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ABSTRACT. GIUuR®6 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-apgakser photolysis technique

with the caged glutamate{O-(a-carboxy-2-nitrobenzyl)glutamate). This technique permits glutamate to

be liberated photolytically from the caged glutamate with a time constant3ff us. Prior to laser
photolysis, the caged glutamate did not activate the GIuR6 channel, nor did it inhibit or potentiate the
glutamate response. At the transmembrane voltage6® mV, pH 7.4 and 22C, the channel-opening

and -closing rate constants were determined to bef1014) x 10*and (4.2+ 0.2) x 1(? s, respectively.

The intrinsic dissociation constant of glutamate and the channel-opening probability were found to be
450+ 200uM 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 tir8O¥%20f the receptor current
response) or the fastest time by which the GIuUR6Q channel can open is predicted to be. T2@
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 GIUR6Q and GluRigQreported in the companion paper, suggests that at a glutamate
concentration of 10«M, for instance, the integrated neuronal signal will be dominated by a slower
GIuR6Q receptor response, as compared to the GlgR2Qmponent.

GIuR®6 is an ionotropic glutamate receptor subunit of the to the seizure generatiohZ). More recently, GIuR6 has been
kainate subtypel( 2). It can form homomeric receptor implicated in other neurological conditions including schizo-
channels when expressed in heterologous expression systemgshrenia (3) and Huntington’s diseasd4).
such as human embryonic I_qdney (HEK-293) celB)._( The opening and closing of the GIUR6 receptor channel
Srlgliz eL;nsO:g?gce;tergRir?lﬁ] eeniglrg%eag;t:ﬁaiﬂg @s%:::tﬁriglne/ is presumed to occur in the submillisecond (ms) time scale.

This is based, at least in part, on the lifetime of the open

believed to line the channel pore of the recepr 7). The channel characterized by single-channel studies using do-

MRNA editing at this site is known to affect the GluR6 . - . .
properties dramatically. The presence of R at this site moate (domoate is a neurotoxin that can activate the kainate

decreases the channel permeability to calcias), reduces receptor channel b_ut_produces nondesensitizing currents)
the mean conductance of the GIUR6 channel by about 25-(19). However, the lifetime of the open channel has not been
fold (9), and alters the currenvoltage relationship from  reéported using the natural neurotransmitter glutamate. The
inwardly rectifying to linear or slightly outwardly rectifying ~ Pinding of glutamate to its ion-channel receptors, including
(4, 10). Furthermore, the extent of Q/R editing is develop- GIURS, is known to induce rapid receptor desensitization
mentally regulated in that GIuR6 is unedited embryonically, within milliseconds, a reaction that leads to the closure of
but the editing rises te-70—85% by birth (L1). In addition, the channel with the neurotransmitter bout@)( Therefore,
the disruption of GIuR6 editing increases the vulnerability a kinetic investigation of the receptor-channel opening
to seizures, suggesting that unedited GIuR6 may contributerequires the use of a kinetic technique with at least a
submillisecond time resolutioril{—20). Commonly used
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293 cells using a standard calcium phosphate prot@3)! (

04 — The cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 50
-1 U/mL penicillin, and 5Qug/mL streptomycin from GIBCO/
BRL (Carlsbad, CA) and maintained in a 3€, 5% CQ,

21 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

0 519ime ('1122) 150 200 plasmid expressing GFP to that expressing GIUR6Q was 1:5.
The amount of the GIuR6Q used for transfection wai2

#9/35 mm culture dish. The GFP plasmid was a generous
gift from Prof. Ben Szaro from SUN¥Albany. All trans-

? ) o] ? fected cells were used 48 h after the introduction of the
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expression plasmid(s).
1201 @ Whole-Cell Current RecordingThe procedure of the
80, L whole-cell recording was described in detail in the compan-
o ion paper. Briefly, the resistance of the recording electrodes
404 L) was ~3 MQ when filled with the electrode solution. The
electrode solution contained (in mM) 110 CsF, 30 CsCl, 4
o . . . NaCl, 0.5 CaCJ, 5 EGTA, and 10 Hepes (pH 7.4 adjusted
0.01 0.1 1 10 by CsOH). The external bath solution contained (in mM)
Glutamate Concentration (mM) 150 NaCl, 3 KCI, 1 CaG| 1 MgCl, and 10 Hepes (pH 7.4
Ficure 1. (A) Whole-cell currents measured from a HEK-293 cell. adjusted by NaOH). The whole-cell curren24] was
The currents were generated at time zero when glutamate wasrecorded using an Axopatch-200B amplifier at a cutoff

applied at the concentration, from bottom up, of 500, 200, 100, oy —— .
50, and 2Q:M, respectively. (B) Dependence of the desensitization frequency of 2-20 kHz by a built-in, eight-pole Bessel filter

rate constants on glutamate concentration. The open symbol@nd digitized at a 550 kHz sampling frequency by a
represents the measurements from the HEK-293 cells expressingPigidata 1322A (Axon Instruments). pCLAMP 8 (Axon
only GIuR6Q, whereas the solid squares are from the measurementgnstruments) was used for data acquisition.

with the HEK-293 cells expressing both GIUR6Q and GFP. Laser—Pulse Photolysis and Cell-Flow Measurements.
The lasetpulse photolysis and the cell-flow device have
been described in the companion paj2&).(aCNB 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 Il 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

Desensitzation Rate (s™)

kinetics of the GluR6-channel opening is not well-under-
stood.

Here, we use the lasepulse photolysis techniqud 71—
19, 21) that employs/-O-(a-carboxy-2-nitrobenzyl)glutamate
(aCNB glutamate)) or caged glutamate2p). 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 neur@23, (
which is further confirmed with the GIuR6 receptor in the
present study. In kinetic experiments described next, caged
glutamate is first equilibrated with the cell expressing the to be 206-800 4] after coupling, detected by a Joulemeter
receptor and then photolyzed by a laser pulse. Free glutamatqrom Gentec (Quebec Canada5
is released with a time constant o880 us (22). Using this h I-flow devi ' .d deli ith q
technique, we have characterized, and report here, the kinetic IT e cell- 0";’ ewccla Waf] usle _tod elv_gr ;'t er.cagle
mechanism for the channel-opening reaction of the GluR6Q 9lutamate for laserpulse photolysis described previously
receptor channel, prior to receptor desensitization. The or free glutamqte to monitor the cell damage and to calibrate
biological implications of the present study, in the context the concentration of photolytically released glutama (
of the results using GIUR2f presented in the companion ~ 21). Once a HEK-293 cell was in the whole-cell mods

paper, are further discussed. it was lifted from the bottom of the dish and suspended in
' the external bath solution. The glutamate-induced whole-
MATERIALS AND METHODS cell current was recorded as described previougsy. (The

amplitude was corrected for desensitization that occurred
during the current rise by the method described in the
companion paper.

Expression of cDNA and Cell Culturéhe cDNA encod-
ing GIUR6Q was kindly provided by Prof. Steve Heinemann
(Salk Institute). The plasmid was propagated inEarcoli Al i ‘ d with cell ltage-
host (DH%) and purified using a kit from QIAGEN measurements were periormed with cetis voltage

(Valencia, CA). GIuR6Q was transiently expressed in HEK- clampeq at-60 mv, pH 7.4, and room temperature. Each
data point was an average of at least three measurements

© Abbreviat AVIPA At & oty collected from at least three cells unless otherwise noted.
reviations: , o-amino-3-hydroxy-5-methyl-4-isox- ; ; ; _ g _
azolepropionic acidxCNB glutamatey-O-(o.-carboxy-2-nitrobenzyl)- Linear regression and non“near least-squares ﬁttmg (L.ev
glutamate; GFP, green fluorescent protein; NMDN;methyld- enberg—Ma_rq_uardt algorithm) were performed using O”Q'_n

aspartate. 7. Uncertainties reported are the standard error of the fits.
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§ Ficure 3: (A) Percentage of the whole-cell current as a function
0 m of glutamate concentration obtained in cell-flow measurements.
002 005 01 02 05 1 2 5 10 tIiach datﬁ po_li_r;]t is ar? ?vera}{;]e of at :ea;st thr%eﬁmeasturerﬁents from
Glutamate Concentration (mM) ree cells. The whole-cell currents from different cells were

normalized to the current obtained at 0.5 mM glutamate, and the
Ficure 2: Coexpression of GFP in HEK-293 cells does not affect current amplitude at 5 mM was set to be 100%. The current
(A) relative current amplitudes and (B) desensitization rate constantsamplitude was corrected (see Materials and Methods and the
for GIUR6Q responses induced by glutamate. In panel A, the whole- companion paper), and an example is shown in the inset with the
cell currents from different cells were normalized to the current observed current amplitude (solid line) and the corrected one
obtained at 0.5 mM glutamate, and the current amplitude at 10 mM (dashed line). The open symbol represents the measurements from

was set to be 100%. the HEK-293 cells expressing only GIuR6Q, whereas the solid
squares are from the measurements with the HEK-293 cells
RESULTS expressing both GIuR6Q and GFP. The solid line is the nonlinear

Glutamate-Induced Actation of GIUR6Q Figure 1A fit of the data based on eq K; of 450 &+ 200 uM, ® of 0.12+

shows representative traces of the whole-cell currents evoke n'otsh’ea?g)z"ﬁgg ﬁgﬂ:na?nwﬁqrgcﬂgﬁ?;d‘f:;"t%mgﬁ;snﬁfl_ggg?ﬁgg

by glutamate. The current deviated from the baseline, at time reaction of GIUR6 receptor. A represents the active, unliganded form
zero, as a result of the opening of the receptor channels, ancf the receptor, L the ligand (glutamate), AL and Athe ligand-

then returned toward the baseline due to desensitization orbound closed channel forms, adAd., the open-channel form of
transient inactivation in the continued presence of glutamate.the receptar

As a control, untransfected HEK-293 cells were tested with | ) .

10 mM glutamate (sufficient to saturate the receptor response,"."Ith and without GFP were 'the same atany given concentra-
as seen in the doseesponse plot in Figure 3), and no current tion of glutamate, show_n in Figure 2B. Fu_rthermore, the
was observed (data not shown). The desensitization proces§XPression of GIuR6Q in HEK-293 cells, judged by the

was adequately characterized by a first-order rate constant,relat've current a”?p,”t“de_ at any given concentratiqn of
which accounted for over 95% of the reaction. The observed glutamate, was statistically indistinguishable with and without

desensitization rate constant increased with increasingGFP’ shpwn in Figure 2A. As a control, the HEK-293 cells

glutamate concentrations but reached a plateau2amnM, EXpressing onl_y GFP showed no glutamate response even
shown in Figure 1B. The profile of desensitization and the when tested with a 10 mM glutamate concentration. These
magnitude of the desensitization rate constants observed argesults demonstrate that GFP, when expressed using a

all consistent with those obtained previously from either SEParate plasmid construct, can serve as an efficient and
membrane patcheg8, 27) or lifted cells ©, 15). harmless cell marker for the study of GIuUR6Q in the HEK-

Coexpression of GFP with GIUR6Q in HEK-293 Cells. 293.C¢"S' o . —_
Because of the characteristic green color, GFP was transiently  Minimal Kinetic Mechanism and Equilibrium Constant for
coexpressed with GIuR6Q in HEK-293 cells (see Materials Channel OpeningThe response of the GluR6 recept_or n
and Methods) to facilitate the identification of single cells terms of the correcte_d current amplitude as a funCt.IOIj of
that might also express GIUR6Q. To enhance the likelihood glutamgte concentration or a desesponsg rglatlpnsh|p IS
that a green cell also expressed GIUR6Q, the GIURGQ plasmids.hOWn in Figure 3A. In Figure 3’.0" the solid I|.ne is the best
was in excess relative to the GFP plasmid (see Materialsf't of the cqrrected_current amplitudes at various glutamate
and Methods). Under this condition, a linear correlation was concentrations, using eq 1.
observed between the intensity of fluorescence in a cell and 2
the amplitude of the whole-cell current (data not shown). In=IyRy L
To demonstrate that the coexpression of GFP did not affect L2+ oL + K1)2
the function of GIuUR6Q, we examined two types of cells.
One type expressed only GIuR6Q, and the other expresseda represents the current amplitude at a given concentration
both GIuR6Q and GFP. The desensitization rate constantsof ligand, L is the molar concentration of the ligang, is

(1)
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the current per mol of receptor, afly is the number of
mol of receptor in the celld™! (=kyy/ks) is the channel-
opening equilibrium constant. According to eq 1, the intrinsic
dissociation constant of glutamaté;j was 450+ 200uM,
and® 0.12 4+ 0.05, respectively.

Eq 1 was derived based on a minimal kinetic mechanism
for the channel opening, shown in Figure 3B. This is a

o

0
h

Whole-Cell Current (nA)

general mechanism previously used to describe ligand-gated *

ion channels, including native glutamate recept@&-30)

and recombinant channels such as GluR6) @nd GIuR2 s

(31). The evidence that further supported this mechanism 0 60 120
came from our analysis of the same desesponse relation- Time (ms)

ship using the Hill equation3@, 33). The Hill coefficient FicUrRe 4: Test of the biological properties of the caged glutamate
was 1.3+ 0.1, consistent with the requirement of at least with the GIUR6Q receptor expressed in HEK-293 cells. Superim-
two bound glutamate molecules to open the channel. In posed were the whole-cell currents induced by 280glutamate
AMPA receptors, for instance, the two-ligand binding model N the absence (line) and presence (solid circle) of 2 mM caged
has been generally accepted, where the Hill coefficient ranges?lmamate' The sampling frequency was 5 kHz. However, for clarity,
’ he number of points shown in the solid-circle trace was reduced

from 1.2 to 1.95 34) It Should be further nOted that the in various regions of the current trace.
assumption of binding of two glutamate molecules as a
minimal number to open the channel does not argue against
the proposed tetrameric compositiddb{-37). In addition, A
our analysis of the data (in Figure 3A) by the Hill equation
yielded an apparent Egvalue (the concentration of ligand
that produces 50% of the maximum activation) of 2901
uM. This value agrees with those previously reported,
ranging from 200 to 762ZM for the GIUR6Q homomeric
channel expressed in HEK-293 cell5( 27, 38, 39). The
K; value of 450+ 200 uM, which represents the intrinsic
equilibrium constant obtained from the model-dependent T T T A f— "
fitting (using eq 1), is qualitatively consistent with the &C
values from not only our own data but previously reported
data as well.

Biological Properties of Caged Glutamate Tested with B
GIuR6Q in HEK-293 CellsPreviously, caged glutamate was
found to be biologically inert when tested with glutamate
receptors in rat hippocampal neurorZ2)( Hippocampal
neurons were known to express endogenous kainate receptors
(28, 30), but it was unclear whether the density of GIUR6Q
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
GIuR6Q expressed in HEK-293 cells, using the cell-flow : i . :
technique. In this experiment, the concentration of caged 000 002 004 006 008 010
glutamate was chosen to be 2 mM, the highest used in the [L(L+K)F*
photolysis experiment shown next. On the other hand, the figure 5: (A) Whole-cell current induced by the laser pulse
free glutamate used to evoke the receptor response was 20@hotolysis of caged glutamate. A pulse of laser was fired at time
#M and was near the highest concentration of the photolyti- zero. The concentration of glutamate released was estimated to be
cally released glutamate in the las@ulse photolysis 200 uM using the cell-flow method (see Materials and Methods).

. The observed first-order rate constant,s of 1340+ 35 s1, was
experiments. Furthermore, the 200 glutamate chosen was obtained from the fitting of the rising phase according to eq 2. Note

near theK; value in the doseresponse curve (Figure 3A),  that the current is plotted in the direction opposite to that recorded.
where it was the most sensitive region to detect any potential (B) Linear plot of kops as a function of glutamate concentration
effect of the caged glutamate on the receptor response. Thag(sjir?geﬁ?r gfi()Enag? dﬁé?oﬁx;iigglrlepr;elzgr;teséaoﬁjtggzotleat lgr gr?qﬂtiﬁiuslarlot
the glutamate-elicited receptor responses were identical ino Andk, were dgtermi)rged tgbe (42 O.g) 10 and (L1+ O_p '
_the presence and absence of c_aged glutamate, in I_:l_gur_e 44) x 10*'s-1, respectively.
judged by both the current amplitude and the desensitization
rate, demonstrated that the caged glutamate did not activateThe rising phase of the whole-cell current, as shown in Figure
the GIuUR6Q channel, nor did it inhibit or potentiate the 5A, represents the channel opening, while the current fall is
glutamate response. indicative of channel desensitization. A single-exponential
Kinetic Constants for Channel Openingdsing the laser rate law, shown in eq 2, adequately describeib% of the
pulse photolysis technique that has&0 us time resolution, rising phase for all the concentrations of the photolytically
together with the caged glutamate, we measured the kineticliberated glutamate, ranging from 40 to 2201. This result
constants for the channel opening of the GIURG6 receptor.is consistent with the assumption that the rate of ligand

N
N

Ly

Whole-Cell Current (nA)

0 1 2 10 20
Time (ms)
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binding is fast relative to channel openirgfl). On the basis In the analysis of the whole-cell current induced by the
of this assumption, eq 3 can be derived to obtain the channel-photolysis of caged glutamate shown in Figure 5A, khe

opening kop) and channel-closingk) rate constants from  at a given glutamate concentration was obtained by fitting
the observed first-order rate constaki,§ as a function of only the rising phase of the current using eq 2. The

ligand concentration. contribution of the current fall after the initial rise was
negligible. This is because the rate of the current fall, which
l=1,1— g ford) 2 can be fitted by a single-exponential rate equation, was, on
average, 34 times slower than the rate of the current rise
Kypo= K + K, L \2 3) in all the concentrations of glutamate in the laspulse
bs ! AL + K, photolysis measurement. In agreement to this observation,

a single-exponential rate law could adequately describe

I is the maximum current amplitude, whilgepresents the ~ >95% of the rising phase of the current, shown in Figure
current amplitude at time. A ks corresponding to a  5A. Moreover, the simultaneous fitting of both the rising
glutamate concentration was determined using eq 2. Plottingand the falling phases by two first-order rate equations
Kobs Versus [L/(L+ Ky)]% shown in Figure 5B according to  yielded akqps value that was identical, within a 5% error
eq 3, yieldedk of (4.2 + 0.2) x 1% st andkep of (1.1 + range, to thekqps value obtained by the single fit. This
0.4) x 10* s7%, respectively. analysis was valid at all glutamate concentrations. These

Eqg 3 was derived assuming the rate of ligand binding is results therefore demonstrate that the rising phase of the
fast relative to that of channel opening. This assumption is whole-cell current in a lasetpulse photolysis experiment
plausible based on the experimental evidence (i) that a single-can be measured and analyzed separately (i.e., without the
exponential rate process was observed that adequately}complication of the desensitization reaction). Although the
described>95% of the rising phase of the receptor response desensitization reaction may start concomitantly when the
and (i) that a single-exponential rate law was all it required ligand binds (which would formally involve a transition to
to describe the rising phase in all the concentrations of the the states of desensitization from the closed and perhaps the
photolytically liberated glutamate. The kinetic criteria de- open states), the observed rate of desensitization is slow,
scribed in (ii) would be preferably tested more thoroughly relative to the rate of channel opening. Thus, the degree of
if the rising phase kinetics could be measured even at thedesensitization is insignificant at the time the peak current
concentration leading to saturation. However, this has notis reached, allowing the desensitization process to be
been technically feasible. To ensure that our measurementeffectively ignored in our analysis of the channel-opening
of the GIUR6Q response was under the condition that ligand kinetics. However, this kinetic analysis is valid only in the
binding was fast, we paid special attention to our experiments laser-pulse photolysis measurements. With the slower
at low concentrations of glutamate. This was because thesolution exchange methods, the rise time of the current may
ligand binding was a bimolecular process; thus, at sufficiently be lengthened due to a slow and/or an uneven rate of solution
low concentrations of glutamate, ligand binding could exchange to equilibrate ligand molecules with their binding
eventually become rate limiting. The glutamate concentration sites. In this case, the channel activation and desensitization
of 40 uM was chosen as the lowest concentration at which are mixed during the rise time of the current. Both the rate
we measured the rate of current rise, seen in Figure 5B. Theof rise of the current and the peak current amplitude are
40 uM ligand concentration corresponded to the fraction of distorted by desensitization. The use of the lagmise
the channel in the open form being about 4%. This was the photolysis technique, as shown in the present study, over-
fraction at which the observed rate of the current rise was comes these problems. As a result, the channel-opening rate
comparable to the rate of the channel closing, as determinedprocess can be measured as a kinetically distinct, separable
for the nicotinic acetylcholine recepto2l) (see a detailed  rate process from the slow desensitization reaction.
discussion in the companion paper). Therefore, the ligand
concentration at this fraction should be already high enough DISCUSSION
to ensure that the ligand binding is fast or not limiting to In the present study, we focused on GIUR6Q, a representa-
the channel-opening rate process. Furthermore, the indepentive kainate receptor. The mechanism here established
dent results from Heckmann and co-workeg$)(in fact provides initial understanding of the time scale by which
supported our assumption that the relatively slow channel-the GIUR6Q channel operates as a function of glutamate
opening process, but not the preceding steps of ligandconcentration. Further, the comparison of the channel-
binding, was observed. The maximum rise time~@&20us opening kinetics yields quantitative description of the
that they obtained, under the ligand saturation condition (e.g.,integrated synaptic signal if both GIUR6Q and GIuRQ
at 10 mM glutamate, reached by rapid flow measurement), are colocalized and activated by glutamate at the same time.
was in close agreement with ours (see Discussion). From Channel-Opening and -Closing Rate Constanihe
the maximum rise time, the channel-opening rate constantchannel-opening rate constakg, = 11 000 s?, defines the
was postulated to be 10 000 s?, again close to the value time scale by which the GIuUR6Q channel opens, upon the
we report here. Therefore, these independent results affirmedinding of glutamate. This rate constant should represent the
our assumption that the kinetic rate process we measuredransition from the doubly liganded, closed-channel form to
reflected the rate of the channel opening rather than the ligandthe open-channel form. Gouaux and Armstrodg) (previ-
binding. This is important because eq 3, on which our kinetic ously proposed a structural model in which the bilobe closure
analysis of the rising phase was based, is only valid whenis thought to link to the channel opening. It is therefore
the channel opening is slow, as compared to the ligand possible that thék,, reflects the dynamic process of lobe
binding. closure following ligand binding. The value &, indicates
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that thet;,, value of the channel opening is less than 4680 3.0

This is consistent with thes time scale by which the amino

acid residues in the ligand-binding domain undergo motions, 257

as observed by NMR spectroscopgyl). On the other hand, —~ 20

the channel-closing rate constant for GIuUR&Q= 420 s'?, é’

is a measure of how long a channel can stay open and thus @ 15

reflects the lifetime of the open chann@lf. The lifetime E

of an open channel can be alternatively characterized by a & 107

single-channel recording technique, but such studies of the © 05

glutamate-activated GIuUR6Q channel have not been yet ]

reported. Swanson et ab)(investigated the single-channel 0.04

events initiated by a low concentration of domoate to the , . , ,
outside-out patches containing the GIuR6Q receptor. Three 0 2 4 6 8
conductance levels and two mean open times were observed. Glutamate Concentration (mM)

The mean open time of 2.3 ms for the minor component pgure 6: Time course of the GIUR6Q channel opening as a
(23.8%) was in agreement with both the channel-closing rate function of glutamate concentration. A rise time was obtained from
constant from the present study and the deactivation ratethe calculation of & value using a first-order rate law for the
constant by Heckmann et a2q). However, the mean open  Beiesson of e escton hebieen 20 ane vk currt bl
time of 0.6 ms for the major component (76.2%) was not (o] theb?itted value from the egperimentally determirigdand kgp
comparable to the results of either study and may be observec%or GIUR6Q.
only in the presence of domoate. It is known, for instance,
that glutamate- Z8) and kainate-activated3() AMPA times larger than our value (420%. Is it possible, then,
receptors in hippocampal neurons have different channel-that we may have significantly underestimated khérom
closing rate constants. our measurement? Several lines of evidence seem not to

Channel-Opening Probability (3. The determination of  support this possibility. First, as shown in Figure 4, the caged
the ky and ko, from the present study now enables the glutamate was not an inhibitor. Second, kador GIUR2Qip,
estimation of the channel-opening probability for the GIUR6Q as presented in the preceding article, was times larger
channel. B, is defined as the rate constant for the forward than that for GIuR6Q. This comparison suggests that the
reaction or the channel opening divided by the sum of the photolysis of the caged glutamate did not limit the rate of
rate constants for the forward and backward or channel-the current rise for the GIUR6Q and thus the determination
closing reactions (i.ekop/(kop + ko). It reflects the prob- of theky. Third, as we discussed earlier, the desensitization
ability by which a channel can open once it is bound with could not have contributed appreciably during the current
ligand(s) @1, 27, 42). As such, B, can be intuitively rise so as to distort its rate. Taken together, these results
interpreted as a relative measure of how fast the channelsuggest that the magnitude of thedetermined in this study
opens, with respect to the rate of the channel closing. Forshould reflect or closely reflect the rate of channel closing.
instance, a  of 0.5 indicates that the channel opens as fast A P, value as high as 0.9 has been in fact observed in
as it closes, whereas thegy®f 0.91 suggests that the channel the studies of other ligand-gated ion channels. For instance,
can open 10 times faster, as compared to the rate of channegarlier studies of a nicotinic acetylcholine receptor by single-
closing. A higher value of § like 0.91, for instance, further  channel recording reported g,@f 0.98, defined as the ratio
implies that the open-channel form is relatively more stable of the mean open time to the sum of the mean open and
since the backward reaction or the channel-closing reactionmean closed time (in whicky, or 5 = 30 600 s* andk or
is slow, as compared to the forward reaction or the channel- o = 714 s'%, respectively)42). This value was in agreement
opening reaction. In other words, the fraction of the open- with the R, of 0.94, obtained by the measurementkg§
channel form under this quasi-equilibrium condition is high. andky (21). Furthermore, the Bfor they-aminobutyric acid

For the GIUR6Q receptor,,pPwas calculated to be 0.96 receptor (GABA) was reported to be 0.98 from tlkg, and
using the experimentally determin&g, andk. This value ko obtained from the lasefpulse photolysis approacid).
is in agreement with a high probability of opening generally This value is roughly comparable to thg,Bf 0.90 obtained
observed in recombinant AMPA and kainate receptors. by using the rapid solution exchange method with the
However, for reasons not yet clear, thg Bbtained in the outside-out patches containing the same recep®r [n the
present study is higher than thg,®f 0.65 reported from latter study, the macroscopic current response was used
the nonstationary variance analysis of the glutamate-induceddirectly to calculate the B since the GABA receptor
channel conductance2?). In an attempt to address the desensitizes-16-fold slowly, as compared to the GIuUR6Q
discrepancy in the § value, it is helpful to consider the receptor, under the ligand saturation condition.
results from an independent study by Heckmann and co- Time Course of the Channel Openingith the ky; and
workers @6). In that study, it was not possible to determine ko, values obtained for the GIUR6Q, the time course for the
the ko and kop directly. However, based on the maximum channel opening can be further defined. The rise time is used
rise time of~200us achieved at 10 mM glutamate, and on to represent the time course of the channel opening and is
the assumption thaty << kop, the kop was estimated to be  described bykons Which is determined by a single-exponential
10000 s! (26). This value is comparable with thie, rate equation, based on the measuegdndk,, values. The
measured in here by lasepulse photolysis (11 000°9. rise time depends on the concentration of ligand and further
Using the 10 000 & as ko, @ kg of 5400 st would be takes the rate of the channel closing into account. As shown
estimated if the B, were assumed to be 0.65. This*40 in Figure 6, the rise time decreases, as expected with an
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increasing concentration of ligand. However, when the ligand

concentration is very low, the ligand binding may become

rate limiting. Thekopsvalue will then reflect the rate of ligand A

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 receptdd). 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 > K, thekgsis the sum oky andky, and B

no longer depends on L (since the receptor is saturated by

bound glutamate). Consequently, the rise time is the shortest,

registering at 120us. This value is similar to the one

previously estimated by Heckmann et &6). In essence,

120 us represents the fastest observed time by which the

GIuR6Q channel can open. In fact, the maximugas

described previously, can be estimatedKkgy alone since TP

Kop > Ka. 0.01 0.1 1 10
Comparison of the Channel-Opening Rate Constants with Glutamate Concentration (mM)

Other ReceptorsThe ko, of 11000 s* for the GIuR6 FiGURE 7: (A) Difference of the doseresponse relation between

homomeric receptor channel is comparable tothef 9400 GIuR6Q (Figure 3A) and GIluR2€) (Figure 3A in the companion

s~ for the muscle type nicotinic acetylcholine receptat)( paper). In both cases, the relative whole-cell response was set to

1 100%. Therefore, the difference seen in this figure represents a
and thek,p of 9500 s* for the AMPA receptors expressed maximum of 100%. (B) Ratio of the rise time of GIuR6Q (Figure

in hippocampal neuronSZB). Theky of 420 s is slightly 6) to GIluR2Q;, (Figure 7 in the companion paper). The definition
smaller than thek, of either 580 s? for the muscle type  of the rise time was given in the text.

nicotinic acetylcholine receptor2{) or 640 s for the
kainate-activated AMPA receptor8@) but considerably
smaller than thdk, of 1100 s* for the glutamate-activated
AMPA receptors in hippocampal neuror8). However, the
ko and ko, for GIUR6Q are about 6- and 7-fold smaller,

(o1}
o
1

s
[=)
1

Response (%)
S 8

Difference in Receptor
2

flip
[$)) [e2) ~
1 1 1

GluR6Q to GluR2Q_
o~

Ratio of Risetime of

w
1

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
respectively, as compared to the homomeric GluR2Q i Figure 7 may be most meaningful if it is assumed that
AMPA channel g5). . .. the GIuR2@, and GIuR6Q receptors colocalize and function

It may be surprising that the channel-opening kinetic 4t 5 postsynapse in response to a common chemical signal,
constants of GIUR6Q, in comparison to those of GluR2Q  glutamate. Clearly, the difference between the receptor
are significantly different, given that kainate and AMPA  responses to glutamate is a result of more than a 2-fold
receptors have similar molecular biology and topologies (  difference between th&; values (or roughly the ESG
6), bilobed ligand-binding domaingt@, 45-47), and pore  yalues). This difference is the largest when the concentration
regions 48, 49). Both receptors also desensitize rapidly.(  of the glutamate is around 0.6 mM and then disappears when
However, kainate and AMPA receptors do have some distinct the concentration is saturating. BecauseKhealue for the
properties. For example, kainate can bind and activate notG|uR6Q is smaller (0.45 vs 1.27 mM for GIURRQ, a
only the GIuR6 kainate receptor but also other kainate higher fraction of the GIUR6Q receptor channels open at
receptors as well as AMPA receptorS0¢-52). AMPA, concentrations of glutamate below 0.6 mM. As the glutamate
however, is incapable of activating the GIUR6 recep8)r ( concentration continues to rise, the fraction of the GIuR2Q
although it can be effective on the selective combination of channels begins to increase. At saturating concentration, both
GIuR6 with other kainate receptor subunits, such as GIUR6Q/ channels can fully open, as seen the disappearance of this
KA-2 (9). Recent structural studies have revealed that amino difference in Figure 7A. Furthermore, the difference in the
acid residues, which are located at the subunit interfd@e ( channel-opening rate constant as a function of the glutamate
and are critical in determining AMPA receptor desensitiza- concentration leads to the difference in the rise time for the
tion (45 53), are not conserved in kainate receptors. opening of the receptor channel, seen in Figure 7B. The
Furthermore, kainate receptors have a larger, more polarGluR6Q opens slowly, because of its smalley, as
subsite G (a part of the ligand binding site), as compared to compared to GIuR2. When the glutamate concentration
AMPA receptors %4). In addition, kainate receptors have is low (see the lower end of the plot in Figure 7B), the ratio
different amino acid residues in the vicinity of thyesub- indicates that the rise time, reflective of the channel-closing
stituent of an agonist bound to the receptor, such asrate constant, is about 6-fold longer for the GIUR6Q channel.
glutamate, AMPA, and kainat&4). Mutation of one of these ~ However, as the glutamate concentration increases, the major
residues, asparagine 686 in GIuR6, for instance, renderedcurrent component will be the slow, GIUR6Q response. In
this receptor sensitive to AMPALE) and §)-5-iodowillar- contrast, when the glutamate concentration becomes higher
dine (65). Taken together, if the channel opening is related than 0.3 mM, the fast, GIuR2Q channel will become more
to the lobe closure as suggested by Gouaux and Armstrongand more dominant. If these results are indicative of how
(40), the difference between the kinetics of GIuR6 and GIuR2 the GIuR2@;, and GIUR6Q receptors function at a postsyn-
arises at least in part from differences in the rate of lobe apse (where kainate and AMPA receptors are known to
closure induced by the binding of glutamate. colocalize) b6), then at lower glutamate concentrations, it
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is expected that the integrated neuronal signal will be slow ACKNOWLEDGMENT
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