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ABSTRACT: GluR6 is an ionotropic glutamate receptor subunit of the kainate subtype. It plays an essential
role in synaptic plasticity and epilepsy. We expressed this recombinant receptor in HEK-293 cells and
characterized the glutamate-induced channel-opening reaction, using a laser-pulse photolysis technique
with the caged glutamate (γ-O-(R-carboxy-2-nitrobenzyl)glutamate). This technique permits glutamate to
be liberated photolytically from the caged glutamate with a time constant of∼30 µs. Prior to laser
photolysis, the caged glutamate did not activate the GluR6 channel, nor did it inhibit or potentiate the
glutamate response. At the transmembrane voltage of-60 mV, pH 7.4 and 22°C, the channel-opening
and -closing rate constants were determined to be (1.1( 0. 4)× 104 and (4.2( 0.2)× 102 s-1, respectively.
The intrinsic dissociation constant of glutamate and the channel-opening probability were found to be
450( 200µM and 0.96, respectively. These constants are derived from a minimal kinetic mechanism of
the channel activation involving the binding of two glutamate molecules. This mechanism describes the
time course of the open-channel form of the receptor as a function of glutamate concentration. On the
basis of the channel-opening rate constants obtained, the shortest rise time (20-80% of the receptor current
response) or the fastest time by which the GluR6Q channel can open is predicted to be 120µs. The
open-channel form of the receptor determines the transmembrane voltage change, which in turn controls
synaptic signal transmission between two neurons. The comparison of the channel-opening kinetic rate
constants between GluR6Q and GluR2Qflip, reported in the companion paper, suggests that at a glutamate
concentration of 100µM, for instance, the integrated neuronal signal will be dominated by a slower
GluR6Q receptor response, as compared to the GluR2Qflip component.

GluR6 is an ionotropic glutamate receptor subunit of the
kainate subtype (1, 2). It can form homomeric receptor
channels when expressed in heterologous expression systems
such as human embryonic kidney (HEK-293) cells (3).
GluR6 undergoes mRNA editing at the Q/R (glutamine/
arginine) site located in membrane domain 2 (4), which is
believed to line the channel pore of the receptor (5-7). The
mRNA editing at this site is known to affect the GluR6
properties dramatically. The presence of R at this site
decreases the channel permeability to calcium (4, 8), reduces
the mean conductance of the GluR6 channel by about 25-
fold (9), and alters the current-voltage relationship from
inwardly rectifying to linear or slightly outwardly rectifying
(4, 10). Furthermore, the extent of Q/R editing is develop-
mentally regulated in that GluR6 is unedited embryonically,
but the editing rises to∼70-85% by birth (11). In addition,
the disruption of GluR6 editing increases the vulnerability
to seizures, suggesting that unedited GluR6 may contribute

to the seizure generation (12). More recently, GluR6 has been
implicated in other neurological conditions including schizo-
phrenia (13) and Huntington’s disease (14).

The opening and closing of the GluR6 receptor channel
is presumed to occur in the submillisecond (ms) time scale.
This is based, at least in part, on the lifetime of the open
channel characterized by single-channel studies using do-
moate (domoate is a neurotoxin that can activate the kainate
receptor channel but produces nondesensitizing currents)
(15). However, the lifetime of the open channel has not been
reported using the natural neurotransmitter glutamate. The
binding of glutamate to its ion-channel receptors, including
GluR6, is known to induce rapid receptor desensitization
within milliseconds, a reaction that leads to the closure of
the channel with the neurotransmitter bound (16). Therefore,
a kinetic investigation of the receptor-channel opening
requires the use of a kinetic technique with at least a
submillisecond time resolution (17-20). Commonly used
fast solution-exchange methods have not offered a time
resolution high enough to resolve the rapid channel opening,
occurring in the microsecond (µs)-to-ms time domain, from
the rapidly ensuing channel desensitization. By these tech-
niques, generally, the diffusion of ligands toward the surface
of a cell or a patch of membrane and the mixing of ligands
with the sites of the receptor is slow, as compared to the
rate of the receptor-channel opening. Consequently, the
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kinetics of the GluR6-channel opening is not well-under-
stood.

Here, we use the laser-pulse photolysis technique (17-
19, 21) that employsγ-O-(R-carboxy-2-nitrobenzyl)glutamate
(RCNB glutamate)1 or caged glutamate (22). The caged
glutamate is a photolabile precursor of glutamate. The caged
glutamate and its photolytic side products are biologically
inert as previously tested with rat hippocampal neurons (22),
which is further confirmed with the GluR6 receptor in the
present study. In kinetic experiments described next, caged
glutamate is first equilibrated with the cell expressing the
receptor and then photolyzed by a laser pulse. Free glutamate
is released with a time constant of∼30 µs (22). Using this
technique, we have characterized, and report here, the kinetic
mechanism for the channel-opening reaction of the GluR6Q
receptor channel, prior to receptor desensitization. The
biological implications of the present study, in the context
of the results using GluR2Qflip presented in the companion
paper, are further discussed.

MATERIALS AND METHODS

Expression of cDNA and Cell Culture. The cDNA encod-
ing GluR6Q was kindly provided by Prof. Steve Heinemann
(Salk Institute). The plasmid was propagated in anE. coli
host (DH5R) and purified using a kit from QIAGEN
(Valencia, CA). GluR6Q was transiently expressed in HEK-

293 cells using a standard calcium phosphate protocol (23).
The cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 50
U/mL penicillin, and 50µg/mL streptomycin from GIBCO/
BRL (Carlsbad, CA) and maintained in a 37°C, 5% CO2,
humidified incubator.

Unless otherwise noted, the HEK-293 cells were also
transiently cotransfected with a plasmid harboring the green
fluorescent protein (GFP) gene. The weight ratio of the
plasmid expressing GFP to that expressing GluR6Q was 1:5.
The amount of the GluR6Q used for transfection was 2-4
µg/35 mm culture dish. The GFP plasmid was a generous
gift from Prof. Ben Szaro from SUNY-Albany. All trans-
fected cells were used 48 h after the introduction of the
expression plasmid(s).

Whole-Cell Current Recording. The procedure of the
whole-cell recording was described in detail in the compan-
ion paper. Briefly, the resistance of the recording electrodes
was ∼3 MΩ when filled with the electrode solution. The
electrode solution contained (in mM) 110 CsF, 30 CsCl, 4
NaCl, 0.5 CaCl2, 5 EGTA, and 10 Hepes (pH 7.4 adjusted
by CsOH). The external bath solution contained (in mM)
150 NaCl, 3 KCl, 1 CaCl2, 1 MgCl2, and 10 Hepes (pH 7.4
adjusted by NaOH). The whole-cell current (24) was
recorded using an Axopatch-200B amplifier at a cutoff
frequency of 2-20 kHz by a built-in, eight-pole Bessel filter
and digitized at a 5-50 kHz sampling frequency by a
Digidata 1322A (Axon Instruments). pCLAMP 8 (Axon
Instruments) was used for data acquisition.

Laser-Pulse Photolysis and Cell-Flow Measurements.
The laser-pulse photolysis and the cell-flow device have
been described in the companion paper (25). RCNB glutamate
was dissolved in the external bath buffer and delivered to
the cell using a cell-flow device. After the cell was
equilibrated with caged glutamate for 250 ms, a laser pulse
was delivered to liberate free glutamate. A Minilite II pulsed
Q-switched Nd:YAG laser (Continuum, Santa Clara, CA)
tuned by a third harmonic generator was used to generate
single laser pulses at 355 nm with a pulse length of 8 ns.
The laser light was coupled into a fiber optic from Fiber-
Guide Industries (Stirling, NJ), and the power was adjusted
to be 200-800 µJ after coupling, detected by a Joulemeter
from Gentec (Quebec, Canada).

The cell-flow device was used to deliver either caged
glutamate for laser-pulse photolysis described previously
or free glutamate to monitor the cell damage and to calibrate
the concentration of photolytically released glutamate (18,
21). Once a HEK-293 cell was in the whole-cell mode (24),
it was lifted from the bottom of the dish and suspended in
the external bath solution. The glutamate-induced whole-
cell current was recorded as described previously (25). The
amplitude was corrected for desensitization that occurred
during the current rise by the method described in the
companion paper.

All measurements were performed with cells voltage-
clamped at-60 mV, pH 7.4, and room temperature. Each
data point was an average of at least three measurements
collected from at least three cells unless otherwise noted.
Linear regression and nonlinear least-squares fitting (Lev-
enberg-Marquardt algorithm) were performed using Origin
7. Uncertainties reported are the standard error of the fits.

1 Abbreviations: AMPA, R-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid;RCNB glutamate,γ-O-(R-carboxy-2-nitrobenzyl)-
glutamate; GFP, green fluorescent protein; NMDA,N-methyl-D-
aspartate.

FIGURE 1: (A) Whole-cell currents measured from a HEK-293 cell.
The currents were generated at time zero when glutamate was
applied at the concentration, from bottom up, of 500, 200, 100,
50, and 20µM, respectively. (B) Dependence of the desensitization
rate constants on glutamate concentration. The open symbol
represents the measurements from the HEK-293 cells expressing
only GluR6Q, whereas the solid squares are from the measurements
with the HEK-293 cells expressing both GluR6Q and GFP.
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RESULTS

Glutamate-Induced ActiVation of GluR6Q. Figure 1A
shows representative traces of the whole-cell currents evoked
by glutamate. The current deviated from the baseline, at time
zero, as a result of the opening of the receptor channels, and
then returned toward the baseline due to desensitization or
transient inactivation in the continued presence of glutamate.
As a control, untransfected HEK-293 cells were tested with
10 mM glutamate (sufficient to saturate the receptor response,
as seen in the dose-response plot in Figure 3), and no current
was observed (data not shown). The desensitization process
was adequately characterized by a first-order rate constant,
which accounted for over 95% of the reaction. The observed
desensitization rate constant increased with increasing
glutamate concentrations but reached a plateau at∼2 mM,
shown in Figure 1B. The profile of desensitization and the
magnitude of the desensitization rate constants observed are
all consistent with those obtained previously from either
membrane patches (26, 27) or lifted cells (9, 15).

Coexpression of GFP with GluR6Q in HEK-293 Cells.
Because of the characteristic green color, GFP was transiently
coexpressed with GluR6Q in HEK-293 cells (see Materials
and Methods) to facilitate the identification of single cells
that might also express GluR6Q. To enhance the likelihood
that a green cell also expressed GluR6Q, the GluR6Q plasmid
was in excess relative to the GFP plasmid (see Materials
and Methods). Under this condition, a linear correlation was
observed between the intensity of fluorescence in a cell and
the amplitude of the whole-cell current (data not shown).
To demonstrate that the coexpression of GFP did not affect
the function of GluR6Q, we examined two types of cells.
One type expressed only GluR6Q, and the other expressed
both GluR6Q and GFP. The desensitization rate constants

with and without GFP were the same at any given concentra-
tion of glutamate, shown in Figure 2B. Furthermore, the
expression of GluR6Q in HEK-293 cells, judged by the
relative current amplitude at any given concentration of
glutamate, was statistically indistinguishable with and without
GFP, shown in Figure 2A. As a control, the HEK-293 cells
expressing only GFP showed no glutamate response even
when tested with a 10 mM glutamate concentration. These
results demonstrate that GFP, when expressed using a
separate plasmid construct, can serve as an efficient and
harmless cell marker for the study of GluR6Q in the HEK-
293 cells.

Minimal Kinetic Mechanism and Equilibrium Constant for
Channel Opening. The response of the GluR6 receptor in
terms of the corrected current amplitude as a function of
glutamate concentration or a dose-response relationship is
shown in Figure 3A. In Figure 3A, the solid line is the best
fit of the corrected current amplitudes at various glutamate
concentrations, using eq 1.

IA represents the current amplitude at a given concentration
of ligand, L is the molar concentration of the ligand,IM is

FIGURE 2: Coexpression of GFP in HEK-293 cells does not affect
(A) relative current amplitudes and (B) desensitization rate constants
for GluR6Q responses induced by glutamate. In panel A, the whole-
cell currents from different cells were normalized to the current
obtained at 0.5 mM glutamate, and the current amplitude at 10 mM
was set to be 100%.

FIGURE 3: (A) Percentage of the whole-cell current as a function
of glutamate concentration obtained in cell-flow measurements.
Each data point is an average of at least three measurements from
three cells. The whole-cell currents from different cells were
normalized to the current obtained at 0.5 mM glutamate, and the
current amplitude at 5 mM was set to be 100%. The current
amplitude was corrected (see Materials and Methods and the
companion paper), and an example is shown in the inset with the
observed current amplitude (solid line) and the corrected one
(dashed line). The open symbol represents the measurements from
the HEK-293 cells expressing only GluR6Q, whereas the solid
squares are from the measurements with the HEK-293 cells
expressing both GluR6Q and GFP. The solid line is the nonlinear
fit of the data based on eq 1.K1 of 450 ( 200 µM, Φ of 0.12(
0.05, andIMRM of 110( 10 were obtained. All symbols are defined
in the text. (B) Minimum mechanism for the channel-opening
reaction of GluR6 receptor. A represents the active, unliganded form
of the receptor, L the ligand (glutamate), AL and AL2 the ligand-
bound closed channel forms, andAL2 the open-channel form of
the receptor.

IA ) IMRM
L2

L2 + Φ(L + K1)
2

(1)
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the current per mol of receptor, andRM is the number of
mol of receptor in the cell.Φ-1 ()kop/kcl) is the channel-
opening equilibrium constant. According to eq 1, the intrinsic
dissociation constant of glutamate (K1) was 450( 200µM,
andΦ 0.12 ( 0.05, respectively.

Eq 1 was derived based on a minimal kinetic mechanism
for the channel opening, shown in Figure 3B. This is a
general mechanism previously used to describe ligand-gated
ion channels, including native glutamate receptors (28-30)
and recombinant channels such as GluR6 (26) and GluR2
(31). The evidence that further supported this mechanism
came from our analysis of the same dose-response relation-
ship using the Hill equation (32, 33). The Hill coefficient
was 1.3( 0.1, consistent with the requirement of at least
two bound glutamate molecules to open the channel. In
AMPA receptors, for instance, the two-ligand binding model
has been generally accepted, where the Hill coefficient ranges
from 1.2 to 1.95 (34). It should be further noted that the
assumption of binding of two glutamate molecules as a
minimal number to open the channel does not argue against
the proposed tetrameric composition (35-37). In addition,
our analysis of the data (in Figure 3A) by the Hill equation
yielded an apparent EC50 value (the concentration of ligand
that produces 50% of the maximum activation) of 290( 11
µM. This value agrees with those previously reported,
ranging from 200 to 762µM for the GluR6Q homomeric
channel expressed in HEK-293 cells (26, 27, 38, 39). The
K1 value of 450( 200 µM, which represents the intrinsic
equilibrium constant obtained from the model-dependent
fitting (using eq 1), is qualitatively consistent with the EC50

values from not only our own data but previously reported
data as well.

Biological Properties of Caged Glutamate Tested with
GluR6Q in HEK-293 Cells. Previously, caged glutamate was
found to be biologically inert when tested with glutamate
receptors in rat hippocampal neurons (22). Hippocampal
neurons were known to express endogenous kainate receptors
(28, 30), but it was unclear whether the density of GluR6Q
was high enough to be sampled. Here, the biological
properties of the caged glutamate (in the absence of a laser
pulse to release free glutamate) were further tested with
GluR6Q expressed in HEK-293 cells, using the cell-flow
technique. In this experiment, the concentration of caged
glutamate was chosen to be 2 mM, the highest used in the
photolysis experiment shown next. On the other hand, the
free glutamate used to evoke the receptor response was 200
µM and was near the highest concentration of the photolyti-
cally released glutamate in the laser-pulse photolysis
experiments. Furthermore, the 200µM glutamate chosen was
near theK1 value in the dose-response curve (Figure 3A),
where it was the most sensitive region to detect any potential
effect of the caged glutamate on the receptor response. That
the glutamate-elicited receptor responses were identical in
the presence and absence of caged glutamate, in Figure 4,
judged by both the current amplitude and the desensitization
rate, demonstrated that the caged glutamate did not activate
the GluR6Q channel, nor did it inhibit or potentiate the
glutamate response.

Kinetic Constants for Channel Opening. Using the laser-
pulse photolysis technique that has a∼60µs time resolution,
together with the caged glutamate, we measured the kinetic
constants for the channel opening of the GluR6 receptor.

The rising phase of the whole-cell current, as shown in Figure
5A, represents the channel opening, while the current fall is
indicative of channel desensitization. A single-exponential
rate law, shown in eq 2, adequately described>95% of the
rising phase for all the concentrations of the photolytically
liberated glutamate, ranging from 40 to 220µM. This result
is consistent with the assumption that the rate of ligand

FIGURE 4: Test of the biological properties of the caged glutamate
with the GluR6Q receptor expressed in HEK-293 cells. Superim-
posed were the whole-cell currents induced by 200µM glutamate
in the absence (line) and presence (solid circle) of 2 mM caged
glutamate. The sampling frequency was 5 kHz. However, for clarity,
the number of points shown in the solid-circle trace was reduced
in various regions of the current trace.

FIGURE 5: (A) Whole-cell current induced by the laser pulse
photolysis of caged glutamate. A pulse of laser was fired at time
zero. The concentration of glutamate released was estimated to be
200 µM using the cell-flow method (see Materials and Methods).
The observed first-order rate constant,kobs, of 1340( 35 s-1, was
obtained from the fitting of the rising phase according to eq 2. Note
that the current is plotted in the direction opposite to that recorded.
(B) Linear plot of kobs as a function of glutamate concentration
using eq 3. Each data point represents akobsobtained at a particular
concentration of photolytically released glutamate. From this plot,
kcl andkop were determined to be (4.2( 0.2) × 102 and (1.1( 0.
4) × 104 s-1, respectively.
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binding is fast relative to channel opening (21). On the basis
of this assumption, eq 3 can be derived to obtain the channel-
opening (kop) and channel-closing (kcl) rate constants from
the observed first-order rate constant (kobs) as a function of
ligand concentration.

IA is the maximum current amplitude, whileIt represents the
current amplitude at timet. A kobs corresponding to a
glutamate concentration was determined using eq 2. Plotting
kobs versus [L/(L+ K1)]2, shown in Figure 5B according to
eq 3, yieldedkcl of (4.2 ( 0.2) × 102 s-1 andkop of (1.1 (
0.4) × 104 s-1, respectively.

Eq 3 was derived assuming the rate of ligand binding is
fast relative to that of channel opening. This assumption is
plausible based on the experimental evidence (i) that a single-
exponential rate process was observed that adequately
described>95% of the rising phase of the receptor response
and (ii) that a single-exponential rate law was all it required
to describe the rising phase in all the concentrations of the
photolytically liberated glutamate. The kinetic criteria de-
scribed in (ii) would be preferably tested more thoroughly
if the rising phase kinetics could be measured even at the
concentration leading to saturation. However, this has not
been technically feasible. To ensure that our measurement
of the GluR6Q response was under the condition that ligand
binding was fast, we paid special attention to our experiments
at low concentrations of glutamate. This was because the
ligand binding was a bimolecular process; thus, at sufficiently
low concentrations of glutamate, ligand binding could
eventually become rate limiting. The glutamate concentration
of 40 µM was chosen as the lowest concentration at which
we measured the rate of current rise, seen in Figure 5B. The
40 µM ligand concentration corresponded to the fraction of
the channel in the open form being about 4%. This was the
fraction at which the observed rate of the current rise was
comparable to the rate of the channel closing, as determined
for the nicotinic acetylcholine receptor (21) (see a detailed
discussion in the companion paper). Therefore, the ligand
concentration at this fraction should be already high enough
to ensure that the ligand binding is fast or not limiting to
the channel-opening rate process. Furthermore, the indepen-
dent results from Heckmann and co-workers (26) in fact
supported our assumption that the relatively slow channel-
opening process, but not the preceding steps of ligand
binding, was observed. The maximum rise time of∼220µs
that they obtained, under the ligand saturation condition (e.g.,
at 10 mM glutamate, reached by rapid flow measurement),
was in close agreement with ours (see Discussion). From
the maximum rise time, the channel-opening rate constant
was postulated to be∼10 000 s-1, again close to the value
we report here. Therefore, these independent results affirmed
our assumption that the kinetic rate process we measured
reflected the rate of the channel opening rather than the ligand
binding. This is important because eq 3, on which our kinetic
analysis of the rising phase was based, is only valid when
the channel opening is slow, as compared to the ligand
binding.

In the analysis of the whole-cell current induced by the
photolysis of caged glutamate shown in Figure 5A, thekobs

at a given glutamate concentration was obtained by fitting
only the rising phase of the current using eq 2. The
contribution of the current fall after the initial rise was
negligible. This is because the rate of the current fall, which
can be fitted by a single-exponential rate equation, was, on
average, 3-4 times slower than the rate of the current rise
in all the concentrations of glutamate in the laser-pulse
photolysis measurement. In agreement to this observation,
a single-exponential rate law could adequately describe
>95% of the rising phase of the current, shown in Figure
5A. Moreover, the simultaneous fitting of both the rising
and the falling phases by two first-order rate equations
yielded akobs value that was identical, within a 5% error
range, to thekobs value obtained by the single fit. This
analysis was valid at all glutamate concentrations. These
results therefore demonstrate that the rising phase of the
whole-cell current in a laser-pulse photolysis experiment
can be measured and analyzed separately (i.e., without the
complication of the desensitization reaction). Although the
desensitization reaction may start concomitantly when the
ligand binds (which would formally involve a transition to
the states of desensitization from the closed and perhaps the
open states), the observed rate of desensitization is slow,
relative to the rate of channel opening. Thus, the degree of
desensitization is insignificant at the time the peak current
is reached, allowing the desensitization process to be
effectively ignored in our analysis of the channel-opening
kinetics. However, this kinetic analysis is valid only in the
laser-pulse photolysis measurements. With the slower
solution exchange methods, the rise time of the current may
be lengthened due to a slow and/or an uneven rate of solution
exchange to equilibrate ligand molecules with their binding
sites. In this case, the channel activation and desensitization
are mixed during the rise time of the current. Both the rate
of rise of the current and the peak current amplitude are
distorted by desensitization. The use of the laser-pulse
photolysis technique, as shown in the present study, over-
comes these problems. As a result, the channel-opening rate
process can be measured as a kinetically distinct, separable
rate process from the slow desensitization reaction.

DISCUSSION

In the present study, we focused on GluR6Q, a representa-
tive kainate receptor. The mechanism here established
provides initial understanding of the time scale by which
the GluR6Q channel operates as a function of glutamate
concentration. Further, the comparison of the channel-
opening kinetics yields quantitative description of the
integrated synaptic signal if both GluR6Q and GluR2Qflip

are colocalized and activated by glutamate at the same time.
Channel-Opening and -Closing Rate Constants. The

channel-opening rate constant,kop ) 11 000 s-1, defines the
time scale by which the GluR6Q channel opens, upon the
binding of glutamate. This rate constant should represent the
transition from the doubly liganded, closed-channel form to
the open-channel form. Gouaux and Armstrong (40) previ-
ously proposed a structural model in which the bilobe closure
is thought to link to the channel opening. It is therefore
possible that thekop reflects the dynamic process of lobe
closure following ligand binding. The value ofkop indicates

It ) IA(1 - e-kobst) (2)

kobs) kcl + kop( L
L + K1

)2
(3)

Rapid Kinetic Study of Membrane Protein Biochemistry, Vol. 42, No. 42, 200312371



that thet1/2 value of the channel opening is less than 100µs.
This is consistent with theµs time scale by which the amino
acid residues in the ligand-binding domain undergo motions,
as observed by NMR spectroscopy (41). On the other hand,
the channel-closing rate constant for GluR6Q,kcl ) 420 s-1,
is a measure of how long a channel can stay open and thus
reflects the lifetime of the open channel (21). The lifetime
of an open channel can be alternatively characterized by a
single-channel recording technique, but such studies of the
glutamate-activated GluR6Q channel have not been yet
reported. Swanson et al. (9) investigated the single-channel
events initiated by a low concentration of domoate to the
outside-out patches containing the GluR6Q receptor. Three
conductance levels and two mean open times were observed.
The mean open time of 2.3 ms for the minor component
(23.8%) was in agreement with both the channel-closing rate
constant from the present study and the deactivation rate
constant by Heckmann et al. (26). However, the mean open
time of 0.6 ms for the major component (76.2%) was not
comparable to the results of either study and may be observed
only in the presence of domoate. It is known, for instance,
that glutamate- (28) and kainate-activated (30) AMPA
receptors in hippocampal neurons have different channel-
closing rate constants.

Channel-Opening Probability (Pop). The determination of
the kcl and kop from the present study now enables the
estimation of the channel-opening probability for the GluR6Q
channel. Pop is defined as the rate constant for the forward
reaction or the channel opening divided by the sum of the
rate constants for the forward and backward or channel-
closing reactions (i.e.,kop/(kop + kcl)). It reflects the prob-
ability by which a channel can open once it is bound with
ligand(s) (21, 27, 42). As such, Pop can be intuitively
interpreted as a relative measure of how fast the channel
opens, with respect to the rate of the channel closing. For
instance, a Pop of 0.5 indicates that the channel opens as fast
as it closes, whereas the Pop of 0.91 suggests that the channel
can open 10 times faster, as compared to the rate of channel
closing. A higher value of Pop like 0.91, for instance, further
implies that the open-channel form is relatively more stable
since the backward reaction or the channel-closing reaction
is slow, as compared to the forward reaction or the channel-
opening reaction. In other words, the fraction of the open-
channel form under this quasi-equilibrium condition is high.

For the GluR6Q receptor, Pop was calculated to be 0.96
using the experimentally determinedkop andkcl. This value
is in agreement with a high probability of opening generally
observed in recombinant AMPA and kainate receptors.
However, for reasons not yet clear, the Pop obtained in the
present study is higher than the Pop of 0.65 reported from
the nonstationary variance analysis of the glutamate-induced
channel conductance (27). In an attempt to address the
discrepancy in the Pop value, it is helpful to consider the
results from an independent study by Heckmann and co-
workers (26). In that study, it was not possible to determine
the kcl and kop directly. However, based on the maximum
rise time of∼200µs achieved at 10 mM glutamate, and on
the assumption thatkcl , kop, the kop was estimated to be
10 000 s-1 (26). This value is comparable with thekop

measured in here by laser-pulse photolysis (11 000 s-1).
Using the 10 000 s-1 as kop, a kcl of 5400 s-1 would be
estimated if the Pop were assumed to be 0.65. This is>10

times larger than our value (420 s-1). Is it possible, then,
that we may have significantly underestimated thekcl from
our measurement? Several lines of evidence seem not to
support this possibility. First, as shown in Figure 4, the caged
glutamate was not an inhibitor. Second, thekcl for GluR2Qflip,
as presented in the preceding article, was∼7 times larger
than that for GluR6Q. This comparison suggests that the
photolysis of the caged glutamate did not limit the rate of
the current rise for the GluR6Q and thus the determination
of thekcl. Third, as we discussed earlier, the desensitization
could not have contributed appreciably during the current
rise so as to distort its rate. Taken together, these results
suggest that the magnitude of thekcl determined in this study
should reflect or closely reflect the rate of channel closing.

A Pop value as high as 0.9 has been in fact observed in
the studies of other ligand-gated ion channels. For instance,
earlier studies of a nicotinic acetylcholine receptor by single-
channel recording reported a Pop of 0.98, defined as the ratio
of the mean open time to the sum of the mean open and
mean closed time (in whichkop or â ) 30 600 s-1 andkcl or
R ) 714 s-1, respectively) (42). This value was in agreement
with the Pop of 0.94, obtained by the measurement ofkop

andkcl (21). Furthermore, the Pop for theγ-aminobutyric acid
receptor (GABAA) was reported to be 0.98 from thekop and
kcl obtained from the laser-pulse photolysis approach (43).
This value is roughly comparable to the Pop of 0.90 obtained
by using the rapid solution exchange method with the
outside-out patches containing the same receptor (62). In the
latter study, the macroscopic current response was used
directly to calculate the Pop since the GABAA receptor
desensitizes∼16-fold slowly, as compared to the GluR6Q
receptor, under the ligand saturation condition.

Time Course of the Channel Opening. With the kcl and
kop values obtained for the GluR6Q, the time course for the
channel opening can be further defined. The rise time is used
to represent the time course of the channel opening and is
described bykobs, which is determined by a single-exponential
rate equation, based on the measuredkcl andkop values. The
rise time depends on the concentration of ligand and further
takes the rate of the channel closing into account. As shown
in Figure 6, the rise time decreases, as expected with an

FIGURE 6: Time course of the GluR6Q channel opening as a
function of glutamate concentration. A rise time was obtained from
the calculation of akobs value using a first-order rate law for the
progression of the reaction between 20 and 80% current amplitudes.
Thekobsvalue as a function of glutamate concentration corresponded
to the fitted value from the experimentally determinedkcl andkop
for GluR6Q.
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increasing concentration of ligand. However, when the ligand
concentration is very low, the ligand binding may become
rate limiting. Thekobsvalue will then reflect the rate of ligand
binding rather than the channel opening. Under this circum-
stance, the rise time will be less sensitive to the change of
ligand concentration, a phenomenon previously observed
with the muscle nicotinic acetylcholine receptor (44). When
the ligand concentration reaches 5 mM or higher, the rise
time becomes invariant, as seen in Figure 6. This is predicted
by eq 3: when L. K1, thekobs is the sum ofkcl andkop and
no longer depends on L (since the receptor is saturated by
bound glutamate). Consequently, the rise time is the shortest,
registering at 120µs. This value is similar to the one
previously estimated by Heckmann et al. (26). In essence,
120 µs represents the fastest observed time by which the
GluR6Q channel can open. In fact, the maximumkobs,
described previously, can be estimated bykop alone since
kop . kcl.

Comparison of the Channel-Opening Rate Constants with
Other Receptors. The kop of 11 000 s-1 for the GluR6
homomeric receptor channel is comparable to thekop of 9400
s-1 for the muscle type nicotinic acetylcholine receptor (21)
and thekop of 9500 s-1 for the AMPA receptors expressed
in hippocampal neurons (28). Thekcl of 420 s-1 is slightly
smaller than thekcl of either 580 s-1 for the muscle type
nicotinic acetylcholine receptor (21) or 640 s-1 for the
kainate-activated AMPA receptors (30) but considerably
smaller than thekcl of 1100 s-1 for the glutamate-activated
AMPA receptors in hippocampal neurons (28). However, the
kcl and kop for GluR6Q are about 6- and 7-fold smaller,
respectively, as compared to the homomeric GluR2Qflip

AMPA channel (25).
It may be surprising that the channel-opening kinetic

constants of GluR6Q, in comparison to those of GluR2Qflip,
are significantly different, given that kainate and AMPA
receptors have similar molecular biology and topologies (1,
6), bilobed ligand-binding domains (40, 45-47), and pore
regions (48, 49). Both receptors also desensitize rapidly (1).
However, kainate and AMPA receptors do have some distinct
properties. For example, kainate can bind and activate not
only the GluR6 kainate receptor but also other kainate
receptors as well as AMPA receptors (50-52). AMPA,
however, is incapable of activating the GluR6 receptor (3),
although it can be effective on the selective combination of
GluR6 with other kainate receptor subunits, such as GluR6Q/
KA-2 (9). Recent structural studies have revealed that amino
acid residues, which are located at the subunit interface (40)
and are critical in determining AMPA receptor desensitiza-
tion (45, 53), are not conserved in kainate receptors.
Furthermore, kainate receptors have a larger, more polar
subsite G (a part of the ligand binding site), as compared to
AMPA receptors (54). In addition, kainate receptors have
different amino acid residues in the vicinity of theγ-sub-
stituent of an agonist bound to the receptor, such as
glutamate, AMPA, and kainate (54). Mutation of one of these
residues, asparagine 686 in GluR6, for instance, rendered
this receptor sensitive to AMPA (15) and (S)-5-iodowillar-
dine (55). Taken together, if the channel opening is related
to the lobe closure as suggested by Gouaux and Armstrong
(40), the difference between the kinetics of GluR6 and GluR2
arises at least in part from differences in the rate of lobe
closure induced by the binding of glutamate.

To highlight the comparison of the channel-opening kinetic
properties for these two receptors, the difference of the
receptor response as a function of glutamate concentration
(panel A) and the ratio of the rise time (panel B) are
displayed in Figure 7. The interpretation of the results shown
in Figure 7 may be most meaningful if it is assumed that
the GluR2Qflip and GluR6Q receptors colocalize and function
at a postsynapse in response to a common chemical signal,
glutamate. Clearly, the difference between the receptor
responses to glutamate is a result of more than a 2-fold
difference between theK1 values (or roughly the EC50

values). This difference is the largest when the concentration
of the glutamate is around 0.6 mM and then disappears when
the concentration is saturating. Because theK1 value for the
GluR6Q is smaller (0.45 vs 1.27 mM for GluR2Qflip), a
higher fraction of the GluR6Q receptor channels open at
concentrations of glutamate below 0.6 mM. As the glutamate
concentration continues to rise, the fraction of the GluR2Qflip

channels begins to increase. At saturating concentration, both
channels can fully open, as seen the disappearance of this
difference in Figure 7A. Furthermore, the difference in the
channel-opening rate constant as a function of the glutamate
concentration leads to the difference in the rise time for the
opening of the receptor channel, seen in Figure 7B. The
GluR6Q opens slowly, because of its smallerkop, as
compared to GluR2Qflip. When the glutamate concentration
is low (see the lower end of the plot in Figure 7B), the ratio
indicates that the rise time, reflective of the channel-closing
rate constant, is about 6-fold longer for the GluR6Q channel.
However, as the glutamate concentration increases, the major
current component will be the slow, GluR6Q response. In
contrast, when the glutamate concentration becomes higher
than 0.3 mM, the fast, GluR2Qflip channel will become more
and more dominant. If these results are indicative of how
the GluR2Qflip and GluR6Q receptors function at a postsyn-
apse (where kainate and AMPA receptors are known to
colocalize) (56), then at lower glutamate concentrations, it

FIGURE 7: (A) Difference of the dose-response relation between
GluR6Q (Figure 3A) and GluR2Qflip (Figure 3A in the companion
paper). In both cases, the relative whole-cell response was set to
100%. Therefore, the difference seen in this figure represents a
maximum of 100%. (B) Ratio of the rise time of GluR6Q (Figure
6) to GluR2Qflip (Figure 7 in the companion paper). The definition
of the rise time was given in the text.
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is expected that the integrated neuronal signal will be slow
and mostly GluR6Q-like; the AMPA receptors are virtually
nonfunctional. At higher glutamate concentrations, the func-
tion of AMPA receptors becomes prominent, resulting in a
faster rise of the integrated signal. In this case, the fast phase
is due to the opening of the GluR2Qflip channel, whereas
the slow phase is attributed to the GluR6Q channel. These
predictions are particularly meaningful given the fact that
both channel types have a similar desensitization rate at a
given glutamate concentration and the channel-opening
probability values are the same (i.e., 0.96). Furthermore, our
predictions may explain the previous observations that the
excitatory postsynaptic currents (EPSC) in thalamocortical
axons (57) and in hippocampal neurons (58) show a fast
AMPA receptor-dependent component and a slower one,
mediated by the activation of kainate receptors.

Characterization of the Channel-Opening Kinetics by
Macroscopic Receptor Current.The measurement of the
GluR6Q channel-opening kinetics, based on the glutamate-
induced macroscopic current, has been made possible by
using the laser-pulse photolysis technique with a time
resolution of∼60 µs. This fine resolution is required to
resolve the opening of the channel from the ensuing, rapid
desensitization reaction. Piezoelectrical perfusion devices,
which are considered as the most rapid, direct ligand
application method, have a time resolution in the range of
200-400 µs for solution exchange (1). The laser-pulse
photolysis technique, therefore, represents an alternative
approach, with an improved time resolution by at least 3-4-
fold. This technique is useful to characterize channel-opening
kinetics in general. It may be particularly useful to determine
the lifetime of the open channels for both kainate and AMPA
subtypes because the use of glutamate, an endogenous
neurotransmitter, in single-channel recordings is often pro-
hibitive, due to the rapid receptor desensitization following
the glutamate binding. Consequently, other activating ligands
such as domoate, which induces the nondesensitizing kainate
receptor response, are used instead. Furthermore, some
channel-modifying reagents such as concanavalin A, which
also induces the nondesensitizing kainate receptor response,
are applied together with glutamate. In the former case, the
kinetic constants for channel opening are known to be
markedly different (28, 30). In the latter case, the use of
additional, modifying reagents complicates the understanding
of the true kinetic properties of the receptor of interest since
the mechanism of action of these reagents themselves
remains to be elucidated (2).

Since the first demonstration of its use in the kinetic
investigation of the channel-opening mechanism for the
muscle type nicotinic acetylcholine receptor (21), the laser-
pulse photolysis technique has been applied to several other
receptor types (28, 30, 43). It has further enabled kinetic
investigations of the mechanism of drug-receptor interac-
tions in theµs-to-ms time region where the receptors were
in the functional forms prior to receptor desensitization (20,
59-61). It is now possible to explore, with a time resolution
of ∼60 µs, the structure and function relationship and the
role of an individual subunit in heteromeric receptor com-
plexes. Furthermore, the mechanism of regulation for this
homomeric receptor channel by inhibitors can be also
elucidated. The inhibitors for the GluR6Q receptor, for
instance, may become candidates of antiepileptic drugs.
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