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ABSTRACT. AMPA receptors mediate fast excitatory neurotransmission in the central nervous system. GIuR2
is an AMPA receptor subunit that controls some key heteromeric AMPA receptor properties, such as
calcium permeability. The kinetic properties of GIuR2, relevant to the time scale of its channel opening,
however, are poorly understood. Here, to measure the channel-opening kinetics, we use gulaser
photolysis technique, which permits glutamate to be liberated photolytically fréPa(a-carboxy-2-
nitrobenzyl)glutamate (caged glutamate) with a time constant3ff us. We show that GIuR24), an
unedited and Cd permeable isoform, is by far the fastest ligand-gated channel with the channel-opening
and -closing rate constants being (&@®.49) x 10* and (2.6+ 0.20) x 10° s1, respectively. Therefore,

the shortest rise time (2880% of the receptor current response) or the fastest observed time by which
the GIuR2@;, channel can open is predicted to beukss The minimal kinetic mechanism for the channel
opening is further consistent with the binding of two glutamate molecules with the channel-opening
probability of 0.96. These results suggest that GIURZ2 is a temporally, highly efficient receptor to transduce
the binding of chemical signals (i.e., glutamate) into an electrical impulse.

lonotropic glutamate receptors (iGluRsgre the major chemical signal (i.e., neurotransmitters or ligands) into an
excitatory neurotransmitter receptor proteins in the mam- electrical impulse at a chemical synapse of nervous systems.
malian brain £, 2). As a class of membrane proteins, iGIuRs Knowing the kinetic mechanism of channel opening has four
are composed of domains that span the membrane to form amain implications. First, the knowledge enables more ac-
small pore or channel, which is gated by glutamate, a curate prediction of the time course of the open-channel form
neurotransmitter. When glutamate, released from a presyn-of the receptor as a function of neurotransmitter concentra-
aptic neuron, binds to a postsynaptic glutamate receptor, thetion, which determines the transmembrane voltage change
receptor rapidly changes its conformation and transiently and in turn controls synaptic neurotransmission. Second, the
forms an open ion channel, thus resulting in a change of thekinetic mechanism provides mechanistic clues for the rational
postsynaptic membrane potential. A postsynaptic potential design of compounds to regulate the receptor activity, thereby
of sufficient strength triggers an action potential, which will influencing the temporal activity of the synapse. Third, this
in turn propagate the initial nerve impulse. The major work aids the investigation of functional consequences of a
function of iGIuRs is to mediate fast synaptic neurotrans- structural variation, relevant to the time scale of the channel
mission underlying the basic activities of the brain, such as opening. Finally, the characterization of the channel-opening
memory and learning. Overactivation of the receptors, on rate constants is required to understand quantitatively the
the other hand, has been implicated in a number of integration of nerve impulses that arrive at a single neuron
neurological diseases such as post-ischemia cell deathor that are generated at a single neuron from different
epilepsy, Huntington's chorea, and amyotrophic lateral receptors responding to the same chemical signal.
sclerQS|s I') TO_ date, three major subtypes of '(.3|URS have Here, we first report the kinetic mechanism for the opening
been |dent|f|ed.N—methyID—aspar_tate (l\_IMDA), kainate, and of the GIUR2Q, receptor channel, a key AMPA receptor
AMPA receptors, based on amino acid sequences, pharma'subunit. In the companion paper, we report the results for

cological profiles, and biological functiond, (2). GIuR6Q, a kainate receptor subunit. We then discuss the

thgi?ald s(,)tzen:‘g? %fearggzng;??;eg(;gne??;geg';z{fptgfr : functional implications for the two receptors, derived from
y P P v inding the kinetic characterizations.
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sitization, occurring in the ms time domain, which leads to trodes were made from glass capillaries from World Precision
the closure of the channel with the neurotransmitters bound. Instruments (Sarasota, FL) and fire polished. The electrode

In this study, we use a combination of two approaches to resistance was~3 MQ when filled with the electrode
achieve a high expression of GIuR2 and a high time solution. The electrode solution contained (in mM) 110 CsF,
resolution characterization. The first approach is the use of 30 CsCl, 4 NaCl, 0.5 Cagl5 EGTA, and 10 Hepes (pH
a powerful oncoprotein, Simian virus 40 (SV40) large 7.4 adjusted by CsOH). The external bath solution contained
T-antigen (TAg) ¥), to enhance the GIuR2 expression in (in mM) 150 NaCl, 3 KCI, 1 CaGl 1 MgCk, and 10 Hepes
human embryonic kidney (HEK)-293 cells. The coexpression (PH 7.4 adjusted by NaOH). All chemicals were from
of TAg leads to an increase of the GIuR2 expression at a commercial sources. The GFP fluorescence in cells was
single-cell level by up to a factor of 5 and thus permits the Visualized using an Axiovert S100 microscope with a
recording of sizable current responses induced even at lowfluorescent detection system from Carl Zeiss (Thornwood,
ligand concentrations. The second approach is the use of thé\Y). The whole-cell current(7) was recorded using an
laser-pulse photolysis techniqu8+{10) to release biologi-  Axopatch-200B amplifier at a cutoff frequency of20 kHz
cally active glutamate from the biologically inert caged by a built-in, eight-pole Bessel filter and digitized at 50
glutamate ory-O-(a-carboxy-2-nitrobenzyl)glutamate with ~ kHz sampling frequency using a Digidata 1322A from Axon
a time constant of~30 us (1]_) This technique pro\/ides a Instruments (Union Clty, CA) The data acquisition software
time resolution of~60 us and allows a kinetic characteriza- Was pPCLAMP 8, also from Axon Instruments.
tion of the glutamate-induced channel opening prior to  Laser-Pulse PhotolysisThe setup for the lasepulse
channel desensitization. photolysis experiment has been described previo@slig).

We choose the unedited GIuR2 receptor isoform or oCNB qutamate, pu_rchased from Molecular Probes (Eggene,
GIuR2Q in which a glutamine (Q) is present at the Q/R site OR), was d|s§olved in the exter_nal bath buffer and delivered
(amino acid 586) in the channel-lining regict?). By RNA to the cell using a cell-flow device (see next). Once a HEK-

editing, the glutamine is replaced by an arginine (B3)( 293 cell was in the v_vhole-cell modé&?), it_was lifted from
This QIR site is a key molecular determinant in that, for the bottom of the dish and suspended in the external bath

instance, AMPA receptors containing GIuR2Q are highly solution. After the cell was equilibrateq with cage_d glutamate
Ca*+ permeable, whereas those containing GIUR2R are notfor 250 ms, a laser pulse was dellvered.to liberate free
(5). It has been proposed that intracellular’Caverload ~ 9lutamate. Asingle laser pulse at 355 nm with a pulse length
via C&+ permeable AMPA receptors is a primary mechanism of 8 ns was generated frqm a Minilite 1l pulsed Q-switched
leading to neurodegeneration. Moreover, changes in theNd:YAG laser from Continuum (Santa Clara, CA), tuned
GluR2 editing efficiency and in GIuR2 mRNA level32) by a third harmonic generator. The laser light was coupled
are linked to pathogenic conditions such as ischerbg (N0 a fiber optic from FiberGuide Industries (Stirling, NJ),
and amyotrophic lateral sclerosid4j. Furthermore, the @nd the power was adjusted to be 2@D0uJ, detected by
isoform we choose to study is the flip splice variant & Joulemeter from Gentec (Quebec, Canada).

(GIuR2Qy,), which is known to desensitize relatively slowly To vary f[he concentration of the photolytically released
and have a sizable steady-state nondesensitizing current, aglutamate in kinetic measurements, the power of the laser

compared to the flop isoformtp). was adjusted and/or the concentration of the caged glutamate
was varied. To determine the concentration of the photolyti-
MATERIALS AND METHODS cally released glutamate, at least two glutamate solutions with

known concentrations were used to measure the current

Expression of cDNA and Cell Culturghe original cDNA  amplitudes on the same cell before and after a laser pulse.
encoding GluR2@, was kindly provided by Prof. Steve The free glutamate solution was delivered to the cell using
Heinemann (Salk Institute) and was cloned into the pcD- the cell-flow device (see next). The current amplitudes
NA3.1 vector (Invitrogen), which contains the SV40 origin.  obtained from the cell-flow measurements were compared
The plasmid was propagated in tEscherichia colihost  to the amplitude from the laser measurement, with reference
(DH5a) and purified using a kit from QIAGEN (Valencia,  to the relationship of the current amplitude as a function of
CA). Both the HEK-293T and the HEK-293S cells were glutamate concentration (or the desesponse relation).
cultured in Dulbecco’s modified Eagle’s medium supple- These measurements were also used to monitor any damage
mented with 10% fetal bovine serum and in a7, 5% to the receptors and/or the cell for successive experiments
CO,, humidified incubator. GIuUR2f was transiently ex-  with the same cell.
pressed in these cells using a calcium phosphate metighd ( Cell-Flow Measurementdhe cell-flow device was used
Unless otherwise noted, HEK-293 cells were also cotrans-to deliver either caged glutamate for the laspulse pho-
fected with a plasmid coding for green fluorescent protein tolysis described previously or free glutamate to monitor the
(GFP) and another plasmid, pPRSV-TAg, for SV40 TAg. The cell damage and to calibrate the concentration of photolyti-
weight ratio of the plasmids for GFP and TAg to that for cally released glutamate8,( 18). The cell-flow device
GluR2 was 2:1:10, and the GIuR2 used for transfection was consisted of a U-tubel@) with an aperture of~150 um
2—6 ug/35 mm dish. Transfected cells were allowed to grow (18). The linear flow rate, controlled by two peristaltic
for >48 h before use. The pRSV-TAg and GFP plasmids pumps, was 4 cm/s. A HEK-293 cell was placed-300
were generous gifts from Profs. Jeremy Nathans (Johns,m away from the U-tube aperture. The time resolution of
Hopkins University) and Ben Szaro (SUNAlbany). the cell-flow method is 1.9 0.5 ms (16-90% glutamate-

Whole-Cell Current RecordingGlutamate, a natural induced current rise), obtained from the measurements of
neurotransmitter, was used as the activating ligand, and the>100 cells expressing the receptor. When free glutamate was
resulting receptor response was recorded. Recording elecused, the amplitude of the whole-cell current was corrected
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for receptor desensitization during the rise time by a method
previously described 10). The correction is necessary

because the observed current amplitude depends on the rise

time of the amplitude, the fraction of the open channel, and

the desensitization rate constant. The method is based on

hydrodynamic theories to describe fluid flowing over a
spherical object, such as (by approximation) a HEK-293 cell
suspended in the external bath solution. When a solution
flows over a cell, the time for the ligand molecules in the
solution to mix with receptors varies because of uneven flow
rates of the ligands over the cell surface. By the correction
method, the time course of the current is first divided into a
constant time interval, and then the observed currgp) (

is corrected for the desensitization that occurs during each
time interval At). After the current is determined for each
of n constant time intervalsnAt = t,), the corrected, total
current (») is given by eq 1

la= (eOLAt - 1)i(|obs)Ati + (IopdAt, 1)

wherea represents the rate constant for receptor desensitiza-

tion, and (,h9At; is the observed current during tith time
interval.t, is equal to or greater than the current rise time.
I obtained from this correction method is independent of
the solution velocities (an example is shown in the inset of
Figure 3A). The validity of this method was demonstrated
using several independent approach#®sl@). The current
correction program was kindly provided by Prof. George
Hess from Cornell University.

All measurements were performed with cells voltage-
clamped at—60 mV, pH 7.4 and 22C. Each data point
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Ficure 1: (A) Whole-cell current response to glutamate at

concentrations of (from bottom up) 1000, 500, 200, and 4280

(B) Dependence of the desensitization rate constant on glutamate
concentration. The desensitization rate was characterized by a first-
order rate constant and is shown with a standard error of mean.

Each data point is an average of at least three measurements from
three cells.

was an average of at least three measurements collected from ) ]
at least three cells unless otherwise noted. Linear regression Coexpression of GFP and TAg in HEK-293 Celgy

and nonlinear least-squares fitting (Levenbek$arquardt
algorithm) were performed using Origin 7 (Origin Lab,
Northampton, MA). Uncertainties reported are the standard
error of the fits unless noted otherwise.

RESULTS

Activation of GIuR2@, by Glutamate The glutamate-
activated whole-cell response was recorded, using the cell-
flow device (9). As seen in Figure 1A, the response
increased rapidly, indicating channel opening, and then
returned toward the baseline due to desensitization. In
contrast, the control experiment, using nontransfected cells,

showed no response even at 10 mM glutamate, a concentra

tion that would have evoked a maximum current response
for the transfected cell (see the desesponse in Figure 3A).
The observed desensitization rate for the GluR2@ceptor
was characterized by a first-order rate constant, which
described>95% of the progression of the desensitization
reaction in all the current traces. The desensitization rate

constant increased with increasing glutamate concentra’[ion3

but eventually reached a plateau (Figure 1B). The mean valu
of the maximum rate constant, independent of ligand
concentration, was 16375 (time constant of 6 ms). The

receptor desensitization profile and the magnitude of the

rate constant at a given glutamate concentration observed

in this study are consistent with those previously reported
(20).

examining the desensitization rate constant, we evaluated
whether the coexpression of both GFP and TAg in HEK-
293 cells affected the kinetic properties of GIURRQ
expressed in the same cell. GFP is a widely used intracellular
marker because of its characteristic green fluorescent color
and was used in this study to facilitate the selection of a cell
that may also express GIuR2 receptors for recording. TAg
was used to enhance GIuR2 expression (the rationale and
the result are presented in detail next). We found that neither
protein expressed in the same cell affected the kinetic
properties of GIuR2. This was evidenced, in Figure 2, by
the similar relative current amplitudes and desensitization
rate constants at a given glutamate concentration, which were
determined from both the cells that expressed only GIuR2
and those that expressed GFP and TAg additionally. In
control experiments, the cells expressing GFP or TAg
separately or together, but without GluRgQyielded no
response to glutamate even at a saturating concentration (i.e.,
10 mM) (data not shown).

Minimal Kinetic Mechanism for Channel Openirgigure
A displays the doseresponse relationship, established with

€he current amplitude corrected for receptor desensitization

(see Materials and Methods) as a function of glutamate
concentration. This relationship was analyzed using eq 2.

L2
2 2
L2+ &L +K,)

la = 1uRu (2
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FiGURE 2: Coexpression of GFP and TAg in HEK-293 cells does represents the measurements for the HEK-293 cells expressing only
not affect (A) relative current amplitudes and (B) desensitization GIUR2Qjp, the circle for cells expressing both GluRgfand GFP,
rate constants for GIUR3fQ response induced by glutamate. In ~ and the triangle for cells expressing GluRRQGFP, and pRSV-

panel A, the whole-cell currents from different cells were normal- TAg, respectively. The observed whole-cell current was corrected
ized to the current obtained at 1 mM glutamate, and the current for desensitization (see Materials and Methods). Shown in the inset

amplitude at 10 mM was set to be 100% (see also do=sponse is such an example in which the observed current amplitude is
plot in Figure 3A). represented by solid dots, while the corrected amplitude is shown

by a sqlid line. The whole-cell currents from different cells were
I represents the current amplitude, L the molar concentrationnormalized to the current obtained at 1 mM glutamate, and the

f the ligand.Iu th rren r mol of r r h current amplitude at 10 mM was set to be 100%. Parameters of
of the ligand I the current per mol of receptor, af% the the best fit using eq 1, shown in solid line, wé¢gof 1.27+ 0.28

number of mol of receptor in the cel™ (=kopka) is the 1" " of 0,55+ 0.26, andiyRy of 164 + 28. (B) A minimal
channel-opening equilibrium constant, aads the intrinsic  kinetic mechanism for the channel opening of GluRgQThe
dissociation constant for ligand. Eq 2 was derived based onmechanism involves two ligand-binding steps. A represents the
a minimal kinetic mechanism for the channel opening, shown active, unliganded form of the receptor, L the ligand (glutamate),
in Figure 3B. This mechanism is general for ligand-gated AL and AL, the ligand-bound closed channel forms, &id, the

on channelsincluing nalie glutamate recepats 22, 2651 SIAITS o oo Ol sy e e
T.he.mechanlsm is consistent with the assumption t_hat they o sites with gqua)ll' affinity designatedgbrgl, the intrinsic
binding of at least two glutamate molecules is required t0 equilibrium dissociation constant.

open an AMPA receptor channel, as previously proposed

(20, 23). Accordingly,K; of 1.274 0.28 mM was obtained  biologically inert to glutamate receptors in rat hippocampal
from the best fit, using eq 2. For comparison with the neurons {1), which were known to express endogenous
reported EGp value (the ligand concentration that corre- AMPA receptors 21, 22). Here, we further tested the
sponds to 50% of the maximum response), the Hill equation biological properties of the caged glutamate exclusively with
(24) was further used to analyze the same dassponse  the GIuR2@Q@;, receptor expressed in the HEK-293 cells. The
data. The Eg of 1.32+ 0.04 mM and the Hill coefficient  glutamate-elicited receptor responses in the absence and
of 1.3+ 0.1 obtained are comparable with thedzGf 1.39 presence of caged glutamate were found to be identical, as
mM and the Hill coefficient of 1.08 previously reporte2l). judged by both the current amplitude and the desensitization
Furthermore, th&; value is qualitatively comparable with  rate, in Figure 4. In this test, the concentration of the caged
the EGp values. In addition, the dos@esponse relationship  glutamate was 2 mM, the highest used in the laser experi-
established here was also used in calibration of the concen-ments. This result demonstrated that the caged glutamate did
tration of the photolytically released glutamate in laser not activate the GluR2¢) channel, nor did it inhibit or
photolysis experiments (see Materials and Methods). potentiate the glutamate response.

Characterization of Caged Glutamate with GluRz0n Channel-Opening Kinetics Characterized by LasBulse
HEK-293 Cells.To apply the laserpulse photolysis tech-  PhotolysisUsing the laser pulse photolysis technique with
nique for the kinetic measurement of the GluRg@hannel caged glutamate, we determined the rate constants for the
opening, the caged glutamate must fulfill several critet@ (  opening of the GluR2g channel. Figure 5A shows a
25). Among them, caged glutamate must be biologically inert. representative whole-cell current response. The rising phase
Furthermore, the caged glutamate should release, uporof the current reflects the channel-opening reaction, whereas
photolysis, free glutamate in thes time region. Rapid release the current fall is due to channel desensitization. A single-
ensures that the photochemical uncaging rate is not limiting exponential rate law (eq 3) was adequate to descti®&%o
to the channel-opening reaction. of the rising phase at all the concentrations of photolytically

Previously, caged glutamate was found to liberate free released glutamate, ranging from 100 to 3801. This
glutamate with a rate constant of30 us and to be observation is consistent with the assumption that the rate
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Ficure 4: Caged glutamate is biologically inert to GluRgQas
tested with GluR2¢, expressed in HEK-293 cells. Superimposed B

were the whole-cell currents induced by 200 glutamate in the
absence (line) and presence (solid circle) of 2 mM caged glutamate.
The sampling frequency was 5 kHz. For clarity, however, the
number of points, shown in the solid-circle trace, was reduced in
various regions of the current trace.

of ligand binding is fast relative to the rate of channel
opening B) (see the mechanism in Figure 3B and the
discussion next). Accordingly, the channel-opening rate

constantK,,) and the channel-closing rate constdg) (vere 2000 +——r————r———————————
derived from the analysis of the observed first-order rate 0.00 001 0.02 0.03 0.04 005 0.06 0.07 0.08
constant K,,9 as a function of ligand concentration, using [L(L+K)]
eq 4. FIGURE 5: Laser-pulse photolysis measurements of the channel-
opening kinetics for GIuR2(). (A) A representative whole-cell
I =1,(1— e—kobst) 3) current is shown from the opening of the GluRgQchannel
t A initiated by the laserpulse photolysis of caged glutamate at time

zero. (B) Plot ofk.ps @s a function of glutamate concentration by
Kype= Ky + K, L 2 (4) eq 4. Each point represents ka,s obtained at a particular
bs | AL + K, concentration of photolytically released glutamate. kKhendkyp
were (2.6+ 0.20) x 10° and (8.0+ 0.49) x 10* s, respectively.

. . . In this plot, the lowest data point chosen, corresponding to the
|a is the maximum current amplitude, whilrepresents the  |o\yest concentration of photolytically released glutamate, was 100
current amplitude at timé Eq 3 was used to calculate the ;M (or ~4% of the fraction of the open channel). In choosing this
kobs Value at a glutamate concentration. From FigurelgB,  concentration or the fraction of the open channel, we compared

of (2.6 0.20)x 1075+ andiay of (8.0 0.49) x 10°s 8 e 2s OB ). In Such & Cace, 20M
were Obtam.ed reSpeCtlvely’ using .eq 4 . carbamoylchgiine, which cof)respondedﬂtd% of the fra;:tio% of

In the derivation of eq 4 for the kinetic analysislgfsas the open channel, was the concentration where the valug,of
a function of ligand concentration, we assumed that the obtained in the laserpulse photolysis measurement correlated well
ligand-binding rate(s) (including both the first and the second to that ofky. The value ofk; further agreed with the lifetime of
steps, in Figure 3B) was fast, relative to the rate of channel ﬁgﬁo‘igﬁ:‘ %r)‘aﬂgler'] dtﬁt:?r‘;'é‘t‘iegn'ggfﬁsgdzgt'gh‘;ﬂgglng‘rgrlr']e'gﬁg:‘e'
opening. The_ rate constant of.glutamate binding to the singly than theg absoluteg ligand concentratiorﬁ), takes into accyount the
and doubly liganded states is not known. However, some gitferent ligand affinity values.
clues about this rate constant can be drawn from the
measurement of the glutamate binding to the extracellular hand, this result is inconsistent with the assumption that the
portion of the GluR4 receptor, known as S1S2, by Madden rate of ligand-binding steps is similar to the rate of channel
and co-workers46). The glutamate association rate constant opening. If true, double-exponential rate processes would
to the S1S2 was reported to be k610’ Mt st at 5°C appear in the rising phase as the concentration of ligand is
(26). At room temperature, therefore, this rate constant is varied, because both ligand-binding and channel-opening
expected to become even larger, provided the ligand bindingwould contribute to the kinetics. Furthermore, if the binding
behaves linearly according to the Arrhenius equation. rate was slow, as compared to the rate of the channel
Furthermore, the foregoing assumption is supported by ouropening, eq 4 would not satisfy the concentration dependence
experimental observation. If the observed rate constantof Kops
represented the rate of the transition from the closed- to the Channel-Opening Rate Process Can Be Separated from
open-channel form, as shown in Figure 3B, the rising phasethe Channel Desensitization in the Las€tulse Photolysis
of the receptor response was expected to be a single-MeasurementdVith an increasing concentration of glutamate,
exponential rate process and to remain so even when thehe rise time of the whole-cell current in the laseulse
concentration of the ligand varied. In our experiments, a photolysis experiment became shorter, or the observed rate
single-first-order rate process for the rising phase of the of the channel opening became faster (Figure 5). Concomi-
receptor response was indeed observed in all the concentratantly, the observed desensitization rate was also faster
tions of the photolytically liberated glutamate. On the other (Figure 1B). However, the current rise, indicative of channel
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opening, was always more than 10 times faster than the 3.0+ -

current fall, due to channel desensitization, as shown in < ] Without TAg

Figure 5A. This was true at all the concentrations of £ 2% mzZAWith TAg

glutamate in the laser photolysis measurements. This result 'g' 204

demonstrates that the channel-opening reaction can be cleanly £ //

separated from the desensitization reaction. Consistent with O ;5

this conclusion, simultaneous fitting of both the rising and §

the falling phases by two first-order rate equations yielded @ 10

a kops Value, which was identical (within a 5% error range) E T

to the kops Value obtained in the single fit by using eq 3. S 051 % D—F

Consequently, the analysis of the channel-opening rate 0.0 ==

process involved only the rising phase of the whole-cell ' 0.2 0.5

current (using eq 3), and the minimal mechanism for channel Glutamate Concentration (mM)

opening in Figure 3B upon which the kinetic analysis was Fiure 6: Enhancement of GluR3RQ expression by TAg in HEK-
based did not involve the desensitization reaction. 293S cells as detected by whole-cell recording. At 0.2 mM

The kinetic mechanism we propose in Figure 3B stands glutamate concentration, a total of 42 cells without the coexpression
in contrast to the previous kinetic model, which was based ©f TAg and 68 cells with TAg were sampled, respectively. At 0.5

. LT . mM glutamate concentration, 43 cells without TAg and another
on the assumption that the desensitization is kinetically linked 43 -4jis with TAg were measured, respectively. The height of each

to channel activation20). Accordingly, the rate constants  column indicates the average response from 80% of the cells
pertaining to the channel-opening reaction were derived from sampled. The height of each bar represents the range of the current
measuring and fitting the desensitization rate proc26s ( observed for 80% of the cells. However, we did not test the cells

As a result, the channel-opening rate constant obtained bycontaining GluR2@, and TAg at glutamate concentrations higher

o ; . - than 1 mM because the receptor currents in the presence of TAg
fitting (20) is 5-fold lower, while the channel-closing rate  \yere often too large to be accurately measured using the Axopatch-
constant is~2-fold higher, as compared to the values 200B amplifier.

obtained from the present study. . ] )
Although the minimal mechanism we propose for the Pression has been succe_ssfully used pr_ewously, for instance,
kinetic characterization of the channel-opening process doesi© €nhance the expression of recombinant rhodopah (
not involve desensitization, we do not argue against the 1Ne necessity to enhance the GIuR2 receptor expression
involvement of the desensitization reaction that may begin &t @ single-cell level was apparent for the following reasons.
when ligand binds, as previously propose®,(27). We The .GIuR2 expression in the HEK-293 cells is generally not
argue, however, that the desensitization reaction does no@S high as compared to other AMPA receptor subud (
occur appreciably during the rise time of the channel opening. In 0ne report, the GIuR2§g receptor response was detectable
This argument is based on our results that the observed®nly when a high concentration of glutamate was us@ji (
channel-opening rate constant is much larger than theFurther,lln measuring th(_e lifetime of the open channel or
observed channel-desensitization rate constant at any giverfe: the ligand concentration used should be kept low (see
glutamate concentration. Therefore, the channel-opening rate€d 4: ks = ka when L < Ky), thus potentially making the
process can be measured effectively as a kinetically distinct, CUrrent response, proportional to the number of receptor
separable rate process from the slower desensitization rat&hannels to be bound and opened with ligand, too low to be
that only becomes dominant in a longer time scale. Jin et al. détected. For example, Swanson et &). [freviously at-
(28) recently proposed that the GIuR2 receptor channel, oncete.mpted but were unable to observe single-channel events
opened after binding to glutamate, preferentially returns to With the GIUR2Q receptor. Sun et a)(on the other hand,
the ground state without entering the desensitization state.Showed some sizable GIuR2Q receptor responses, but a high
This conclusion was based on the ratickgf/kses= 15 (rate concentration (_)f glutamate was used. In addition, Glui2Q
of the channel closure after ligand removal vs rate of the has @ much higher Egvalue than other AMPA receptor
receptor desensitization) for glutamate, as compared to 2.28ubunits ). Consequently, glutamate at a low concentration,
for quisqualate whose binding to the receptor preferentially SUch as 10&M, induces an even smaller receptor current.
leads to the desensitization state. As shown in the present study, the coexpression of TAg in
Enhancement of GIuR2QExpression in HEK-293 Cells the HEK-293 cellg yiglded a significant increase of the
by TAg To enhance the expression of GIUR2 at a single- GluR2Qi, expression in the HEK—293 cells. The enhance-
cell level, we coexpressed an oncoprotein, SV40 TAg, with ment of the.receptor response at a smgle.—cell level has made
GIuR2 in the HEK-293 cells. We found that the GluRRQ ~ tmore feasible for the laseipulse photolysis measurements.
expression at the level of a single HEK-293S cell could be DISCUSSION
enhanced up to a factor of 5 on average, as illustrated in
Figure 6, and to a lesser degree in the HEK-293T cells. Here, In the present study, we have characterized the kinetic
the current response, as an assay at a given concentration ahechanism for the opening of the GluRZQchannel. To
ligand, was proportional to the number of receptor molecules achieve this, we combined two approaches involving a rapid
expressed on the cell surface (see eq 2). The enhancemerkinetic technique with a high time resolution 0 us) and
of GluR2Qi, expression by TAg was likely due to its an enhanced expression method using an oncoprotein TAg
transforming activity by which the binding of TAg to key in HEK-293 cells.
tumor suppressors such as p53 and the cell cycle regulatory The magnitude ofk,, is a measure of how fast the
proteins such as retinoblastoma family proteins (pRBs) GIuR2Q;, channel can open following the binding of
inactivates the functions of these proteim3. (TAg coex- glutamate. Thé, of 80 000 s? or the equivalents,, of about
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that when the ligand concentration becomes very low, the
051 assumption stated above is no longer tenable.Kphealue
04- will then reflect the binding rate of the ligand rather than a
'g ' relationship as described in eq 4. Under this circumstance,
<~ 034 the rise time may be less sensitive to the change of ligand
g concentration, which has been previously observed with the
B 021 muscle nicotinic acetylcholine recept@3{. Second, the rise
£ time becomes invariant when the glutamate concentration
0.14 reaches 10 mM or higher. This can be rationalized by eq 4
in that when L> Kj, kops becomes the maximum. Under
00 . . . . . this condition kypsis No longer dependent on the concentra-
0 2 4 6 8 10 tion of ligand since the receptor is saturated by bound
Glutamate Concentration (mM) glutamate. Consequently, the channel can open within the
FIGURE 7: Rise time for the opening of the GluRzZQchannel. shortest rise timey-17 us, which also represents the fastest

The rise time is defined as the time for the receptor current responseppserved time by which the GluR2Q channel can open.

to rise from the 20 to the 80% level (see Figure 5A) and is obtained +; ; ; ;
by converting ak.,s value by a first-order rate equation. The Third, the maximunkes can be, in fact, estimated Uy’p

relationship of thekys with the glutamate concentration was &/0N€ SINC&Gp > Ko, _ _
established using the experimentally determikg@ndky as shown Since the channel-opening and -closing rate constants were

in eq 4. determined, the channel-opening probabilityfPor the
probability by which the channel can open, once bound with
10us points to aus time scale for the opening of the channel ligands @4), can be calculated..pin this case is 0.96 [R
in response to the binding of glutamate. If the channel = k,/(k,, + ki)]. The Ry, of 0.96 represents that the channel-
opening is assumed to be linked to the lobe closure asopening rate constant is30 times larger than the channel-
suggested by Gouaux and Armstrorgl) the ko, then closing rate constant, suggesting that the channel opening,
reflects the rate of lobe closure. In this model, fieheet  induced by the binding of glutamate, is highly favorable. It
core of lobe 2 of the S1S2 (the extracellular ligand-binding is interesting to note, however, that GluRgChas a high
domain of GIuR2) forms part of the ligand-binding pocket. K; or EGy value as compared to other channdls (
Measurements of amide bond dynamics by NMR spectros-  QOur results further elucidate the time scale by which
copy suggest that residues within this region undergo motionsGluR2Q;;, operates in comparison to other known ligand-
in theus time scale32). Thus, concerted motions on the gated channels, including glutamate receptor channels. Table
time scale that lead to channel opening are feasible. The valuel provides a summary of known channel-opening and
of ke, on the other hand, reflects how fast the open channel -closing rate constants for glutamate recept8&-37), as
closes or indicates the lifetime of the open chaniegl= compared to the corresponding values of GluR2@ should
1k, T is the lifetime). Thek of 2600 s* suggests that the  pe noted that some of the values listed came from the
mean lifetime for the open channel is about 0.4 ms. experimental measurements of the channel opening in the
Previously, neither the channel-opening rate constant nor theghsence of channel desensitization, whereas some were
lifetime of the open channel has been experimentally derived by fitting the deactivation/desensitization reactions.
determined (see Note Added in Proof). As seen, thé, of 8.0 x 10¢ sis the largest rate constant
The characterization of thie; andkp for the GIuR2@Q, among the glutamate receptor channels. Furthermore, this
receptor further allows us to establish the time course by value is nearly 1 order of magnitude larger than itefor
which the GIuR2@, channel operates as a function of the muscle nicotinic acetylcholine receptor from BC3H1 cells
glutamate concentration. If the rise time is used to represent(8) and the slowly desensitizing GABA(y-aminobutyric
the time course of the opening of the channel, then the riseacid) receptor38). Notably, the adult mouse muscle nicotinic
time is expected to decrease with increasing the ligand acetylcholine receptorag3de) has a channel-opening rate
concentration. For GIuR26, this can be readily illustrated  constant of 50 00078 (39), which comes close to thie,,
by using eq 4 with the experimentally measukgdandk, value of GIuR2@,. The GIuR2@,, is thus by far the fastest
values. The conversion oflaps value to the corresponding  ligand-gated channel to open upon ligand binding. On the
rise time by a first-order rate law is displayed in Figure 7 other hand, thd of 2600 s* for GIuR2Q;, suggests that
(the rise time is defined as the time for the receptor current this is also a fast channel to close, as compared to other
response to rise from the 20 to the 80% level). ligand-gated ion channels3,(21, 38, 39), including the
There are several features worth noting in Figure 7. First, glutamate-activated AMPA receptors in hippocampal neurons
this figure predicts a quantitative relationship for the (kg = 1100 s?) (21) (see also Table 1). These results
dependence of the rise time on the concentration of glutamatetherefore suggest that GIuRZQ has a high temporal
The relationship takes into account both the channel-closingefficiency to convert the binding of a chemical signal to an
rate constant and the affinity of glutamate to the receptor electrical impulse, although the duration of the open channel
(i.e., K; value). However, this prediction is based on the as a measure of the receptor activity is transient.
assumption that the rate of glutamate binding is faster than If the channel properties of GluRZ2Q provide a glimpse
that of the channel opening. The supporting evidence cameof how the AMPA receptor functions, then at least one of
from the experimental observation that a single-exponential the potential functions could be conceived. The ability of
rate process accounted for over 95% of the rising phase,GluR2Q;, to rapidly open and close, coupled with the
shown in Figure 5A, at all the concentrations of glutamate probability of the channel opening being near unity, may
in the laser-pulse photolysis experiments. We note, however, enable the AMPA receptor to rapidly depolarize the mem-
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Table 1: Channel-Opening and -Closing Rate Constants for Glutamate Receptors

glutamate receptor type (source) Kop (579 ka (s79) technique ref
GluR2Qi, (HEK-293 cells) 8.0x 10* 2.6x 10° laser-pulse photolysis present
paper
NMDA (NR1a/NR2A) 77 28 single-channel recording 35
(Xenopusocytes)
GluR1y, (HEK-293 cells) 7.0x 10° 2.6x 10° fitting from rapid 37
glutamate flow
AMPA receptors 9.5x 10° 1.1x 1¢° laser-pulse photolysis 21
(hippocampal neurons)
GluR2Qi, (Xenopusocytes) 1.5¢< 10¢ 3.0x 17 fitting from rapid 20
glutamate flow
GIuR6Q (HEK-293 cells) 1.x 10¢ 4.2 x 17 laser-pulse photolysis companion
paper

aIn all data cited, glutamate is the activating ligand. An average mean duration time is cited in single-channel data.

brane potential so as to quickly relieve the putative?Mg NOTE ADDED IN PROOF
block of the NMDA receptors since NMDA and AMPA
receptors often colocalize at central synap&gdi has been
suggested that the maturation of the glutamatergic synaps
and the development of synaptic plasticity require the
incorporation of AMPA receptors at pure NMDA synapses,
also called silent synapse$({ 41). In the full activation of
these synapses, the rapid opening of the AMPA channels is
presumed to precede the opening of the NMDA receptors.

Consistent with this hypothesis, tkg of GIUR2Qy, is 3—4 ACKNOWLEDGMENT
orders of magnitude larger than thg value of the NMDA
receptors 35, 36). Therefore, our results show the kinetic
feasibility for activation of the colocalized NMDA receptors.  University) for the pRSV-TAg plasmid, Ben Szaro (SUNY

We have demonstrated that in the laspulse photolysis ~ Albany) for the GFP construct, George P. Hess (Cornell
measurements, the channel-opening rate process, as reflectddniversity) for the current correction program, and Gobind
by the rising phase of the whole-cell Curre‘ns([o ms)’ can Khorana (MIT) for the HEK-293S cells. We thank Drs. Eric
be measured as an elementary rate process prior to channépouaux, Robert E. Oswald, John T. Schmidt, and Ben Szaro
desensitization that occurs in a longer time scale (ms). In for critical comments on the manuscript. We are grateful to
contrast, in the solution-exchange measurements, the risingPrs. Jong M. Kim and Phil Reeves for helpful discussions.

Jin et al. 82) recently published glutamate-activated
esingle—channel data for GIuR2Q The major component
(86%) of the open-channel distribution has a lifetime of 0.32
ms, which corresponds to a rate constant of 3100 Bhis
value is roughly comparable to theg of 2600 s* reported
in the present study.

We thank Drs. Steve F. Heinemann (Salk Institute) for
the GIuR2Q@, cDNA, Jeremy Nathans (Johns Hopkins

phase observed is often mixed with channel desensitization.
Therefore, the laserpulse photolysis technique is a useful
means to characterize channel-opening kinetics by measuring 1.
the desensitization-free, macroscopic current with a sufficient
time resolution. This technique may be particularly useful
for receptor channels that are difficult to study by single-
channel recordings, due to rapid channel desensitization and
low and/or multiple, complex single-channel conductance
events. For instance, GIuR2Q has been explored by the
single-channel recording), but no fruitful results have yet
been reported.

We have also demonstrated that the coexpression of
oncoprotein TAg can significantly enhance the expression
of GIuR2Qy, in HEK-293 cells. This result alone has several
potential applications. For instance, the effect of an inhibitor
can now be investigated despite that the current responses
will be reduced as the concentration of the inhibitor is

2.

4.

5.

6.

9.

increased9). Further, when membrane patches are used, as 10.

routinely in the piezoelectrical perfusion technique to achieve

a shorter rise time, the receptor response is adversely reduced!!

by at least several hundred times as compared to the response

from an entire cell. Coexpressing TAg may be also beneficial 12,

in this application. Finally, the combination of the high time
resolution provided by the lasepulse photolysis technique
and the high expression of the GluRgfeceptor aided by
coexpressing TAg should prove general for the investigation 14
of other recombinant ligand-gated channels.

13.
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