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Four 2-substituted Tet-AMPA [Tet) tetrazolyl, AMPA) 2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)-
propionic acid] analogues were characterized functionally at the homomeric AMPA receptors GluR1i,
GluR2Qi, GluR3i, and GluR4i in a Fluo-4/Ca2+ assay. Whereas 2-Et-Tet-AMPA, 2-Pr-Tet-AMPA, and 2-iPr-
Tet-AMPA were nonselective GluR agonists, 2-Bn-Tet-AMPA exhibited a 40-fold higher potency at GluR4i

than at GluR1i. Examination of homology models of the S1-S2 domains of GluR1 and GluR4 containing
2-Bn-Tet-AMPA suggested four nonconserved residues in a region adjacent to the orthosteric site as possible
determinants of the GluR4i/GluR1i selectivity. In a mutagenesis study, doubly mutating M686V/I687A in
GluR1i in combination with either D399S or E683A increased both the potency and the maximal response
of 2-Bn-Tet-AMPA at this receptor to levels similar to those elicited by the agonist at GluR4i. The dependence
of the novel selectivity profile of 2-Bn-Tet-AMPA upon residues located outside of the orthosteric site
underlines the potential for developing GluR subtype selective ligands by designing compounds with
substituents that protrude beyond the (S)-Glu binding pocket.

Introduction

(S)-Glutamate [(S)-Glua] is the major excitatory neurotrans-
mitter in the central nervous system, where the amino acid is
involved in physiological processes important for memory and
learning, motor control, and neural plasticity and development.1-3

On the other hand, (S)-Glu is also a key mediator of the
neurotoxic processes connected with stroke and ischemia, just
as excessive glutamatergic signaling appears to constitute a
major component in neurodegenerative disorders such as
Parkinson’s disease, Alzheimer’s disease, and amyotrophic
lateral sclerosis. Intervention in glutamatergic neurotransmission
has also been proposed to be beneficial in the treatment of
epilepsy, pain, and certain psychiatric disorders.1,4

(S)-Glu exerts its physiological effects through two receptor
classes, the metabotropic and ionotropic glutamate receptors
(mGluRs and iGluRs, respectively).1,2,5 The eight mGluRs
mediate metabolic intracellular responses to (S)-Glu via coupling
to various G-proteins and second messenger cascades, whereas
the iGluRs are ligand-gated ion channels that mediate the fast
synaptic response to extracellular (S)-Glu. The iGluR is a homo-

or heteromeric receptor complex assembled from four subunits,
and each iGluR subunit consists of a large extracellular
N-terminal domain sharing weak amino acid sequence homology
with bacterial periplasmic binding proteins; the extracellular S1
and S2 domains, which also exhibit sequence homology with
bacterial periplasmic binding proteins and comprise the orthos-
teric site of the receptor; and a transmembrane domain
comprised of the transmembrane regions M1, M3, and M4 and
the re-entrant loop, M2. The M2 loops of the four subunits in
the assembled iGluR tetramer form an ion pore through which
the cations Na+ and Ca2+ enter the cell upon receptor activation
by agonist binding to the S1-S2 domain.1,2,6

The 18 iGluR subunits cloned to date are divided into seven
N-methyl-D-aspartic acid (NMDA), four 2-amino-3-(3-hydroxy-
5-methyl-4-isoxazolyl)propionic acid (AMPA), and five kainate
receptor subunits based on their respective selectivities for the
three agonists, as well as two orphan subunitsδ1 andδ2.1,2

The classification of the subunits into subgroups also reflects
varying degrees of homology between the amino acid sequences
of the receptors and differences in their signaling characteristics.
The four cloned AMPA receptor subunits are termed GluR1-
GluR4, and they all exist in “flip” and “flop” splice variants
(termed GluR1i-GluR4i and GluR1o-GluR4o, respectively)
characterized by different desensitization kinetics and steady-
state responses.1,2,6 Furthermore, the AMPA receptor subunits
are subject to RNA editing at different sites, the most notable
of these being the Q/R-site located in M2 of GluR2.1,2

The native AMPA receptor population consists of predomi-
nantly heteromeric receptors, and this molecular heterogeneity
contributes to the complexity of in vivo signaling by these
receptors. Delineating the physiological roles of the respective
AMPA receptor subtypes has been severely hampered over the
years by a lack of subtype-selective ligands. The lack of such
ligands can be ascribed to the high conservation of the
orthosteric sites of the four GluR subunits, since the only residue
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differing between the orthosteric sites of the four subunits is a
tyrosine residue in GluR1 and GluR2 (Tyr702 in GluR2),
corresponding to a phenylalanine residue in GluR3 and GluR4.6

AMPA agonists such as Cl-HIBO, (S)-CW-399, and (R,S)-2-
amino-3-(3-hydroxy-pyridiazin-4-yl 1-oxide)propionic acid dis-
play significant preferences for the GluR1 and GluR2 subtypes
over the GluR3 and GluR4 subtypes, and the subgroup selectiv-
ity of these agonists has been attributed to the Tyr/Phe switch
between these receptors.7-9 However, to date no agonist truly
selective for one AMPA receptor subtype has been published.

In two recent studies, we have reported the design and
synthesis of a series of four 2-substituted tetrazolyl-AMPA
(Tet-AMPA) analogues [(RS)-2-amino-3-[3-hydroxy-5-(2-ethyl-
2H-5-tetrazolyl)-4-isoxazolyl]propionic acid (2-Et-Tet-AMPA),
(RS)-2-amino-3-[3-hydroxy-5-(2-propyl-2H-5-tetrazolyl)-4-
isoxazolyl]propionic acid (2-Pr-Tet-AMPA), (RS)-2-amino-3-
[3-hydroxy-5-(2-isopropyl-2H-5-tetrazolyl)-4-isoxazolyl]-
propionic acid (2-iPr-Tet-AMPA) and (RS)-2-amino-3-[3-hy-
droxy-5-(2-benzyl-2H-5-tetrazolyl)-4-isoxazolyl]propionic acid
(2-Bn-Tet-AMPA), Figure 1] and their binding characteristics
at native AMPA, KA, and NMDA receptors as well as recom-
binant homomeric AMPA receptor subtypes GluR1o-GluR4o.10,11

The affinity rank order of three 2-alkyl-Tet-AMPA analogues
at GluR1o-GluR4o was found to be 2-Et-Tet-AMPA> 2-Pr-
Tet-AMPA > 2-iPr-Tet-AMPA with at least 10-fold difference
between 2-Et-Tet-AMPA and 2-Pr-Tet-AMPA and between
2-Pr-Tet-AMPA and 2-iPr-Tet-AMPA at all four receptor
subtypes.11 Neither 2-Et-Tet-AMPA, 2-Pr-Tet-AMPA, nor 2-iPr-
Tet-AMPA displayed a preference for a specific GluR subtype,
as their respectiveKi values only differed 3-7-fold among the
GluR1o-GluR4o subtypes. By contrast, the benzyl analogue
2-Bn-Tet-AMPA exhibited aKi value of 200 nM at GluR4o
and 2-, 4-, and 40-fold higherKi values at GluR3o, GluR2o,
and GluR1o, respectively, thus being able to differentiate non-
GluR1o AMPA receptors from GluR1o in terms of binding
affinity.11 In the present work, we characterize the functional
pharmacology of selected 2-substituted Tet-AMPA analogues
at the rat homomeric AMPA receptor subtypes GluR1i, GluR2Qi,
GluR3i, and GluR4i and investigate the molecular basis for the
functional selectivity profile of 2-Bn-Tet-AMPA.

Results

Functional Characterization of Tet-AMPA Analogues at
the Stable GluR-HEK293 Cell Lines.The functional properties
of the 2-substituted Tet-AMPA analogues 2-Et-Tet-AMPA,
2-Pr-Tet-AMPA, 2-iPr-Tet-AMPA, and 2-Bn-Tet-AMPA were
characterized at GluR1i-GluR4i stably expressed in human
embryonic kidney 293 (HEK293) cell lines in the Fluo-4/Ca2+

assay in the presence of 100µM cyclothiazide (CTZ) to elimi-
nate desensitization. Whereas the 2-Et-Tet-AMPA analogue was

a quite potent AMPA receptor agonist, exhibiting 2-7 fold
higher potencies at GluR1i-GluR4i than (S)-Glu, introducing
propyl and isopropyl substituents at the 2-position of the tet-
razolyl ring led to significantly reduced agonist potencies at all
four subtypes (Figure 2 and Table 1). 2-Bn-Tet-AMPA displayed
similar EC50 values at the GluR3i and GluR4i subtypes to those
of the propyl and isopropyl analogues. But unlike these two
analogues, 2-Bn-Tet-AMPA displayed a significant degree of
selectivity in its potencies at the four subtypes with the rank
order GluR4i > GluR3i > GluR1i g GluR2Qi. Thus 2-Bn-Tet-
AMPA exhibited approximately 40-fold higher potency at
GluR4i than at GluR1i (Table 1 and Figure 3). The four 2-substi-
tuted Tet-AMPA analogues were full agonists or partial agonists
at all four GluR subtypes (Figures 2 and 3 and Table 1).

Unlike the very potent agonist 2-Me-Tet-AMPA,12,13 its
1-Me-Tet-AMPA isomer (RS)-2-amino-3-[3-hydroxy-5-(1-meth-
yl-2H-5-tetrazolyl)-4-isoxazolyl]propionic acid was found to be
completely inactive at GluR1i and GluR2Qi in concentrations
up to 3 mM both as an agonist and as an antagonist. At the
GluR3i- and GluR4i-HEK 293 cell lines, 1-Me-Tet-AMPA
elicited agonist responses at concentrations of 1 mM and above
(Table 1 and Figure 2). However, it may not necessarily be
1-Me-Tet-AMPA itself that is eliciting these agonist responses.
Considering the synthetic route used for the preparation of 1-Me-
Tet-AMPA, it is not unlikely that the compound sample could
contain trace concentrations of 2-Me-Tet-AMPA. Since (S)-2-
Me-Tet-AMPA has exhibited nanomolar EC50 values at GluR3o
and GluR4o expressed inXenopusoocytes,13 trace concentrations
(0.01-0.1%) of this compound in the 1-Me-Tet-AMPA sample
could give rise to the observed activities at GluR3i and GluR4i.

Investigation of the Binding Mode and Energies of 2-Bn-
Tet-AMPA to GluRs. The binding mode of (S)-2-Bn-Tet-
AMPA to various GluR subtypes was examined using the
recently published GluR2-S1S2J/(S)-2-Bn-Tet-AMPA crystal
structure11 and homology models of the GluR1- and GluR4-
S1S2 domains based on this crystal structure (Figure 4). In the
GluR2-S1S2J/(S)-2-Bn-Tet-AMPA crystal structure we identi-
fied the four residues, Ser403, Ala687, Val690, and Ala691, located
at the shortest distance from the benzyl group of 2-Bn-Tet-
AMPA, and also they differed from the GluR1, where they
correspond to the residues Asp399, Glu683, Met686, and Ile687,
respectively. The four residues are conserved in GluR2, GluR3,
and GluR4 (Figure 4A). According to the GluR2-S1S2J/(S)-2-
Bn-Tet-AMPA crystal structure and the GluR1-S1S2 homology
model based on this structure, these four residues appear to be
situated at considerable distances from the benzyl group of (S)-
2-Bn-Tet-AMPA. In the GluR1-S1S2 homology model, the
distances are as follows: 3 Å (Asp399), 8 Å (Glu683), 9 Å
(Met686), and 12 Å (Ile687). Nevertheless, these are the residues
closest to the benzyl group of (S)-2-Bn-Tet-AMPA that are not

Figure 1. Chemical structures of AMPA and the Tet-AMPA analogues (racemic mixtures) characterized in this study.
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conserved throughout the four GluR subtypes (Figure 4A). In
addition, these residues are fairly close to the flexible side chain
of Met708, the conformation of which is known to be ligand
dependent, the distances being 5, 5, 5, and 8 Å for Asp399,
Glu683, Met686, and Ile687, respectively.11,14

As previously described, redocking to the experimental
complex of (S)-2-Bn-Tet-AMPA with GluR2-S1S2J and a
GluR1 homology model derived from it, followed by molecular
mechanics-generalized born surface area (MM-GBSA) binding

energy calculations, gave reasonably good agreement with the
observed GluR1:GluR2 binding selectivity.11 In order to further
examine the links between structure and function, we extended
this approach to all four WT GluRs and the GluR1 mutants
under investigation. The estimated binding energies according
to MM-GBSA at a degree of binding domain closure ap-
proximating that of the experimental GluR2:(S)-2-Bn-Tet-
AMPA complex are given in Table 2 and clearly show the strong
preference of (S)-2-Bn-Tet-AMPA for GluR4 over GluR1 but

Figure 2. Functional profiles of (S)-Glu and alkyl-Tet-AMPA analogues at recombinant AMPA receptors in the Fluo-4/Ca2+ assay. Concentration-
response curves for (S)-Glu (0), 2-Et-Tet-AMPA (9), 2-Pr-Tet-AMPA (b), 2-iPr-Tet-AMPA (2), and 1-Me-Tet-AMPA (1) at homomeric rat
AMPA receptors GluR1i (A), GluR2Qi (B), GluR3i (C), and GluR4i (D) stably expressed in HEK293 cells were obtained in the presence of 100
µM CTZ. The response is given as change in fluorescence units (4FU) upon application of agonist to the cells. Data are means( SD of triplicate
determinations of single representative experiments.

Table 1. Functional Characteristics of (S)-Glu and Five Tet-AMPA Analogues at the Stable GluR1i-, GluR2Qi-, GluR3i-, and GluR4i-HEK293 Cell
Lines in the Ca2+/Fluo-4 Assaya

GluR1i GluR2Qi GluR3i GluR4i

compd
EC50

[pEC50 ( SEM] Rmax ( SEM
EC50

[pEC50 ( SEM] Rmax ( SEM
EC50

[pEC50 ( SEM] Rmax ( SEM
EC50

[pEC50 ( SEM] Rmax ( SEM

(S)-Glu 71 - 140 - 67 - 28 -
[4.2 ( 0.10] [3.9( 0.03] [4.2( 0.04] [4.6( 0.08]

2-Et-Tet-AMPA 42 83( 6 52 94( 8 18 95( 2 4.0 94( 4
[4.4 ( 0.08] [4.3( 0.04] [4.8( 0.04] [5.4( 0.06]

2-Pr-Tet-AMPA 480b 82 ( 3b 830 89( 3b 450b 85 ( 3b 79 97( 5
[3.3 ( 0.06] [3.1( 0.16] [3.4( 0.07] [4.2( 0.19]

2-iPr-Tet-AMPA 550b 73 ( 3b ∼1000c 73 ( 5c ∼700c 73 ( 3c 160b 83 ( 7b

[3.3 ( 0.07] [∼3] [3.2 ( 0.09] [3.8( 0.13]
2-Bn-Tet-AMPA ∼3000c 42 ( 3c >3000c 19 ( 2c ∼1000c 58 ( 6c 75 113( 6

[<2.5] [<2.5] [∼3] [4.2 ( 0.14]
1-Me-Tet-AMPA >3000 NRd >3000 NR >3000c 22 ( 3c ∼3000c 79 ( 7c

[<2.5] [<2.5] [<2.5] [<2.5]

a The EC50 values of the agonists are given inµM (with pEC50 ( SEM values in brackets), and theRmax values are given as maximal responses elicited
by the Tet-AMPA analogues in percent ofRmax of (S)-Glu at the respective GluRs, unless otherwise indicated.b The concentration-response curves for
2-Pr-Tet-AMPA and 2-iPr-Tet-AMPA at the indicated receptors had not reach saturation levels completely, so the EC50 andRmax values are determined on
the basis of the curve fits of the data.c The concentration-response curves for 2-iPr-Tet-AMPA, 2-Bn-Tet-AMPA, and 1-Me-Tet-AMPA at the indicated
receptors did not reach saturation levels, so the EC50 values are estimates andRmax values are given as the response elicited by 3 mM of the agonists in
percent of theRmax for (S)-Glu. d NR, no significant response was observed for 3 mM 1-Me-Tet-AMPA.
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a lesser selectivity vs GluR2 and negligibly weaker binding
energy at GluR3, in agreement with the binding data.11

Functional Characterization of 2-Bn-Tet-AMPA at WT
and Mutant GluRs. To elucidate the molecular origin of the
selectivity profile of 2-Bn-Tet-AMPA, the four residues identi-
fied in the docking experiments were subjected to a mutagenesis
study. We attempted here to reintroduce “GluR4i-like” potency
for 2-Bn-Tet-AMPA into GluR1i via mutations of the four
residues in GluR1i identified as possible selectivity determinants
to the corresponding residues in GluR4i (Figure 4C,D).

HEK293 cells expressing WT GluR1i, WT GluR4i, and
mutant GluR1i receptors were constructed via transfection with
the respective cDNAs and subsequent antibiotic selection of the
transfected cells with G418 for 2-3 weeks (to kill untransfected
cells in the cell population), after which the agonist responses
of (S)-Glu and 2-Bn-Tet-AMPA at the various polyclonal cell
lines were determined using the Fluo-4/Ca2+ assay in the
presence of 100µM CTZ. The concentration-response curves
displayed by 2-Bn-Tet-AMPA at the polyclonal WT GluR1i-
and WT GluR4i-expressing HEK293 cells lines were signifi-
cantly right-shifted compared to those obtained at the stable
“monoclonal” GluR1i- and GluR4i-HEK293 cell lines, whereas
the potencies obtained for (S)-Glu at the monoclonal and
polyclonal cell lines were fairly similar (Tables 1 and 3).
Analogously to the 2-Bn-Tet-AMPA profile at the stable
monoclonal GluR cell lines, 2-Bn-Tet-AMPA displayed>10
fold higher potency at WT GluR4i than at WT GluR1i, where
the agonist elicited a barely detectable signal at concentrations
up to 3 mM (Table 3 and Figure 5A). Considering the relatively
low agonist responses obtained in the Ca2+/Fluo-4 assay using
polyclonal cell lines, the potencies and efficacies obtained for

(S)-Glu and 2-Bn-Tet-AMPA at these WT and mutant GluRs
cannot be considered accurate data. Thus, the data presented in
Table 3 was only used as a rough guidance in the search for
the residues determining the selectivity profile of 2-Bn-Tet-
AMPA, and the importance of the identified residues was
subsequently verified at GluRs expressed inXenopusoocytes
(see later).

In this mutagenesis study, all but two GluR1i mutants
exhibited functional characteristics for (S)-Glu similar to that
displayed by WT GluR1i (Table 3). By contrast, the low
potencies of 2-Bn-Tet-AMPA at WT and mutant GluR1i

expressing cells made it impossible to determine accurate EC50

andRmax values at these receptors. However, the response size
elicited by 3 mM 2-Bn-Tet-AMPA at the respective mutant
receptors relative to the responses measured at cells expressing
WT GluR1i and WT GluR4i allowed us to estimate whether or
not the introduction of a given mutation in GluR1i had increased
the agonist activity of 2-Bn-Tet-AMPA toward a “GluR4i-like”
response (Table 3 and Figure 5B).

The three GluR1i single-mutants E683A, M686V, and I687A
exhibited responses to 2-Bn-Tet-AMPA not significantly dif-
ferent from that of WT GluR1i. 2-Bn-Tet-AMPA was able to
elicit small responses at concentrations of 1 mM and above in
cells expressing the fourth single-mutant D399S-GluR1i, indi-
cating some gain of agonist activity (Figure 5B and Table 3).
The functional characteristics of 2-Bn-Tet-AMPA at the two
GluR1i double-mutants D399S/E683A and M686V/I687A dif-
fered significantly from that of the WT receptor. Neither 2-Bn-
Tet-AMPA nor (S)-Glu evoked measurable responses in “poly-
clonal” HEK293 cells expressing the D399S/E683A-GluR1i

mutant at concentrations up to 3 mM (data not shown), which

Figure 3. Functional profiles of 2-Bn-Tet-AMPA at recombinant AMPA receptors in the Fluo-4/Ca2+ assay. The concentration-response curves
for (S)-Glu (0) and 2-Bn-Tet-AMPA (9) at homomeric rat AMPA receptors GluR1i (A), GluR2Qi (B), GluR3i (C), and GluR4i (D) stably expressed
in HEK293 cells were obtained in the presence of 100µM CTZ. The response is given as change in fluorescence units (4FU) upon application of
agonist to the cells. Data are means( SD of triplicate determinations of single representative experiments.
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is notable considering that neither the D399S nor the E683A
mutant appeared to be functionally impaired. On the other hand,
2-Bn-Tet-AMPA displayed a significantly left-shifted concentra-
tion-response curve at M686V/I687A-GluR1i compared to WT
GluR1i (Figure 5B). The addition of either D399S or E683A,
yielding the GluR1i mutants D399S/M686V/I687A and E683A/
M686V/I687A, further increased the efficacy displayed by 2-Bn-
Tet-AMPA to levels comparable to that observed at WT GluR4i

(Figure 5B and Table 3). The relative efficacy of 2-Bn-Tet-
AMPA compared to the maximal response of (S)-Glu was
similar in cells expressing WT GluR4i and the two triple-
mutants, and the estimated potencies displayed by the agonist
at the three receptors were also comparable (Table 3 and Figure
5A). The quadruple GluR1i mutant D399S/E683A/M686V/
I687A was virtually nonresponsive to 2-Bn-Tet-AMPA and (S)-

Glu at concentrations up to 3 mM, which was not surprising
considering the functional impairment of the D399S/E683A-
GluR1i mutant (data not shown).

Functional Characterization of 2-Bn-Tet-AMPA at GluRs
Expressed inXenopusoocytes.In order to confirm the potency
and maximal response determinations for 2-Bn-Tet-AMPA from
the studies with stable and polyclonal HEK293 expressing
GluRs, we studied the functional pharmacology of the agonist
at WT GluR1i, WT GluR4i, and the D399S/M686V/I687A-
GluR1i mutant expressed inXenopusoocytes. The efficacies
of 2-Bn-Tet-AMPA and (S)-Glu were recorded in the presence
of 100 µM CTZ. The agonist responses elicited by 2-Bn-Tet-
AMPA at WT GluR4i and D399S/M686V/I687A-GluR1i had
almost reached saturation levels at a 3 mMconcentration. Thus,
on the basis of the fitted concentration-response curves, it was
possible to estimate the EC50 values and maximal responses
(in percent of the maximal response of (S)-Glu) for 2-Bn-Tet-
AMPA at these two receptors. 2-Bn-Tet-AMPA was found to
be a partial agonist at WT GluR4i, displaying an EC50 value of
490 µM (pEC50 ) 3.31 ( 0.03) and a maximal response of
63% ((6%) of that of (S)-Glu. By contrast, the agonist was a
significantly weaker agonist at WT GluR1i, where the concen-
tration-response curve did not reach saturation levels at
concentrations up to 3 mM (Figure 6). Introducing the triple
mutation D399S/M686V/I687A into GluR1i gave rise to an
agonist response to 2-Bn-Tet-AMPA very similar to that elicited
at WT GluR4i, as 2-Bn-Tet-AMPA displayed an EC50 value of
580 µM (pEC50 ) 3.24 ( 0.09) and a maximal response of
60% ((6%) of that of (S)-Glu (Figure 6).

Discussion

In the present study we have characterized the functional
pharmacology of a series of Tet-AMPA analogues at the rat
AMPA receptors GluR1i-GluR4i; as in a previous study, these
compounds had presented interesting binding characteristics at
the flop variants of the receptors.11 The rank orders of agonist
potencies for the 2-alkyl-Tet-AMPA analogues were 2-Et-Tet-
AMPA > 2-Pr-Tet-AMPAg 2-iPr-Tet-AMPA at all the GluR
subtypes, which is in good agreement with the previous binding
study, although the differences in EC50 values between the
agonists were considerably smaller than the differences in their
binding affinities.11 Thus, 2-Et-Tet-AMPA retained much of the
potency of 2-Me-Tet-AMPA, the most potent AMPA receptor
agonist reported to date,12,13 whereas the larger propyl and
isopropyl substituents at the 2-position of the tetrazole ring were
clearly unfavorable for agonist activity. Interestingly, 2-Pr-Tet-
AMPA and 2-iPr-Tet-AMPA displayed similar agonist potencies
at the flip variants of the GluRs, although the former compound
has displayed 15-30-fold higher binding affinities at GluR1o-
GluR4o than 2-iPr-Tet-AMPA (Table 1).11 The EC50 values for
2-Et-Tet-AMPA, 2-Pr-Tet-AMPA, and 2-iPr-Tet-AMPA varied
13-, 12-, and 4-fold across the four GluR subtypes, and 2-Bn-
Tet-AMPA displayed an EC50 value of 75µM at GluR4i and
13-, 40-, and>40-fold higher EC50 values at GluR3i, GluR1i,
and GluR2Qi, respectively (Table 1). Finally, the introduction
of even a small substituent, a methyl group, at the 1-position
of the tetrazolyl ring has a detrimental effect on the agonist
potency of the compound (Figure 2).

The EC50 value determined for 2-Bn-Tet-AMPA at GluR4i

expressed in oocytes was 6-fold higher than at GluR4i expressing
monoclonal cells in the Ca2+/Fluo-4 assay (Table 2 and Figure
6). Furthermore, in contrast to the full agonism displayed by
2-Bn-Tet-AMPA at GluR4i in the Ca2+/Fluo-4 assay, the agonist
displayed efficacy of 63% at the receptor in oocytes and has

Figure 4. Binding mode of (S)-2-Bn-Tet-AMPA to AMPA receptors.
(A) Alignment of two regions of rat AMPA receptors GluR1-4 and
identification of the four residues located near the benzyl ring of (S)-
2-Bn-Tet-AMPA conserved in GluR2-4 but not in GluR1. The
numbering of the four residues in GluR1 is indicated above the residues.
(B) The GluR2-S1S2J/(S)-2-Bn-Tet-AMPA crystal structure. (C) Bind-
ing mode of (S)-2-Bn-Tet-AMPA in a homology model of GluR1-S1S2
domain based on the GluR2-S1S2J/(S)-2-Bn-Tet-AMPA crystal struc-
ture. (D) Binding mode of (S)-2-Bn-Tet-AMPA in a homology model
of GluR4-S1S2 domain based on the GluR2-S1S2J/(S)-2-Bn-Tet-AMPA
crystal structure.

Table 2. Binding Energies of 2-Bn-Tet-AMPA to Models of WT
GluR1, WT GluR2, WT GluR3, WT GluR4, and Mutant GluR1 S1-S2J
Domains, Estimated by MM-GBSA

Receptor model
MM-GBSA binding energy

(kcal/mol)

WT GluR4 -54.89
WT GluR3 -54.52
GluR1-E683A/M686V/I687A -53.48
WT GluR2 -53.33
GluR1-D399S/E683A/M686V/I687A -53.32
GluR1-D399S/E683A -51.85
GluR1-E683A -51.70
GluR1-D399S/M686V/I687A -51.40
GluR1-M686V/I687A -50.63
GluR1-I687A -50.49
GluR1-D399S -50.08
WT GluR1 -49.39
GluR1-M686V -49.11
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previously been reported to be a partial agonist with an efficacy
of 84% at the non-desensitizing L483Y-mutant of GluR2o (Table

2 and Figure 6).11 The apparent higher sensitivity of the Ca2+/
Fluo-4 assay could be ascribed to various differences between

Table 3. Functional Properties of (S)-Glu and 2-Bn-Tet-AMPA at Polyclonal HEK293 Cells Expressing WT GluR1i, WT GluR4i, and GluR1i Mutants
in the Fluo-4/Ca2+ Assaya

(S)-Glu 2-Bn-Tet-AMPA

EC50 (µM) [pEC50 ( SEM] EC50 (µM) [pEC50 ( SEM] Rmax (% of Rmax,(S)-Glu) R3mM/R3mM WT GluR4i (%)

WT GluR1i 75 [4.1( 0.03] >3000 ndc 12 ( 3
WT GluR4i 51 [4.3( 0.03] 435 [3.4( 0.04]b 74 ( 4b 100

GluR1i Mutants
D399S 69 [4.2( 0.05] ∼3000 ndc 32 ( 4
E683A 39 [4.4( 0.06] >3000 ndc 19 ( 3
M686V 63 [4.2( 0.04] >3000 ndc 15 ( 3
I687A 140 [3.9( 0.05] >3000 ndc 11 ( 2
D399S/E683A ndd ndd ndc ndd

M686V/I687A 76 [4.1( 0.04] ∼500 ndc 54 ( 5
D399S/M686V/I687A 60 [4.2( 0.06] ∼700 ndc 75 ( 5
E683A/M686V/I687A 110 [4.0( 0.03] ∼500 ndc 77 ( 13
D399S/E683A/M686V/I687A ndd ndd ndc ndd

a EC50 values for (S)-Glu are given inµM (with pEC50 ( SEM values in brackets), and EC50 values for 2-Bn-Tet-AMPA are given as rough estimates
(in µM). The R3mM/R3mM WT GluR4i ratios for the respective receptors are given as the response caused by 3 mM 2-Bn-Tet-AMPA at a certain receptor in
percent of the response caused by 3 mM 2-Bn-Tet-AMPA at WT GluR4i. b The concentration-response curves for 2-Bn-Tet-AMPA at WT GluR4i had not
reach saturation levels completely in all experiments, so the EC50 andRmax values are determined on the basis of the curve fits of the data.c Not determined,
as the concentration-response curves for 2-Bn-Tet-AMPA at the receptors did not reach saturation levels in concentration up to 3 mM.d Not determined
(agonist-evoked responses were too small).

Figure 5. Functional profiles of 2-Bn-Tet-AMPA at “polyclonal” HEK293 cells expressing WT GluR1i, WT GluR4i, and mutant GluR1i in the
Fluo-4/Ca2+ assay. (A) Concentration-response curves for (S)-Glu (0) and 2-Bn-Tet-AMPA (9) at WT GluR1i, WT GluR4i, and the GluR1i
mutants D399S/M686V/I687A and E683A/M686V/I687A were obtained in the presence of 100µM CTZ. (B) Concentration-response curves for
2-Bn-Tet-AMPA at WT GluR1i, (9) WT GluR4i (0), and various single-, double- and triple GluR1i mutants (b) were obtained in the presence of
100 µM CTZ. The response is given as change in fluorescence units (4FU) upon application of agonist to the cells. Data are means( SD of
dublicate determinations of single representative experiments.
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the two assays. First, whereas the Ca2+/Fluo-4 assay measures
intracellular Ca2+ concentrations, the oocyte data represents a
direct measurement of Na+ influx through the GluR. Second,
in contrast to the Ca2+/Fluo-4 assay, the membrane potential is
kept constant during the oocyte recordings. Third, saturation
of the Fluo-4 dye with Ca2+ could potentially give rise to the
left-shifted concentration-response curve of the agonist com-
pared to its properties in oocytes. Finally, differences in buffer
compositions and expression levels in the two assays may also
account for the 6-fold difference in potencies.

The equipotency of 2-Bn-Tet-AMPA at GluR1i and GluR2Qi

in the Fluo-4/Ca2+ assay contrasts the 10-fold difference in
binding affinities displayed by the compound at GluR1o and
GluR2o.11 Thus, the affinity difference for 2-Bn-Tet-AMPA
between GluR2 and GluR1 does not translate into a functional
difference in this assay. The fact that 2-Bn-Tet-AMPA only
displays a∼6-fold lower EC50 value at GluR4i than at GluR1i
in Xenopusoocytes, as opposed to the 40-fold difference in
binding affinities of the compound to GluR4o vs GluR1o, also
seems to suggest that the 10-fold GluR2i/GluR1i preference of
the compound in binding might translate into a less significant
functional difference (Figure 6).11

While it is still uncertain whether or not 2-Bn-Tet-AMPA is
able to discriminate between GluR1i and GluR2Qi functionally,
the agonist displays a significant GluR4i/GluR1i selectivity. In
the second part of this study, the molecular origin of this GluR4i/
GluR1i selectivity was investigated in a mutagenesis study based
on the GluR2-S1S2J/(S)-2-Bn-Tet-AMPA crystal structure. In
this structure, the glycinyl, isoxazolyl, and tetrazolyl moieties
of the agonist bind to the GluR2-S1S2J in similar modes to the
corresponding moieties in (S)-2-Me-Tet-AMPA, as per the
GluR2-S1S2J/(S)-2-Me-Tet-AMPA crystal structure.11,14 The
phenyl group of 2-Bn-Tet-AMPA is also situated within the
orthosteric site, but the group projects into an adjacent cavity
in the GluR2-S1S2J, where it forms hydrophobic interactions
with the residues Thr707, Tyr711, and Trp767. Comparison of the

two crystal structures reveals that the accessibility of this cavity
for binding the benzyl group of 2-Bn-Tet-AMPA is the result
of a regional rearrangement of three residues, Glu402, Thr686,
and Met708. The nature of the interactions between Glu402 and
Thr686 that form the so-called “interdomain lock” in the S1S2
domain differ between the two crystal structures, but more
importantly, the spatial reorientation of Met708 in the GluR2-
S1S2J/(S)-2-Bn-Tet-AMPA structure results in the creation of
an opening to this neighboring cavity, and this makes it not
only possible for 2-Bn-Tet-AMPA to bind to GluRs but also to
retain agonism.11 Since these three residues, as well as all
residues in this “new” cavity forming hydrophobic interactions
with the benzyl group, are conserved throughout the four AMPA
receptor subtypes, other residues must account for the subtype
selectivity displayed by the agonist. Ser403 and Ala687, the
residues neighboring the interdomain lock residues Glu402 and
Thr686, and the residues Val690 and Ala691 located in the vicinity
of Met708 are conserved in GluR2-4 but not in GluR1, where
they correspond to Asp399, Glu683, Met686, and Ile687.

It is important to stress that the data obtained in the Ca2+/
Fluo-4 assay using the polyclonal cell lines expressing WT
GluR1i and GluR4i and the GluR1i mutants should only be
considered as crude guidance information in the search for the
molecular basis for functional profile of 2-Bn-Tet-AMPA.
Nevertheless, single-substitutions of any of the Asp399, Glu683,
Met686, and Ile687 residues in GluR1i with the corresponding
GluR4 residues were clearly insufficient to convert the GluR1i

response of 2-Bn-Tet-AMPA to a GluR4i-like response (Table
3 and Figure 5). In view of the essential role of Met708 for (S)-
2-Bn-Tet-AMPA binding in the GluR2-S1S1J structure (and due
to limited quantities of 2-Bn-Tet-AMPA), we decided to focus
on Met686and Ile687, the two nonconserved residues in proximity
to the corresponding residue in GluR1, Met704. Introducing the
double mutation M686V/I687A in GluR1i led to a marked
increase in the agonist activity of 2-Bn-Tet-AMPA (Figure 5B).
On the basis of the GluR1 and GluR4 S1S2 domain homology

Figure 6. Functional characterization of 2-Bn-Tet-AMPA at WT and mutant GluRs expressed inXenopusoocytes. (A) Traces for 2-Bn-Tet-
AMPA at WT GluR1i, WT GluR4i, and D399S/M686V/I687A-GluR1i during a continuous application of 100µM CTZ. The oocytes were pretreated
with 100µM CTZ for 30 s to reach maximal 2-Bn-Tet-AMPA peak current potentiation. For the 100µM CTZ pretreated GluRs, a slow desensitization
after the application of 2-Bn-Tet-AMPA is observed. (B) 2-Bn-Tet-AMPA dose-peak current response curves for 2-Bn-Tet-AMPA at WT GluR1i

(9), WT GluR4i (2), and D399S/M686V/I687A-GluR1i (b) in the presence of 100µM CTZ, normalized to a 1000µM (S)-Glu + 100 µM CTZ
peak response. For each construct the data shown are from three independent experiments (n ) 3). Data are fitted to the Hill equation.
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models, we propose that the replacement of these two residues
by valine and alanine residues creates the space required for
the conformational rearrangement of the Met704 residue to
accommodate 2-Bn-Tet-AMPA binding to take place. According
to the GluR1 S1S2 homology model, Met686 and Ile687 are
located 6.5 and 12.8 Å from the benzyl group of 2-Bn-Tet-
AMPA, respectively, with the Met686 residue being only 3.8 Å
from Met704 and 4.2 Å from Ile687. As can be seen from the
single mutants M686V- and I687A-GluR1i, it is necessary for
both the Met686 residue and the Ile687 residue to be mutated in
order for the activity of 2-Bn-Tet-AMPA to increase (Table 3
and Figure 5B). Thus, the presence of an alanine in position
687 with its smaller side chain than isoleucine seems to provide
valine (and not methionine with its larger side chain) in position
686 the space needed for it to accommodate the conformational
rearrangement of Met704. Thus, we propose that these two
residues are the key determinants underlying the functional
selectivity displayed by 2-Bn-Tet-AMPA at GluR1i and GluR4i.
The further enhancement of the agonist activity of 2-Bn-Tet-
AMPA observed upon addition of the D399S or the E683A
mutation into M686V/I687A-GluR1i could be a reflection of
an altered electronic effect of the previously negatively charged
side chains of each of these two residues on the neighboring
“interdomain lock” residues, Glu398 and Thr682 (corresponding
to Glu402 and Thr686 in GluR2), or it could simply be a matter
of having converted the structural architecture of this local
region of GluR1i to be almost exactly like that in GluR4i. In
support of a less favorable electrostatic environment for the
hydrophobic benzyl group being created by Asp399 and Glu683,
we previously described a decrease in the Coulombic reward
terms for the docked ligand at GluR1, according to the scoring
function.11

By themselves, the estimated binding energies obtained for
2-Bn-Tet-AMPA to models of the S1S2J-domains of WT
GluR1-GluR14 and the various GluR1 mutants using MM-
GBSA shed little light on the individual roles of the four residues
(Table 2). It is important to stress that binding energies cannot
be directly compared with the functional data in Tables 1 and
3, and that efficacy and domain closure, which is fixed according
to the available GluR2 cocomplex, cannot be modeled by this
protocol. Nevertheless, there is some qualitative correspondence
between the data. For example, 2-Bn-Tet-AMPA displays a
considerable difference in binding energy between WT GluR1
and WT GluR4, and furthermore, the triple mutant E683A/
M686V/I687A-GluR1 regains most of the characteristics of WT
GluR4 with respect to 2-Bn-Tet-AMPA, whereas the single
mutants do not. On the other hand, although the energies of the
two other GluR1 mutants M686V/I687A and D399S/M686V/
I687A displaying a “WT GluR4-like” response to 2-Bn-Tet-
AMPA also are significantly lower than that of WT GluR1, the
energies of these two mutants are not lower than that of the
“WT GluR1-like” E683A-GluR1 mutant (Table 2). The simplest
explanation for the increased functional activity of 2-Bn-Tet-
AMPA at M686V/I687A-GluR1i compared with its calculated
relative binding affinity at the degree of domain closure present
in the experimental GluR2-S1S2J structure is that the steric
effects of Met686 and Ile687 in WT GluR1 prevent the domains
from closing as tightly around the ligand. In particular, the closer
movement of the helix in domain 2 containing Met686 and Ile687

toward domain 1 is sterically hindered by the side chain of
Met704 in the presence of 2-Bn-Tet-AMPA, whereas it is not in
the presence of (S)-Glu, and small changes in domain closure
have been repeatedly associated with considerable shifts in
efficacy.9 While not easily modeled, this hypothesis could be

examined by cocrystallizing the corresponding GluR1-like
mutants of GluR2-S1S2J, but this is beyond the scope of the
present work.

Conclusion

The functional properties exhibited by the four Tet-AMPA
analogues 2-Et-Tet-AMPA, 2-Pr-Tet-AMPA, 2-iPr-Tet-AMPA,
and 2-Bn-Tet-AMPA at GluR1i-GluR4i were found to be in
reasonable concordance with their binding characteristics at
GluR1o-GluR4o. A couple of residues located at considerable
distances from 2-Bn-Tet-AMPA in a cavity adjacent to the
orthosteric site were identified as the primary molecular
determinants of this selectivity. Thus, the interesting pharma-
cological profile of 2-Bn-Tet-AMPA arises from its ability to
project out of the highly conserved orthosteric site, thereby
reaching receptor regions less conserved. The observed differ-
ences in the binding modes between 2-Me-Tet-AMPA and 2-Bn-
Tet-AMPA strongly underline the fact that, although the GluR-
S1S2J crystal structures have revolutionized the GluR field in
many ways, the bilobular S1S2 domain is still a highly flexible
protein, and in the absence of reliable means of modeling this
flexibility, predictions of the binding modes and pharmacological
properties of future ligands based on GluR-S1S2J crystal
structures complexed with existing ones will remain just that,
predictions. Thus, it will be interesting to see whether future
2-substituted Tet-AMPA analogues with larger 2-substituents
than 2-Bn-Tet-AMPA will turn out to be more selective GluR
agonists without concomitantly reduced potencies or at what
point the ligands in this series will start to become competitive
antagonists or simply inactive. Furthermore, other scaffolds than
Tet-AMPA may provide agonists with interesting GluR subtype
selectivities when augmented with substituents reaching this
neighboring cavity. Finally, in view of the interesting selectivity
profile displayed by 2-Bn-Tet-AMPA at non-desensitizing
GluRs, it would be highly interesting to characterize the agonist
at recombinant GluRs in the absence of CTZ and at the native
population of heteromeric GluR complexes.

Experimental Procedures

Materials. Culture media, serum, antibiotics, and buffers for cell
culture were obtained from Invitrogen (Paisley, UK). (S)-Glu was
purchased from Sigma (St. Louis, MO), whereas CTZ was obtained
from Tocris Cookson (Bristol, UK). The construction of stable
HEK293 cell lines expressing the rat homomeric AMPA receptor
subtypes GluR1i, GluR2Qi, GluR3i, and GluR4i and the synthesis
of 1-Me-Tet-AMPA and the 2-substituted Tet-AMPA analogues
investigated in this study have been described previously.10,11,15The
Tet-AMPA analogues characterized pharmacologically at the GluRs
in this study are all racemic mixtures.

Molecular Biology. The subcloning of rat GluR1i and rat GluR4i
cDNAs from their original vectors into pcDNA3.1 has been
described previously.15 All mutant GluR1i-pcDNA3.1 plasmids and
the D399S/M686V/I687A-GluR1i-pGEMHE-3Z plasmid were con-
structed using the QuikChange mutagenesis kit according to the
manufacturer’s instructions (Stratagene, La Jolla, CA). The absence
of unwanted mutations was verified by sequencing the cDNAs of
all mutant GluRs.

Cell Culture of Stable GluR-HEK293 Cell Lines. HEK293
cell lines stably expressing GluR1i, GluR2Qi, GluR3i, and GluR4i
were maintained at 37°C in a humidified 5% CO2 incubator in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
penicillin (100 U/mL), streptomycin (100µg/mL), G-418 (1 mg/
mL), and 5% dialyzed fetal bovine serum (in the case of the GluR3i

cell line, 10% dialyzed fetal bovine serum).
Generation and Cell Culture of Polyclonal GluR-HEK293

Cells.The HEK293 cells used generating polyclonal cells express-
ing wild type (WT) and mutant GluRs were maintained in DMEM
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supplemented with penicillin (100 U/mL), streptomycin (100µg/
mL), and 5% dialyzed fetal bovine serum. The cells were transfected
with the WT GluR1i-pcDNA3.1, WT GluR4i-pcDNA3.1, and
mutant GluR1i-pcDNA3.1 plasmids using Polyfect as a DNA carrier
according to the protocol of the manufacturer (Qiagen, Hilden,
Germany). The transfected cells were maintained for 2-3 weeks
in selection medium containing 3 mg/mL G-418 before the
functional properties of the respective receptors were characterized
in the Fluo-4/Ca2+ assay described below.

The Fluo-4/Ca2+ Assay.The functional properties of the Tet-
AMPA analogues were characterized at the stable GluR1i-,
GluR2Qi-, GluR3i-, and GluR4i-HEK293 cell lines and at the
polyclonal HEK293 cells expressing WT and mutant GluRs in the
Fluo-4/Ca2+ assay as previously described.15 The stable (mono-
clonal) and polyclonal HEK293 cells were split into poly-D-lysine-
coated black 96-well plates with clear bottom (BD Biosciences,
Bedford, MA). Later (16-24 h) the medium was aspirated, and
the cells were incubated in 50µL of loading buffer [Hank’s buffered
saline solution (HBSS) containing 20 mM HEPES, 1 mM CaCl2,
1 mM MgCl2, and 2.5 mM probenecid, pH 7.4] supplemented with
6 mM Fluo4/AM (Molecular Probes, Eugene, OR) at 37°C for 1
h. The loading buffer was aspirated, the cells were washed with
100 µL loading buffer, and then 100µL assay buffer [HBSS
supplemented with 20 mM HEPES, 10 mM CaCl2, 1 mM MgCl2,
2.5 mM probenecid and 100µM CTZ, pH 7.4] was added to the
wells. Then the 96-well plate was assayed in a NOVOstar
microplate reader (BMG Labtechnologies, Offenburg, Germany)
measuring emission [in fluorescence units (FU)] at 520 nm caused
by excitation at 485 nm before and up to 60 s after addition of 33
µL agonist solution (the agonists were dissolved in assay buffer).
The compounds were characterized in duplicate or triplicate (i.e.,
two or three data points for each concentration) at least three times
(i.e., at least three different cell passages) at the WT or mutant
GluRs. Due to limited quantities of the 2-Bn-Tet-AMPA sample,
the compound was tested at a maximal assay concentration of 3
mM.

Electrophysiological Recordings inXenopusOocytes.Oocytes
were isolated and prepared as previously described.16 cRNA was
transcribed using the mMESSAGE mMACHINE T7 kit from
Ambion (Austin, TX). In the experiments we used low-Ca2+

Ringer’s (115 mM NaCl, 0.1 mM CaCl2, 2.5 mM KCl, 1.8 mM
MgCl, 10 mM HEPES, pH 7.5) to prevent Ca2+-induced Cl-

currents. Recordings were performed 2-3 days after injection, using
a two-electrode voltage clamp. Dose-response curves were con-
structed by fitting current peak amplitude values obtained at
different concentrations in the presence of 100µM CTZ, after
normalization to a 1000µM glutamate and 100µM CTZ peak
response. A previously described protocol was followed for standard
cell treatment with CTZ to obtain maximum efficacy of CTZ on
GluR1i and GluR4i.17 The nonlinear fitting routine was performed
using GraphPad Prism version 4.00. The data was fitted to the Hill
equation,I ) 1/[1 + (EC50)/[A] nH], whereI is the normalized current
amplitude induced by the agonist at concentration [A],nH is the
Hill coefficient, and EC50 is the concentration at which a half-
maximal response was induced.

Molecular Modeling. Homology models were built from the
experimental GluR2-S1S2J:(S)-2-Bn-Tet-AMPA structure11 for the
hypothetical constructs corresponding to the ligand binding domain
S1S2J for WT GluR1-GluR4 and GluR1 mutants D399S, E683A,
M686V, I687A, D399S/E683A, M686V/I687A, D399S/M686V/
I687A, E683A/M686V/I687A, and D399S/E683A/M686V/I687A,
by comparative modeling and side chain refinement in Prime 1.5.18

Redocking of (S)-2-Bn-Tet-AMPA was performed in Glide 4.018

using the Extra Precision scoring function.19 For each resulting
complex, the binding energies were estimated by the MM-GBSA
approximation20 implemented in Prime 1.5.18 Default settings and
the vendor’s recommended protocols were used throughout.
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