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Cellular/Molecular

Block of AMPA Receptor Desensitization by a Point
Mutation outside the Ligand-Binding Domain

Maria V. Yelshansky, Alexander I. Sobolevsky, Claudia Jatzke, and Lonnie P. Wollmuth
Department of Neurobiology and Behavior, State University of New York at Stony Brook, Stony Brook, New York 11794-5230

Desensitization of ionotropic glutamate receptors (GluRs), specifically the AMPA receptor subtype, shapes the postsynaptic response at
certain synapses in the brain. All known mechanisms that alter desensitization, either pharmacological or mutational, are associated with
the ligand-binding domain. Here we report that substitution of a conserved positively charged arginine (R) with a negatively charged
glutamate in the linker between the pore-forming M3 segment and the S2 lobe, a region outside the ligand-binding domain, blocks
desensitization in homomeric AMPA receptors composed of GluR-B; subunits. A charge-reversing substitution of a glutamate adjacent to
this conserved R enhanced desensitization, consistent with these effects attributable to electrostatics. Homologous substitutions of the
conserved R in GluR-B,, GluR-A, and the kainate receptor GluR-6 subunits produced comparable but less visible effects on desensitiza-
tion. Subunit specificity was also apparent for accessibility of substituted cysteines in the M3-S2 linker, suggesting that this part of the
channel is not structurally identical in different GluRs. Additionally, reactivity with a sulfhydryl-specific reagent was state dependent,
suggesting that the conformations of the nonconducting closed and desensitized states are different at the level of the M3-S2 linker. Our
results therefore represent the first identification of elements outside the ligand-binding domain affecting desensitization in non-NMDA
receptor channels and suggest that electrostatic interactions involving charged residues in the M3-S2 linker influence channel gating in
a subunit- and subtype-specific manner.
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Introduction

In the continued presence of glutamate, ionotropic glutamate
receptors (GluRs), specifically AMPA receptor (AMPAR) and
kainate receptor (KAR) subtypes, undergo fast and strong desen-
sitization, a process in which the associated ion channel enters
into a nonconducting (desensitized) state. At present, all known
mechanisms that alter desensitization in non-NMDA receptors
(non-NMDARYs), either pharmacological (Partin et al., 1995) or
mutational (Stern-Bach et al., 1998; Banke et al., 2001; Partin,
2001), are associated directly with the ligand-binding domain.
Structurally and functionally, the ligand-binding domain of
GluRs is organized as a pair of dimers (Armstrong and Gouaux,
2000; Mansour et al., 2001; Robert et al., 2001) with desensitiza-
tion possibly reflecting dedimerization of a dimer (Sun et al.,
2002). Hence, binding of cyclothiazide (CTZ) (Partin et al., 1995)
as well as a leucine-to-tyrosine substitution (Stern-Bach et al.,
1998) apparently block desensitization by stabilizing a dimer
interface.
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In contrast to the ligand-binding domain, little is known
about the contribution of the ion channel to the process of de-
sensitization. In GluR subunits, the ligand-binding domain is
formed by the proximal part of the N terminus (S1 lobe) and the
large loop between transmembrane segments M3 and M4 (S2
lobe) (Fig. 1 A). All four hydrophobic segments (M1-M4) appar-
ently contribute to the ion channel (Kuner etal., 1996, 2001; Beck
et al., 1999), with M3 representing the major structural element
lining the pore and involved in channel opening and closure
(Kohda et al., 2000; Jones et al., 2002; Sobolevsky et al., 2002,
2003). Accordingly, the linker between M3 and the ligand-
binding domain, the M3-S2 linker, transfers the conformational
changes in the ligand-binding domain to M3, but its structural
and functional contribution to gating in non-NMDARs is un-
known.

Figure 1B shows a sequence alignment of the M3-S2 linker
and adjacent regions in non-NMDAR subunits. This linker is
positioned downstream from SYTANLAAF, the most highly con-
served motif in GluRs (Kuner et al., 2003), and is also conserved
to some extent. Notable in this regard is the presence in all sub-
units of a highly conserved positively charged arginine (R). This
arginine and an adjacent negatively charged glutamate (E) in
AMPAR subunits influence Ca*>* permeation (Jatzke et al., 2003)
and presumably are positioned in the ion conduction pathway.
Recent evidence has also suggested that charged residues in linker
regions in GABA, (Kash et al., 2003) and voltage-gated channels
(Larsson and Elinder, 2000) affect channel gating. We therefore
investigated the functional significance of the conserved arginine
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Figure1. M3-S2linkerin GluRs. A, Topology of a GIuR subunit. Presumed c-helical regions

of the membrane-spanning segments M1—M4 and the pore loop M2 are shown as open cylin-
ders. The S1 (N-terminal to M1) and S2 (between M3 and M4) lobes constitute the ligand-
binding core (dashed box), for which a crystal structure exists (Armstrong et al., 1998; Arm-
strong and Gouaux, 2000). The large N-terminal domain is not shown. The asterisk indicates the
approximate location of positions mutated in the present study. B, Amino acid sequence of
non-NMDAR subunits within and around the M3-52 linker. Subunits shown include & (81, 52),
AMPAR (GluR-A, GluR-B), and low-affinity (GluR-6) and high-affinity (KA-2) KAR. Within
AMPAR and low- and high-affinity KAR subunits, these regions are completely conserved.
Residues conserved in all non-NMDAR subtypes (Consensus) or in all subtypes except for
one (Consensus—1) are shown under the alignment. Charged residues are shown in bold.
Positions within the dashed box are resolved in the crystal structure of the GluR-B ligand-
binding core (Armstrong et al., 1998; Armstrong and Gouaux, 2000).

as well as other charged residues in the M3-S2 linker using site-
directed mutagenesis, fast agonist application, and chemical
modification. We find that charged residues in the M3-S2 linker
are involved in electrostatic interactions that affect channel de-
sensitization in a subunit- and subtype-specific manner.

Materials and Methods

Molecular biology and heterologous expression

AMPAR subunits are named using the nomenclature of Seeburg (1993)
with the flip/flop cassette indicated by the i/o subscript. Numbering of
amino acids is for the mature protein. The KAR subunit, GluR-6, was
fully edited within the M1 segment (V and C) (Kohler et al., 1993). Point
mutations in GluR-A; or GluR-B;,,, either with glutamine (Q) or aspar-
agine (N) at the Q/R site, and GluR-6 subunits were generated by a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) or
by other PCR-based methods using Platinum Pfx DNA polymerase (In-
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vitrogen, Carlsbad, CA) or Pfu poly DNA polymerase (Stratagene). Pos-
itive clones were subcloned back into the respective wild-type clone
present either in the eukaryotic expression vector pRK or a pSP64T-
derived vector optimized for expression in Xenopus laevis oocytes. All
constructs were sequenced over the entire length of the replaced frag-
ment. cRNA was transcribed and capped for each expression construct
using SP6 RNA mMessage kit (Ambion Inc., Austin, TX) and examined
electrophoretically on a denaturating agarose gel. RNA concentrations
were determined by ethidium bromide stain of the gel relative to an RNA
molecular weight marker. Dilutions of RNA (0.01-0.1 ug/ul) were pre-
pared to achieve optimal expression.

Channels were expressed transiently either in human embryonic kid-
ney 293 (HEK 293) cells or in Xenopus laevis oocytes. HEK 293 cells were
transfected with GluR subunits using FuGene 6 (Roche Molecular Bio-
chemicals, Indianapolis, IN). A vector for enhanced green fluorescent
protein (pEGFP-C1; Clontech, Palo Alto, CA) was cotransfected at a
ratio of 1:9 (pEGFP-C1:GluR subunit). Oocytes were prepared, injected,
and maintained as described (Wollmuth et al., 1996; Sobolevsky et al.,
2002). Recordings were made 1-6 d after transfections or injections.

Current recording

Currents from HEK 293 cells were recorded at room temperature (20—
23°C) using an EPC-9 amplifier with PULSE software (HEKA Elektronik,
Lambrecht, Germany), low-pass filtered at 2.9 kHz, and digitized at 10
kHz. Pipettes had resistances of 2—4 M{) when filled with the pipette
solution and measured in the Na ™ reference solution. We did not use
series resistance compensation. External solutions were applied using a
piezo-driven double-barrel application system. One barrel contained the
external solution, and the other barrel contained the same solution with
added glutamate (1-3 mwm, unless otherwise noted). The open tip re-
sponse (10-90% rise time) of the application system was ~350 usec.
Although suitable to study desensitization kinetics, this solution ex-
change was too slow to measure deactivation rates in wild-type AMPAR:s.

Our standard intracellular (pipette) solution consisted of (in mm): 140
KCl, 10 HEPES, and 1 BAPTA, pH 7.2 (KOH). The standard external
solution consisted of (in mm): 140 NaCl, 10 HEPES, 1.8 CaCl,, and 1
MgCl,, pH 7.2 (NaOH). In some instances, we added CTZ (30-200 uM;
stock solution was in 100 mM NaOH) to the external solutions for
AMPARs to minimize desensitization. Unless otherwise noted, all
chemicals were obtained from Sigma (St. Louis, MO) or J. T. Baker
Company (Phillipsburg, NJ).

We recorded whole-cell currents in Xenopus oocytes at room temper-
ature (20-23°C) using a two-electrode voltage clamp (TEV-200A; Dagan
Corp., Minneapolis, MN) with Cell Works software (npi Electronic,
Tamm, Germany). Microelectrodes were filled with 3 M KCI and had
resistances of 1-4 M{). To minimize solution exchange rates, we used a
narrow flow-through recording chamber with a small volume of ~70 ul.
The external solution consisted of (in mm): 115 NaCl, 2.5 KCI, 0.18
CaCl,, and 10 HEPES, pH 7.2 (NaOH). Glutamate (1 mm), CNQX, CTZ,
and 2-(trimethylammonium)ethyl methanethiosulfonate (MTSET)
were applied with the bath solution. MTSET was purchased from To-
ronto Research Chemicals (Toronto, Ontario, Canada).

Experimental protocols

Kinetics. To measure kinetics, we recorded currents in outside-out
patches excised from HEK 293 cells, although sometimes (where noted)
in the whole-cell mode. In some instances, specifically when current
amplitudes were small, we averaged 3—10 current records. To determine
the rate and extent of desensitization, we rapidly applied glutamate for
100-1000 msec typically at —60 mV. Time constants of desensitization
(T4es) Were determined by fitting the current decay with a single expo-
nential function. We contrasted the extent of desensitization in several
different ways. On the basis of steady-state (I;) and peak (I,) current
amplitudes recorded in the same solution, we calculated the percentage
of desensitization [%des = 100 X (1 - ISS/IP)]. We also used these ampli-
tudes to calculate the plateau/peak ratio (plateau/peak = I/I,)). Alterna-
tively, we calculated the percentage desensitization using CTZ as a refer-
ence (%descr,), comparing steady-state current amplitudes in the
control solution (1) with peak amplitudes recorded in the same solution
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but with added CTZ (I, cr7)) [%descr, = 100 X (1 =1 /I,c17))]- Peak
current amplitudes measured in a solution without (1) or with (I c1z))
added CTZ were used to calculate changes in current amplitudes
(%inc = 100 X I, (crz/1,)-

Recovery from desensitization (7,..) was estimated using a two-pulse
protocol. After a base application of glutamate (100 or 200 msec in
length), a 5 msec test application of glutamate was applied at increasing
times thereafter. The peak current during the test application () was
normalized either to the peak current of the base application (I,) (Iyorm =
Iie/1,) or to only the desensitizing portion of the current during the base
application [1,, o = (L — L)/ (I, — L) ]. Normalized currents (expressed as
apercentage, %rec = 100 X I, ) were plotted as a function of time after the
end of the base application and fitted with a single exponential to derive 7.

Glutamate concentration dependence. Concentration—response curves
were measured in the whole-cell mode in the presence of 30 um CTZ.
Solutions containing various concentrations of glutamate (0.001-10
mm) were applied to cells held at —60 mV. Current amplitudes normal-
ized to the maximal response were plotted as a function of concentration
and fitted with the Hill equation, 1/(1 + (EC,,/[Glu])"), where EC5, is
the concentration to achieve half-maximal response, and » is the Hill

coefficient.
Substituted cysteine accessibility method. Cysteine-substituted GluR

channels were probed from the extracellular side of the membrane with
the positively charged MTSET. MTSET-containing solutions were pre-
pared, stored, and applied as described previously (Sobolevsky et al.,
2002). Accessibility of substituted cysteines was determined using steady-
state reaction protocols (Sobolevsky et al., 2002).

Data analysis
All curve fitting was done using Igor Pro (WaveMetrics, Lake Oswego,

OR). Results are reported and shown graphically as mean = SEM. An
ANOVA was used to test for statistical differences, with the Tukey test
used for multiple comparisons. Significance was assumed if p < 0.05. In
figures, and unless otherwise noted, filled bars indicate values statistically
different from those for wild type.

Results

Opposite charge substitutions of the conserved arginine in

the M3-S2 linker

To study gating in AMPAR and KAR subtypes, we recorded
glutamate-activated currents from wild-type and mutant chan-
nels in outside-out patches isolated from HEK 293 cells using
rapid solution exchange. Figure 2 A—C (left traces) shows currents
recorded from wild-type GluR-A;, GluR-B;, and GluR-6 chan-
nels. During the glutamate application (filled bars, 100 msec), the
current rapidly reached peak amplitude and then strongly de-
cayed, reflecting the process of desensitization. For wild-type
channels, the rate of desensitization (7,.,) was fast with its extent,
expressed as a percentage (%des; see Materials and Methods),
always >96%. Mean values for 74, %des, plateau/peak ratio, and
the time constant for recovery from desensitization (7,..) for wild-
type channels including GluR-B, are summarized in Table 1. These
values are comparable with those reported previously (Mosbacher et
al,, 1994; Dingledine et al., 1999; Sun et al., 2002).

Figure 2 A—C (right traces) shows currents for mutant chan-
nels, where the conserved positively charged R in the M3-S2
linker is replaced with the negatively charged E (R — E substitu-
tion). Surprisingly, the extent of desensitization, especially for the
AMPAR subtypes, was greatly attenuated. The strongest effect
was observed for GluR-B; (R628E), in which only ~15% of the
peak current desensitized compared with ~97% in wild-type
GluR-B; (Table 1). The R — E substitution in GluR-A; (%des =
58%), GluR-B, (%des = 58%), and GluR-6 (%des = 91%) pro-
duced less dramatic reductions in the extent of desensitization.
However, the plateau/peak ratio was increased to approximately
the same extent (20-30 times) for all subunits (Table 1), indicat-
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Figure 2.  Effect of the R — E charge reversal in the M3—S2 linker on glutamate-activated

currents in AMPAR and KAR channels. Glutamate-activated currents in outside-out patches
isolated from HEK 293 cells expressing wild-type (left traces) or mutant (right traces) GIuR-A;
(A), GluR-B; (B), and GluR-6 ( €) channels are shown. The mutant channels have the positively
charged arginine (R) in the M3-S52 linker replaced by a glutamate (E) (R — E substitution).
Currents were elicited by a 100 msec application of glutamate (3 mw; filled bar) at a holding
potential of — 60 mV. Current amplitudes were measured either at the peak (/, ) or near the end
of the glutamate applications when they reached steady-state (/; ). Dashed lines show zero
current level. The time scale is the same for all panels.

ing that the quantitative effect of the R — E substitution on GluR
desensitization depends on the extent of desensitization in the
respective wild type. In all backgrounds, the R — E substitution
slowed the rate of desensitization by approximately twofold com-
pared with their respective wild type.

In summary, the R — E substitution produces the same qual-
itative effects on channel gating in all backgrounds but with
strong quantitative differences in reducing the extent of desensi-
tization between GluR subunits and subtypes. Because the stron-
gest effect of the R — E substitution on %des was found in the
GluR-B; background, we mainly focused on this subunit to ad-
dress the basis of the nondesensitizing phenotype.

The R — E substitution disrupts desensitization
One potential explanation for the results shown in Figure 2 is that
the R — E substitution destabilizes the desensitized state. Exper-
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Figure3. The R — E substitution disrupts desensitization in GluR-B; channels. A, Superim-
positions of glutamate-activated currents for wild-type (left traces) and mutant (R —E; right
traces) GluR-B; channels recorded eitherin the absence orin the presence of 30 um CTZ. Currents
were elicited by a 100 msec application of glutamate (3 mw; filled bar) at a holding potential of
—60 mV. B, Glutamate concentration response curves for wild-type (wt; open symbols) and
mutant (R — E; filled symbols) GluR-B; channels. The solid lines are a fitted Hill equation with
an ECg, of 134 = 3 um (n = 5) for wild type and 24 == 2 um (n = 4) for GluR-B; (R628E). (,
Average extent of desensitization, %des, for wild-type and GIuR-B; (R628E) channels measured
in the absence or presence of 100 um EDTA. Currents were recorded either in our standard
external solution containing 1.8 mumCa* and 1mmMg 2™ orin the same solution but with 100
um EDTA and no added divalent cations.

iments shown in Figure 3 support this general idea. Figure 3A
compares current amplitudes in the absence and presence of CTZ
(30-200 um), an allosteric modulator that attenuates desensiti-
zation in the flip form of AMPAR subunits (Partin et al., 1993,
1994). For wild-type channels, CTZ potentiated peak current
amplitudes, on average by ~137% (%inc = 137 % 11%; n = 7;
mean * SEM, number of patches), as has been found previously
(e.g., Robert et al., 2001). For GluR-B; (R628E) channels, CTZ
did not potentiate peak current amplitudes (%inc = 103 * 2%j;
n = 10). Furthermore, the extent of desensitization using peak
current amplitudes in CTZ as a reference (%des.r,; see Materials
and Methods) was 97.7 = 0.4% for wild-type and 15.6 * 2.3% for
the R — E-substituted channels. These values are comparable
with the %des recorded in the absence of CTZ (~96.5 and
~14.5%, respectively; Table 1). The experiments with CTZ there-
fore argue against the alternative that the R — E substitution
might somehow favor the desensitized state.

Block of desensitization by the leucine-to-tyrosine substitu-
tion in the ligand-binding domain (Robert et al., 2001) or CTZ
treatment (Partin et al., 1994) increases the apparent glutamate
affinity. Consistent with the idea that R — E substitution disrupts
desensitization, GluR-B; (R628E) channels show an increased ap-
parent affinity for glutamate (ECs, = 24 um) compared with that
for wild type (EC5, = 134 um) (Fig. 3B).
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Table 1. Desensitization properties of wild-type and mutant AMPAR and KAR
channels

Subunit Tyes (MsEC) %des Plateau/peak Tec (MseC)
A, wt 32+02 97.9 = 0.6 0.021 = 0.006 1551
A, (R624E) 5803 576 £ 4.0 0.424 = 0.040 127 =6
B, wt 56+03 9.5 = 0.8 0.035 * 0.008 218 £20
B, (R628E) 108 = 1.1 145+15 0.855 = 0.015 ND
B, wt 1.8 =02 98.4 £ 05 0.016 = 0.005 243119
B, (R628E) 3302 580 =34 0.420 = 0.034 239+22
6, wt 3401 99.6 £ 0.2 0.004 = 0.002 1920 =110
6 (R632E) 6.8 =0.7 90.5 £ 21 0.095 = 0.021 1070 = 120
6 (E631R) 19 +0.1 99.9 £ 0.1 0.001 = 0.001 1050 = 40
6 (E634R) 35+03 99.8 £ 0.1 0.002 = 0.001 1620 == 110

The time constants of desensitization (7,.,) and recovery from it (7,.) were obtained from single exponential fits
(for details, see Materials and Methods). %des and plateau/peak ratio are based on peak and steady-state current
amplitudes. Values shown are the mean = SEM (n = 4-10). We could not determine (ND) the recovery from
desensitization for GIuR-B; (R628E) because of the small desensitizating current component. wt, Wild type.

The R — E substitution introduces an additional negative side
chain in the M3-S2 linker and underlies surface charge-like ef-
fects on Ca’™" permeability (Jatzke et al., 2003). The nondesensi-
tizing phenotype therefore might arise because of divalent ions
such as Ca®" or Zn>" more strongly interacting with this highly
negative element. However, the extent of desensitization in
GluR-B; (R628E) as well as wild-type channels was not signifi-
cantly changed when recorded in the absence of divalent cations
and in 100 wm EDTA (Fig. 3C). Hence, the block of desensitiza-
tion in GluR-B; (R628E) is not caused by divalent cations and is
probably caused by the R — E substitution itself.

An electrostatic interaction underlies the disruption

of desensitization

To further address the mechanism underlying the nondesensitiz-
ing phenotype, we substituted various amino acids at the R posi-
tion in the M3-S2 linker in GluR-B; and characterized the effect
of these substitutions on desensitization properties (Fig. 4). All of
the individual substitutions at the R position, like the R — E
substitution, significantly slowed, albeit weakly, the rate of desen-
sitization (Fig. 4A). On the other hand, only oppositely charged
substitutions of this position significantly reduced the extent of
desensitization (Fig. 4 B), with the strongest reduction occurring
for glutamate (R628E), followed by the aspartate (R628D) and
the cysteine (R628C, which is ~10% charged under physiological
pH) side chains. The positively charged histidine (R628H) also
reduced %des-r,, but this effect was quite small (94.0 = 1.2%j;
n = 5) compared with wild type (97.7 = 0.4%, n = 8). Surpris-
ingly, the neutral alanine (R628A) and the polar glutamine
(R628Q) had no effect on %descr, (Fig. 4 B) but did significantly
reduce the rate of recovery from desensitization (Fig. 4C). Over-
all, the results shown in Figure 4 suggest that the effect of R > E
substitution on desensitization is at least in part attributable to
electrostatic interactions.

Substitutions of a negatively charged glutamate in the M3-S2
linker enhance desensitization

If block of desensitization by the R — E substitution is attribut-
able to electrostatic interactions, there may be other charged res-
idues in the protein, presumably negatively charged, that com-
plement the conserved R. One potential candidate is within the
M3-S2 linker itself. Indeed, adjacent to the conserved R in AM-
PAR and low-affinity KAR subunits is a negatively charged E (Fig.
1B), and these oppositely charged E and R residues could interact
either in an intrasubunit or intersubunit state-dependent man-
ner. In AMPAR subunits, either GluR-A; or -B;, opposite charge
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Desensitization properties of wild-type and mutant GluR-B; channels. Average time constant of desensitization, 7, (4), the extent of desensitization measured relative to the peak

currentin CTZ, %des; ( B), and the time constant of recovery from desensitization, 7, ( () measured for wild-type and mutant GluR-Bi channels are shown. ., was not determined (n.d.) for R628E
channels because of a small desensitizing component. In this and all subsequent figures, filled bars indicate values statistically different from those for wild type.

substitutions of this glutamate (E — R substitution), yielded
channels that even in the whole-cell mode had very small
glutamate-activated current amplitudes (typically <10 pA com-
pared with 3-5 nA for wild type). Hence, we could not consis-
tently measure desensitization properties in outside-out patches.
Notable, however, is that with added CTZ, peak current ampli-
tudes were dramatically increased (Fig. 5A). The increase was
maximal (~700%) for the E — R substitution, although compa-
rable effects were observed for other substitutions at this position
(Fig. 5B). As discussed below, this dramatic current increase pro-
duced by CTZ arises at least in part because the E — R substitu-
tion enhances desensitization. Hence, without CTZ, E —
R-substituted channels are mainly in the desensitized state in the
absence of glutamate or desensitize more rapidly than rates of
channel opening, solution exchange, or both.

In contrast to AMPAR subunits, the E — R substitution in
GluR-6 [GluR-6 (E631R)] expressed well. Currents through
these channels showed a faster rate of desensitization and recov-
ery from it and a greater extent of desensitization than wild type
GluR-6 channels (also see Table 1, plateau/peak ratio). In addi-
tion, we found that the E — R substitution in a mutant GluR-B;
subunit in which an asparagine (N) occupies the Q/R-site [GluR-
B; (N)] also showed reasonable current amplitudes. GluR-B; (N)
channels themselves showed a slower rate of desensitization (7,
= 13 msec) and a reduced extent of desensitization (%des =
92.5%) compared with GluR-B; (Q) channels (74, = 5.6 msec;
%des = 96.5%) (Fig. 5C,D). In the GluR-B; (N) background, the
R — E substitution, like that in GluR-B; (Q), slowed the rate of
desensitization by approximately twofold (Fig. 5C) and dramat-
ically reduced the extent of desensitization (Fig. 5D). In contrast,
the E — R substitution produced essentially opposite effects, sig-
nificantly increasing the rate and extent of desensitization (Fig.
5C,D).

In summary, an E residue in the M3-S2 linker, adjacent to the
conserved R, also affects desensitization. The effect of the E — R
substitution is essentially opposite to that of the R — E substitu-
tion. Accordingly, the apparent glutamate affinity for channels
with E — R substitution in the GluR-B; (Q) background was
significantly reduced (ECs, = 1.3 £ 0.1 mm; n = 5) compared
with that in wild type (ECs, = 134 uM) (compare Fig. 3C). These
results therefore support the idea that electrostatic interactions
involving charged residues in the M3-S2 linker contribute to
channel gating. On the other hand, the opposite effects of the E —
R and R — E substitutions on desensitization suggest that these
electrostatic interactions are not confined to E and R themselves,
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Figure5. Effect of an E— R substitution on desensitization in GIuR-B; channels. A, Super-
imposition of glutamate-activated currents for GluR-B; (E627R) channels (E— R substitution)
recorded in the absence or in the presence of 30 um CTZ. Currents were elicited by a 100 msec
application of glutamate (3 mw; filled bar) at the holding potential of —60 mV. B, Average
values for %inc,, for wild-type and mutant GluR-B; channels. C, D, Average values for the rate
of desensitization, 74, ((), and the extent of desensitization measured relative to the peak
current, %des ( D), for wild-type channels (B;) and mutant channels containing an asparagine at
the Q/Rsite [B; (N)]. Opposite charge substitution of Eand R was made in the B; (N) background.
Values for B; (N) are significantly different from those in B; (Q). Filled bars indicate values
statistically different from those for GIuR-B; (N).

and some other complementary charge(s) located elsewhere in
the protein have to be involved.

Orientation of the ER dipole is important to channel gating
Although the adjacent opposite charged residues (E and R) in the
M3-S2 linker have no net charge, they presumably form an elec-
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Figure 6.  Opposite charge substitutions of both E and R. A, Superimposition of glutamate-
activated currents for GluR-B; (E627R/R628E) channels (ER — RE substitution) recorded in the
absence or in the presence of 30 um CTZ. Currents were elicited by a 100 msec application of
glutamate (3 mw; filled bar) at the holding potential of —60 mV. B, Average values for the
plateau/peak ratio normalized to wild type (ER channels) in the respective background of either
GluR-B, (Q) or GluR-B; (N). Mutant channels include RR (E — R substitution), EE (R — E substi-
tution), and RE (ER — RE substituion). Values for GIuR-B; (Q) (RR) could not be determined
because the peak current amplitudes were too small.

tric dipole. If charges complementary to E and R do indeed exist,
changing the orientation of the ER dipole should affect gating in
GluRs. To test this idea, we introduced opposite charge substitu-
tions at both positions in the GluR-B; subunit [ER — RE substi-
tution, GluR-B; (E627R/R628E)]. In ER — RE mutant channels
(Fig. 6A), the rate of desensitization (74, = 5.7 £ 0.3 msec; n =
10) and recovery from it (7,.. = 18.2 = 1.5 msec; n = 7) were
indistinguishable from those in wild type (74., = 5.6 msec; T, =
21.8 msec). On the other hand, the degree of desensitization,
using CTZ as a reference (%descry, 88.3 = 1.7%; n = 4), was
significantly smaller than that in wild type (~98%).

Figure 6 B summarizes the normalized plateau/peak ratio for
charge substitutions in various GluR-B; backgrounds. Compared
with wild type (ER channels), the E — R (RR channels) and R —
E (EE channels) substitutions showed enhanced and decreased
degrees of desensitization, respectively, with this effect quantita-
tively stronger for EE channels. Though the ER — RE-substituted
channels (RE channels) also showed a reduced degree of desen-
sitization, the effect was less pronounced than in EE channels.
The results illustrated in Figure 6, therefore, suggest that the ori-
entation of the ER dipole is important for normal channel func-
tion and support the idea of putative charges complementary
to ER.

Single amino acid differences in the linker regions do not
underlie subunit specific effects on desensitization

As an alternative approach to identify the complementary charge,
we considered that the quantitative effect of the R — E substitu-
tion on %des is subunit-specific (Fig. 2). In AMPARSs, all three
extracellularly positioned linker regions, S1-M1, M3-S2, and S2—
M4, as well as proximal parts of S1 and S2, are highly conserved
with one exception. In the S2-M4 linker, the homologous posi-
tion is occupied by an aspartate (D778) in GluR-A; and a gluta-
mate (E782) in GluR-B,. Nevertheless, in a double-mutant chan-
nel in which this aspartate in GluR-A; was mutated to a glutamate
in the R — E background, GluR-A; (R624E/D778E), the extent of
desensitization was the same as that in GluR-A; (R624E) rather
than being like that in GluR-B; (R628E) (data not shown). Hence,
no obvious single charged amino acid difference in the linker
regions underlies the subunit specific effect of the R — E
substitution.
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Subunit-specific and state-dependent reactivity of cysteines
substituted in the M3-S2 linker

The subunit-specific differences between AMPAR subtypes ap-
pear not to be attributable to a charge difference but rather may
reflect structural differences in the M3-S2 linker. To address this
idea, we compared glutamate-activated current amplitudes, in
mutant GluR-A; and GluR-B; channels containing cysteines sub-
stituted at the E and R positions, before (I,..) and after (I,,,) the
extracellular application of the positively charged methanethiol
sulfonate (MTS) reagent MTSET (Fig. 7A). We were also inter-
ested in the state dependence of reactivity, so we applied MTSET
when channels were mainly (but not exclusively) in the open (top
trace), closed (middle trace), and desensitized (bottom trace)
states. The maximal occupation of the various states was achieved
by applying MTSET in the continuous presence of Glu (1 mm)
and saturating concentrations of CTZ (50 uM; open state, O), in
the absence of glutamate and in the presence of the competitive
AMPAR antagonist CNQX (10 uM; closed state, C), and, finally,
in the continuous presence of Glu but in the absence of CTZ
(desensitized state, D). However, the distinction between states is
by no means absolute. For example, the R — C substitution in
GluR-B; [GluR-B; (R628C)] disrupts desensitization (Fig. 4B),
indicating that even in the absence of CTZ (presence of gluta-
mate), the channels will spend considerable time in the open
state.

Figure 7B summarizes the mean percentage change in current
amplitude after the application of MTSET for wild-type and
cysteine-substituted GluR-A; and GluR-B; channels. For wild-
type channels, MTSET had no persistent effects on current am-
plitudes under any of the conditions. On the other hand, in
cysteine-substituted mutant channels, the effect of MTSET on
current amplitude was strongly subunit specific and state depen-
dent. At the E position, MTSET altered current amplitudes under
all conditions for GluR-B;, whereas it produced a significant
change only when applied in the desensitized state for GluR-A;. In
contrast, at the R position, MTSET did not alter current ampli-
tude under any conditions in GluR-A;, whereas it produced a
significant change in GluR-B; only when applied in the desensi-
tized state.

The results with the homologous positions in GluR-A; (E623
and R624) and GluR-B; (E627 and R628) suggest that there are
structural differences in the M3-S2 linker between different GluR
subtypes. Additionally, the state-dependent reactivity of GluR-A;
(E623C) and GluR-B; (R628C) with MTSET suggests that con-
formations of the M3-S2 linker are different in the nonconduct-
ing closed and desensitized states.

Discussion

GluR desensitization is an important mechanism shaping excita-
tory postsynaptic potentials in the brain (Jones and Westbrook,
1996; Glavinovic and Rabie, 1998). As a gating process, desensi-
tization originates in the ligand-binding domain and propagates
to the ion channel. Our results represent the first identification of
residues outside the ligand-binding domain that can alter desen-
sitization in non-NMDAR channels and suggest that electrostat-
ics involving in part charged residues in the M3-S2 linker con-
tribute to gating in GluRs.

Charged residues in the M3-S2 linker influence

channel gating

Opposite charge substitutions of two adjacent charged residues, a
glutamate (E627 in GluR-B;) and a conserved arginine (R628 in
GluR-B;), strongly affected desensitization in both AMPA and
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KA GluR subtypes (Figs. 2, 5; Table 1).
These two residues are positioned outside
the ligand-binding domain (Armstrong et
al., 1998; Armstrong and Gouaux, 2000)
beinglocated N-terminal to S2 (see Fig. 1).
On the other hand, substitutions of these
residues in AMPARs (Jatzke et al., 2003)
and of homologous positions in the
NMDAR NRI1 subunit (Watanabe et al.,
2002) affect Ca*" permeation, suggesting
that they are associated with the ion con-
duction pathway. Nevertheless, ER is po-
sitioned four amino acid residues external
to SYTANLAAF, a motif forming the most
extracellular part of the channel (Sobo-
levsky et al., 2003). We therefore refer to
the location of ER between the ligand-
binding domain and the ion channel as the
M3-S2 linker.

The reduced extent of desensitization
in R — E-substituted GluR-B; channels
(%des = 14%; compared with %des =
97% in wild type) is comparable with that
produced by the leucine-to-tyrosine (L —Y)
substitution in the ligand-binding do-
main (%des = 8-10%) in the same
background (Stern-Bach et al., 1998;
Sun et al., 2002). The L — Y substitution
as well as binding of CTZ block desensi-
tization by stabilizing a dimer interface
in the ligand-binding domain (Sun et
al., 2002), slowing the rate of desensiti-
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Figure 7.  State-dependent effect of a sulfhydryl-specific reagent on glutamate-activated currents in cysteine-substituted
AMPAR channels. 4, Protocols to measure the state dependence of reactivity. Whole-cell currents recorded from Xenopus oocytes
expressing GluR-B; (top trace), GIuR-B; (E627C) (middle trace), and GIuR-B; (R628C) (bottom trace) subunits are shown. Currents
were elicited by applications of glutamate (1 mw; thin lines; typically 15 sec in duration except during the MTSET application).
MTSET (2 mw; thick lines) was applied in the presence of glutamate and CTZ (50 wum; open boxes, top trace), in the absence of
glutamate and in the presence of the competitive antagonist CNQX (10 wum; shaded box, middle trace), or just in the presence of
glutamate (bottom trace). During these different applications, we assume that the predominant channel state is open (0; top
trace), closed (C; middle trace), or desensitized (D; bottom trace). Current amplitudes were measured either before (lpre) or after
(I0st) application of MTSET. B, Changes in the current amplitude measured before (/,,,) and after (/) exposure to MTSET (1 -
Ioost/lore ) according to protocols in A for wild-type (first row) and cysteine-substituted (second, third rows) GluR-A; (left column)
and GluR-B, (right column) channels. Up- and down-pointing bars indicate inhibition and potentiation of glutamate-activated

zation by nearly 30-fold (Robert et al.,
2001; Sun et al., 2002). In contrast, the R
— E substitution is located well outside the ligand-binding
domain and slows the rate of desensitization by only approx-
imately twofold (Table 1). Therefore, the L — Y and R — E
substitutions apparently block desensitization in GluRs by
fundamentally different mechanisms.

Charged residues alter channel gating via

electrostatic interactions

Channels containing an opposite charge substitution of a con-
served arginine (R — E substitution, EE channels) in the M3-S2
linker showed a reduced degree of desensitization (Figs. 2, 3;
Table 1). Neutralizing substitutions (EA and EQ channels), al-
though not changing significantly the degree of desensitization,
strongly slowed down the rate of recovery from desensitization
(Fig. 4C). An opposite charge substitution of E, a residue adjacent
to the conserved R (E — R substitution, RR channels), produced
effects essentially opposite to that of the R — E substitution (Figs.
5, 6), yet mutant channels in which both charges were reversed
(ER — RE substitution) still showed gating differences (Fig. 6).
Together these results suggest that electrostatics as contributed
by the charges or the dipole of ER or both in the M3-S2 linker
influence gating in GluRs.

The electrostatic interactions involving E and R imply the
existence of closely located charges that interact with each other
in a state-dependent manner (Fig. 7). The possibility of intrasu-
bunit or intersubunit interactions involving only E and R them-
selves seems unlikely because opposite charge substitutions at
either position (EE or RR channels) produced opposite effects on

currents, respectively. Filled bars indicate a significant difference between /

host AN fyye (1 = 3-8).

channel gating rather than the anticipated comparable effect (Fig.
6). Alternatively (Fig. 8), a charge complementary to E and R
could exist in other parts of the GluR protein. The complemen-
tary charge may arise from charged or polar residues in other
linkers (S1-M1 or S2-M4), proximal parts of the ligand-binding
domain, or both, as well as from dipole charges of a-helices in the
transmembrane (segments M1, M3, or M4) or ligand-binding
domains.

Without some means of constraining mutagenesis, the num-
ber of possibilities presented by these latter alternatives is quite
large. Indeed, just within the SI-M1 and S2-M4 linkers, there are
7 negatively charged and 10 polar residues. Therefore, additional
information about the structure and positioning of all linker re-
gions as well as proximal parts of the ligand-binding domain will
be needed to constrain mutagenesis. Nevertheless, identifying
this complementary charge(s) would help clarify the state-
dependent conformational changes occurring in both the ligand-
binding domain and ion channel during desensitization. Simi-
larly, because desensitization is modified at the levels of the
ligand-binding domain and the M3-S2 linker by fundamentally
different mechanisms, it would provide insights into the modular
design of GluRs as well as the order of molecular events during
gating.

Contribution of the M3-S2 linker in different GluR subunits
to gating

In all non-NMDAR subunits, channels containing the R — E
substitution showed a reduced degree of desensitization (Fig. 2,
Table 1). In terms of the %des, this effect was strongest in the
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Figure 8.  Possible state-dependent electrostatic interactions in GluRs. The diagram illus-
trates possible electrostaticinteractions between Eand Rin the M3—S52 linker and a complimen-
tary charge in other parts of the protein. This complimentary charge may arise from negative or
polar residues in other extracellularly located linkers or from proximal parts of the ligand-
binding domain (LBD). Alternatively, it may arise from «-helical dipoles. Because of subunit-
and subtype-specific structural differences, which may be quite small, Eand R and the putative
complimentary charge may show various degrees of proximity in the desensitized state, leading
to differences in the degree of desensitization in wild-type channels.

GluR-B; background, but the fold increase for plateau/peak ratios
was approximately the same in all backgrounds (Table 1). Indeed,
the %des for wild-type GluR-6, GluR-A;, and GluR-B; (Table 1)
decreased in parallel with the ratio of the rate of exit from (y) and
entry into (8) desensitization [y/8 = 107°-10"* for GluR-6
(Bowie et al., 1998), 10 ~2 for GluR-A; (Partin et al., 1996; Robert
and Howe, 2003), and 10 >-10 " for GluR-B, (Koike et al.,
2000)]. In addition, the subunit-specific effect of the R — E sub-
stitution can be simulated by the same modification of the wild-
type models, specifically increasing the rate of exit from the de-
sensitized state by ~102 times as well as decreasing the rate of
agonist dissociation (k) by ~10 times (data not shown). Hence
the electrostatic interactions involving charged residues in the
M3-S2 linker contribute to gating in all non-NMDAR subunits
and subtypes similarly, but the visible effect on desensitization
depends on the extent of desensitization for the corresponding
wild type.

Structurally, the difference in the maximal degree of desensi-
tization may reflect either a difference in the secondary structure
or more likely a difference in the spatial arrangement of the
M3-S2 linker relative to other domains, specifically those con-
taining a complementary charge (Fig. 8). The differential reactiv-
ity of MTSET with cysteine substituted at E and R positions in
GluR-A and GluR-B channels (Fig. 7) supports the latter alterna-
tive. In AMPAR subunits, transmembrane domains and associ-
ated linkers are highly conserved (nearly 100% sequence identity,
with the only exception being in the intracellularly located
M1-M2 linker), suggesting that the structural difference in the
M3-S2 linker between non-NMDAR subunits and subtypes is
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probably not attributable to differences in the transmembrane
domains but rather to the ligand-binding domain. Supporting
this idea is the differential effect of the R — E substitution on
desensitization in the flip and flop variants of GluR-B (Table 1).
Hence the structure of the ion channel at the level of the M3-S2
linker parallels that of the ligand-binding domain. This conclu-
sion agrees with recent results suggesting that the outer pore of
the AMPAR channel has a rotational symmetry similar to that of
the ligand-binding domain (Sobolevsky et al., 2004).

Different structures of the M3-S2 linker in the closed and
desensitized states

The M3-S2 linker is a polypeptide of unknown secondary struc-
ture. One end of M3-S2 is connected to the S2 domain, a part of
the ligand-binding domain with the structure solved by crystal-
lography (Armstrong et al., 1998; Armstrong and Gouaux, 2000).
On the other side, M3-S2 is connected to the M3 segment that,
based on sidedness of accessibility to MTS reagents, is a-helical
(Sobolevsky et al., 2003). The secondary structure of the M3-S2
linker itself may be difficult to infer from the pattern of accessi-
bility because this region is outside the transmembrane portion
of GluR and hence may be water-accessible on all sides. Never-
theless, it seems likely that at least part of the M3-S2 linker is
extended, specifically that part around ER.

Previous results have suggested that the M3-S2 linker has a
different conformation in the open and closed states (Sobolevsky
etal., 2003). The accessibility pattern shown in Figure 7B suggests
that the nonconducting closed and desensitized states of the
AMPAR channel are also structurally different at the linker level.
Of course, this interpretation is limited by the assumptions of the
substituted cysteine accessibility method (Karlin and Akabas,
1998), and at present it is unclear how far into the pore this
asymmetry between the closed and desensitized conformations
exists. Future experiments will be needed to further delineate the
structural similarities and differences between the open, closed,
and desensitized states.
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