J. Med. Chem2007,50, 41774185 4177

Functional Characterization of Tet-AMPA [Tetrazolyl-2-amino-3-(3-hydroxy-5-methyl-
4-isoxazolyl)propionic Acid] Analogues at lonotropic Glutamate Receptors GIuRT GluR4.
The Molecular Basis for the Functional Selectivity Profile of 2-Bn-Tet-AMPA

Anders A. Jensen,* Thomas ChristesehUlrik Bglcho} Jeremy R. GreenwoodGiovanna Postorind Stine B. Vogenseh,
Tommy N. Johanseh,Jan Egebjerd$ Hans Brainer-Osborné,and Rasmus P. Clausen

Department of Medicinal Chemistry, Faculty of Pharmaceutical Sciencesgeltsity of Copenhagen, Umérsitetsparken 2, DK-2100
Copenhagen, Denmark, Department of Molecular and Structural Biology, C. F. Mgll€r8ailéing 130, Uniersity of Aarhus, DK-8000
Aarhus, Denmark, and Department of Molecular Neurobiology, H. Lundbeck A/S, @ifiBa DK-2500 Valby, Denmark

Receied May 7, 2007

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;,GIuR1
GluR2Q, GIuR3, and GluR4in a Fluo-4/C&" assay. Whereas 2-Et-Tet-AMPA, 2-Pr-Tet-AMPA, and 2-iPr-
Tet-AMPA were nonselective GIuR agonists, 2-Bn-Tet-AMPA exhibited a 40-fold higher potency atGluR4
than at GluR]l Examination of homology models of the $$2 domains of GIuR1 and GluR4 containing
2-Bn-Tet-AMPA suggested four nonconserved residues in a region adjacent to the orthosteric site as possible
determinants of the GIURGIURY selectivity. In a mutagenesis study, doubly mutating M686V/I687A in
GIuR3 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 GlUREldependence

of the novel selectivity profile of 2-Bn-Tet-AMPA upon residues located outside of the orthosteric site
underlines the potential for developing GIuR subtype selective ligands by designing compounds with
substituents that protrude beyond tt8-Glu binding pocket.

Introduction or heteromeric receptor complex assembled from four subunits,

(9-Glutamate [6)-GIud] is the major excitatory neurotrans- and egch iGIuR subgnit consist§ of a large extracellular
mitter in the central nervous system, where the amino acid is N-términal domain sharing weak amino acid sequence homology
involved in physiological processes important for memory and with bacterial perlplasmlc binding proteins; the extracellular S1
learning, motor control, and neural plasticity and developriént. ~ @nd S2 domains, which also exhibit sequence homology with
On the other hand,§-Glu is also a key mediator of the bagterlgl periplasmic binding proteins and comprise the orthog-
neurotoxic processes connected with stroke and ischemia, justeric Site of the receptor; and a transmembrane domain
as excessive glutamatergic signaling appears to constitute ac0mPrised of the transmembrane regions M1, M3, and M4 and
major component in neurodegenerative disorders such asth€ re-entrant loop, M2. The M2 loops of the four subunits in
Parkinson’s disease, Alzheimer's disease, and amyotrophicthe asgembled iGIuR tetramer form an ion pore through WhICh
lateral sclerosis. Intervention in glutamatergic neurotransmission the cations Na.and C&" enter the cell upon receptor activation
has also been proposed to be beneficial in the treatment of2Y @gonist binding to the S1S2 domaint.*°
epilepsy, pain, and certain psychiatric disordets. The 18 iGIuR subunits cloned to date are divided into seven

(9-Glu exerts its physiological effects through two receptor N-methyl-b-aspartic acid (NMDA), four 2-amino-3-(3-hydroxy-
classes, the metabotropic and ionotropic glutamate receptorsd-methyl-4-isoxazolyl)propionic acid (AMPA), and five kainate
(MmGIuRs and iGIuRs, respectively}> The eight mGIuRs receptor subunits based on their respective selectivities for the
mediate metabolic intracellular responses3eGlu via coupling three agonists, as well as two orphan subuditsand 6212
to various G-proteins and second messenger cascades, wheredd1€e classification of the subunits into subgroups also reflects
the iGluRs are ligand-gated ion channels that mediate the fastvarying degrees of homology between the amino acid sequences

synaptic response to extracellul§-Glu. The iGIuR is a homo- of the receptors and differences in their signaling characteristics.
The four cloned AMPA receptor subunits are termed GitR1

* Corresponding author. Phonet45 3533 6491. Fax:45 3533 6040. GluR4, and they all exist in “flip” and “flop” splice variants
E-mail: aaj@farma ku.dk. (termed GluRE-GIuR4 and GIuR3—GIuR4, respectively)

E 82:32{2:{5 8][ (A:gfheunshagen' characterized by different desensitization kinetics and steady-

S$H. Lundbeck A/S. state responség:® Furthermore, the AMPA receptor subunits

2 Abbreviations: AMPA, 2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)-  are subject to RNA editing at different sites, the most notable

propionic acid; 2-Bn-Tet-AMPA,RS-2-amino-3-[3-hydroxy-5-(2-benzyl- i _ai i
2H-5-tetrazolyl)-4-isoxazolyl]propionic acid; 2-Et-Tet-AMPARS-2- of these being the Q/R-site located in M2 of GIuR2.

amino-3-[3-hydroxy-5-(2-ethylHa-5-tetrazolyl)-4-isoxazolyl]propionic acid; The native AMPA receptor population consists of predomi-
i-Pr-Tet-ﬁl\ﬁlPA, BS_—Z-ar_rélng-_?';-[?gfh%/%&g;\?g-;rOPyIH-g-[tgtrr]agOlyl)- nantly heteromeric receptors, and this molecular heterogeneity
-ISOXazolyljpropionic aclida; z-1Pr-let- -Z-amino-o-[5-Nyaroxy- : . . . . :
5-(2-isopropyl-H-5-tetrazolyl)-4-isoxazolyl]propionic acid; 1-Me-Tet- contributes to,the .complexny Qf m,V'VO signaling by thesg
AMPA, (RS-2-amino-3-[3-hydroxy-5-(1-methyl#2-5-tetrazolyl)-4-isox- receptors. Delineating the physiological roles of the respective

azolylJpropionic acid; CTZ, cyclothiazideSI-Glu, (9-glutamate; HEK293,  AMPA receptor subtypes has been severely hampered over the

human embryonic kidney 293; iGIuR, ionotropic glutamate receptor; mGIuR, _ ; ;
metabotropic glutamate receptor; MM-GBSA, molecular mechanics-general- years by a lack of subtype-selective ligands. The lack of such

ized born surface area; NMDA\-methyl-o-aspartic acid; Tet-AMPA, ligands can be ascribed to the high conservation of the
tetrazolyl-AMPA; WT, wild type. orthosteric sites of the four GIUR subunits, since the only residue
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Figure 1. Chemical structures of AMPA and the Tet-AMPA analogues (racemic mixtures) characterized in this study.

differing between the orthosteric sites of the four subunits is a a quite potent AMPA receptor agonist, exhibiting-2 fold

tyrosine residue in GIuR1 and GIuR2 (T in GIuR2),

corresponding to a phenylalanine residue in GIuR3 and GfuR4.

AMPA agonists such as CI-HIBOS[-CW-399, and R,S)-2-
amino-3-(3-hydroxy-pyridiazin-4-yl 1-oxide)propionic acid dis-

higher potencies at GluR1GIuR4 than §)-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

play significant preferences for the GIluR1 and GIuR2 subtypes similar EG; values at the GluR&nd GluR4subtypes to those
over the GIuR3 and GIluR4 subtypes, and the subgroup selectiv-of the propyl and isopropyl analogues. But unlike these two
ity of these agonists has been attributed to the Tyr/Phe switchanalogues, 2-Bn-Tet-AMPA displayed a significant degree of

between these receptdrs. However, to date no agonist truly

selectivity in its potencies at the four subtypes with the rank

selective for one AMPA receptor subtype has been published. order GIuR4> GIuR3 > GIuRJ; = GIuR2Q. Thus 2-Bn-Tet-
In two recent studies, we have reported the design and AMPA exhibited approximately 40-fold higher potency at

synthesis of a series of four 2-substituted tetrazolyl-AMPA
(Tet-AMPA) analogues R9-2-amino-3-[3-hydroxy-5-(2-ethyl-
2H-5-tetrazolyl)-4-isoxazolyl]propionic acid (2-Et-Tet-AMPA),
(R9-2-amino-3-[3-hydroxy-5-(2-propyl42-5-tetrazolyl)-4-
isoxazolyl]propionic acid (2-Pr-Tet-AMPA)R9-2-amino-3-
[3-hydroxy-5-(2-isopropyl-Bi-5-tetrazolyl)-4-isoxazolyl]-
propionic acid (2-iPr-Tet-AMPA) andR9S-2-amino-3-[3-hy-
droxy-5-(2-benzyl-Bi-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 GlyREGIuR4, 1011
The affinity rank order of three 2-alkyl-Tet-AMPA analogues
at GluRL—GIuR4, 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?! Neither 2-Et-Tet-AMPA, 2-Pr-Tet-AMPA, nor 2-iPr-

Tet-AMPA displayed a preference for a specific GIuR subtype,

as their respectivi; values only differed 3 7-fold among the
GluR1,-GluR4, subtypes. By contrast, the benzyl analogue
2-Bn-Tet-AMPA exhibited aK; value of 200 nM at GluR4
and 2-, 4-, and 40-fold highd&f; values at GIuRg GIuR2,
and GluR%, respectively, thus being able to differentiate non-
GluR1, AMPA receptors from GIuRd in terms of binding
affinity.1 In the present work, we characterize the functional

pharmacology of selected 2-substituted Tet-AMPA analogues

at the rat homomeric AMPA receptor subtypes GlRIUR2Q),
GIuR3, and GluR4and 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 GluR2GIluR4 stably expressed in human
embryonic kidney 293 (HEK293) cell lines in the Fluo-4#Ca
assay in the presence of 10 cyclothiazide (CTZ) to elimi-

GluR4 than at GluRil(Table 1 and Figure 3). The four 2-substi-

tuted Tet-AMPA analogues were full agonists or partial agonists

at all four GIuR subtypes (Figures 2 and 3 and Table 1).

Unlike the very potent agonist 2-Me-Tet-AMPA&]3 its
1-Me-Tet-AMPA isomer R9-2-amino-3-[3-hydroxy-5-(1-meth-

yl-2H-5-tetrazolyl)-4-isoxazolyl]propionic acid was found to be

completely inactive at GluREnd GIuR2Qin concentrations

up to 3 mM both as an agonist and as an antagonist. At the
GIluR3- and GIuR4HEK 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. Sin&:Z%-
Me-Tet-AMPA has exhibited nanomolar E§values at GIUR3

and GluR4 expressed iXXenopusocytest3 trace concentrations
(0.01-0.1%) of this compound in the 1-Me-Tet-AMPA sample
could give rise to the observed activities at Glyg3d GluR4

Investigation of the Binding Mode and Energies of 2-Bn-
Tet-AMPA to GluRs. The binding mode of $-2-Bn-Tet-

AMPA to various GIuR subtypes was examined using the

recently published GluR2-S1S29)/{2-Bn-Tet-AMPA crystal
structuré! and homology models of the GIuR1- and GluR4-
S1S2 domains based on this crystal structure (Figure 4). In the
GluR2-S1S2J8)-2-Bn-Tet-AMPA crystal structure we identi-

fied the four residues, SEB Alab8?, Val®® and Al&#9, located

at the shortest distance from the benzyl group of 2-Bn-Tet-

AMPA, and also they differed from the GIuR1, where they

correspond to the residues A8} GIut83 Mett86 and 1l€87,
respectively. The four residues are conserved in GIuR2, GIuR3,
and GluR4 (Figure 4A). According to the GIuR2-S1S2)}%-
Bn-Tet-AMPA crystal structure and the GIuR1-S1S2 homology
model based on this structure, these four residues appear to be
situated at considerable distances from the benzyl group)of (
2-Bn-Tet-AMPA. In the GIuR1-S1S2 homology model, the
distances are as follows: 3 A (A%, 8 A (Glus83), 9 A
(Met®89), and 12 A (11é87). Nevertheless, these are the residues

nate desensitization. Whereas the 2-Et-Tet-AMPA analogue wasclosest to the benzyl group db)¢2-Bn-Tet-AMPA that are not
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Figure 2. Functional profiles of §)-Glu and alkyl-Tet-AMPA analogues at recombinant AMPA receptors in the Fluo?4/#Zsay. Concentratien
response curves foiS-Glu (d), 2-Et-Tet-AMPA @), 2-Pr-Tet-AMPA @), 2-iPr-Tet-AMPA (&), and 1-Me-Tet-AMPA ¥) at homomeric rat
AMPA receptors GIuR1(A), GIuR2Q (B), GIuR3 (C), and GIuR4(D) stably expressed in HEK293 cells were obtained in the presence of 100
uM CTZ. The response is given as change in fluorescence uxits) upon application of agonist to the cells. Data are meai®D of triplicate
determinations of single representative experiments.

Table 1. Functional Characteristics 08f-Glu and Five Tet-AMPA Analogues at the Stable GIgRGIUR2Q-, GIUR3-, and GIuR4HEK293 Cell
Lines in the C&"/Fluo-4 Assay

GIuRY% GluR2Q GIuR3 GluR4
ECso EGCso ECso ECso
compd [PECso+ SEM]  Rmax+ SEM  [pEGso+ SEM] Rmax® SEM [pEGCso+ SEM] Rnax® SEM [pECso+ SEM] Rpax+ SEM
(9-Glu 71 - 140 - 67 - 28 -
[4.2 4 0.10] [3.94 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 480 824+ 3° 830 894 3° 450 854 3° 79 97+ 5
[3.3+ 0.06] [3.1+ 0.16] [3.4+ 0.07] [4.2+ 0.19]
2-iPr-Tet-AMPA 550 73+ 3° ~100¢ 73+ 5° ~700¢F 73+ 3¢ 160 83+ 70
[3.3+ 0.07] [~3] [3.2+ 0.09] [3.8+ 0.13]
2-Bn-Tet-AMPA ~3000 424+ 3¢ >300C 19+ 2¢ ~1000 58+ 6° 75 113+ 6
[<2.5] [<2.5] [~3] [4.2+ 0.14]
1-Me-Tet-AMPA >3000 NR >3000 NR >3000 22+ 3¢ ~3000 79+ 7°
[<2.5] [<2.5] [<2.5] [<2.5]

aThe EGp values of the agonists are givenaM (with pECsg == SEM values in brackets), and thgax values are given as maximal responses elicited
by the Tet-AMPA analogues in percent Bfax 0f (S)-Glu at the respective GIuRs, unless otherwise indicét@the concentrationresponse curves for
2-Pr-Tet-AMPA and 2-iPr-Tet-AMPA at the indicated receptors had not reach saturation levels completely, sevthedRgz.x values are determined on
the basis of the curve fits of the dafalhe concentrationresponse 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 thgoE@lues are estimates afthax values are given as the response elicited by 3 mM of the agonists in
percent of theRmax for (§-Glu. ¢ NR, no significant response was observed for 3 mM 1-Me-Tet-AMPA.

conserved throughout the four GIUR subtypes (Figure 4A). In energy calculations, gave reasonably good agreement with the
addition, these residues are fairly close to the flexible side chain observed GIuR1:GIuR2 binding selectivityln order to further
of Met’%8 the conformation of which is known to be ligand examine the links between structure and function, we extended
dependent, the distances being 5, 5, 5] &A for Asp®, this approach to all four WT GIluRs and the GIuR1 mutants
GIu83, Met®85, and 1187, respectively.l .14 under investigation. The estimated binding energies according
As previously described, redocking to the experimental to MM-GBSA at a degree of binding domain closure ap-
complex of §-2-Bn-Tet-AMPA with GIuR2-S1S2J and a proximating that of the experimental GIuR342-Bn-Tet-
GluR1 homology model derived from it, followed by molecular AMPA complex are given in Table 2 and clearly show the strong
mechanics-generalized born surface area (MM-GBSA) binding preference of 9-2-Bn-Tet-AMPA for GluR4 over GIuR1 but
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Figure 3. Functional profiles of 2-Bn-Tet-AMPA at recombinant AMPA receptors in the Fluo-#/@asay. The concentratiemesponse curves
for (9-Glu (O) and 2-Bn-Tet-AMPA M) at homomeric rat AMPA receptors GIuRA), GIuR2Q (B), GIuR3 (C), and GluR#4(D) stably expressed
in HEK293 cells were obtained in the presence of AB0CTZ. The response is given as change in fluorescence uxitslY upon application of
agonist to the cells. Data are meahsSD of triplicate determinations of single representative experiments.

a lesser selectivity vs GluR2 and negligibly weaker binding
energy at GIUR3, in agreement with the binding data.
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-

(9-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

fied in the docking experiments were subjected to a mutagenesissubsequently verified at GIuRs expresseenopusoocytes

study. We attempted here to reintroduce “GluRdée” potency
for 2-Bn-Tet-AMPA into GluR1 via mutations of the four
residues in GluRIdentified as possible selectivity determinants
to the corresponding residues in GlyRBigure 4C,D).

HEK293 cells expressing WT GIURIWT GIluR4, and
mutant GluR{1receptors were constructed via transfection with

(see later).

In this mutagenesis study, all but two GlyRfutants
exhibited functional characteristics fog){Glu similar to that
displayed by WT GIluR1(Table 3). By contrast, the low
potencies of 2-Bn-Tet-AMPA at WT and mutant GluR1
expressing cells made it impossible to determine accurate EC

the respective cDNAs and subsequent antibiotic selection of theand Rnax values at these receptors. However, the response size

transfected cells with G418 for-2B weeks (to kill untransfected

elicited by 3 mM 2-Bn-Tet-AMPA at the respective mutant

cells in the cell population), after which the agonist responses receptors relative to the responses measured at cells expressing

of (9-Glu and 2-Bn-Tet-AMPA at the various polyclonal cell
lines were determined using the Fluo-4#Caassay in the
presence of 102@M CTZ. The concentrationresponse curves
displayed by 2-Bn-Tet-AMPA at the polyclonal WT GluR1
and WT GluR4expressing HEK293 cells lines were signifi-

WT GluR] and WT GluR4allowed us to estimate whether or
not the introduction of a given mutation in GluRtad increased
the agonist activity of 2-Bn-Tet-AMPA toward a “GluRHke”
response (Table 3 and Figure 5B).

The three GluR{single-mutants E683A, M686V, and 1687A

cantly right-shifted compared to those obtained at the stable exhibited responses to 2-Bn-Tet-AMPA not significantly dif-

“monoclonal” GluR1- and GIuR4HEK293 cell lines, whereas
the potencies obtained forS¢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 GIuR cell lines, 2-Bn-Tet-AMPA displayedl0
fold higher potency at WT GluR4han at WT GluRjl where

ferent from that of WT GluR1 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-GlyRi-
cating some gain of agonist activity (Figure 5B and Table 3).
The functional characteristics of 2-Bn-Tet-AMPA at the two
GluRJ double-mutants D399S/E683A and M686V/1687A dif-

the agonist elicited a barely detectable signal at concentrationsfered significantly from that of the WT receptor. Neither 2-Bn-

up to 3 mM (Table 3 and Figure 5A). Considering the relatively
low agonist responses obtained in the’QBluo-4 assay using
polyclonal cell lines, the potencies and efficacies obtained for

Tet-AMPA nor (9-Glu evoked measurable responses in “poly-
clonal” HEK293 cells expressing the D399S/E683A-GluR1
mutant at concentrations up to 3 mM (data not shown), which
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Figure 4. Binding mode of §-2-Bn-Tet-AMPA to AMPA receptors.
(A) Alignment of two regions of rat AMPA receptors GluR# and
identification of the four residues located near the benzyl ringSpf (
2-Bn-Tet-AMPA conserved in GluR24 but not in GluR1. The
numbering of the four residues in GIuR1 is indicated above the residues.
(B) The GluR2-S1S2J3H-2-Bn-Tet-AMPA crystal structure. (C) Bind-
ing mode of §-2-Bn-Tet-AMPA in a homology model of GIuR1-S1S2
domain based on the GIuR2-S1S2}2-Bn-Tet-AMPA crystal struc-
ture. (D) Binding mode of$)-2-Bn-Tet-AMPA in a homology model
of GluR4-S1S2 domain based on the GIuR2-S1SR2{Bn-Tet-AMPA
crystal structure.

Table 2. Binding Energies of 2-Bn-Tet-AMPA to Models of WT
GluR1, WT GIuR2, WT GIuR3, WT GluR4, and Mutant GluR1-532J
Domains, Estimated by MM-GBSA

MM-GBSA binding energy

Receptor model (kcal/mol)
WT GluR4 —54.89
WT GIuR3 —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
GluR1-1687A —50.49
GluR1-D399S —50.08
WT GluR1 —49.39
GluR1-M686V —49.11

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/1687A-GluRbmpared to WT
GluRY (Figure 5B). The addition of either D399S or E683A,
yielding the GluR1mutants D399S/M686V/1687A and E683A/
M686V/1687A, further increased the efficacy displayed by 2-Bn-
Tet-AMPA to levels comparable to that observed at WT GluR4
(Figure 5B and Table 3). The relative efficacy of 2-Bn-Tet-
AMPA compared to the maximal response &)-Glu was
similar in cells expressing WT GluR4nd the two triple-
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Glu at concentrations up to 3 mM, which was not surprising
considering the functional impairment of the D399S/E683A-
GluRZ 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 GIluR}, WT GluR4, and the D399S/M686V/I687A-
GIuR% mutant expressed iXenopusoocytes. The efficacies
of 2-Bn-Tet-AMPA and §)-Glu were recorded in the presence
of 100uM CTZ. The agonist responses elicited by 2-Bn-Tet-
AMPA at WT GluR4 and D399S/M686V/1687A-GluR1had
almost reached saturation levetsa€8 mMconcentration. Thus,
on the basis of the fitted concentratioresponse curves, it was
possible to estimate the B£values and maximal responses
(in percent of the maximal response &-Glu) for 2-Bn-Tet-
AMPA at these two receptors. 2-Bn-Tet-AMPA was found to
be a partial agonist at WT GluR4lisplaying an Eg value of
490 uM (pEGCsp = 3.31 4+ 0.03) and a maximal response of
63% ({6%) of that of §-Glu. By contrast, the agonist was a
significantly weaker agonist at WT GluRIvhere 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 GluRIgave rise to an
agonist response to 2-Bn-Tet-AMPA very similar to that elicited
at WT GluR4, as 2-Bn-Tet-AMPA displayed an Egvalue of
580 uM (pECso = 3.24 £ 0.09) and a maximal response of
60% (6%) of that of §-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 GIuREGIuR4; as in a previous study, these
compounds had presented interesting binding characteristics at
the flop variants of the receptotsThe rank orders of agonist
potencies for the 2-alkyl-Tet-AMPA analogues were 2-Et-Tet-
AMPA > 2-Pr-Tet-AMPA> 2-iPr-Tet-AMPA at all the GIuR
subtypes, which is in good agreement with the previous binding
study, although the differences in EfCvalues between the
agonists were considerably smaller than the differences in their
binding affinities!! Thus, 2-Et-Tet-AMPA retained much of the
potency of 2-Me-Tet-AMPA, the most potent AMPA receptor
agonist reported to daté'® 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 1530-fold higher binding affinities at GluRt
GluR4, than 2-iPr-Tet-AMPA (Table 13! The EGy values for
2-Et-Tet-AMPA, 2-Pr-Tet-AMPA, and 2-iPr-Tet-AMPA varied
13-, 12-, and 4-fold across the four GIuR subtypes, and 2-Bn-
Tet-AMPA displayed an E§ value of 75uM at GIuR4 and
13-, 40-, and>40-fold higher EGg values at GIuR3 GluR1,
and GIuR2Q 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 EGy value determined for 2-Bn-Tet-AMPA at GIuR4
expressed in oocytes was 6-fold higher than at GleRRgressing

mutants, and the estimated potencies displayed by the agonismonoclonal cells in the Ca/Fluo-4 assay (Table 2 and Figure
at the three receptors were also comparable (Table 3 and Figureés). Furthermore, in contrast to the full agonism displayed by

5A). The quadruple GluR1mutant D399S/E683A/M686V/
1687A was virtually nonresponsive to 2-Bn-Tet-AMPA arg)-(

2-Bn-Tet-AMPA at GluR4in the C&"/Fluo-4 assay, the agonist
displayed efficacy of 63% at the receptor in oocytes and has
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Table 3. Functional Properties ofj-Glu and 2-Bn-Tet-AMPA at Polyclonal HEK293 Cells Expressing WT GIyRUT GluR4, and GluR1Mutants

in the Fluo-4/C&" Assay

(9-Glu 2-Bn-Tet-AMPA
ECso (uM) [PECs0 = SEM] EGso (uM) [pPECso += SEM] Riax (% 0f Rmax,g-Glu) Ramm/Ramm wt Glurs (%0)

WT GIluR} 75[4.1+ 0.03] >3000 nd 12+ 3
WT GIluR4 51[4.3+0.03] 435 [3.4+ 0.04p 74+ 4p 100
GluRJ Mutants

D399S 69 [4.2+ 0.05] ~3000 nd 32+4
E683A 39 [4.4+ 0.06] >3000 nd 19+ 3
M686V 63 [4.24+ 0.04] >3000 nd 15+ 3
1687A 140 [3.94+ 0.05] >3000 nd 114+ 2
D399S/E683A nél nad nd° nad
M686V/I687A 76 [4.1+ 0.04] ~500 nd 54+ 5
D399S/M686V/I687A 60 [4.2t 0.06] ~700 nd 75+5
E683A/M686V/I687A 110 [4.Gt 0.03] ~500 nd 77+ 13
D399S/E683A/M686V/I687A ntl nad nd° nad

a2 ECsp values for §)-Glu are given inuM (with pECso + SEM values in brackets), and Bfralues for 2-Bn-Tet-AMPA are given as rough estimates

(in uM). The Rsmm/Ramm wr clurg 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 GluURehe concentrationresponse curves for 2-Bn-Tet-AMPA at WT GluRvad not
reach saturation levels completely in all experiments, so thg &@lRnax values are determined on the basis of the curve fits of the eiatat determined,
as the concentratierresponse curves for 2-Bn-Tet-AMPA at the receptors did not reach saturation levels in concentration up té Sanbketermined

(agonist-evoked responses were too small).
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Figure 5. Functional profiles of 2-Bn-Tet-AMPA at “polyclonal” HEK293 cells expressing WT GIyRIT GluR4, and mutant GluR1in the
Fluo-4/C&" assay. (A) Concentratierresponse curves foiS-Glu (d) and 2-Bn-Tet-AMPA M) at WT GIluR1, WT GluR4, and the GIuR1
mutants D399S/M686V/1687A and E683A/M686V/I1687A were obtained in the presence @fM@TZ. (B) Concentratiorresponse curves for
2-Bn-Tet-AMPA at WT GIuR{, (l) WT GIluR4 (O), and various single-, double- and triple GlyRiutants @) were obtained in the presence of
100uM CTZ. The response is given as change in fluorescence usk8JY upon application of agonist to the cells. Data are mearS8D of

dublicate determinations of single representative experiments.

previously been reported to be a partial agonist with an efficacy 2 and Figure 6}! The apparent higher sensitivity of the A
Fluo-4 assay could be ascribed to various differences between

of 84% at the non-desensitizing L483Y-mutant of GlyRkable



Pharmacology of Tet-AMPA Analogues at GluRs Journal of Medicinal Chemistry, 2007, Vol. 50, N183

A WT GluR1; D399S/M686V/I687A-GIluR1; WT GluR4;
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Figure 6. Functional characterization of 2-Bn-Tet-AMPA at WT and mutant GIuRs express&@nppusoocytes. (A) Traces for 2-Bn-Tet-
AMPA at WT GluR3, WT GluR4, and D399S/M686V/1687A-GluRHuring a continuous application of 1@ CTZ. The oocytes were pretreated
with 100uM CTZ for 30 s to reach maximal 2-Bn-Tet-AMPA peak current potentiation. For theMCTZ pretreated GluRs, a slow desensitization
after the application of 2-Bn-Tet-AMPA is observed. (B) 2-Bn-Tet-AMPA degeak current response curves for 2-Bn-Tet-AMPA at WT GluR1
(), WT GluR4 (a), and D399S/M686V/1687A-GluR1®) in the presence of 100M CTZ, normalized to a 100@M (S)-Glu + 100uM CTZ
peak response. For each construct the data shown are from three independent exparimed)tsiata are fitted to the Hill equation.

the two assays. First, whereas the¢QRluo-4 assay measures two crystal structures reveals that the accessibility of this cavity
intracellular C&" concentrations, the oocyte data represents a for binding the benzyl group of 2-Bn-Tet-AMPA is the result
direct measurement of Nanflux through the GIuR. Second, of a regional rearrangement of three residues,*&IThré8e,
in contrast to the Ca/Fluo-4 assay, the membrane potential is and Met%. The nature of the interactions between tand
kept constant during the oocyte recordings. Third, saturation Thr86 that form the so-called “interdomain lock” in the S1S2
of the Fluo-4 dye with C& could potentially give rise to the ~ domain differ between the two crystal structures, but more
left-shifted concentrationresponse curve of the agonist com- importantly, the spatial reorientation of M&tin the GluR2-
pared to its properties in oocytes. Finally, differences in buffer S1S2J/9)-2-Bn-Tet-AMPA structure results in the creation of
compositions and expression levels in the two assays may alscan opening to this neighboring cavity, and this makes it not
account for the 6-fold difference in potencies. only possible for 2-Bn-Tet-AMPA to bind to GluRs but also to
The equipotency of 2-Bn-Tet-AMPA at GluRdnd GIuR2Q retain agonism! Since these three residues, as well as all
in the Fluo-4/C&" assay contrasts the 10-fold difference in residues in this “new” cavity forming hydrophobic interactions
binding affinities displayed by the compound at GlyRihd with the benzyl group, are conserved throughout the four AMPA
GluR2,.1* Thus, the affinity difference for 2-Bn-Tet-AMPA  receptor subtypes, other residues must account for the subtype
between GIuR2 and GIuR1 does not translate into a functional selectivity displayed by the agonist. $8rand Al#?7, the
difference in this assay. The fact that 2-Bn-Tet-AMPA only residues neighboring the interdomain lock residues'®@kmnd
displays a~6-fold lower EGy value at GluR4than at GIuR1 Thrb86 and the residues V&P and Al#% located in the vicinity
in Xenopusoocytes, as opposed to the 40-fold difference in of Met’%® are conserved in GIuR24 but not in GIuR1, where
binding affinities of the compound to GluR#s GluR%, also they correspond to ASPP, GIu83 Met58®, and 11€8”.

seems to suggest that the 10-fold GIyBlRY preference of It is important to stress that the data obtained in thé"Ca
the compound in binding might translate into a less significant Fluo-4 assay using the polyclonal cell lines expressing WT
functional difference (Figure 6. GluR% and GluR4 and the GluR1mutants should only be

While it is still uncertain whether or not 2-Bn-Tet-AMPA is  considered as crude guidance information in the search for the
able to discriminate between GluRihd GluR2Qfunctionally, molecular basis for functional profile of 2-Bn-Tet-AMPA.
the agonist displays a significant GluR3luR; selectivity. In Nevertheless, single-substitutions of any of the BEpGIutss,

the second part of this study, the molecular origin of this GJuUR4 Met®85, and 1187 residues in GluR1with the corresponding
GluRJ selectivity was investigated in a mutagenesis study basedGluR4 residues were clearly insufficient to convert the GluR1
on the GluR2-S1S2H|-2-Bn-Tet-AMPA crystal structure. In  response of 2-Bn-Tet-AMPA to a GluRHke response (Table
this structure, the glycinyl, isoxazolyl, and tetrazolyl moieties 3 and Figure 5). In view of the essential role of éfor (S)-

of the agonist bind to the GluR2-S1S2J in similar modes to the 2-Bn-Tet-AMPA binding in the GIuR2-S1S1J structure (and due
corresponding moieties inS[-2-Me-Tet-AMPA, as per the  to limited quantities of 2-Bn-Tet-AMPA), we decided to focus
GIuR2-S1S2J8)-2-Me-Tet-AMPA crystal structur&-4 The on Mef86and 11€87, the two nonconserved residues in proximity
phenyl group of 2-Bn-Tet-AMPA is also situated within the to the corresponding residue in GIluR1, N#étIntroducing the
orthosteric site, but the group projects into an adjacent cavity double mutation M686V/I687A in GluRled to a marked

in the GIuR2-S1S2J, where it forms hydrophobic interactions increase in the agonist activity of 2-Bn-Tet-AMPA (Figure 5B).
with the residues TH?7, Tyr’1%, and Trg®”. Comparison of the ~ On the basis of the GIuR1 and GluR4 S1S2 domain homology



4184 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 17 Jensen et al.

models, we propose that the replacement of these two residuegxamined by cocrystallizing the corresponding GluR1-like
by valine and alanine residues creates the space required fomutants of GluR2-S1S2J, but this is beyond the scope of the
the conformational rearrangement of the Klétresidue to present work.

accommodate 2-Bn-Tet-AMPA binding to take place. According
to the GIuR1 S1S2 homology model, M&t and II€87 are
located 6.5 and 12.8 A from the benzyl group of 2-Bn-Tet-
AMPA, respectively, with the Mé&8® residue being only 3.8 A
from Met’® and 4.2 A from 11687, As can be seen from the
single mutants M686V- and 1687A-GluR1t is necessary for

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 GluR*+GIluR4 were found to be in
reasonable concordance with their binding characteristics at
both the Met®é residue and the 187 residue to be mutated in  GluR1,—GIuR4. A couple of residues located at considerable
order for the activity of 2-Bn-Tet-AMPA to increase (Table 3 distances from 2-Bn-Tet-AMPA in a cavity adjacent to the
and Figure 5B). Thus, the presence of an alanine in position orthosteric site were identified as the primary molecular
687 with its smaller side chain than isoleucine seems to provide determinants of this selectivity. Thus, the interesting pharma-
valine (and not methionine with its larger side chain) in position cological profile of 2-Bn-Tet-AMPA arises from its ability to
686 the space needed for it to accommodate the conformationalproject out of the highly conserved orthosteric site, thereby
rearrangement of M&* Thus, we propose that these two reaching receptor regions less conserved. The observed differ-
residues are the key determinants underlying the functional ences in the binding modes between 2-Me-Tet-AMPA and 2-Bn-
selectivity displayed by 2-Bn-Tet-AMPA at GluRdnd GIluR4 Tet-AMPA strongly underline the fact that, although the GluR-
The further enhancement of the agonist activity of 2-Bn-Tet- S1S2J crystal structures have revolutionized the GIuR field in
AMPA observed upon addition of the D399S or the E683A many ways, the bilobular S1S2 domain is still a highly flexible
mutation into M686V/I687A-GluRlcould be a reflection of protein, and in the absence of reliable means of modeling this
an altered electronic effect of the previously negatively charged flexibility, predictions of the binding modes and pharmacological
side chains of each of these two residues on the neighboringproperties of future ligands based on GIuR-S1S2J crystal
“interdomain lock” residues, G#8 and Thf®2 (corresponding  structures complexed with existing ones will remain just that,
to GIuA%2 and ThF88 in GIuR2), or it could simply be a matter ~ predictions. Thus, it will be interesting to see whether future
of having converted the structural architecture of this local 2-substituted Tet-AMPA analogues with larger 2-substituents
region of GluR1to be almost exactly like that in GluR4n than 2-Bn-Tet-AMPA will turn out to be more selective GIuR
support of a less favorable electrostatic environment for the agonists without concomitantly reduced potencies or at what
hydrophobic benzyl group being created by 28mnd GIi§83, point the ligands in this series will start to become competitive
we previously described a decrease in the Coulombic reward antagonists or simply inactive. Furthermore, other scaffolds than
terms for the docked ligand at GIuR1, according to the scoring T€t-AMPA may provide agonists with interesting GIuR subtype

function1!

By themselves, the estimated binding energies obtained for

selectivities when augmented with substituents reaching this
neighboring cavity. Finally, in view of the interesting selectivity

2.Bn-Tet-AMPA to models of the S1S2J-domains of wT Profile displayed by 2-Bn-Tet-AMPA at non-desensitizing

GluR1-GIluR14 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 GIuR2 cocomplex, cannot be modeled by this
protocol. Nevertheless, there is some qualitative correspondenc

between the data. For example, 2-Bn-Tet-AMPA displays a
considerable difference in binding energy between WT GIuR1
and WT GIluR4, 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

GluRs, it would be highly interesting to characterize the agonist
at recombinant GIuRs 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, UK3)-Glu was

G‘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 GluR1GIuR2Q, GIuR3, and GluR4and the synthesis
of 1-Me-Tet-AMPA and the 2-substituted Tet-AMPA analogues
investigated in this study have been described previdddht>The

mutants do not. On the other hand, although the energies of theT€-AMPA analogues characterized pharmacologically at the GIuRs

two other GIuR1 mutants M686V/I1687A and D399S/M686V/
I1687A 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-GIuR1 mutant (Table 2). The simplest
explanation for the increased functional activity of 2-Bn-Tet-
AMPA at M686V/I687A-GluR1 compared with its calculated

in this study are all racemic mixtures.

Molecular Biology. The subcloning of rat GluR&nd rat GluR#4
cDNAs from their original vectors into pcDNA3.1 has been
described previousli? All mutant GluR3-pcDNA3.1 plasmids and
the D399S/M686V/1687A-GluRIpGEMHE-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

relative binding affinity at the degree of domain closure present all mutant GluRs.

in the experimental GIuR2-S1S2J structure is that the steric

effects of Met8® and 1187 in WT GIuR1 prevent the domains
from closing as tightly around the ligand. In particular, the closer
movement of the helix in domain 2 containing N¥fétand 1187
toward domain 1 is sterically hindered by the side chain of
Met’%4in the presence of 2-Bn-Tet-AMPA, whereas it is not in
the presence ofg-Glu, and small changes in domain closure

Cell Culture of Stable GIuR-HEK293 Cell Lines. HEK293
cell lines stably expressing GIuRGIuR2Q, GIuR3, and GluR4
were maintained at 37C in a humidified 5% CQ incubator in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
penicillin (100 U/mL), streptomycin (10@g/mL), G-418 (1 mg/
mL), and 5% dialyzed fetal bovine serum (in the case of the GIuR3
cell line, 10% dialyzed fetal bovine serum).

Generation and Cell Culture of Polyclonal GIuR-HEK293

have been repeatedly associated with considerable shifts inCells. The HEK293 cells used generating polyclonal cells express-

efficacy? While not easily modeled, this hypothesis could be

ing wild type (WT) and mutant GluRs were maintained in DMEM
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supplemented with penicillin (100 U/mL), streptomycin (106 References

m.L), and 5% dialyzed fetal bovine serum. The cells were transfected 1) Brauner-Osborne. H.: Egebiera. J.: Nielsen E. @.: Madsen. U.:
with the WT GIuR1-pcDNA3.1, WT GluR4pcDNA3.1, and @ Krogsgaard-Larsen, P. L%ar{dsgf’or glutamate receptors: Design and
mutant GluREpcDNA3.1 plasmids using Polyfect as a DNA carrier therapeutic prospectd. Med. Chem200Q 43, 2609-2645.

according to the protocol of the manufacturer (Qiagen, Hilden, (2) Dingledine, R.; Borges, K.; Bowie, D.; Traynelis, S. F. The glutamate
Germany). The transfected cells were maintained foB 2veeks receptor ion channel®harmacol. Re. 1999 51, 7—61.

in selection medium containing 3 mg/mL G-418 before the (3) Riedel, G.; Platt, B.; Micheau, J. Glutamate receptor function in
functional properties of the respective receptors were characterized learning and memonBeha. Brain Res2003 140 1-47.

(4) Javitt, D. C. Glutamate as a therapeutic target in psychiatric disorders.
Mol. Psychiatry2004 9, 984—997.
(5) Jensen, A. A. Molecular pharmacology of the metabotropic glutamate

in the Fluo-4/C&" assay described below.
The Fluo-4/Ca&" Assay.The functional properties of the Tet-

AMPA analogues were characterized at the stable GHIR1 receptors. I'Molecular Neuropharmacology. Strategies and Methods
GluR2Q-, GIuR3-, and GIUR4HEK293 cell lines and at the Schousboe, A., Buner-Osborne, H., Eds.; Humana Press: Totowa,
polyclonal HEK293 cells expressing WT and mutant GIuRs in the NJ, 2004; pp 4782.

Fluo-4/C&* assay as previously describ®dThe stable (mono- (6) Mayer, M. L.; Armstrong, N. Structure and function of glutamate
clonal) and polyclonal HEK293 cells were split into palylysine- receptor ion channel$\nnu. Re. Physiol.2004 66, 161-81.

(7) Bjerrum, E. J.; Kristensen, A. S.; Pickering, D. S.; Greenwood, J.
R.; Nielsen, B.; Liljefors, T.; Schousboe, A.; Bnaer-Osborne, H.;
Madsen, U. Design, synthesis, and pharmacology of a highly subtype-

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 m_o_f loading buffer [Hank’s buffered selective GIUR1/2 agonistR-2-amino-3-(4-chloro-3-hydroxy-5-
saline solution (HBSS) containing 20 mM HEPES, 1 mM GacCl isoxazolyl)propionic acid (CI-HIBO)Y. Med. Chem2003 46, 2246-

1 mM MgCl, and 2.5 mM probenecid, pH 7.4] supplemented with 2249,

6 mM Fluo4/AM (Molecular Probes, Eugene, OR) at &7 for 1 (8) Greenwood, J. R.; Mewett, K. N.; Allan, R. D.; Martin, B. O.;
h. The loading buffer was aspirated, the cells were washed with Pickering, D. S. 3-hydroxypyridazine 1-oxides as carboxylate bioi-
100 uL loading buffer, and then 10@L assay buffer [HBSS sosteres: A new series of subtype-selective AMPA receptor agonists.

Neuropharmacologp00§ 51, 52—59.

supplemented with 20 mM HEPES, 10 mM Cadl mM MgCk, (9) Frandsen, A.; Pickering, D. S.; Vestergaard, B.; Kasper, C.; Nielsen,

2.5 mM probenecid and 10@M CTZ, pH 7.4] was added to the B. B.; Greenwood, J. R.; Campiani, G.; Fattorusso, C.; Gajhede, M.;
wells. Then the 96-well plate was assayed in a NOVOstar Schousboe, A.; Kastrup, J. S. T9is an important determinant of
microplate reader (BMG Labtechnologies, Offenburg, Germany) agonist binding and domain closure of the ligand-binding core of
measuring emission [in fluorescence units (FU)] at 520 nm caused GIuR2. Mol. Pharmacol.2005 67, 703-13.
by excitation at 485 nm before and up to 60 s after addition of 33 (10) Vogensen, S. B.; Clausen, R. P.; Greenwood, J. R.; Johansen, T. N.;
uL agonist solution (the agonists were dissolved in assay buffer). Pickering, D. S.; Nielsen, B.; Ebert, B.; Krogsgaard-Larsen, P.
The compounds were characterized in duplicate or triplicate (i.e., Convergent synthesis and pharmacology of substituted tetrazolyl-2-
. . \ amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid analogues.
two or three data points for each concentration) at least three times J. Med. Chem2005 48, 3438-42.
(i.e., at least three different cell passages) at the WT or mutant (11) Vogensen, S. B.; Frydenvang, K.; Greenwood, J. R.; Postorino, G.;
GluRs. Due to limited quantities of the 2-Bn-Tet-AMPA sample, Nielsen, B.; Pickering, D. S.; Ebert, B.; Bglcho, U.; Egebjerg, J.;
the compound was tested at a maximal assay concentration of 3 Gajhede, M.; Kastrup, J. S.; Johansen, T. N.; Clausen, R. P.;
mM. Krogsgaard-Larsen, P. A tetrazolyl substituted subtype-selective
Electrophysiological Recordings inXenopusOocytes.Oocytes AMPA receptor agonist). Med. Chem2007, 50, 2408-14.

(12) Bang-Andersen, B.; Lenz, S. M.; Skjeerbaek, N.; Sgby, K. K.; Hansen,
H. O.; Ebert, B.; Bggesg, K. P.; Krogsgaard-Larsen, P. Heteroaryl
analogues of AMPA. Synthesis and quantitative structaivity

were isolated and prepared as previously descrAibe®NA was
transcribed using the MMESSAGE mMACHINE T7 kit from

Ambion (Austin, TX). In the experiments we used low?Ca relationshipsJ. Med. Chem1997, 40, 2831—42.

Ringer's (115 mM NacCl, 0.1 mM Cagl2.5 mM KCl, 1.8 mM (13) Vogensen, S. B.; Jensen, H. S.; Stensbel, T. B.; Frydenvang, K.;
MgCl, 10 mM HEPES, pH 7.5) to prevent &ainduced Cf Bang-Andersen, B.; Johansen, T. N.; Egebjerg, J.; Krogsgaard-Larsen,
currents. Recordings were performed®days after injection, using P. Resolution, configurational assignment, and enantiopharmacology
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