aspartate (NMDA) recep-
tor channels composed of NR1a and NR2A subunits were ex-
pressed, purified, reconstituted into liposomes, and characterized
by using the patch clamp technique. The protein exhibited the
expected electrophysiological profile of activation by glutamate
and glycine and internal Mg2� blockade. We demonstrated that the
mechanical energy transmitted to membrane-bound NMDA recep-
tor channels can be exerted directly by tension developed in the
lipid bilayer. Membrane stretch and application of arachidonic acid
potentiated currents through NMDA receptor channels in the
presence of intracellular Mg2�. The correlation of membrane ten-
sion induced by either mechanical or chemical stimuli with the
physiological Mg2� block of the channel suggests that the synaptic
transmission can be altered if NMDA receptor complexes experi-
ence local changes in bilayer thickness caused by dynamic target-
ing to lipid microdomains, electrocompression, or chemical modi-
fication of the cell membranes. The ability to study gating
properties of NMDA receptor channels in artificial bilayers should
prove useful in further study of structure–function relationships
and facilitate discoveries of new therapeutic agents for treatment
of glutamate-mediated excitotoxicity or analgesic therapies.

arachidonic acid � mechanosensation � NMDA receptor � patch clamp �
bilayer model

The ionotropic, glutamate-activated N-methyl-D-aspartate
(NMDA) receptors are ligand-gated cation channels that

play an important role in both physiological and pathological
processes, including long-term potentiation and synaptic plas-
ticity (1, 2), neuronal excitotoxicity, and cognitive deficits at-
tributable to aging and pain (3–8). NMDA receptors are formed
by heterooligomers of various NR1 and NR2 subunits (9). The
secondary structure of the NMDA receptor monomer predicts
four transmembrane segments (M1 to M4) with an extracellular
N terminus and the C terminus located intracellularly. The M2
domain forms a cytoplasmic reentrant loop that lines the channel
pore (9, 10). This region harbors a narrow constriction, forming
the selectivity filter that controls voltage-dependent Mg2� block
(10–12). The C-terminal tail binds to cytoskeletal complexes,
including kinases and structural proteins, which further modu-
late the function of the NMDA receptor channel (3, 13).

Mechanosensitivity is an important signal transduction mech-
anism that underlies a number of key biological processes
ranging from cellular growth, cell volume and blood pressure
regulation, touch, and pain sensation to cardiac arrhythmia,
muscular dystrophy, and neuronal degeneration (14, 15). In
prokaryotes, the mechanosensory transduction is carried out by
mechanosensitive (MS) channels of small (MscS-like) and large
(MscL-like) conductance (14, 16, 17). Many eukaryotic ion
channels can be gated by mechanical forces. For example, the
signaling properties of some membrane proteins, including ion
channels, can change dramatically after undergoing a dynamic
targeting to lipid microdomains within the cell membrane (18–
20). Furthermore, the activity of several mammalian ion chan-

nels was found to be modulated by polyunsaturated fatty acids,
including arachidonic acid and membrane phospholipids (21–
25). The lipid bilayer and protein–lipid interaction are critical for
MS gating and modulation of neuronal K2P channels such as
TREK-1 and TRAAK (23, 24, 26). Several transient receptor
potential channels can be activated by polymodal means such as
membrane stretch, osmotic forces, heat, and exogenous lipids
(27–30). The MEC superfamily of ion channels respond to body
touch sensations in the worm Caenorhabditis elegans and, if
mutated, induce death of touch cells (31). Stretch-activated
calcium-dependent K� channels are activated by both membrane
stretch and amphipathic molecules that insert preferentially into
one leaflet of the bilayer (32). Currently, there are two models
that describe gating of MS channels by mechanical force: bilayer
and tethered. Because prokaryotic cells lack a cytoskeleton, it
has been shown that the lipid bilayer is the tension-bearing
element transmitting the mechanical force to the MS channels
(33–36). On the other hand, eukaryotic cells possess the excess
membrane area supported by a contractile cortical cytoskeleton
that locally regulates the mechanosensitivity of MS channels
(37). However, recent evidence has demonstrated that eukary-
otic MS channels also can be gated by the bilayer mechanism (27,
30, 38).

NMDA receptor channel activity is modulated by arachidonic
acid (21, 39). Arachidonic acid cascade has been implicated in
NMDA receptor-mediated synaptic plasticity, and arachidonic acid
has been shown to enhance Ca2� entry into hippocampal neurons
after application of NMDA (40, 41). The enhancement of NMDA
receptor responses by arachidonic acid, osmotic forces, membrane
phospholipids, and membrane stretch led to a proposal that NMDA
receptor channels are MS (22, 39). However, a direct effect of
membrane tension on gating properties of the heteromeric channel
complexes in cytoskeleton-free membrane preparations has not
been investigated. The mechanism by which the mechanical stretch
of neurons alters the voltage-dependent Mg2� block and triggers
Ca2� influx through NMDA receptor channels after traumatic
brain injury also remains poorly understood and requires further
investigation (42–45). This study examines the mechanism by which
recombinant NMDA receptor channel proteins reconstituted into
cytoskeleton-free membrane preparations interact with the lipid
environment. Our results demonstrate that the mechanical energy
transmitted to membrane-bound NMDA receptor complexes is
exerted via the lipid bilayer. In addition, we have found a correlation
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between membrane tension (induced by either mechanical or
chemical stimuli) and internal Mg2� block by using liposome patch
clamp recording techniques.

Results
NMDA Receptor Protein Expression and Purification. Samples of
pelleted Spodoptera frugiperda (Sf9) insect cells coinfected with
baculovirus expressing NR1a and NR2A subunits produced two
bands of 170 and 100 kDa on an SDS/PAGE gel that immuno-
reacted with the 6xHis tag-specific antibodies (Fig. 1A). This
band was not observed in uninfected cells (data not shown). Two
bands of similar molecular mass were observed after purification
of detergent-solubilized protein extract by metal chelate (Fig.
1B) followed by gel-filtration chromatography (Fig. 1C). This
active fraction was used in experiments described below. The
total yield from the Sf9 cells was �100 �g of pure receptor
protein per liter of cell culture. Although metal-affinity chro-
matography resulted in several low-molecular-mass bands visible
on SDS/PAGE gels and Western blots, the gel-filtration chro-
matography purification resulted in two main bands correspond-
ing to 170 kDa for the NR2A subunit and 100 kDa for the NR1a
subunit. A faint band of low-molecular mass still was visible on
the Western blot after gel-filtration chromatography. It is most
likely that the low-molecular-mass bands are breakdown prod-
ucts of NR1a or NR2A subunits. We have tested the gel-filtration
chromatography fractions containing these low-molecular-mass
protein bands and observed no channel activity after reconsti-
tution into liposomes (n � 10, data not shown).

Functional Properties of NMDA Receptors Reconstituted into Lipo-
somes. The activity of recombinant rat NMDA receptor channels
composed of NR1a � NR2A subunits was examined after func-
tional reconstitution of 20 �g of detergent-solubilized proteins,
obtained after fractionation by using gel-filtration chromatog-
raphy, into 5 mg of phosphatidylcholine (azolectin) lipids. This
ratio of 1:250 was found to be optimal for channel activity.
Reconstitution of both NR1a and NR2A subunits was necessary
to obtain functional channels. No channel activity was observed
from reconstituted fractions containing only one subunit (data

not shown). Fig. 2 shows activity of recombinant NMDA recep-
tor channels composed of NR1a and NR2A subunits in isolated
azolectin liposome patches. Inclusion of receptor agonists (typ-
ically 10 �M glutamate and 100 �M glycine) in the pipette
solution (facing the outside of the membrane) evoked single-
channel currents in response to applied voltage (Fig. 2 A). No
unitary currents were recorded from control patches where
either glutamate or glycine was not included in the pipette
solution in the absence and presence of membrane stretch (n �
20 patches, data not shown). In symmetric recording solution
lacking Mg2�, the current–voltage (I–V) relation of single-

Fig. 1. Purification of NR1a � NR2A NMDA receptor channel proteins.
SDS/PAGE and corresponding 6xHis tag Western blot analysis of NMDA re-
ceptor protein samples isolated from Sf9 cells (A) after metal-affinity chro-
matography (B) and after gel-filtration chromatography (C). Arrows mark the
positions of the NR1a and NR2A monomers.

Fig. 2. Activity of recombinant NMDA receptor channels reconstituted into
azolectin liposomes. (A) Current–amplitude frequency histogram constructed
from 20 sec of single-channel data shown above recorded at �70 mV. The
main open channel conductance level is �60 pS. (B) Representative single-
channel currents recorded at different pipette potentials. The pipette solution
contained 10 �M glutamate, 100 �M glycine, 200 mM KCl, and 5 mM Hepes
(pH 7.3). The bath solution (i.e., facing the inside-out membrane) contained
200 mM KCl and 5 mM Hepes (pH 7.3). Closed and open channel states are
marked c and o, respectively. (C) I–V relation of channels recorded from an
isolated liposome patch containing reconstituted NR1a and NR2A receptor
subunits. Single-channel conductance calculated from the slope of the fitted
line was 60 pS (n � 5 patches).
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channel currents and I–V curves obtained by using voltage ramps
were linear and reversed at 0 mV (Figs. 2B and 3A). The
glutamate-activated NMDA receptor channel had a unitary cord
conductance of �60 pS (Fig. 2) when calculated from the linear
regression function or 58 � 5.4 pS at �80 mV and 59 � 4.1 pS
at �80 mV (n � 5). However, the I–V curves produced by voltage
ramps recorded in the presence of 5 mM internal Mg2� (facing
the inside of the patch membrane), and after inclusion of 10 �M
glutamate and 100 �M glycine in the pipette solution, markedly
rectified, indicating block of NMDA receptor channels by in-
ternal Mg2� (n � 5 of 15 patches, Fig. 3B). Simultaneous
addition of Mg2� to the pipette and bath solutions abolished
single-channel currents in all patches (n � 10). This observation
is consistent with the hypothesis that intra- and extracellular
Mg2� binding sites are distinct and account for the two types of
block (46).

Mechanosensitivity of NMDA Receptor Channels in Liposome Patches.
In liposome patches, the NMDA receptor channel activity was
modified by negative pressure applied to the back of the patch
pipette. In the presence of 5 mM Mg2� in the bath solution,
application of the negative pressure markedly reduced voltage-
dependent internal Mg2� block, resulting in opening of the
channel to its full conductance at negative potentials (n � 5 of
16 patches, i.e., 11 patches have no channel activity). Similarly,
at positive potentials the single-channel activity was enhanced
when negative pressure was applied to the liposome membrane
patch (Fig. 4A) (n � 5 of 15 patches, i.e., 10 patches had no
channel activity). The pressure required for increased channel
activity was between �50 and �80 mmHg (1mmHg � 133 Pa).
We further examined the effect of the amphipathic molecule,
arachidonic acid, coapplied with agonists (10 �M glutamate and
100 �M glycine) to the external face of the liposome membrane
under the same experimental conditions (i.e., 5 mM Mg2� in the
bath solution). Arachidonic acid (5 �M) potentiated currents

through open NMDA receptors (NR1a � NR2A) within �3 sec
after seal formation by �2-fold compared with patches where
arachidonic acid was not included (Fig. 4B) (n � 5 of 10 patches,
i.e., 5 patches had no channel activity). There was a further 3-fold
potentiation of NMDA receptor-mediated currents within 10–30
sec of arachidonic acid application. In the presence of Mg2�, the
potentiating effect of arachidonic acid was more pronounced at
positive pipette potentials compared with negative potentials.
However, the rectification pattern of I–V curves, obtained by
using voltage ramps, was less pronounced compared with
patches lacking arachidonic acid, and there was a reduction in

Fig. 3. Voltage-dependent block of liposome reconstituted recombinant
NR1a � NR2A receptor proteins by internal Mg2�. Membrane currents were
obtained in response to voltage ramps from �100 mV to �100 mV in the
absence (A) and presence (B) of 5 mM Mg2� in the bath solution. Membrane
currents were recorded in the inside-out recording configuration. The exter-
nal pipette solution contained 10 �M glutamate, 100 �M glycine, 200 mM KCl,
and 5 mM Hepes (pH 7.3). The internal bath solution facing the inside-out
membrane contained 200 mM KCl, 5 mM MgCl2, and 5 mM Hepes-KOH (pH
7.3) (n � 5 patches).

Fig. 4. Modulation of Mg2� block by stretch and arachidonic acid. (A) Stretch
response of NMDA receptor channels. Representative currents were recorded
from a liposome patch containing reconstituted recombinant NR1a and NR2A
receptor subunits. The external pipette solution contained 10 �M glutamate,
100 �M glycine, 200 mM KCl, and 5 mM Hepes (pH 7.3). The internal bath
solution facing the inside-out membrane contained 200 mM KCl, 5 mM MgCl2,
and 5 mM Hepes (pH 7.3). The traces located below each current recording
show the corresponding pressure recorded during applied suction (n � 5
patches). (B) Potentiation of NMDA receptor currents by arachidonic acid in
isolated liposome membrane patches. Representative I–V curves for
NR1a � NR2A subunit combinations obtained in the presence of 5 �M ara-
chidonic acid evoked by voltage ramps from �100 mV to �100 mV. The
recordings were acquired at 3 and 30 sec after the initial application of
arachidonic acid to the liposome patch. The external pipette solution con-
tained 10 �M glutamate, 100 �M glycine, 5 �M arachidonic acid, 200 mM KCl,
and 5 mM Hepes (pH 7.3). The internal bath solution facing the inside-out
membrane contained 200 mM KCl, 5 mM MgCl2, and 5 mM Hepes (pH 7.3) (n �
5 patches). (C) A schematic diagram of polymodal modulation of NMDA
receptor currents. At the glutamatergic synapse, coincidental release of glu-
tamate and membrane depolarization and/or membrane stretch releases the
resting Mg2� block, leading to ion influx.
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Mg2� block at negative pipette potentials in the presence of
arachidonic acid. Arachidonic acid had no significant effect on
the reversal potential of the NMDA receptor-mediated current.
Arachidonic acid alone did not activate detectable currents in
control patches, that is, patches obtained from liposomes with-
out reconstituted proteins (n � 20) or patches without agonists
in the pipette solution (n � 20) (data not shown).

Discussion
The study of recombinant ion channel proteins reconstituted
into lipid bilayers is challenging because of the difficulty of
expressing native protein complexes in the required amounts,
homogeneity, and preserved functionality. In this study, we
report the expression and purification of functional heteromeric
NMDA receptor channel proteins composed of NR1a and
NR2A subunits (Fig. 1). This work has permitted us to recon-
stitute the NMDA receptor complexes into azolectin liposomes,
similar to the reconstitution of bacterial and archaeal MS
channels (47–49), and reexamine the MS properties of the
channel (22, 39). Recombinant NMDA NR1a � NR2A receptor
proteins reconstituted into liposomes yield functional ion chan-
nels that exhibited gating properties similar to those observed in
neuronal cells or Xenopus oocytes (21, 39, 46). A single open
conductance level was observed in standard recording solution
in the presence of glutamate and glycine facing the outside of the
membrane. In contrast, previous studies of reconstituted gluta-
mate receptor complexes isolated from brain membranes have
reported multiconductance state behavior (50, 51). This discrep-
ancy is most likely a result of procedures used to isolate and
purify the receptor proteins. The glutamate receptor channel
complexes isolated from brain membranes did not contain
detectable amounts of NR1 subunit. This subunit is essential for
NMDA receptor channel activity and plays an important role in
Mg2� block (12). Most likely the proteins reconstituted into
bilayers were not NMDA receptor channels composed of NR1
and NR2 subunits as reported in our study but functional
aggregates of multiple glutamate-activated NMDA and non-
NMDA receptor channels that are present in rat and Xenopus
brain preparations (50, 51). In addition to different subunit
stoichiometry of channels, other features of protein reconstitu-
tion such as a source of proteins, lipid environment, or ionic
conditions also may have affected the conductance state behav-
ior of the NMDA receptor channels.

Stretching of the liposomal membrane resulted in increased
NMDA receptor channel activity (Fig. 4). Previous studies have
shown that both hypoosmotic solution and positive hydrostatic
pressure potentiated NMDA receptor currents, whereas hyper-
osmotic solution and negative pressure had the opposite effect,
indicating involvement of NMDA receptor channels in mech-
anotransduction (22, 39). However, patch clamp experiments
investigating MS properties of NMDA receptors were per-
formed in native membrane patches with an intact cytoskeleton.
The cellular cytoskeleton network is a complex structure asso-
ciated with many signaling molecules. NMDA receptors can
interact with scaffolding proteins and second messenger system
molecules (e.g., kinases), and their function can be affected by
the integrity of actin (52–55). Therefore, it remained unclear
whether interaction with other proteins within the lipid domain
of the plasma membrane or tension transmitted via the lipid
bilayer modulates the gating properties of NMDA receptor
channels. In the present study, we demonstrate that mechanical
energy transmitted to NMDA receptors exerted via the lipid
bilayer alone is sufficient to modulate the channel activity
without interaction with the cytoskeletal proteins. This occurs
because liposome preparations are free from the cytoskeletal
network. Furthermore, detergent-solubilized and homogeneity-
purified NMDA receptor subunits have to undergo reassembly
into the lipid bilayer during the reconstitution process to form

functional channels that lack associating complexes. Thus, in an
artificial lipid bilayer system such as liposomes, the effect of
complex signaling pathways is eliminated when testing the effect
of membrane deformation on the biophysical properties of ion
channels.

In the model of stretch-induced neuronal cell injury, the Mg2�

block of the NMDA receptor channel was significantly reduced
(42). PKC only partially restored the block by Mg2�, and the
exact mechanism by which mechanical injury alters the activity
of NMDA receptor channels remains unknown. We observed a
similar reduction in internal Mg2� block upon application of
pressure to the liposome patches containing reconstituted
NMDA receptor channel. The effect of mechanical deformation
of the lipid membrane on NMDA receptor response in the
presence of internal Mg2� could be mimicked by arachidonic
acid applied externally. Arachidonic acid significantly reduced
Mg2� block and potentiated currents through NMDA receptor
channels in liposome patches. Potentiation of NMDA receptor
currents by arachidonic acid has been reported previously in
native patches from mammalian central neurons (21, 22). This
effect could be explained in terms of the tension induced by
differential incorporation of asymmetrical, cone-shaped li-
pophilic compounds into the lipid bilayer, creating mechanical
stress on the channels in a manner similar to their effect on
bacterial MS channels (34–36, 56), which further suggests that
the membrane tension and/or the curvature of the lipid bilayer
are important modulators of the NMDA receptor function.
Mg2� block confers on the NMDA receptor the capacity to act
as a molecular coincidence detector and is an important factor
in synaptic transmission. Because the physiological intracellular
Mg2� concentration is similar to the extracellular concentration,
it is likely that the NMDA receptor acts as a bidirectional
rectifier during synaptic transmission (46, 57). Therefore, a
physiological consequence of membrane deformation and its
interference with Mg2� block could be reduced inhibition of the
channel activity during synaptic transmission, which can result in
intracellular Ca2� transients.

Changes in intracellular [Ca2�] can play a detrimental role in
traumatic and ischemic injury in the central nervous system (58).
Stretch-induced deformation of neuronal cell membrane evoked
intracellular Ca2� transients by activation of synaptic NMDA
receptor channels (44, 45). Ca2� signaling via NMDA receptors
also is an important modulator of long-term potentiation and
synaptic plasticity (1, 2, 4). At CA1 synapses of hippocampus,
where long-term potentiation is mediated via NMDA receptor
channel, the long-term increase in synaptic transmission could be
prevented by inhibition of phospholipase A2, which prevents
release of arachidonic acid (59–61). Furthermore, arachidonic
acid enhanced NMDA receptor-mediated Ca2� entry into hip-
pocampal neurons (40).

Our study demonstrates that, in the liposome system, arachi-
donic acid and membrane stretch both alleviate Mg2� block of
NMDA receptor channels. Similarly, the signaling properties of
native NMDA receptor channels could be modulated directly by
bilayer tension induced locally as a result of membrane defor-
mation during dynamic targeting of proteins to lipid microdo-
mains, electrocompression, or chemical modification of the
bilayer (such as the arachidonic acid cascade system). Defor-
mation of the cell membrane occurs in many physiological and
pathological conditions such as during the motility of growth
cones, elongation of neurites, and tissue trauma. Indeed, ex-
perimental evidence suggests that NMDA receptors may act
as mechanomodulators during formation of dendritic spine
synapses (62).

In conclusion, our results demonstrate that the activity of
NMDA receptor channels can be enhanced by mechanical
energy developed in the lipid bilayer alone. We propose a model
where the gating properties of NMDA receptors are modulated
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by polymodal stimuli. In addition to a membrane depolarization,
locally introduced membrane tension may lead to unblocking of
NMDA receptor channels, allowing Ca2� influx into the postsyn-
aptic cell (Fig. 4C). The ability to express, purify, and reconsti-
tute specific NMDA receptor subunits into liposomes may prove
a useful method in further studies of the structure–function
relationship and investigation of the role of the lipid environ-
ment in electrical signaling with further application to a variety
of voltage- and ligand-gated ion channels. Knowledge of MS
regulation of NMDA receptors may be instrumental in providing
improved methods for treatment of glutamate-mediated neuro-
nal degeneration, analgesic therapies, and development of in
vitro models of cellular injury (i.e., brain trauma). Further study
of MS channels reconstituted into lipid bilayers could be crucial
for the discovery of new therapeutic agents for treatment of
disorders that involve MS proteins.

Materials and Methods
Recombinant Baculoviruses Construction. cDNA clones of the rat
NR1a and NR2A NMDA receptors were a gift of L. Wollmuth
(State University of New York, Stony Brook, NY) and J. Boulter
(University of California, Los Angeles, CA). The NR1a and
NR2A subunits were cloned separately into pENTR/D-TOPO
(Invitrogen, Carlsbad, CA) gateway vector, and a TEV protease
cleavage site was introduced on the 3� end of the gene to allow
the removal of tag if required. Forward and reverse primers used
to amplify and clone NR1a subunit were 5�-CACCATG-
AGCACCATGCACCTGCTGAC-3� and 5�-TCAATGGT-
GATGGTGATGATGGCTCTCCCTATGACGGGAACAC-
3�, respectively. The NR2A subunit was amplified and cloned
by using forward primer 5�-CACCATGGGCAGATTGGGC-
TACTGG-3� and reverse primer 5�-TCAATGGTGATG-
GTGATGATGAACATCAGATTCGATACTAGG-3�. The
sequences of both clones were verified by sequencing. To create
recombinant baculovirus expressing each gene, the sequenced
pENTR clones were recombined with BaculoDirect C-term
Linear DNA (Invitrogen) and transfected into Sf9 insect cells
according to the manufacturer’s protocol. At 7 days postinfec-
tion, the budded virus of each construct was harvested and used
for subsequent budded virus amplification.

Protein Expression in Insect Cells. Sf9 cells were grown in Sf-900II
(Invitrogen) serum-free media with shaking at 120 rpm at
27°C. For coexpression of NR1a and NR2A subunits, the cells
were coinfected at the same multiplicity of infection (moi) with
both NR1a and NR2A recombinant baculoviruses at 3 � 106

cells per ml by using a moi of 2–5 pfu per cell. The optimal time
of harvest for the coexpression of NR1a and NR2A subunits
was 72 h postinfection. The culture was centrifuged at 8,000 �
g for 15 min at 4°C, and the cell pellet was kept at �80°C until
required.

Protein Purification. For lysis, the cell pellet from a 1-liter expres-
sion was resuspended in 100 ml of buffer A (20 mM sodium
phosphate, 500 mM NaCl, 10 mM imidazole, and 1.5% octyl
glucoside, pH 7.8) with EDTA-free protease inhibitor tablets
(Roche, Basel, Switzerland). Sample was placed on a rotating
wheel for 20 min, followed by sonication three times with a probe
at 75 W for 15 sec with 10- to 20-sec cooling periods on ice. The
octyl glucoside concentration was adjusted to 3% after sonica-
tion and placed on a rotating wheel for another 20 min. The lysed
sample was clarified by centrifugation at 18,000 � g for 15 min

at 4°C. The clarified lysate was applied to TALON resin (Clon-
tech, Mountain View, CA) for binding. Then, 12.5 ml of lysate
was applied to 1.25 ml of TALON and placed on a rotating wheel
for 20–30 min. Unbound proteins were removed by centrifuga-
tion at 700 � g for 2 min at 4°C. After binding, each 1.25 ml of
TALON was washed for 10 min with 50 ml of buffer A. Elution
of the protein was performed by transferring 2.5 ml of TALON
to a 10-ml disposable column (Bio-Rad, Hercules, CA), and
protein was eluted with 1 ml of buffer A containing 150 mM
imidazole. For gel filtration, 500 �l of TALON-purified protein
sample was loaded onto a Superdex 75 10/300 GL column (GE
Healthcare, Rydalmere, NSW, Australia) at 0.25 ml/min with 20
mM sodium phosphate, 300 mM NaCl buffer at pH 7.5. Fractions
(0.5 ml) were collected for analysis by Western blotting and
reconstitution into proteoliposomes.

Preparation of Proteoliposomes. Detergent-solubilized protein
fractions were incubated with phosphatidylcholine (azolectin,
P3644; Sigma, Castle Hill, NSW, Australia) liposomes at various
protein ratios for 30 min at room temperature. Bio-Beads
(Bio-Rad) were added, and the suspension was rocked for 4 h to
remove detergent. The supernatant then was centrifuged for 30
min at 90,000 rpm (TL-100; Beckman, Gladesville, NSW, Aus-
tralia). The pelleted proteoliposomes were resuspended in 50 �l
of 10 mM Hepes-KOH (pH 7.2), and aliquots of liposomes were
spotted onto glass slides followed by dehydration at 4°C inside a
desiccator. A small aliquot of rehydrated liposomes was placed
in a patch clamp chamber filled with the recording solution of
200 mM KCl and 5 mM Hepes (pH 7.3) in the absence or
presence of 5 mM MgCl2. Presence of Mg2� in the bath solution
was a necessary requirement to increase the patch stability
during stretching of the liposome membrane. Pipettes were
back-filled with a solution containing 10 �M glutamate, 100 �M
glycine, 200 mM KCl, and 5 mM Hepes (pH 7.3). Gigaohm seals
were formed either on contact between the pipette and a blister
or by a brief application of suction.

Electrophysiological Recordings. Membrane currents were re-
corded from the isolated liposome patches by using the improved
patch clamp techniques (63). Pipettes were made from borosili-
cate glass (Sigma) by using a micropipette puller (P-87; Sutter
Instrument Co., Novato, CA) and had an average resistance of
5–6 M� in a recording solution containing 200 mM KCl and 5
mM Hepes-KOH. To stretch the membrane patch, suction was
applied to the pipette holder with a syringe, and the applied
pressure was monitored by piezoelectric transducer (Omega
Engineering, Manchester, U.K.). Glutamate-activated single-
channel currents were filtered at 2 kHz, digitized at 5 kHz, and
analyzed by using pCLAMP 9 data acquisition and analysis
software (Axon Instruments, Union City, CA). Current record-
ings were viewed with the Clampfit for Windows program (Axon
Instruments), and current amplitudes were determined by mea-
suring the difference between the cursor aligned at the peak and
baseline currents. Voltage ramps were applied from �100 to
�100 mV over 2.64 sec.

Not all proteoliposome patches contained active channels, and
in general the success rate of obtaining quality recordings in the
absence of Mg2� was �20%. This low success rate was mainly
because of the poor quality of blisters formed in the absence of
Mg2� as well as liposome membrane patch instability. The
addition of 5 mM Mg2� to the bath solution improved patch
stability and resulted in a higher success rate.
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