
Cellular/Molecular

Effects of the Lurcher Mutation on GluR1 Desensitization
and Activation Kinetics

Rebecca Meier Klein1 and James R. Howe1,2

1Interdepartmental Neuroscience Program and 2Department of Pharmacology, Yale University School of Medicine, New Haven, Connecticut 06520

Previous studies of the lurcher mutation in GluR1 channels concluded that its main effect is to create constitutively active channels
(Kohda et al., 2000; Taverna et al., 2000). GluR1Lc channels also exhibit slowed kinetics and a shift in their apparent affinity for glutamate
(Kohda et al., 2000; Taverna et al., 2000). Here, we have undertaken a kinetic analysis of GluR1Lc channels to quantify the effects of lurcher
and to determine the relative contribution of these effects to the lurcher phenotype. Analysis of GluR1Lc leak current demonstrated that
the 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro[f]quinoxaline-7-sulfonamide (NBQX)-sensitive portion of the leak current corresponded to a
current generated by glutamate concentrations similar to the levels of contaminating glutamate measured in our normal external
solutions. This result, and the small size of the leak current relative to the currents evoked by saturating glutamate, indicates that GluR1Lc
channels exhibit little or no constitutive activity. Our results indicate that the primary effect of the lurcher mutation is to increase the
affinity of GluR1 for glutamate and reduce the desensitization of GluR1 at nanomolar concentrations. We also found that the mutation
makes both the rate and extent of GluR1Lc channel desensitization depend strongly on subunit occupancy. We conclude that the poor
survival of GluR1Lc-transfected cells, and presumably cerebellar neurons in lurcher mice, results because channels carrying the lurcher
mutation open and do not desensitize at ambient levels of glutamate.
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Introduction
Ionotropic AMPA-type glutamate receptors (GluRs) mediate a
major portion of the fast excitatory transmission in the CNS, and
mutations in GluRs can have extensive effects. The lurcher muta-
tion in the GluR subunit GluR�2 causes widespread Purkinje cell
death in homozygous mice and was proposed to render this or-
phan receptor constitutively active (Phillips, 1960; Zuo et al.,
1997). Lurcher is an alanine to threonine change (Ala636Thr) in
the SYTANLAAF motif, which resides in the extracellular half of
the second true transmembrane segment in all eukaryotic GluRs.
When the same Ala-Thr mutation is made in GluR1 or GluR6,
receptor desensitization and deactivation kinetics are slowed
(Kohda et al., 2000; Taverna et al., 2000). Large leftward shifts
were also reported for glutamate and kainate concentration–re-
sponse curves (Taverna et al., 2000).

Although several groups have reported that the lurcher muta-
tion results in channels that can open in the absence of glutamate
(Kohda et al., 2000; Taverna et al., 2000; Schwarz et al., 2001), one
group has reported that the same mutation in �1 and NR1 does
not result in constitutively active channels (Williams et al., 2003).
In addition, the shifts in EC50 values reported by others raise the
possibility that what appears to be constitutive activity is really

channel activation by contaminating glutamate. Given these con-
flicting results, we sought to reexamine the effects of the lurcher
mutation in GluR1 in the context of the available structural data
and a kinetic model for AMPA-type channels.

Materials and Methods
Cell culture and patch-clamp recording. tsA201 cells were plated onto 12
mm glass coverslips that had been coated with poly-L-lysine (4.5 �g/ml).
The culture medium was DMEM (Invitrogen, Gaithersburg, MD) con-
taining 10% FBS. The cells were transiently transfected using Lipo-
fectamine 2000 (Invitrogen) with 0.5– 0.7 �g of total cDNA per coverslip.
The solution used for transfection consisted of 200 �l of Opti-MEM
(Invitrogen), 1.5 �l of Lipofectamine 2000, 1.5 �g of a reporter cDNA
encoding green fluorescent protein in pRK5, and 4 –5 �g of wild-type
GluR1 (GluR1wt) or GluR1 with the lurcher mutation (GluR1Lc), both
in a cytomegalovirus-driven mammalian expression vector. The GluR1
plasmid was kindly provided by Derek Bowie (Emory University, At-
lanta, GA). The Ala-Thr mutation was inserted into the GluR1wt plasmid
using PCR mutagenesis and primers described previously (Taverna et al.,
2000). Both GluR1wt and GluR1Lc were the flip versions. Two hours
after transfection, the cell culture media were changed to either DMEM–
Glutamax (Invitrogen) or Neurobasal (Invitrogen) media supplemented
with B-27. Some experiments were also performed on transfected cells, in
which the glutamate scavenger glutamic pyruvic transaminase (United
States Biochemicals, Cleveland, OH) and pyruvate (10 mM) were added
to the culture media before recording.

Patch-clamp recordings were performed at room temperature with an
EPC-9 amplifier (HEKA, Lambrecht/Pfalz, Germany) 12–36 hr after
transfection. Whole-cell recordings of GluR1Lc currents were performed
to measure the steady-state current evoked with CNQX and DNQX dur-
ing prolonged applications. All other recordings were from excised
outside-out patches. The holding potential was always set to �80 mV,
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and the seal resistance before patch excision was typically 3–10 G�. The
only exception was the leak current analysis in which only patches with
on-cell seal resistances of �25 G� were analyzed. The normal external
solution was (in mM): 150 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, and 5 glucose,
buffered with 10 HEPES (pH adjusted to 7.4 with NaOH). The
N-methyl-D-glucamine (NMDG) external solution had all of the mono-
valent cations replaced with 153 mM NMDG (pH adjusted with HCl).
The CsCl external solution had the same composition as the normal
solution, but with 150 mM CsCl replacing NaCl. Patch pipettes (open tip
resistance, 3– 6 M�) were filled with a solution containing (in mM) 120
CsF, 33 CsOH, 2 MgCl2, 1 CaCl2, and 11 EGTA (pH adjusted to 7.4 with
CsOH). Glutamate, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydro[f]quinoxaline-7-
sulfonamide (NBQX), CNQX, DNQX, and cyclothiazide (CTZ) were added
to the external solution.

Fast perfusion. All of the agonist-evoked responses in these experi-
ments were obtained with a rapid perfusion system consisting of a theta-
glass pipette mounted on a piezoelectric bimorph (part number 62003/
5H-144D; Morgan Matroc). The tips of the pipettes were broken to �300
�m, and the width of the septa separating the barrels of the theta glass was
reduced by etching with hydrofluoric acid. Both barrels of the theta glass
had multiple lines fed into them: three on one side, six on the other.
Patches were positioned near the interface of the solutions flowing from
the adjacent barrels, and the interface was moved by applying voltage
across the bimorph with a constant voltage source (HVA-100; ALA Sci-
entific). Voltage pulses were triggered with one of the analog-to-digital
outputs on the EPC-9 amplifier and were analog low-pass filtered (200
Hz, �3 dB, four-pole Bessel type) to reduce mechanical oscillations of
the piezoelectric device. The rate of solution exchange estimated from
open-tip responses was 100 –200 �sec. The recording chamber was su-
perfused constantly with normal external solution flowing at a rate of
1 ml/min.

Data acquisition and analysis. Glutamate-evoked currents were analog
low-pass filtered at 3 kHz (four-pole Bessel type, �3 dB) and were writ-
ten directly to the hard drive of the computer at sampling rates of 5–125
kHz. The digital records were analyzed using Igor software (Wavemet-
rics, Lake Oswego, OR). Exponential functions were fitted to the decays
of the currents as described previously (Robert et al., 2001). Concentra-
tion–response data from individual patches were normalized (see Re-
sults), and the mean normalized results were fitted with Hill-type func-
tions to obtain EC50 and IC50 values and values for the Hill coefficient
(nH). Glutamate preconditioning experiments were performed by first
incubating the patch in varying concentrations of glutamate and then
pulsing the patch with 5 mM glutamate. The amount of inhibition pro-
duced by the preincubation was calculated as the total peak current seen
in the test glutamate pulse, normalized to the total peak current seen in
the control glutamate response. Recovery data were obtained from two-
pulse protocols. In experiments in which either 5 mM or 500 �M gluta-
mate was applied during the pulse of each pair, the peak amplitude of the
second pulse was expressed as a fraction of the peak amplitude of the
paired first pulse. Results were pooled from several patches, and the mean
data were fitted with a bi-exponential equation.

The dependence of GluR1Lc kinetics on receptor occupancy was de-
termined by comparing parameters measured at different glutamate con-
centrations or by preincubating patches with the competitive antagonist
NBQX. NBQX preincubation experiments were performed by first ex-
posing the patch to varying concentrations of NBQX and making a 30
msec application of 500 �M glutamate. Inhibition by NBQX of
glutamate-evoked currents was long-lasting and decayed exponentially
with a time constant of 155 msec, indicating that NBQX dissociation was
minimal during the 30 msec application of glutamate. The amount of
inhibition produced by NBQX was calculated as the amount of current
seen at 10 msec into the glutamate application, normalized to the current
at 10 msec in the absence of any preincubating NBQX (see Fig. 5D).
Concentration–response experiments gave an IC50 value of 121 nM for
NBQX. The number of subunits available for glutamate binding after
preexposure to NBQX was estimated as follows. We first assumed that
the current generated by 500 �M glutamate is carried almost completely
by fully occupied receptors. We then iteratively found a KD value for
NBQX that gave an IC50 value of 120 nM (assuming binding is subunit

independent) by using occupancy and binomial equations to calculate
the fraction of channels with 0 – 4 subunits occupied by NBQX, multi-
plying (1 minus these fractions) by the relative conductance values we
used, and summing the results. This analysis indicated that the KD for
NBQX binding to individual subunits is �150 nM and that at 100 nM

NBQX (the concentration used for the kinetic analysis), 53% of the re-
ceptors have two or fewer subunits available for glutamate.

Values are reported as means � SEM, unless indicated otherwise.
Error estimates obtained from fits to mean data are the SDs calculated
from the residuals of the fit.

Kinetic modeling. Kinetic modeling was done using Monte Carlo sim-
ulations with the software package ChannelLab (Synaptosoft, Atlanta,
GA). All the simulations started in zero glutamate and included the effect
of any conditioning pulses. The simulated pulses were filtered so that the
rise time of the application matched the rise time of the junction poten-
tial recorded experimentally. Including the effect of contaminating glu-
tamate (50 nM) had no significant effect on the results of the simulations.

Simulated recovery time courses were calculated as 1 minus probabil-
ity of finding the channel in one of the desensitized states (for details, see
Robert and Howe, 2003). The conductance values for the four open states
were set to 5, 8, 15, and 25 pS (Derkach et al., 1999; Banke et al., 2000;
Irizarry, 2001). The conductance of all other states was set to zero. All
final simulations were performed with the rate constants in Table 1 using
5000 –50,000 channels.

Our goal was to determine how the values for the rate constants gov-
erning ligand binding, channel opening, and desensitization had been
changed by the lurcher mutation. Because AMPA receptors are tetramers
and each subunit contains a binding site for glutamate, any physically
plausible model must include a large number of physically discrete states,
which in principle could be connected in a very large number of ways.
The models that we explored were based on the model proposed for
GluR1 and GluR4 receptors (Robert and Howe, 2003), which built on
previous work on AMPA receptor desensitization (Vyklicky et al., 1991;
Raman and Trussell, 1995) and activation (Rosenmund et al., 1998;
Smith and Howe, 2000; Smith et al., 2000). Accordingly, the models
allowed desensitization from closed states, not from open states, and
contained multiple open states with different unitary conductances. We
also tested models that were similar to the GluR1wt model but con-
formed to the requirements of classical Monod–Wyman–Changeux
(MWC) models (Monod et al., 1965). For either class of model, the
inclusion of a constitutive open state (an unoccupied conducting state)
had little effect on overall channel kinetics and mostly just increased the
size of the leak current.

As discussed in detail previously (Robert and Howe, 2003), the large
number of free parameters in the models tested made a statistical ap-
proach to obtaining values for the various rate constants unrealistic.
Previous studies from our laboratory (Smith et al., 2000) and others
(Colquhoun et al., 2003) have attempted maximum likelihood ap-
proaches (for models with fewer states than those tested here) and have
failed to obtain convergent values for individual rate constants. The ap-
proach we took was similar to that described by Robert and Howe (2003),
and their values for GluR1wt channel were used as a starting point. The
data sets that primarily constrained values for individual rate constants
are given in the footnotes to Table 1 and in the last paragraph of Results.
Although alterations to multiple sets of rate constants were required to
reproduce the entire data set, our requirement that there must be good
agreement between the experimental and simulated data for several pro-
tocols ensured that the final set of values were well defined within the
constraints imposed by any particular kinetic scheme.

Results
Comparison between GluR1wt and GluR1Lc
Figure 1 shows GluR1wt and GluR1Lc responses to a saturating
concentration of glutamate. In contrast to GluR1wt receptors,
which exhibit rapid and virtually complete desensitization
(�des � 2.2 � 0.1 msec; plateau/peak current ratio, 0.007 � 0.001;
n � 4), GluR1Lc channels desensitize more slowly and incom-
pletely (�des � 8.0 � 0.5 msec; plateau/peak current ratio, 0.65 �
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0.04; n � 6). CTZ, a drug known to remove desensitization for
GluR1wt and native channels (Trussell et al., 1993; Wong and
Mayer, 1993; Yamada and Tang, 1993), also removes desensitiza-
tion for GluR1Lc channels (Fig. 1C,D). In addition, GluR1Lc
deactivation kinetics are multi-exponential and much slower
than GluR1wt. In response to a 1 msec application of glutamate,
GluR1wt deactivation is rapid and follows a single exponential
time course (�deac � 0.92 � 0.02 msec; n � 3) (Fig. 1E), whereas
the decay of the GluR1Lc current is bi-exponential (�deac1 �
1.9 � 0.2 msec and �deac2 � 16.3 � 1.1 msec; n � 6) (Fig. 1F). The
decay of the steady-state current on termination of a longer pulse
of glutamate also displays multi-exponential components (Fig.
1B; Fig. 4).

Previous studies have reported large shifts in the apparent
affinity of GluR1Lc for glutamate and kainate, based on measure-
ments of steady-state currents in oocytes or in whole-cell record-
ings (Kohda et al., 2000; Taverna et al., 2000). Because there is an
obvious peak current seen with GluR1Lc, we used a rapid appli-
cation system to measure the glutamate EC50 value for both the
peak and plateau currents (Fig. 2A,D). Figure 2, A and B, shows
representative examples of the current responses obtained over a
range of glutamate concentrations with and without CTZ. In
Figure 2D, the mean data from several patches are presented.
Hill-type fits to the results for peak and plateau currents gave

respective EC50 values of 110 � 16 and 2.5 � 0.3 �M (n � 4 –9
values per concentration), values that are 6.5-fold and fivefold
smaller than the corresponding values for GluR1wt (717 and 12.5
�M) (Robert and Howe, 2003). The glutamate EC50 value in the
presence of CTZ (1.96 � 0.43 �M; n � 3–5 per concentration)
was close to the EC50 value for the plateau current with desensi-
tization intact (Fig. 2D). CTZ also had little apparent effect on
deactivation. The current decays in the presence of CTZ were
multi-exponential (Fig. 2B), and fits to these decays gave time
constants similar to those in the absence of CTZ.

Wild-type and native AMPA-type channels desensitize at con-
centrations of glutamate that produce little detectable channel
activation (Kiskin et al., 1986; Trussell and Fischbach, 1989; Pat-
neau and Mayer, 1991; Colquhoun et al., 1992; Raman and
Trussell, 1992). Although CTZ produced a modest potentiation
of the responses of GluR1Lc at all glutamate concentrations, the
increase was less at low glutamate concentrations. For example,
for glutamate concentrations of 250 nM, 10 �M, and 500 �M, the
CTZ-associated increases in current (expressed as a fraction of
the peak current at saturating glutamate) were 0.11, 0.22, and
0.35, respectively. This result suggests that GluR1Lc channels ex-
hibit little desensitization at low receptor occupancy. To test this
more directly, we performed prepulse inhibition experiments.
Patches were preexposed to various concentrations of glutamate
for 500 msec and then challenged with 5 mM glutamate. As can be
seen in Figure 2C, submicromolar concentrations of glutamate
increased the holding current and suppressed the peak current in
response to saturating glutamate. These experiments gave an IC50

value for glutamate of 0.33 � 0.06 �M and a maximal inhibition
of 40% (n � 4) (Fig. 2D). Thus, in contrast to GluR1wt channels
(Robert and Howe, 2003), there are no concentrations of gluta-
mate that produce substantial desensitization without producing
substantial activation.

Contribution of GluR1Lc channels to the leak current
Given the conflicting conclusions about the constitutive nature
of the lurcher mutation, we sought to quantify the contribution of
GluR1Lc channels to the leak current. We measured the amount
of leak current at �80 mV under a variety of conditions and
normalized those results to the leak current present in our exter-
nal solution (NaCl). Only patches that gave a discernable re-
sponse to glutamate and that had on-cell seal resistances of at
least 25 G� were included in this analysis. Replacement of all the
monovalent cations with the impermeant cation NMDG blocked
80% of the leak current (�3.3%; n � 11) (Fig. 3A), confirming
that the seal resistance of our patches did not contribute greatly to
the total leak current.

We next measured how much of the leak current was sensitive
to the competitive AMPA receptor antagonist NBQX. If the leak
current is attributable to activation of GluR1Lc, then NBQX
should effectively prevent the channels from gating. Indeed, pre-
vious work found that 50 �M NBQX blocked 55% of the leak
current in GluR1Lc-transfected cells (Kohda et al., 2000). As
shown in Figure 3A, 50 �M NBQX reduced the leak current in
GluR1Lc patches by 45% (�4.1%; n � 6). The NBQX-sensitive
portion of the leak current (Fig. 3B,C) exhibited the inward rec-
tification typical of unedited GluR1 channels that results from
block of the channels at positive potentials by internal poly-
amines (Bowie et al., 1999). In separate coapplication experi-
ments, in which NBQX and glutamate were simultaneously ap-
plied, we confirmed that 50 �M NBQX was a sufficient
concentration to inhibit glutamate-evoked responses up to 500

Figure 1. GluR1Lc kinetics are slower than GluR1wt kinetics. A, B, Currents evoked by 5 mM

glutamate (100 msec) in outside-out patches containing GluR1wt ( A) or GluR1Lc ( B) channels.
Desensitization of GluR1Lc channels is slower and much less complete than GluR1wt. C, D,
Currents evoked in the same patches as in A and B by 5 mM glutamate with or without CTZ (100
�M) for GluR1wt ( C) and GluR1Lc ( D). E, F, Currents evoked by a brief (1 msec) application of 5
mM glutamate to outside-out patches containing GluR1wt ( E) or GluR1Lc ( F). Deactivation of
GluR1wt channels follows a simple exponential time course, whereas the decay of the currents
through GluR1Lc channels shows multiple components. Single or double exponential fits to the
various decays are superposed on the current traces (solid lines). The fit to the GluR1wt decay
gave a time constant of 0.95 msec. The time constants (and relative amplitudes) of the fast and
slow components detected in the GluR1Lc decay were 1.2 msec (0.26) and 11.5 msec (0.55). In
this and subsequent figures, the current traces are averages of 3–10 consecutive records (unless
stated otherwise).
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nM glutamate (data not shown). NBQX also had no effect on the
leak current of untransfected cells.

For each patch, we also expressed the NBQX-sensitive leak
current as a percentage of the plateau current evoked in the same
patch by a saturating concentration of glutamate. Comparisons
of these percentages with the concentration–response curve for
the plateau current (Fig. 2C) indicated that the NBQX-sensitive
portion of the leak current corresponded to the current expected,
on average, in response to 33 nM glutamate (Fig. 3D). We mea-
sured the contaminating glutamate present in our normal exter-
nal solution with both HPLC and an enzymatic cycling assay. The
HPLC measurements gave values of 30 –50 nM. The enzymatic
assay gave a mean � SD value of 28 � 9 nM (n � 12). Taken
together, the results are consistent with the idea that the NBQX-
sensitive portion of the leak arose primarily from glutamate acti-
vation of GluR1Lc rather than constitutive channel activity.

Lurcher kinetics depend on receptor occupancy
For GluR1Lc channels, our CTZ results suggested that desensiti-
zation is minimal at low receptor occupancy. In addition, steady-
state current deactivation decays contained multiple exponential
components. These components might reflect the gating kinetics
of channels with different numbers of glutamate molecules
bound (Rosenmund et al., 1998; Smith and Howe, 2000). We,
therefore, examined further the extent to which desensitization
and deactivation of GluR1Lc channels depend on receptor
occupancy.

Unlike GluR1wt (Robert and Howe, 2003), the rate of
GluR1Lc desensitization was concentration dependent and be-
came faster as the concentration of glutamate was increased from
100 �M to 5 mM (�des � 12.8 � 1.1, 10.4 � 0.6, 9.1 � 1.6, and
8.1 � 0.5 msec at 0.1, 0.5, 1, and 5 mM glutamate, respectively;
n � 6 –15). The desensitization decays for 500 and 100 �M were
significantly different from the decays for 5 mM ( p � 0.025 and
p � 0.005, respectively).

The decay of the steady-state current through GluR1Lc chan-
nels also depended on glutamate concentration. At saturating
glutamate, three exponential components were consistently dis-
tinguished in these decays. Figure 4A shows an example of results
obtained with 5 mM glutamate, in which the current decay has
been fitted with three exponential components. (�fast � 4.6 � 0.9
msec, �inter � 46 � 10 msec, and �slow � 202 � 25 msec, with the
respective relative amplitudes of 0.19 � 0.04, 0.34 � 0.03, and
0.45 � 0.05; n � 6). The fast component exhibited the greatest
concentration dependence. The mean time constant of this com-
ponent increased (from 4.5 to 9.2 msec) as the glutamate concen-
tration was lowered from 5 mM to 10 �M. The fast time constants
for 0.01, 0.03, and 0.1 mM were significantly different from the
�fast measured for 5 mM glutamate ( p � 0.05, 0.025, and 0.01,
respectively). At low and intermediate glutamate concentrations
(0.1–10 �M), the fast component was often missing (Fig. 4B).

The results of experiments in which patches were preincu-
bated with NBQX also indicated that the decay of the plateau
current depended on receptor occupancy. Outside-out patches
were preincubated with various concentrations of NBQX and

Figure 2. Concentration–response relationships for GluR1Lc channels. A, Currents evoked
by applications (bar) of the indicated concentrations of glutamate to an outside-out patch
containing GluR1Lc channels. B, GluR1Lc currents evoked in another patch by the indicated
concentrations of glutamate in the presence of 100 �M CTZ. C, Responses of GluR1Lc channels in
an outside-out patch evoked by preincubation of the patch in the indicated concentration of
glutamate, followed by the application of 5 mM glutamate for 500 msec. D, Mean concentra-
tion–response data for glutamate-evoked peak (f) and plateau (E) currents (5–9 patches
per concentration). Also shown are concentration–response data for glutamate-evoked

4

currents in the presence of CTZ (F; n � 3 patches) and data for the inhibition of responses to 5
mM glutamate by preexposure of the patches to low concentrations of glutamate (�; n � 4
patches). The EC50 (or IC50 ) and nH values obtained from Hill-type fits to each data set were: 110
�M and 0.99, peak currents; 2.46 �M and 0.69, plateau currents; 1.96 �M and 0.59, currents in
CTZ; 0.33 �M and 0.83, preincubation inhibition. Errors bars represent SEM; some bars in this
and subsequent figures are less than one-half the symbol size.
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then challenged with 500 �M glutamate for 30 msec (as in Fig.
5D). We scaled the traces to the NBQX-free response and then fit
the decays with multi-exponential equations. As we found with
glutamate, the number of components, as well as their time con-
stants and relative amplitudes, varied with NBQX concentration.
Concentrations of NBQX that reduced the peak current also
slowed the decay of the plateau current (Fig. 4C). Preincubation
with 100 nM NBQX reduced the currents evoked by saturating
glutamate 46 � 3% (mean � SD; n � 7), suggesting that at this
concentration more than half the channels have two or fewer sub-
units available for glutamate (see Materials and Methods for details).
The steady-state glutamate-evoked currents measured after preincu-
bation with 100 nM NBQX decayed with only two components (�inter

� 41 � 8 msec and �slow � 192 � 31 msec; n � 6) (Fig. 4C).

DNQX is an agonist for GluR1Lc
The series of quinoxalinediones, CNQX, DNQX, and NBQX, are
all competitive antagonists of native and wild-type AMPA recep-
tors (Honore et al., 1988). The structure of the binding domain in
complex with DNQX shows that DNQX induces only a small
amount of binding domain closure (2.5°, on average), in part
because it braces the binding cleft open via interactions between
the nitro group on the quinoxaline ring and a threonine residue
(T686) that forms a cross-cleft hydrogen bond in agonist-bound
structures (Armstrong and Gouaux, 2000). Although structures
for CNQX and NBQX are not available, the quinoxalinediones
only differ in the size of the substituent at what is the sixth posi-
tion in CNQX [cyano (CNQX) � nitro (DNQX) � phenylsul-
phonamide (NBQX)], suggesting that the amount of domain
closure might be greatest with CNQX and least with NBQX. This
might explain why the lurcher mutation renders CNQX an ago-
nist (Taverna et al., 2000), whereas NBQX remains an antagonist.
Previous work did not compare the efficacies of CNQX and glu-
tamate, but the extent of binding domain closure is known to
correlate with agonist efficacy (Jin et al., 2003). We, therefore,
compared CNQX-, DNQX-, and glutamate-evoked currents.

Both CNQX and DNQX produced detectable currents
through GluR1Lc channels (Fig. 5A, B), and concentration–re-
sponse data gave an EC50 value of 496 nM for CNQX (Fig. 5C).
The small size of DNQX-evoked currents limited concentration–
response analysis, but its EC50 value was �600 nM. When satu-
rating concentrations were compared in the same patches (Fig.
5A,B), the maximum currents evoked by CNQX and DNQX
were 24 � 5.6 and 13 � 4.2% (n � 3–5), respectively, of the
glutamate-evoked responses. NBQX applications never evoked
currents from GluR1Lc channels (Fig. 5D), and an IC50 value of
121 � 0.06 nM was obtained from preincubation experiments
(nH � 0.92; n � 9 patches). Thus, the relative order of efficacy of the
three quinoxalinediones (CNQX � DNQX � NBQX) does indeed
inversely correlate with the bulkiness of the different substituents, a

4

Figure 3. GluR1Lc leak current is reduced by NBQX and NMDG. A, Bar graph of GluR1Lc leak
current amplitudes in NMDG and NBQX normalized to the amplitude of the leak current recorded
in normal NaCl external solution. Error bars show SEM value (n � 6 –11 patches). B, Current–
voltage curve for the leak current in a typical GluR1Lc patch measured in normal external
solution (NaCl), NaCl external containing 50 �M NBQX, or after replacing NaCl and KCl with
NMDG. The curves were obtained from 510 msec voltage ramps. C, Current–voltage relationship
for the NBQX-sensitive portion of the leak current obtained by subtracting the NBQX curve in B
from the corresponding curve obtained in normal NaCl external. D, Average NBQX-sensitive leak
current (solid line) plotted on the glutamate plateau concentration–response curve from Figure
2 D (solid curve). The inset shows an enlargement of the area (arrow) where the amplitude of
the NBQX-sensitive leak current maps to the concentration–response curve.
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result consistent with other findings that the extent of binding do-
main closure is directly related to agonist efficacy (Jin et al., 2003).

Unlike glutamate, both CNQX and DNQX produced only
plateau currents, with no sign of a peak even at high concentra-
tions. However, the deactivation decays of CNQX-evoked cur-
rents were multi-exponential, suggesting that this feature of
GluR1Lc channels is agonist independent.

GluR1Lc recovery from desensitization
One clear difference between GluR1wt and GluR1Lc channels is
that for GluRLc the steady-state current is a much larger fraction
of the peak current evoked at saturating glutamate. Because

GluR1wt and GluR1Lc enter desensitization at similar rates, this
suggests that the lurcher mutation increases substantially the rate
constant for leaving desensitization, which for GluR1wt channels
is the primary determinant of the rate at which channels recover
from desensitization (Robert and Howe, 2003). If this is also true
for GluR1Lc channels, then they should recover from desensiti-
zation more rapidly than GluR1wt.

To test whether GluR1Lc channels show accelerated recovery
from desensitization, we measured recovery using a two-pulse
protocol. A 50 or 100 msec application of glutamate was first
made to desensitize the channels, and a paired application was
made at increasing time intervals to determine what fraction of
the channels had recovered (Fig. 6A). Only patches in which the
difference between the peak and plateau currents was at least 50
pA were used in this analysis. Mean data from several patches are
presented in Figure 6B. In contrast to GluR1wt, the recovery time
course for GluRLc is not sigmoid and is best described by a bi-
exponential equation. The bi-exponential fit to the mean data in
Figure 6B gave �recov1 and �recov2 values of 16.4 and 166 msec, with
relative amplitudes for the fast and slow components of 0.21 and
0.73. For comparison, the recovery time course for GluR1wt
channels is shown as a dotted line in Figure 6B. As can be seen, at
short intervals, the fraction of GluR1Lc channels that have recov-
ered from desensitization is larger than GluR1wt (5 msec, 13 vs
0.5%; 20 msec, 26 vs 5%; 100 msec, 57 vs 41%). Recovery is
indeed faster for GluR1Lc channels, especially at short recovery
intervals.

Figure 4. The decay of currents through GluR1Lc channels varies with receptor occupancy. A,
Decay of the steady-state plateau current after removal of 5 mM glutamate has three exponen-
tial components. The tri-exponential fit to the results (solid line) is superposed on the data trace.
The three individual components (fast, intermediate, and slow) had the indicated time con-
stants and are shown separately (dashed lines). B, The decay of the plateau current after the
removal of 10 �M glutamate has only two components (intermediate and slow). C, A saturating
concentration of glutamate (0.5 mM) was applied after preincubation of the patch in 100 nM

NBQX. The decay of the current contained two exponential components (intermediate and
slow) that had time constants similar to the two slowest components seen in the absence of
NBQX. The bi-exponential fits to the decays in B and C are superposed (solid lines) on the records.
The individual components with the indicated time constants are shown are shown separately
(dashed lines).

Figure 5. CNQX and DNQX are agonists at GluR1Lc channels. A, B, Currents through GluR1Lc
channels evoked by applications (bar) of 500 �M glutamate (left) or 0.5, 1, and 50 �M CNQX or
DNQX (right; A and B, respectively). The currents were recorded from a whole cell that was lifted
off the coverslip. C, Mean concentration–response data for CNQX activation of GluR1Lc channels
(n � 3–5 cells). The Hill-type fit to the data gave EC50 and nH values of 496 nM and 1.07. Error
bars are SEM. D, Currents evoked by 30 msec applications (bar) of 500 �M glutamate in control
solution and after preexposing the patch to the indicated concentrations of NBQX.
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Modeling of GluR1Lc kinetics
To further characterize the effects of the lurcher mutation in
GluR1, we sought to interpret our results in the context of a
kinetic model. Although we considered many types of models,
they all incorporated the basic scheme depicted in Figure 7. All
models tested had five closed states (zero to four glutamates
bound) and at least four open states (four concentration-
dependent open levels). Channel activation and desensitization
were assumed to proceed in parallel from the same closed states
(Vyklicky et al., 1991; Raman and Trussell, 1995). Our goal was to
find a single set of rate constants that could reproduce the
GluR1Lc current at high agonist concentrations, the concentra-
tion–response curves for glutamate, the time courses of entry into
and recovery from desensitization, the concentration depen-
dence of desensitization, and the multi-exponential decay of the
steady-state current. Here, we compare two types of kinetic mod-
els that have been proposed for AMPA-type GluRs: a classical
MWC model and the model proposed by Robert and Howe
(2003).

Classical MWC models have two distinguishing features: (1)
the transition from one set of states to another is concerted (i.e.,
all receptor subunits adopt identical conformations); and (2) li-
gand affinity differs for different sets of states. In the kinetic

model depicted in Figure 7, an MWC model would require that
glutamate binding to open states be allowed and that glutamate
bound with higher affinity to at least one set of states (open,
closed, or desensitized) than to the others. To maintain micro-
scopic reversibility, substantial differences in affinity between
closed and open (or closed and desensitized) states also require
correspondingly substantial differences in the ratios of the rate
constants for channel opening and closing (�/�) or channel entry
into and exit from desensitization (�/�) for states with different
occupancies.

Invariably, MWC models reproduced the experimental re-
sults poorly. For example, models in which the affinity of gluta-
mate binding was highest to open states paradoxically predicted
that at low glutamate concentrations most channels are desensi-
tized (a prediction at odds with our data). This is a consequence
of the strong dependence of � and � on receptor occupancy that
is necessary to satisfy microscopic reversibility, which led to de-
sensitization being much more likely than channel opening (� ��
�) with one or two glutamates bound. If � and � were altered to
decrease the fraction of desensitized channels, the rate of entry
into desensitization became too slow for fully occupied channels.
Models in which the affinity of desensitized channels was highest
gave open probabilities that were too low. Increases in � that
corrected this deficiency, and came close to reproducing the
peak/plateau current ratio, gave �des values that were much larger
than those observed. In addition, all MWC models explored pre-
dicted that recovery from desensitization was far too slow and
incomplete.

We also considered a model proposed recently for wild-type
GluR1 and GluR4 receptors (Robert and Howe, 2003). This
model is identical to the one shown in Figure 7A (except that the
O1 state was not included) and was based on available kinetic and
structural data for AMPA-type GluRs. Briefly, AMPA-type recep-
tors have four binding sites per receptor, one per subunit. Chan-
nel activation is triggered by closure of the binding domains once
ligand is bound and desensitization occurs because of rearrange-
ment of the dimer interface (Sun et al., 2002). For fully occupied
desensitized receptors, it was found that two glutamates dissoci-
ated rapidly and two slowly. It was proposed that this arose be-
cause the binding domain of one subunit in each dimer was sta-
bilized in a closed conformation. In the wild-type model, the time
course of recovery is determined by the rate at which subunits
with closed binding domains resensitize (�) and not the rate at
which glutamate unbinds (k�1). Another key feature of this
model is that the ligand affinity is the same for all states of the
receptor, with the exception that unbinding from the D22 and D1
states is presumed to be slow, because it represents glutamate
dissociation from a closed binding domain (for further discus-
sion, see Robert and Howe, 2003).

We began the kinetic modeling of GluR1Lc by decreasing
wild-type values for k�1 and �, and increasing �, which led to a set
of rate constants that reproduced well the slower and incomplete
desensitization seen with GluR1Lc, as well as the concentration–
response curve for steady-state currents. These simple changes,
however, failed to reproduce the recovery time course, the decay
of the steady-state current, or the concentration dependence of
desensitization and the peak current. For GluR1wt, there is little
dependence of any of the rate constants on receptor occupancy
(Robert and Howe, 2003). However, it soon became clear that the
remaining results for GluR1Lc channels could only be repro-
duced if some of the rate constants varied substantially with oc-
cupancy. Introducing negative cooperativity of binding gave
multi-exponential steady-state current decays but failed to re-

Figure 6. GluR1Lc channels recover faster from desensitization than GluR1wt. A, Selected
records from a typical two-pulse protocol to measure recovery from desensitization. After an
initial application of 500 �M glutamate (first black bar), a second application was given (second
black bar) at varying time intervals (dashed lines). Fractional recovery was measured as the
difference between the peak current during the second application and the steady-state current
at the end of first application of the pair. B, Mean recovery data from seven patches were fitted
with a bi-exponential equation (solid line) that gave time constants of 16.4 and 166 msec for the
two components. The relative amplitudes of the two components were 0.21 � 0.07 and
0.73 � 0.05, respectively. Bars indicate SEM. The dotted curve is the recovery time course for
GluR1wt channels measured with 5 mM glutamate (Robert and Howe, 2003).
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solve the other deficiencies, and recovery
from desensitization was much too slow. By
allowing � and � to vary with receptor occu-
pancy, we were able to reproduce both the
time course of recovery and the concentra-
tion dependence of desensitization. How-
ever, changes in k�1 that then gave the cor-
rect multi-component decays of the plateau
currents resulted in EC50 values for these
same currents that were smaller than those
measured. In contrast, by letting � and �
vary with occupancy, it was possible to re-
produce both the decays and all three con-
centration–response curves (Fig. 7B,C).

The final model for GluR1Lc kinetics is
shown in Figure 7A. Simulated results us-
ing this model and the rate constants in
Table 1 are presented in Figure 7. The sim-
ulated response to saturating concentra-
tions of glutamate (Fig. 7B) mimics several
characteristics of the GluR1Lc current re-
sponse. Both the peak and plateau current
concentration–response curves are repro-
duced well by this model, with EC50 values
within 50% of the experimental values
(Fig. 7C). The recovery predicted by the
model also matches the experimental time
course (Fig. 7D). Our model also repro-
duces GluR1Lc deactivation in response to
a brief application of glutamate, an exper-
imental result that was not used to define
the final model or rate constants (Fig. 7E).
The slow deactivation component arises
from continued channel opening after glu-
tamate is removed and results from the
slow rate of glutamate dissociation for
GluR1Lc. During the brief glutamate ap-
plication, the channels rapidly fill the O4
state; after the removal of glutamate, the
channels transit through the other open
states (O3–O1) as glutamate sequentially
dissociates (Fig. 7F). The model also gave
activation rise times over a range of gluta-
mate concentrations that were similar to
those recorded experimentally (data not
shown). The only experimental data that
our model did not reproduce well was the
glutamate inhibition–response curve. The
simulated IC50 value (1.6 �M) is fivefold
larger than our experimental value of 0.33
�M. One possible reason for this discrep-
ancy is that the glutamate IC50 is especially
sensitive to the presence of contaminating
glutamate in the external solution.

Table 1 gives the fold changes from
GluR1wt values for GluR1Lc for each recep-
tor occupancy. The largest differences between the rate constants
used for GluR1Lc and those found for GluR1wt are in the rate con-
stants for glutamate dissociation, k�1, and channel desensitization,
�. GluR1Lc kinetics requires a 150-fold decrease in the value for k�1

and 180- to 24-fold decreases in �. Another rate constant that has
changed substantially in our model is �. For the fully occupied re-
ceptor, the value of � is 15-fold larger than the GluR1wt value.

Discussion
Compared with GluR1wt, GluR1Lc channels have a decreased
rate and extent of desensitization. Our kinetic modeling indicates
that GluR1Lc channels also exhibit a marked increase in their
affinity for glutamate. Although our results do not rule out the
possibility that lurcher increases the frequency of unliganded
openings, the NBQX-sensitive leak current is a small fraction of

Figure 7. Modeling GluR1Lc kinetics. A, Kinetic model used to simulate the results obtained with GluR1Lc. The rate constants
used are reported in Table 1. B–D, Simulated current response to 5 mM glutamate ( B), concentration– and inhibition–response
curves for glutamate ( C), and channel recovery from desensitization ( D). For C and D, the points represent the mean experimental
data, whereas the fits are the simulated data. Fits to the simulated data gave peak, plateau, and �CTZ EC50 values of 159 � 14.2,
1.5 � 0.09, and 3.3 � 0.13 �M, respectively, and Hill coefficients of 0.98, 0.72, and 0.69. The fit to the inhibition data gave an IC50

value of 1.61 � 0.19 �M with nH � 0.61. The simulated recovery time course was fitted with a bi-exponential equation and gave
values of �1 � 20 msec, �2 � 166 msec with relative amplitudes of 0.26 and 0.80. E, Simulated deactivation decay after a 1 msec
pulse of 5 mM glutamate. The fits to the decay are indicated on the figure and gave values of �1 � 3.0 msec and �2 � 24 msec. F,
Open-state probabilities for the trace shown in E. During the 1 msec pulse, which begins at 10 msec, most channels quickly reach
O4. When glutamate is removed, the channels visit O3 to O1 as glutamate sequentially unbinds from individual subunits. The
repeated openings to successively smaller conductance levels result in the longer decay component seen in E. G, Cartoon repre-
senting three possible conformations of the ligand-binding domains of AMPARs. Glutamate is shown as a gray ball. The transitions
between the open-bound and closed-bound states are represented by the rate constants � and 	. H, Energy-state diagrams for
GluR1Lc with a single subunit occupied (black dashed trace) and all four subunits occupied (solid black trace). As subunit occu-
pancy increases (arrows), the stability of the open state decreases and the stability of the desensitized state increases. Also shown
is an energy-state diagram for the fully occupied GluR1wt channel (solid gray trace). The relative depths of the wells were
calculated from the rate constants in Table 1 and Robert and Howe (2003).
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the activity evoked by saturating glutamate, and the size of the
NBQX-sensitive current suggests it likely arises predominantly
from activation of GluR1Lc channels by contaminating gluta-
mate present in the external solution.

GluR1Lc shows reduced desensitization at ambient levels
of glutamate
Our results indicate that one main effect of lurcher is to substan-
tially reduce the likelihood that GluR1 channels are desensitized
at low receptor occupancies. At levels of glutamate found in vivo
(Meldrum, 2000), little activation of native GluRs occurs
(Colquhoun et al., 1992; Hausser and Roth, 1997). In contrast,
GluR1Lc channels would generate a small, but sustained, current.
The resulting influx of cations could trigger apoptotic pathways,
some of which have been shown to be activated in lurcher mice
(Doughty et al., 2000; Selimi et al., 2000). We conclude that de-
creased desensitization is the main effect of the lurcher mutation,
not the creation of a constitutively active channel as postulated
before (Kohda et al., 2000; Taverna et al., 2000; Wollmuth et al.,
2000; Schwarz et al., 2001).

Lurcher changes the route of channel recovery
In addition to the large reduction in the desensitization rate con-
stant at low receptor occupancies, changes in the resensitization
rate constant at high occupancies were required to reproduce the
altered peak/plateau current ratio and the recovery time course
seen with lurcher. GluR1wt channels follow a stepwise recovery
composed of fast unbinding and slow resensitization steps (Rob-
ert and Howe, 2003), and because GluR1wt resensitization is
much slower than glutamate dissociation, almost all GluR1wt
channels escape desensitization from the singly liganded desen-
sitized state, D1. For GluR1Lc channels, the combination of large

values for the resensitization rate constants, together with the
much smaller unbinding rate constants, greatly increases the like-
lihood that channels will escape from desensitization with two to
four subunits occupied. In addition, channels that do escape
are more likely to reenter desensitization than lose glutamate.
As a result, the time course of recovery is a complex function
of several rate constants and no longer simply reflects the rate
of re-sensitization.

A pore mutation that alters ligand affinity
The modest shifts in EC50 values we find appear at odds with the
large shift in the glutamate EC50 value reported previously (Tav-
erna et al., 2000). Some of this discrepancy may be attributable to
differences in the two types of expression systems used (outside-
out patches from mammalian cells vs oocytes). It is also notable,
however, that the EC50 value reported by Taverna et al. (2000) is
more than an order of magnitude above other reported values for
GluR1wt and related subunits (20 –25 �M) (Patneau and Mayer,
1990; Armstrong et al., 2003; Leever et al., 2003).

Our kinetic modeling does indicate, however, that lurcher
markedly increases the affinity of the receptors for glutamate.
This large change in affinity, absent large changes in apparent
potency, is primarily explained by the different desensitization
behavior of wild-type and lurcher channels. Because GluR1Lc
desensitizes less than GluR1wt, the half-maximal plateau current,
and especially the half-maximal peak current, occur at receptor
occupancies substantially greater than the corresponding occu-
pancies for wild-type channels. This tends to blunt true differ-
ences in affinity when EC50 values are compared. Indeed, when
we measure EC50 values for lurcher and wild type in the presence
of CTZ, the difference (�80-fold) more closely parallels the dif-
ference in affinity that we estimate from the kinetic simulations.

Why does a mutation in the pore produce such a large differ-
ence in the affinity of binding? Although binding domain closure
is the conformational change that triggers gating (Armstrong
and Gouaux, 2000; Armstrong et al., 2003; Jin et al., 2003; Jin and
Gouaux, 2003), in our kinetic scheme (Fig. 7A), cleft closure
and opening are ignored. If cleft closure is included (as in Fig.
7G), then for closed states the binding domain of an individual
subunit would exist in at least three conformations: open, open-
bound, and closed-bound. The transition between the first two
conformations corresponds to glutamate binding to an open
cleft, and the next transition represents the cleft closure that pre-
cedes channel opening or desensitization. Because glutamate can
only dissociate at an appreciable rate from an open binding cleft
(Armstrong and Gouaux, 2000), the more time spent in the
closed-bound conformation, the slower the rate of glutamate dis-
sociation. Given the location of the lurcher mutation, we suggest
that what appears in our modeling as a large decrease in k�1 is, in
fact, the effect of the mutation to stabilize a state that is inherently
unstable in wild-type channels, namely the closed-bound transi-
tion state that precedes channel gating.

A comparison of the crystal structure of KcsA (Doyle et al.,
1998) with scanning mutagenesis studies indicates that the struc-
ture of KcsA is a good model for the GluR pore (Panchenko et al.,
2001; Sobolevsky et al., 2003). When mapped directly onto the
KcsA structure, the side chain of the lurcher alanine points di-
rectly at conserved residues within TM1, and SCAM (substituted
cysteine accessibility methods) studies of GluR1 indicate that the
lurcher alanine was the only residue in the SYTANLAAF motif
inaccessible to modification, suggesting that it never faces the
channel vestibule (Sobolevsky et al., 2003). Mutation of the
lurcher alanine to threonine may promote formation of a hydro-

Table 1. Rate constants for GluR1Lc and fold changes from GluR1wt rate constants

Rate
constant GluR1Lc Fold change from GluR1wt

� a,b 250 sec�1 �15, �4.1, �1.2, � 2

� a,b,c,d,e 1400 sec�1
�5.7, �3.8, �2.8,
�1.9

k1
c 2 	 107 m�1/sec�1

k�1
c,d,e,f 60 sec�1 �150

k�2
f,g 1 sec�1 � 2.4

�0
g,h 0.069 s�1 � 20

�0
f,h,i 5 sec�1 � 5

�1
b,h 10 sec�1 �180, �36, �27, �24

�1
d,f,g 16 sec�1 � 2

�2
d,f,j 80 sec�1 � 10

�3
d,f,j 106.7 sec�1 � 14

�4
d,f,j 120 sec�1 � 15

�
 d,f,j 10 sec�1 �20
�
b,f,h 1000 sec�1 � 29

The rate constants refer to the kinetic model in Figure 7A. The right column gives the fold changes from the GluR1wt
rate constants (Robert and Howe, 2003); when more than one value is given, each represents the fold change for
each receptor occupancy (1– 4). The experimental measurements or considerations that were the main constraints
on the value of each rate constant are indicated below.
aDeactivation time constants (brief and long applications).
bDesensitization time constants.
cTime course of activation.
dConcentration–response data for peak currents.
eConcentration–response data for plateau currents.
fTime course of recovery.
gMaximal recovery from bi-exponential fits.
hRelative amplitude of plateau and peak currents.
iMicroscopic reversibility.
jInhibition–response data for glutamate preincubation.
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gen bond between the hydroxyl group of threonine and residues
within TM1 of the same subunit, thereby strengthening helix–
helix interactions. If rearrangement of the helices is required for
gating, as recent work suggests (Sobolevsky et al., 2004), this
might explain why lurcher decreases the rate constants for chan-
nel opening and entry into desensitization.

The effect of lurcher varies with receptor occupancy
For GluR1wt, the steady-state distribution of channels lies to-
ward the desensitized conformation and shows little dependence
on receptor occupancy. In contrast, the GluR1Lc distribution lies
toward the open state, presumably because lurcher opposes rear-
rangement of the dimer interface (Sun et al., 2002). In addition,
deactivation and desensitization for GluR1Lc resemble wild-type
channels more as occupancy increases. As depicted in Figure 7H,
the free energy of the desensitized state decreases as receptor
occupancy increases (compare solid and dashed black lines),
whereas the opposite is true for the open state.

A possible explanation for the concentration dependence of
GluR1Lc deactivation and desensitization kinetics may involve
interactions within and between receptor dimers that are thought
to govern channel activation and desensitization (Mansour et al.,
2001; Robert et al., 2001; Bowie and Lange, 2002; Sun et al., 2002;
Robert and Howe, 2003). It has been proposed that when gluta-
mate is bound and the channel is closed, there is large strain on
the dimer interface, which is relieved either by channel opening
or rearrangement of the interface and desensitization (Sun et al.,
2002). At low concentrations of glutamate, only one or two sub-
units are occupied by ligand, and the likelihood that both sub-
units within a dimer are occupied is low. The strain on the dimer
interface may be less for singly than doubly occupied dimers and
may be more easily countered by any interactions between the
transmembrane helices. At higher glutamate concentrations,
doubly occupied dimers are common, and the closed-bound
transition state may be inherently less stable.

Our proposed structural explanation for the effect of the
lurcher mutation predicts that other residues in TM1, and per-
haps TM3, would influence channel activation and desensitiza-
tion. A systematic mutagenesis study of these regions may yield
more information regarding the role of the transmembrane do-
mains in channel function. Although the structural explanation
for the effects of lurcher remains to be proven, our results dem-
onstrate that the main effects of lurcher are to greatly reduce
desensitization at low glutamate concentrations and greatly slow
glutamate dissociation by stabilizing closure of the binding cleft.
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