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ABSTRACT OF DISSERTATION
USING POSITIVE ALLOSTERIC MODULATORS TO DETERMINE
MECHANISMS OF GLUR2 DESENSITIZATION AND

DEACTIVATION

Recent crystallographic and functional analyses of AMPA receptors have
identified a common binding pocket for two classes of positive allosteric AMPA
receptor modulators, cyclothiazide (CTZ) and AMPAkine CX614. Based on
diffe.renceS in modulator binding and function, those experiments have provided a
working model consisting of two distinct pathways for channel desensitization
and deactivation where rearrangement of the ligand binding core at the
interdimer interface is responsible for receptor desensitization, and cleft opening
of the ligand binding core is responsible for deactivation. This study focuses on
comparing structural and functional data for GiuR2 flip and flop in the presence of
four AMPA receptor modulators: CTZ, CX614, LY506091, ahd LY2152080.
Additionally we have tested the effects of point mutations at the three
subdomains implicated in receptor deactivation (Hinge 1 and Hinge 2) and
desensitization (flip/flop) and modulation. We have also used computer

simulations to model the effects of slowing cleft-opening, entry into
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desensitization and channel closure rate on macroscopic deactivation and
desensitization kinetics. Together, these data test and refine the current model
of AMPA receptor gating and modulation that has been based on static
snapshots of crystal structures. These findings lend support to the idea that
deactivation and desensitization (as well as the modulation of each) are, in fact,

inextricably coupled, likely with only one mechanism for closing the receptor gate.
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Summer 2006
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CHAPTER 1: DISSERTATION INTRODUCTION

1.1 AMPA Receptor Structure and Function
Glutamate is the main excitatory neurotransmitter in the central nervous system;
thus, the binding of glutamate to its receptors regulates a wide variety of
processes including developmental synaptic plasticity and learning and memory.
There are three types of ion-permeable glutamate receptors: N-methyI-D-
aspartate (NMDA), kainate, and AMPA. At synapses, kainate and AMPA
receptors mediate the initial rapid peak of excitatory postsynaptic potentials
(EPSPs). By initiating the EPSP, AMPA receptors serve as the “trigger” for the
cellular basis of learning and memory, Long Term Potentiation (LTP). Upon
activation, AMPA receptors pass sufficient Na* into the cell to relieve the NMDA
receptor’'s Mg2+ block. Activation of NMDA receptors, in turn, allows Ca®'to enter
the cell and initiates the CaMKIl-dependent insertion of AMPA receptors into the
postsynaptic membrane, strengthening synapses in an activity-dependent
manner (Malinow and Malenka 2002).

AMPA receptors can be composed of four distinct subunits, GluR1-4 (A-
D). Various permutations of AMPA receptor subunits form heteromeric tetramers
i_n vivo (Bettler and Mulle 1995; 'Rosenmund, Stern-Bach et al. 1998; Mansour,

Nagarajan et al. 2001). Two other mechanisms for AMPA receptor variation exist:

11
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the flip/flop splice variants (the alternatively spliced 38 amino acid region
between the M3 and M4 domains of each AMPA receptor subunit) and post-
transcriptional receptor editing (e.g. the Q/R site mediating calcium permeability)
(Koike, Tsukada et al. 2000). The diversity of receptor structure corresponds to
different cell types and brain regions in normal states(Dingledine, Borges et al.
1999). Changes in receptor subunit composition can occur in certain pathological
conditions. For example, following an ischemic insult, AMPA receptors lacking
the GIuR2 subunit are upregulated. Increasing Ca?*-permeable AMPA receptor
expression is thought to contribute to ischemia-induced synaptic remodeling ahd
cell death (Sommer, Keindnen et al. 1990; Lomeli, Mosbacher et aI_. 1994; Ying,
Weishaupt et al. 1997;' Dingledine, Borges et al. 1999; Liu, Liao et al. 2006).
Thus, mechanisms behind these subunit switches and subunit function are
important targets for therapeutic drug design.

Much of what we know about AMPA receptor organization, stochiometry
and function comes from structural analysis of the channel. The entire AMPA
receptor has not been crystallized, but the membrane helices of AMPA receptors
share considerable structural homology (although inverted) with those of K*
channels while the AMPA receptor ligand binding domain is related to bacterial
amino acid binding proteins (e.g., leucine-isoleucine-valine binding proteins,
LIVBP)(Stern-Bach, Bettler et al. 1994). Many predictions of how AMPA
receptors are organized come from studies of these two separate structures

which together are also an exemplary model of protein evolution (Oswaid 2004).

12
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The modular nature of AMPA receptors has also allowed for the
crystallization of the isolated extracellular GIuR2 flop ligand binding core and hés
provided an excellent model of how glutamate binding can provide the energy
required to bring about a conformational change that subsequently opens the ion
channel. Based on crystallographic studies, AMPA receptors open proportionally
in response to the degree of closure or stability of the closed-cleft conformation
of each subunit's ligand binding core around agonist (Jin, Banke et al. 2003;
Robert and Howe 2003; Robert, Armstrong et al. 2005). Although models of the
basic mechanisms of receptor opening and desensitization have been
established with these crystal studies, little is known about the mechanisms by
which channel closing or deactivation occur or the receptor's ability to fine-tune
this gating process (how the ligand binding core “talks” to the activation gate).
Additionally, recent studies have shown that mutating residues outside the ligand
binding core can also have similar effects on desensitization (Ramanoudjame,
Du et al. 2006). Interpretation of crystal stfucture data proposes that the interface
between each subunit for domains 1 and 2 is important for desensitization, while
the interface at the hinges of each subunit is iﬁpoﬂant for deactivation, predicted

- from modulator binding. However, crystals of nondesensitizing mutant receptor,
LagsY have been shown to form bonds across the dimer interface, stabilizing the
dimer and blocking desensitization much like the action of CTZ, but L483Y has a
more profound effect on deactivation than CTZ (and it is not located at the
hinges) (Stern-Bach, Russo et al. 1998; Sun, Olson et al. 2002; Sun, Olson et al.

2002). Additionally, studies isolating the ligand binding core may lose valuable

13
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information about the channel, for example, how the ligand binding core moves
when tethered to the membrane and N-terminal domain or mechanisms closer to
or within the membrane-spanning region that may regulate the channel gate or
ligand binding core dimer dissociation. As a case in point, other mutations such
as the Lurcher mutétion (A622T) and a mutation at the S2-M3 linker (R628E),
outside the crystallized portion of the ligand binding core, affect gating properties
of the channel (Wollmuth, Kuner et al. 2000; Klein and Howe 2004), stressing the

need for more information derived from studies using the intact AMPA receptor.

1.2 AMPA Receptor Modulation

Modulators of AMPA receptoré can have inhibitory (negative) or
enhancing (positive) effects on AMPA receptors. Positive allosteric modulators of
AMPA receptors have been used to study AMPA receptor gating. They work by
enhancing normal AMPA receptor activity and thereby enhancing cognitive
function(Staubli, Rogers et al. 1994). Upon opening, AMPA receptors can
deactivate, simply the reverse of activation, where ligand may unbind and the
process can start over. Alternatively, the channel may become desensitized, a
high-affinity state in which conformational changes pemit ligand to remain
bound, but the channel cannot open and must recover from desensitizatign
before it can be activated again (Figure 1.1). Benzothiadiazides, such as
cyclothiazide (CTZ), and pyrrolidinones, such as the AMPAkine CX614, have
been shown to increase AMPA receptor activity by increasing the probability that

the receptor channel is open (Partin, Patneau et al. 1994; Suppiramaniam, Bahr
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et al. 2001). CTZ (EC50 73 pM) and CX614 (EC50 ~ 0.17 mM) maintain this
open channel configuration by slowing primarily desensitization or deactivation,
respectively (Nagarajan, Quast et al. 2001). CTZ predominantly modulates
desensitization by blocking entry into the desensitized state as seen in studies
using homomeric GluR1 flip receptor (Partin, Fleck et al. 1996). CX614, on the
other hand, has a more profound effect on deactivation (particularly in the flop
AMPA receptor variant) by slowing the rate of exit from the open state (Arai,
Kessler et al. 2000). Crystal structure studies have shown that the AMPA
receptor ligand binding core tetramer is composed of a dimer of dimers with a
site for modulators to bind separate from the agonist binding site. Two molecules
of CTZ bind to each dimer at the interface between the two subunits and stabilize
the bonds of each of the two dimers that make up the receptor tetramer.
_Dissociation of these dimers corresponds to desensitization of the channel.
Recent experiments provide evidence that CTZ blocks desensitization by
blocking this dimer dissociation (Sun, Olson et al. 2002; Horning and Mayer ‘
2004). The crystal structure of the GIuR2 ligand binding core bound with CX614
shows that like CTZ, the AMPAkine binds between the two dimers, but unlike
CTZ, it makes different contacts, binding primarily between the hinges of each
subunit and is thought to trap Domain 2 up after domain closure arouhd agonist
(Jin, Clark et al. 2005). By slowing rates of channel closure, CTZ and CX614
essentially maintain the AMPA receptor in its open configuration (Figure 1.2).

CTZ and CX614 modulate AMPA receptor gating either from or to the agonist-

15
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bound, non-desensitized state, thereby linking modulation with gating aﬁd
agonist binding in distinct ways.

Kinetics of AMPA receptor gating and modulation are governed by the
alternatively spliced “flip/flop” region. Receptors possessing the flop splice
variant gate more rapidly than those with the flip form. This observation has not
been reconciled with crystal structure data because the closest structure
available that resembles a flip receptor is a flop ligand binding core with a single
point mutation (N754S) previously shown to confer flip-like sensitivity to
cyclothiazide on flop receptors (Partin, Bowie et al. 1995; Sun, Olson et al. 2002).
However, recent studies have shown that this residue may not be the only
important difference between the two isoforms. Othér residues in the flip/flop
domain also seem to play an important role in isoform differences in gating,
particularly in the response of receptors to different allosteric modulators, many
of these residues do not lie within the crystallized ligand binding core (Quirk and

Nisenbaum 2003).

1.3 Aims of this research

Functional studies exploiting these different mechanisms of AMPA modulators
have improved the understanding of AMPA receptor gating and how it is coupled
to binding of agonist, but there are still problems with defining AMPA receptor
gating states using drugs that have overlapping actions. To tease apart these
properties at the molecular level, we must identify the different binding sites of

the two drugs. Residues uniquely hydrogen-bonded to each modulator have a
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high probability of being responsible for the individual effects of each drug:
governing deactivation or desensitization. Once the molecular determinants of
GluR2 gating and modulation are established, more selective and efficient
cognition-enhancing drugs can be developed. This work has provided the

necessary step to learning these molecular determinants.

1.4 Clinical Significance of AMPA receptor research

Although AMPA receptor activation and upregulation are important for LTP,
excessive activation of excitatory synapses can be harmful. After a stroke,
affected neurons undergo excitoxicity followed by apoptosis, which may then
lead to cognftive impairment. It is believed that a switch in glutamate receptor
subunit composition occurs after an ischemic event that leads to down-regulation
of AMPA-type glutamate receptors that contain the GluR2 subunit. Because
GluR2-comprised receptors are largely impermeable to Ca®* influx, increasing
the ratio of other subunits in AMPA receptors that pass Ca?* can increase the net
Ca® influx into the cell and initiate cell death pathways (Pollard, Heron et al.
1993; Heurteaux, Lauritzen et al. 1994; Pellegrini-Giampietro, Gorter et al. 1997;
Opitz, Grooms et al. 2000; Tanaka, Grooms et al. 2000). This phenomenon is
referred to as the "GIluR2 hypothesis". Recent therapies target the GluR2 down-
regulation process, aiming to protect the cells that may otherwise be
programméd to die (Colbourne, Grooms et al. 2003). This approach is promising
but requires that treatment be administered immediately following an ischemic

attack. For patients that are currently living with the effects of stroke or those
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that do not receive rapid enodgh treatment, alternative therapies must be

~ developed. Another way to r;resewe neurons after ischemia may be to target the
remaining GluR2-containing receptors, selectively enhancing their contribution to
thé glutamate-mediated current and thereby buffering the activity of receptors
that pass Ca?*. However, current therapies that treat cognitive disorders rely on
the potentiation of other AMPA receptors that are permeable to Ca?* as well as
GluR2. Although the GIuR2 hypothesis predicts that these drugs would have
deleterious effects by increasing global excitotoxicity, no harmful side effects in
humans have cancelled any of AMPAKkine clinical trials to date, but aniracetam,
the parent drug of AMPAKines which is on the market in Europe has been shown
to reverse the effects of anticonvulsants (De Sarro, Siniscalchi et al. 2000; Black
2005). Lower potency, and less efficacious AMPAKkines are now being pursued,
for example, CX516 has shown improvements in memory tasks in humans, but
even at high does, these improvements are limited (Lynch, Granger et al. 1997).
Higher-potency drugs that can be specifically targeted to subunit and isoform
types may be more beneficial in the treatment of distinct disease states. Because
AMPAKkines show great promise for clinical use, more research on the molecular
mechanisms of their effects is needed to understand AMPA receptor gating and

modulation, and design more specific therapies in the future.
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CX546/CX614
ra
——, RA" open

desensitized

Figure 1.1 Diagram showing agonist (A) binding to receptor (R)
causing an agonist-induced stabilization (arrow) of the closed
“clamshell” (RA). This conformation permits the pore to open
(RA*), or the channel to desensitize (RdA) to a very stable, closed-
pore conformation. The proposed actions of CX (CX546 and
CX614) and CTZ are shown, where gray arrows mark a decrease

in equilibrium. It is unclear whether or not desensitization can
occur directly from the open state.
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Figure 1.2. Structure of GIuR2. (A) Cross-section of a GIuR2 tetramer, showing
domains, flipfflop region, hinge region, and ligand binding core (LBC) in relation to
N-terminus and membrane. (B) Cartoon of LBC domains (from crystal structure)

(C) LBC bound with CX614 (purple elipse), black lines indicate “independent” model
interaction with hinges. (D) LBC bound with CTZ, cyan dashes indicate
“‘independent” model interaction with Domains 1 & 2 across the dimer interface. (E)

Overlay of CX614 and CTZ crystal structures, suggesting ssible overlapping
contacts in addition to independent contacts (black and dashed cyan lines).

20
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CHAPTER 2: CONTRIBUTIONS TO RECENT PUBLICATIONS

2.1 Introduction

Although | will focus on my own personal work in Chapter3, this chapter
describes other projecfs in the Partin lab to which | have contributed. My role in
most of these projects has been to provide technical assistance with
electrophysiology and molecular biology, as well as in the writing, editing and
proofing of thé resultant manuscripts. Below | have included the title and
abstract of each resulting manuscript with a brief description of my roles in the

research. Full copies of each paper can be found in APPENDIX 1.

2.2 Identification of a site in GIuR1 and GIuR2 that is important for modulation of
deactivation and desensitization (J. Duncan Leever, Suzanne Clark, Autumn M.

- Weeks, and Kathryn M. Partin, Molecular Pharmacology, 2003)

2.2.1 Abstract
The alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid subtype of
ionotropic glutamate receptors consists of rapidly gating ion channels. Positive

modulation of channel gating may slow gating kinetics through at least two
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distinct mechanisms, evidenced by the predominant slowing of either the rate of
receptor desensitization or the rate of offset after agonist withdrawal
(deactivation). This study compares the actions of two positive allosteric
modulators [cyclothiazide, which modulates desensitization, and 1-(1,4-
benzodioxan-6-ylcarbonyl)piperidine (CX546), which modulates deactivation] in a
mutant shown previously to impede modulation by cyclothiazide. These
experiments test the hypothesis that the point mutation, GluR1 (S493T), would
also cause a loss of modulation by CX546. Wild-type GluR1 through -4 receptors
were modulated by CX546, as assayed by the potentiation of steady-state
currents in the Xenopus laevis oocyte expression system. CX546 potentiated
steady-state currents of both splice isoforms of GluR1. Modulation by CX546 was
completely abolished in GIuR1(S493T) and its homolog, GIuR2(S497T), although
this mutation did not affect apparent agonist affinity in the absence of CX546.
Thus, the GIuR1(S493T) mutation has a similar impairment of modulation by
either cyclothiazide or CX546, indicating that some residues at the subunit
interface of glutamate receptors play an important role in channel deactivation

and desensitization.

2.2.2 Discussion
| did not contribute to the design of these experiments, but | helped Duncan
gather data for the oocyte studies while | learned how to use the two-electrode
voltage clamp rig and harvest and prepare oocytes‘. In addition, | contributed to

this work by editing and proofreading the various drafts. The results of this paper
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stress the importance of a single residue in modulation by both CX546 (analog of
CX614) and CTZ, providing evidence that the processes (and modulation of) of

deactivation and desensitization may be linked.

2.3 Mechanism of Positive Allosteric Modulators Acting on AMPA receptors
(Rongsheng Jin, Suzanne Clark, Autumn M. Weeks, Joshua T. Dudman, Eric

Gouaux, and Kathryn M. Partin, Joumal of Neuroscience, 2005)

2.3.1 Abstract
Ligand-gated ion channels involved in the modulation of synaptic strength are the
AMPA, kainate, and NMDA glutamate receptors. Small molecules that potentiate
AMPA receptor currents relieve cognitive deficits caused by neurodegenerative
diseases such as Alzheimer's disease and show promise in the treatment of
depression. Previously, there has been limited understanding of the moiecular
mechanism of action for AMPA receptor potentiators. Here we present cocrystal
structures of the glutamate receptor GluR2 S1S2 ligand-binding domain in
complex with aniracetam [1-(4-methoxybenzoyl)-2-pyrrolidinone] or CX614
(pyrrolidino-1,3-oxazino benzo-1,4-dioxan-10-one), two AMPA receptor
potentiators that preferentially slow AMPA receptor deactivation. Both
potentiators bind within the dimer interface of the nondesensitized receptor at a
common site located on the twofold axis of molecular symmetry. Importantly, the
potentiator binding site is adjacent to the "hinge" in the ligand-binding core

“clamshell" that undergoes conformational rearrangement after glutamate
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binding. Using rapid solution exchange, patch-clamp electrophysiology
experiments, we show that point mutations of residues that interact with
potentiators in the cocrystal disrupt potentiator function. We suggest that the
potentiators slow deactivation by stabilizing the clamshell in its closed-clett,

glutamate-bound conformation.

2.3.2 Discussion
| assisted Suzanne with construction of some mutants and recording of
electrophysiological data, mainly screening several hinge mutants in Xenopus
oocytes using two-electrode voltage clamp (TEVC, see section 2.1.2). The
screening was essential to this work, as it allowed the lab to focus in on critical
mutants to be carried onto the patch rig for further kinetic studies. | also
contributed to the editing and proofreading of this manuscript. The results of this
paper helped to define the current model of AMPA receptor gating and
mddulation, focusing on channei deactivation and modulation of deactivation by
AMPAKine CX614. These studies implicated the hinges of the ligand binding
core, where CX614 prevents the opening of the Iigand binding cleft for each

subunit and thereby slows receptor deactivaiton.

2.4 Kynurenic acid has a dual action on AMPA receptor responses (Christina
Prescott, Autumn M. Weeks, Kevin J. Staley, and Kathryn M. Partin,

Neuroscience Letters, 2006)
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2.4.1 Abstract
Glutamate is the predominant excitatory neurotransmitter in the central nervous
system. The receptors that bind glutamate, including N-methyl-d-aspartate
(NMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptor subtypes, are strongly implicated in higher cognitive processes,
especially learning and memory. Loss of glutamate receptor function impairs the
ability to acquire and retain information in some patients subsequent to stroke or
brain injury, and positive allosteric mod}ulators of glutamate receptors can restore
learning and memory in some of these patients. Here we demonstrate that
kynurenic acid (KYNA), an endogenous tryptophan metabolite, acts upon
heterologous AMPA receptors via two distinct mechanisms. Low (nanomolar to
micromolar) cc->ncentrations of KYNA facilitate AMPA receptor responses,
whereas high (millimolar) concentrations of KYNA competitively antagonize
glutamate receptors. Low concentrations of KYNA appear to increase current
responses through allosteric modulation of desensitization of AMPA receptors.
These findings suggest the possibility that low concentrations of endogenous
KYNA acting at AMPA receptors may be a positive modulator of excitatory

synaptic transmission.

2.4.2 Discussion
For this manuscript, | harvested and prepared the oocytes and taught Christina
how to use TEVC to test the dual effect of KYNA on AMPA receptors. | repeated

some of the same experiments with outside-out patches of HEK293 cells

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



expressing AMPA receptors, but this data was not significantly different from wt.
| also helped proofread the manuscript. Although in high dosés KYNA acts as an
antagonist, in very low concentrations, a potentiation effect can be seen. These
studies argue for the possibility of an endogenous positive modulator of AMPA

receptors.

2.5 Different domains of the AMPA receptor direct stargazin-mediated trafficking
and stargazin-mediated modulation of kinetics (Matthew A. Bedoukian, Autumn

M. Weeks, and Kathryn M. Partin, Journal of Biological Chemistry, 2006)

2.5.1 Abstract

Stargazin is an acceséory protein of AMPA receptors that enhances surface
expression and also affects the biophysical properties of the receptor. AMPA
receptor domains necessary for either of these two processes have not yet been
identified. Here, we used confocal imaging and electrophysiology of
heterologously expressed, fluorophore-tagged GluR1, GIuR2 and stargazin to

| study surface expression and desensitization kinetics. Stargazin-mediated
trafficking was sensitive to the nature of the AMPA receptor cytoplaSmic domain.
The insertion of YFP after residue 15 of the truncated cytoplasmic tail of GIuR1i
perturbed stargazin-mediated trafficking of the receptor but not its modulation of
desensitization kinetics. This construct also failed to permit fluorescence
resonance energy transfer (FRE’D with stargazin in the ER, whereas FRET

between fluorophore-tagged stargazin and non-truncated AMPA receptors
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demonstrated a specific interaction between these proteins, both in the ER and
the plasma membrane. Rather than encoding a specific binding site, the
fluorophore-tagged C-terminus may restrict access to one or more endoplasmic
reticulum (ER) retention sites. Although perturbations of the C-terminus impeded
stargazin-mediated trafficking to the plasma membrane, their effects on the
biophysical properties of AMPA receptoré (i.e., modulation of desensitization)
remained intact. These data provide strong evidence that the AMPA receptor
domains required for stargazin-modulation of gating and trafficking are

separable.

2.5.2 Discussion
For this manuscript, | tested the functionality of Matt's AMPA receptor constructs
using outside-out patch clamp electrophysiology on HEK293 cells. In particular, |
contributed to the design and execution of critical experiments relating the
graded electrophysiological effects of stargazin on desensitization to the graded
fluorescence morphology. In addition, | assisted in the editing and proofreading
of several drafts. The results of this paper lend further support to the importance
of the auxiliary subunit, stargazin in AMPA receptor expression and function and
help to define the interactions between AMPA receptors and stargazin

responsible for stargazin’s dual functions.

2.6 Chapter 2 Summary
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Although my contributions to these manuscripts have been as second or third
author, their impact on the design and rationale for my project analyzing AMPA
receptor structure, function, and modulation have been critical, especially the
Leever et al. paper and the Jin et al. paper, which directly shaped my hypothesis
about the structural determinants of AMPA receptor modulation, deactivation and
desensitization which will be addressed in Chapter 3. Together, these papers
underscore the importance of using functional, electrophysiological data in
conjunction with structural or optical data and how, without real-time

physiological relevance, interpretations of “snapshot” data are greatly limited.
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CHAPTER 3: STRUCTURAL AND FUNCTIONAL ANALYSIS OF
TWO NOVEL POSITIVE ALLOSTERIC MODULATORS REVEALS
MECHANISMS OF GLUR2 DESENSITIZATION AND

DEACTIVATION

3.1 Abstract

Recent crystallographic and functional analyses of AMPA receptors have
identified a common binding pocket for two classes of positive allosteric AMPA
receptor modulators. From those studies, a working model of channel
desensitization and deactivation has been established. Here we present
structural and functional data on two new positive allosteric modulators‘of AMPA
receptors, LY506091 and LY2152080. These compounds have some structural
similarities to CTZ and CX614, and they bind at the dimer interface within the
solvent accessible pocket. Rapid perfusion of outside-out patches of HEK293
cells expressing homomeric GIuR2 receptors reveals that, as predicted,
LY506091 and LY2152080 block desensitization (like CTZ) and slow deactivation
(like CX614). However, these compounds have unique properties that distinguish
them from other known positive allosteric modulators. LY506091 is less isoform-

selective than CTZ at blocking desensitization, and LY2152080 is more selective
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for the flip isoform at blocking desensitization, but unlike CTZ robustly slows
deactivation. In addition to characterizing these compounds on wild-type GluR2
flip and flop receptors, we have mutated several residues within the modulator
binding pocket from three subdomains of the ligand binding core previously
implicated in modulator efficacy and discrete states of channel deactivation and
desensitization: Hinge 1 (S4g7A, Sa97T), Hinge 2 (S726A, Gr31A) and Flip/Flop
(K763Q). Subsequent analysis of four positive modulators refines the current
model of AMPA receptor modulation and challenges assumptions about domains
subserving channel deactivation and desensitization, supporting the idea that
deactivation and desensitization (as well as the modulation of each) are, in fact,
inextricably coupled, and the AMPA receptor domains governing these

processes are not separable.

3.2 Introduction

AMPA receptors are essential components contributing to the initial rapid peak of
excitatory postsynaptic potentials (EPSPs) and‘ are critical for the strengthening
and weakening of synapses that underliés the cellular basis of learning and
memory. Positive allqsteric modulators of AMPA receptors are used to treat
cognitive impairment and act by enhancing normal AMPA receptor activity
(Staubli, Rogers et al. 1994), prolonging macroscopic open-channel time by
slowing or preventing channel closure (Partin, Patneau et al. 1994;
Suppiramaniam, Bahr et al. 2001). The AMPA receptor-mediated synaptic

response may be terminated by two different, agonist-dependent mechanisms.
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When the exposure to glutamate is brief, AMPA receptors will close and ligand
may unbind sequentially, leaving receptors in the activatable state. Alternatively,
after closing the channel may desensitize in response to prolonged exposure to
glutamate. In this case, receptors occupy a high-affinity state in which
conformational changes uncouple ligand binding from channel opening,
permitting ligand to remain bound, but the channel must rearrange and recover

before it can be activated again.

Two classes of cognition-enhancing drugs, the benzothiadiazides, (e.g.,
cyclothiazide, CTZ), and the pyrrolidinones (e.g., AMPAkine CX614) maintain
open channel configuration by slowing primarily desensitization or deactivation,
respectively (Nagarajan, Quast et al. 2001). CTZ predominantly modulates
desensitization by preventing rearrangement at the dimer interface, thereby
blocking entry into the desensitized state with little effect on deactivation (Partin,
Fleck et al. 1996). CX614, on the other hand, slows desensitization with a more
profound effect on deactivation by slowing the rate of exit from the open state
(Arai, Kessler et al. 2000; Arai, Xia et al. 2002). Structural and functional studies
exploiting the different mechanisms of AMPA modulators have improved the
understanding of AMPA receptor gating and how it is coupled to binding of
agonist, but although the rates of deactivation and desensitization can be
isolated and determined experimentally, the structural relationship between these
two processes is unclear. It is not known whether each process proceeds

independently or whether they must converge into one final common, structurally
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indistinct pathway. Three subdomains of the ligand-binding core have been
implicated in receptor deactivation and desensitization. Desensitization is
governed by interactions across the dimer interface, as well as by the flip/flop
region, the alternatively sbliced helices that also contact the interfac;e. In contrast,
the hinge domain, two beta strands that connect the upper lobe (Domain 1) to the
lower lobe (Domain 2), have been implicated in stabilization of the closed cleft
conformation, thereby governing the rate of deactivation. Here we test
predictions of the current model of AMPA receptor gating and modulation using
two novel positive allosteric modulators and point mutations at the common

modulator-binding pocket.

3.3 Methods and Materials

Molecular Biology. Plasmids encoding cDNAs for the flip (i) and flop (0)
variants of rat wild-type GIuR2 were gifts of Dr. Peter Seeburg (University of
Heidelberg, Germany). WT GluR2 DNA was made with the pore mutant GIuR2
Reo7Q (QuikChange Il XL Site-Directed Mutagenesis Kit, Stratagene; La Jolla,
CA). The receptors made from this mutant conduct robust current and have an
inwardly rectifying current-voltage relationship.

HEK293 Cell Culture. Human embryonic kidney 293 fibroblasts (HEK 293
cells; ATCC CRL 1573 from American Type Culture Collection, Rockville, MD)
were cultured as described previously. Cells were cultured in DMEM
supplemented with 10% fetal bovine serum (Gemini Bio-Products, Inc,

Calabasas, CA), penicillin/streptomycin (100 units/ml each) and 1% GlutaMax-1
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(both from Gibco, Grand Island, NY). Cells were transiently transfected using
FuGene 6 reagent (Roche Diagnostic Corp., Indianapolis, IN) with GIuR2 (ﬂip or
flop) cDNA and enhanced yellow fluorescent protein (EYFP) cDNA (1 and 0.2 pg/
35 mm dish, respectively).

HEK293 Electrophysiology. During recordings, cells were perfused
continuously with extracellular bath solution containing (in mM): 20 sucrose, 145
NacCl, 5.4 KCI, 5 HEPES, 1 MgCl;, 1.8 CaCl»*2H,0 and 0.01 mg/ml phenol red,
pH 7.3. Currents were recorded 24-72 hours after transfection as described
previously. Outside-out membrane patches from transfected HEK 293 cells were
voltage-clamped at a holding potential of -60 mV using an Axopatch 2008
amplifier (Axon Instruments, Foster City, CA). Synapse software (version 3.6d)
(Synergy Research, Inc., Silver Springs, MD) was used for piezoelectric
protocols, data acquisition, flow-pipe protocols, and trace analysis. Responses
were filtered at 5 kHz, digitized at 10-500 psec/point, and stored on a Power
Macintosh computer using an ITC-16 interface (InstruTech, Port Washington,
NY). Electrodes of of 2-5 MQ were filled with (in mM): 135 CsCl, 10 CsF, 10
HEPES, 5 Cs-BAPTA, 1 MgCl;, 0.5 CaCl,, pH 7.2. 2 ATP was added
immediately before recording each day. Because many of the modulators were
prone to contaminating the cells and sticking to the tubing of the flowpipe, most
experiments had to be performed separately with different tubing each time,
preventing the reliable use of both glutamate and modulator on any individual
cell. Thus, there were ten different flowpipe solutions. The vehicle-control barrel

contained (in mM): 145 NaCl, 5.4 KCI, 5 HEPES, 1 MgCl,, 1.8 CaCl»*H;0, and
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0.01 mg/ml phenol red, pH 7.3. Except for gllutamate alone experiments,
appropriate modulator was added to the control barrel to pre-incubate receptors.
The drug-containing barrels included glutamate (10 mM) in the presence and
absence of 100 uM CTZ, 100 uM CX614, 1000 uM CX546, 10uM LY506091 or
LY2152080. Modulators were dissolved in DMSO before dilution in extracellular
solutions; final DMSO concentrations were 0.3-1%. Continuous solution flow
was driven by a syringe pump (KD Scientific, New Hope, PA) at a rate of 0.2
mi/min. After clamping the cell at -60 mV, outside-out patchs were pulled and
lifted up to a flow pipe constructed from 6 tubing (Sutter Instrument Company,
Novato, CA). The patch pipet tip was positioned in the stream containing control
extracellular solution, and then moved near the interface between the stream of
control and glutamate (and/or drug)-containing solutions. For assessing the
response to drug, the patch pipet was jumped rapidly from the control into the
drug solution. Rapid solution exchanges of 1 or 500 ms were driven by a
piezoelectric device (Burleigh Instruments, Fishers, NY). Solution exchange rates
were determined at the end of each experiment by open-tip junction currents.

" The rate of deactivation was estimated by fitting a sjngle exponential (tgeact) t0
responses evoked by a 1 ms drug pulse. The rate of onset of desensitization was
estimated by fitting the decay of the response to a 500 ms drug pulse from 95%
of peak to the steady state with a single-exponential function (tg¢es). Additional fits
to higher exponentials were tried as needed. Values were calculated using
Synapse. Current traces and graphs were plotted using KaleidaGraph 3.6

(Synergy Software, Reading PA).
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3.4 Results
LY506091 and LY2152080 bind between two subunits at the clamshell

hinges

Two high-affinity positive allosteric modulators of AMPA receptors were
identified, a bis-alkylsulfonamide (LY506091) and a bis-carboxythiophene
(LY2152080). Displacement binding assays revealed similar, high affinities of the
two compounds for both the flip and the ﬂc;p isoforms of AMPA receptors: for
LY506091 the 1C504,=45 nM and IC504,,=64 nM, whereas for LY2152080 the
1C50p=123 nM and IC5040,=483 nM. Both compounds are derivatives of the
biarylpropyisuifonamides (Vandergriff, Huff et al. 2001; Shepherd, Aikins et al.
2002) but are composed of a single central aryl ring with symmetrical R-groups.
The alkylsulfonamide R-groups of LY506091 and the nitrile/thiophene R-groups
of LY2152080 reach above the plane of the aryl ring, while only the carboxy

groups of LY2152080 reach below the plane of the aryl ring (Figure 3.1).

Co-crystal structures of the isolated GIuR2 flop ligand-binding core with L-
glutamate and either LY506091 or LY2152080 were solved. Like the AMPAkine
CX614 (Jin, Clark et al. 2005), both LY506091 and LY2152080 bind as a single
molecule within the solvent-filled crevice, situated at the interdomain hinge on the

molecular twofold axis (Figure 3.2).
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N1 and N2 of the alkylsulfonamide groups of LY506091 form hydrogen bonds
with the main chain oxygens on residue Pag4 of both protomers. 02 and O4 form
hydrogen bonds with the nitrogens on Gr31 for both protomers (Figure 3.3 A & B).
Residues P4g4 and Gr31 lie within the two interdomain g-strands of the AMPA
receptor, making up the “clamshell” hinges (Hinge 1, residues 494-498; Hinge 2,
residues 729-733). The two carboxy groups of LY2152080 also form hydrogen
bonds with the interdomain hinges through the main chain nitrogen of residue
Sa4g7 in Protomer B and through water-mediated hydrogen bonds with the main
chain oxygen of F4g5 of Protomer B, main chain oxygen and nitrogen of K730 and

main and side chains of S729 of Protomer A.and B (Figure 3.3 C - E).

Binding of LY506091 and LY21 52080 to GluR2 flop ligand binding core

shares similar characteristics with CTZ and CX614 binding

Previous crystallographic studies have revealed a “common” modulator-binding
site in which CTZ and CX614 (and its parent compound, aniracetam) bind. CTZ
binds two molecules per dimer perpendicular to, while CX614 binds one
molecule per dimer parallel to the molecular twofold axis (Sun, Olson et al. 2002;
Jin, Banke et al. 2003). Superpositions of the crystal structures of the LBC bound
to either CTZ or CX614 demonstrate that LY506091 and LY2152080 also overlap
the common binding site. With one molecule per dimer, their single aromatic

rings are oriented like the central aromatic ring of CX614 but with additional
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functional groups oriented in a similar manner to both molecules of CTZ (Figure
3.4). Although CTZ and CX614 bind within a common region, they have different
functional, isoform-specific consequences on AMPA receptors. CTZ blocks
desensitization with only a modest effect on deactivation of GIuR2 flip with much
less of an effect on desensitization and deactivation of GIuR2 flop. CX614, on
the other hand, is less efficacious than CTZ at slowing desensitization of GluR2
flip; more efficacious than CTZ at slowing desensitization of GluR2 flop; and
more efficacious at slowing deactivation than CTZ in both GIuR2 flip and flop.
Because the LY506091 and LY2152080 interactions with the receptor share
characteristics of the interactions of both CTZ and CX614, we were interested in
defining pharmacophores for each drug, comparing individual binding sites which
may predict modulator function and, thus, the structural underpinnings of

receptor desensitization and deactivation.

A striking feature of this analysis is the extent to which all four compounds (CTZ,
CX614, LY506091 and LY2152080) interact with the same sets of residues but
through differing types of interactions (Figure 3.5). For example, P4ss forms direct
hydrogen bonds with LY506091 and CTZ, water-mediated bonds with CX614,

| and has a hydrophobic interaction with LY2152080; S,e7 forms direct hydrogen
bonds with LY2152080, water-mediated hydrogen bonds with CX614, and has a
hydrophobic interaction with LY506091; and, S72¢ forms a direct hydrogen bond
with CTZ, water-mediated bonds with LY2152080 and CX614, and has a

hydrophobic interaction with LY506091. Since all three of these example
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residues form part of the two hinge regions, it would be hard to predict from this
analysis the relative efficacies of modulation of deactivation of the four drugs,
and even harder to predict their effects on receptor desensitization. Overall, CTZ
has the most complicated residue-interaction profile, with the most numerous
direct and water-mediated hydrogen bonds, spanning all regions of the ligand-
binding core except Domain 2. In fact, of all the residues contacting all four
modulators, only G731 does not contact CTZ. The residues that interact with all
four compounds are composed largely of those constituting the hinge B-strands
that connect the upper (Domain 1) ligand-binding clamshell to the lower (Domain
2) clamshell. The interaction between LY506091 and LY2152080 and the hinges
might suggest that they would act to stabilize the closed-clamshell conformation
of the protein, as proposed for CX614, resulting in the slowing of receptor
deactivation as well as receptor desensitization. However, since LY506091 and
LY2152080 also have moieties that overlap with CTZ, modulation of deactivation

might be superceded by effects on dimer interface stability.

Functional analysis of LY506091 and LY2152080 reveals potent modulation

of deactivation

To assess the effects of the modulators on channel activity, we measured
responses evoked by ultrafast perfusion of glutamate to outside-out membrane
patches from HEK293 cells expressing recombinant AMPA receptors. Long (500

ms) pulses of 10 mM glutamate, in the presence and absence of each of the four
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modulators, permitted assessment of modulation of desensitization; brief (1 ms)
pulses allowed us to assess their effects on deactivation. Both the flip (i) and flop
(o) isoforms of GIluR2 were tested, in order to determine whether the drugs

showed isoform selectivity.

Low concentrations (10 uM) of LY506091 and LY2152080 markedly modulated
receptor desensitization of the flip isoform of GIuR2, virtually blocking the
macroscopic onset of desensitization (Figure 3.6, Table 3.1). Thus, the high-
affinity binding of the drugs accurately predicted the efficacious modulation of
desensitization. However, removal of the functional group below the plane of the
aromatic ring seemed to largely remove the flip-specificity, even increasing flop
specificity for LY506091, whereas LY2152080, which makes most of its contacts
below the aromatic ring, retained the flip selectivity. It has been proposed that
binding of the flop residue Nys4 across the dimer interface (at Hinge 2) prevents
CTZ from fully reaching its binding site (Sun, Olson et al. 2002). Our results
support this idea that the flip binding pocket is more easily accessible to
modulators like CTZ and LY2152080, although a comparative analysis of a
GluR2 flip ligand binding core crystal with or without modulator to a wild type

GluR2 flop crystal bound is necessary for a definitive statement.
As predicted by interactions with the aromatic ring structure that superposes with
the rings of CX614, both LY compounds also potently modulated channel

deactivation (Figure 3.6). A surprising finding was the ability of both LY
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compounds to profoundly slow deactivation for both flip and flop isoforms.
Although LY2152080 makes contacts below the aromatic ring and displays
isoform-specific slowing of desensitization for the flip isoform like CTZ, unlike

CTZ, it slows deactivation even for the flop isoform.

Mutation of modulator binding-site subdomains reveals isoform-dependent

differences in receptor function and modulation

Previous structural and functional studies have suggested that the functional
consequence of CTZ binding is to stabilize the dimer interface, whereas the
binding of CX614 stabilizes cleft closure around agonist. Because of each drug’s
unique effect on slowing desensitization and deactivation, this has become a
simplified model for structurally distiﬁguishing desensitization from deactivation.
To further understand the functional groups of the AMPA receptor that are
important for modulation of desensitization and deactivation, we made point
mutations of residues that seemed relatively unique to each of the drugs.
Specifically, we studied the flip/flop residue Kzg3 which is closest to Domain 2
(and is unique to the CTZ pharmacophore) and Hinge 2 residue G731 (unique to
the CX614 and LY506091 pharmacophores) and tested all four modulators on
these mutant receptors for both flip and flop isoforms. Additionally, Hinge 1
residue S4g7 and Hinge 2 residue S72¢ have been shown to play an important role
in modulation by both CTZ and CX614, so we also tested modulation by the LY

compounds on these mutant receptors. One might predict that for a modulator of
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desensitization, mutations of hinge region residues would not impair efficacious
modulation and in contrast, for a modulator of deactivation, the same mutants
would have a large impact on efficacious modulation. Further, one could use this
experimental paradigm to assess whether mutations that altered deactivation (or

its modulation) always (or never) also impaired modulation of desensitization.

Hinge 1 mutants: S49;A and S4g7T

Residue S4g; is located within Hinge 1 of the ligand-binding core and fonns direct
hydrogen bonds with CTZ and LY2152080, but also has important hydrophobic
interactions with CX614, forming part of the base of the modulator-binding
pocket. It is important to note that although hydrogen bonds are predicted to be
important for modulator function, previous reports underscore the significance of
hydrophobic interactions, especially in the case of molecules like CX614, which
slow deactivation (Jin, Clark et al. 2005). When mutated to a threonine, Ssg7 has
been shown to impair modulation by CTZ in GIuR1 flip and GIuR2 flop and also
by AMPAKkines CX546 and CX614 in GIuR2 flop, while an alanine substitution at
residue 497 is still robustly modulated by both CTZ and CX614 (Partin 2001;
Leever, Clark et al. 2003; Jin, Clark et al. 2005). Analysis of the crystal structure
of the apo ligand binding core versus that bound with ligand and modulator show
that the side chain of S,g7 rotates out of the modulator binding pocket to prevent
steric clash when modulator is bound; thus, mutation to the slightly bigger

threonine would increase steric hindrance, while mutation to the smaller alanine
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would greatly decrease it, consistent with the functional consequences of these

mutations on CX614 (Jin, Clark et al. 2005).

We tested the effects of S497A and S47T mutants in GIuR2 flip and flop on
modulation of deactivation and desensitization by CTZ, CX614, LY506091 and
LY2152080. As predicted, S497A had little effect on modulation by both LY
compounds. The most striking findings were the isoform-dependent differences.
Overall, S4g7A flip had little to no effect on modulation by LY2152080 or CTZ but
actually slowed glutamate kinetics in the absence of modulator and enhanced the
slowing of deactivation by both LY506091 and CX614. S497A flop, on the other
hand, showed a similar trend at slowing deactivation, but only the enhancing
effect on CX614 was significant. Additionally, Ssg7A flop significantly diminished
CTZ's modulation of the steady state to peak ratio (an indication of the extent of

desensitization) (Figure 3.7a, Table 3.1).

S497T had more of an impact on the flop isoform, impairing modulation by all
modulators, although not to the same extent as other similar experiments (Partin
2001; Jin, Clark et al. 2005), perhaps because of the different subunits and/or
ligands used). Although S497T impaired modulation in flop, it slowed
desensitization with glutamate alone. S.g7T when expressed in the flip isoform
was more like wild type in all cases except that the mutation enhanced

modulation of desensitization by LY506091 (Figure 3.7b, Table 3.1).
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Hinge 2 mutants: S72A and G73:A

Along with Sag7, S729 in the Hinge 2 region forms the base of the modulator-
binding pocket and has been shown to be important for modulator function
(Partin 2001; Jin, Clark et al. 2005). Where Ssg7 moves out of the way of the
modulator, S729 moves closer to form bonds with modulators and the extensive
water network within the modulator-binding crevice. Additionally, there is an
important main chain interaction of S729 across the dimer interface with N7s4 in
the flop variant. This interaction is thought to hinder CTZ binding in the flop

isoform and give CTZ its prominent flip selectivity.

Mutation of S729 to an alanine had some unpredicted, isoform-specific results. In
the flip isoform, S726A enhanced modulation of deactivation and desensitization
by LY506091, while enhancing modulation of desensitization by CX614 and
impairing CX614’s steady-state to peak ratio. Additionally, S720A flip slightly
impaired CTZ’s modulation of desensitization but slowed its modulation of
deactivation. The same mutation in the flop receptor impaired modulation of
desensitization for all modulators except LY2152080 in which case S726A actually

enhanced modulation (Figure 3.8a, Table 3.1).

Residue Gr31, within the Hinge 2 region forms a hydrogen bond with the main
chain nitrogen of l4g1 (Domain 1) within the same protomer. l4g1 has been shown
to be important for dimer stability; mutation of l431to a valine causes the channel

to more rapidly desensitize (Horning and Mayer 2004). In addition to lsg1, G731
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binds to CX614 (one protomer) and LY506091 (both protomers). To test the
importance of this residue on receptor function and modulation, we mutated G731
to an alanine, making the residue slightly bigger and more rigid. Although
mutation of glycine to a larger sidechain is not predicted to interfere with main-
chain interactions, preventing the flexibility of this residue may. Interestingly,
Gr31A sped deactivation and desensitization for both flip and flop even in the
absence of modulator. Although all modulators but CX614 could modulate the
Gr31A receptor in flip (with impairment), only CTZ could modulate Gr31A in flop,
drastically increasing its current amplitude (Figure 3.8b, Table 3.1). Because
Gr31A sped the control glutamate response of GIuR2, it is likely that this residue
is also important for dimer stability, further implicating Hinge 2 in desehsitization

and deactivation.

Flip/Flop mutant: K763Q

It has been hypothesized that CTZ has a dual action on receptor function,
slowing or blocking desensitization while speeding receptor deactivation in the
non-desensitizing L4saY mutant (N.A. Mitchell 2004). Of all four modulators, CTZ
reaches the farthest to Domain 2 and has the least impact on receptor
deactivation. The region of CTZ that is close to Domain 2 of the receptor might
also be responsible for this effect of speeding deactivation. Residue Kzg3 is
located in Helix K of the flip/flop domain, its side chain hydrogen bonds to E743 of
Domain 2, while forming a water-mediated hydrogen bond with CTZ through its

main chain. Although mutating this residue to an alanine likely has more of an
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effect on flip/flop interactions with Domain 2, we also hoped to perturb its
interaction with CTZ since it is one of the only residues that bind to CTZ and no
other modulator. Despite the fact that residue K763 is not located at the dimer
interface (thought to be important for desensitizatibn) or the receptor hinges
(thought to be important for deactivation), mutation from a lysine to a glutamine
had a considerable impact on desensitization and modulation of both flip and flop
isoforms (Figure 3.8c, Table 3.1). Notably, K73Q sped desensitization in
response to glutamate without an effect on deactivation for both isoforms. In
most cases, mutation to a glutamine impaired modulation by CTZ and
LY2152080 with the exception of slowing deactivation with CTZ in flip and with
LY506091 and CX614 in flop. These data support the idea that flip/flop
interactions with Domain 2 and modulator are important for receptor
desensitization and modulation of desensitization. Additionally, these data lend

support to the dual-action-of-CTZ theory with the flip but not the flop isoform.

3.5 Discussion

We describe here the characterization of two new positive allosteric modulators
~of AMPA revceptors: the bis-alykylsulfonamide LY506091 and the bis-

carboxythiophene LY2152080. Co-crystals of each compound with L-glutamate

and the GIuR2 flop ligand binding core have been solved and reveal that both

compounds have overlapping binding sites with- CTZ ahd CX614, within the

previously described modulator binding pocket located at the inter-dimer

interface and the clamshell “hinges”. In an attempt to dissect the molecular
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determinants of deactivation from those of desensitization, we tested modulation
by ali four compounds on both GIuR2 flip and flop wild-type receptors and on
receptors with mutations of two residues that bind uniquely to CTZ (K7s3Q) or to
CX614 and LY506091 (G731A). Additionally, we revisited mutations of other
residues within the common modulator-binding site that have previously been
shown to be important for modulation by CTZ and CX614 (S497A, S4e7T, and
S726A) and measured their consequences on modulation by the LY compounds.
In contrast to our hypothesis that unique molecular contacts would have effects
only on one class of modulator, our studies indicate that any mutation in this
general area can affect modulation of deactivation and/or desensitization by any
of the four drugs studied. Thus, we conclude that the structural underpinnings of
deactivation and desensitization cannot be separated by studying a single
residue that interacts uniquely with a modulator of deéensitization (CTZ) versus a

modulator of deactivation (LY506091).

Computer modeling of putative mechanisms of positive allosteric
modulation. Previous studies have suggested that CTZ interacts with residues
at the dimer interface stabilizing subunit interactions and thereby prevents the
struttural rearrangement that results in receptor desensitization, whereas CX614
interacts with residues that form the clamshell hinges, thereby stabilizing the
ligand-bound, closed-cleft receptor conformation and slowing channel
deactivation. Thus, CTZ modulates only desensitization without modulating

deactivation — or, CTZ modulates desensitization and negatively modulates
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channel deactivation. However, it was left unclear whether the macroscopic
modulation by CX614 of receptor desensitization arose independently or

dependently on its effects on channel deactivation.

Three potential explanations for the dual effects of CX614 and LY506091 on
receptor deactivation and desensitization may be considered. In the first model,
CX614 independently modulates two kinetic processes: channel deactivation and
desensitization. For example, like CTZ, CX614 and LY506091 interact with
residues on both protomers at the dimer interface, and could serve to make
structural rearrangements underlying receptor desensitization less likely. In fact,
equilibrium sedimentation analysis indicated that, like CTZ, CX614 promotes
dimerization of the isolated ligand-binding core (Sun, Olson et al. 2002; Jin, Clark
et al. 2005). Thus, CX614 and LY506091 could modulate deactivation by
stabilizing the closed cleft conformation, and independently modulate
desensitization by preventing dimer interface rearrangements. A second model to
be considered is that both deactivation and desensitization occur from a common
structural precursor state, the ligand-bound, closed cleft conformation (Figure 9).
If CX614 and LY506091 stabilize this state, the result could be a slowing of
macroscopic rates of deactivation and desensitization. A third model is that
CX614 and LY506091 modulate only channel closing, and their apparent
modulation of deactivation and desensitization arise as a result of this single
action on channel gating. Our current lack of understanding of AMPA receptor

gating, and the absence of single channel studies, prevent a rigorous test of
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these different models. However, the Robert and Howe model (Robert and Howe
2003; Robert, Armstrong et al. 2005) prbvide an excellent starting place to begin
to address these issues. Thus, in Figure 9 we present data comparing models 2
and 3. Tq test model 2, we decreased the probability of a receptor exiting the
ligand-bound, closed-cleft conformation by reducing the rates of agonist
dissociation (k.1), the rate of channel opening (), and the rate of the onset of
desensitization (81) each by two-fold. To test model 3, we simply slowed the rate
of channel closing (a). We found that model 3 more closely fit the experimental
data, that is, the modulation of receptor deactivation and concomitant block of
receptor desensitization. If this is correct, we would predict that single channel
analysis would demonstrate that CX614 and LY506091 directly modulate
channel closing, rather than merely stabilizing the ligand-bound closed left
conformation, thereby increasing the probability of a channel either opening or

desensitizing.

Designing potent, high-affinity, isoform-selective positive allosteric
modulators. An initial problem with modulators of AMPA receptors was the need
to increase their affinity, as well as improve their subunit and splice isoform
selectivity. In this regard, LY506091 and LY2152080 provide important new
insight. First, it is clear that both drugs can bind to the modulatory site with higher
affinity (nM) than previously-described modulators, indicating that the site is
amenable to the development new, therapeutically-relevant compounds.

Secondly, LY506091 and LY2152080 are very efficacious, suggesting that there
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is a relationship between high-affinity binding to the site and efficacious
modaulation of receptor activity. Thirdly, LY506091 and LY2152080 have very
surprising isoform selectivities that were not predicted from their binding
characteristics. Although LY2152080 showed a slight preference for the flip
isoform in binding, it was dramatically more efficacious at modulating the kinetics
of flip isoforms than flop. The basis of this preference is not clear from the
present studies. Co-crystals of the flip and flop interface of the GIuR2 LBC with
agonist are not markedly different (David Timms, data not shown), suggesting
the limitations of the static crystal structure in detecting differences in isoform-

specific kinetic properties and modulation.

The functional implications of the selectivity of LY2152080 may be very
significant. One of the concerns about using AMPA receptor positive modulators
clinically is our insufficient understanding of how enhancing the AMPA receptor
component of excitatory synapses compares with the effects of enhancing AMPA
receptors on inhibitory cells. For instance, the CA1 region of the hippocampus
contains pyramidal neurons that are excitatory but also receive iriformation from
inhibitory interneurons which are themselves activated by excitatory neurons,
confounding the predicted effects of any given AMPA modulator. In this case, the
goal for rational drug design becomes the ability of a modulator to affect the
overall tone of excitation or inhibition within the circuit. Effects of AMPAkines
CX516 and CX546 (which are slightly flop-selective) on excitation have been

shown to outweigh their effects on inhibition, while CTZ seems to have a similar
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effect on both pyramidal cells and interneurons (Xia and Arai 2005). Importantly,
principle neurons express AMPA receptors composed of predominantly flip
isoforms, whereas interneurons express AMPA receptors with a substantial flop
component. Thus, LY2152080 would be predicted to enhance the excitatory
component of principal neurons, while not effectively modulating the AMPA
receptors on inhibitory cells, whereas LY506091 would affect both types of cell
equally. Thus, future studies in a slice preparation using LY506091 and
LY2152080 could provide important new information relevant to the development

of the AMPA receptor complex for therapeutic benefit.
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GIuR2 Flip Wild-type S497A $497T S729A G731A K763Q

500ms GLU 6.7204 11.1£22 67x02 - 62x12 05003 46203
(22 6) Q) @ (15) (18)
SS/Pk GLU 0.04+001 0.10:0.05 0.02:0.004 001+0.005 003+0.01 003x0.01
(22 ®) 4 ) (15) (18)
1ms GLU 0.8+0.1 12£04 1001 11203 042004  1.0x0.1
@1 4 @ ©) (15) (15)

500 ms LY506091 | 116.5+38.1 59.4+0.00 non-desens non-desens 9.3+26 217.6 £ 50.2
(®) (1) ) e (6) 5
S§S/Pk LY506091 092+0.03 090:+0.00 098:0.002 1.01:+0.004 004:0.01 089x003
(5) (1) 3 1t 6 6

1 ms LY506091 1.8+03 7.8 +0.00 46x+1.6 6.1+07 0.4+01 4109
5 (1) ) 2 (6) (5)
500 ms CX614 465120 39.2+142 650x+180 1140+90 09+0.1 62.9x 16.5
(10) 3 @ “ (6) 9
SS/Pk CX614 066+0.05 089:0.01 079:006 0.29+003 0.05:0.02 0.3910.03
1)) (4 3) @ (6) 9

1 ms CX614 19207 42x07 1.3+0.02 1.3x201 05+0.1 22+03
(10) 4 )] (4 6 6]
500 ms LY2152080 | 49.0 +20.8 29.1+28 80x1.2 11419 6.3+1.6 53x 02
™ (3) ) @ ®) 1)
SS/Pk LY2152080 | 066+0.11 066+001 078+0.02 0.87+0.004 0.06:0.01 0.05=0.01
@ )] o)} @) ® @

1 ms LY2152080 56+1.2 37x04 45+1.2 3605 0.5+0.04 14x03
@ )] K] 3 ® Y

500 ms CTZ Non-desens non-desens non-desens 318.9:37.1 86.6x+35.6 378+ 6.0
(8 9 (3) (4) (6) (11)

SS/Pk CTZ 096+0.02 092+0.02 099:0.01 0912002 072006 0.76x0.02
® ©) ©) ®) - ® (1)
1ms CTZ 13203 14203 19202 2605 0.8+0.1 2502
® (6) ® S (6) (10)
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GIuR2 Flop Wild-type S497A S497T S729A G731A K763Q

500ms GLU 160.1 2120.1 30:07 1.0£005 08+004  1.0x01
(22) @ &) ©) ®) (25)
SS/Pk GLU 0.03£0.01 003+0.02 002+002 0010002 003x001 00220.003
(22) @ (©) ©)} ©) (25)
1ms GLU 0.7 £0.1 0.9£0.1 10203 0.5x0.1 0.5+0.1 0.720.05

(18). 4 (3 3 (9 (23)
500 ms LY506091 | non-desens non-desens 15.6+£5.7 217.8+73.2 1.1£0.2 non-desens
(12) ®) @ 4 @ (6
SS/Pk LY506091 094001 087:001 060:+003 087003 002:001 095:001
(12) (5) &) 4 @ (6)

1 ms LY506091 28+04 36+06 35+04 4011 0.3 +0.02 7012
(12) 5 3 4 @ 6
500 ms CX614 136.3+26.7 134.8 +28.1 2105 164.9 + 25.7 1.0+ 01 1208 + 144
(10) ® @ (6) @ ®
SS/Pk CX614 067+0.02 089:002 0.05+001 015:003 006+£0.02 0.23+0.02
(13 @ ® 3 ® )]

1 ms CX614 1.9+02 6.1x09 0801 3116 05+0.1 43105
(12 )] ) @ )] )]

500 ms LY2152080 23x02 24+ 04 19x02 134.1 +454 15%03 0.9+0.1
(11) (3) @ ()] (8 8
SS/Pk LY2152080 | 0.18+0.04 025+007 0.01x0.005 056+0.03 0.07+0.03 0.03x0.01
(1) @ 3 ® ® ®

1 ms LY2152080 3715 1402 0901 73+18 0.3+0.03 0.6+ 0.03
] @ )} )} it @

500 ms CTZ 1529+ 123 1486135 9121140 852+9.7 50.5+ 5.1 524x+49
8 6 )] ] (6) ®

8S/Pk CTZ 033+£0.05 0.15%003 005:002 007:002 003:001 012:006
® (6) 4 2 6) ®
1msCTZ 0.6x0.1 0601 0.9:04 0.7£0.1 0903 0.80.1
®) (6) ) @ (6) @®
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Table 3.1. Summary of electrophysiology déta for homomeric GIuR2 WT, S4g7A,
S497T, S729A, Gr31A, and Kye3Q, flip and flop receptors heterologously expressed
in HEK293 cells exposed to glutamate alone or glutamate and each of 4
modulators. Data reported as mean + SEM compared using ANOVA with
Dunnett’s test for multiple comparisons within each receptor type to L-glutamate
“control”, (3, p<0.0001; ®, p<0.001; ¢, p<0.05 )or between wild type and mutant (°,
p<0.0001; °, p<0.001 ; f p<0.05) . Data were fit with a double exponent_ and
both fast (F) and slow (S) components were combined into a weighted average
based on their respective amplitude contributions (%Arast X trast + %Asiow X

Tsiow)- Non-desens, cells that did not desensitize in response to modulator.
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Figure 3.1. Chemical structures (top) and omit eleciron density maps (bottom) of
two positive allosteric modulators of AMPA receptors, a, Bis-Alkylsulfonamide
506091 (LY506091) and b, Bis-Carboxythiophene 2152080 (LY2152080). Omit
density map for LY506091 (A) was calculated using |Fo |- | F¢ | coefficients, view
is shown perpendicular to the two-fold axis. A simulated omit density map for

LY2152080 is shown (B).
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Figure 2

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2. LY506091 and LY2152080 co-crystals with GluR20 S1SJ2 and L-
glutamate. a, One molecule of LY506091 (magenta CPK) binds within the dimer
interface at the clamshell hinges.' View looking down the twb-fold axis.
Glutamate (GLU) is shown as red CPK. S1SJ2 is shown in cartoon
representation. b, View of LY506091 perpendicular to the two-fold axis, S1SJ2 is
shown in surface representation. ¢, One molecule of LY2152080 (pink CPK)
binds within the dimer interface at the clamshell hinges. View looking down the
two-fold axis. Glutamate is shown as red CPK. S1SJ2 is shown in cartoon
representation. d, View of LY2152080 perpendicular to the two-fold axis, S1SJ2

is shown in surface representation. D1 and D2, Domains 1 and 2, respectively.
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Figure 3.3. Although both LY modulators bind at the dimer interface and hinges,
-they make different contacts with the receptor. a, Top view of LY506091
(magenta stick) looking down the two-fold axis of symmetry showing the
relationship of LY506091 to the hinge regions of S1SJ2 b, Side view of
LY506091 rotated 90° about the x-axis from view A ¢, Top view of LY2152080
(pink stick) showing the relationship of LY2152080 to the flip/flop and hinge
regions of S1SJ2 d, Side view of LY2152080 , rotated 90° about the x-axis from
view ¢, omitting the flip/flop regions of Protomers A and B for clarity. e, Side view
of LY2152080 rotated 90° about the y-axis from view d, omitting the hinges of
Protomer B for clarity. Residues within 3.2A of S1SJ2 are shown in ball-and-
stick representation with CPK colors and carbons colored according to protomer
(green, A and blue, B). Yellow residues indicate sites of point mutations.
Residues K763 and G731 are represented in stick view in panels c-e, illustrating
sites of these residues in relation to LY2152080 even though they do not form
contacts with LY2152080. Water molecules are shown as cyan spheres.

Calculated hydrogen bonds are shown as black dashed lines.

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- da cTz b cxsta

g

LY506091

LY2152080

Figure 4

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.4. LY506091 (magenta stick, a and b) and LY2152080 (pink stick, ¢ and
d) share common groups with both classes of potentiators, cyclothiazide (CTZ,
green stick, left panel) and Ampakine, CX614 (slate blue sti;:k, right panel). Aside
from carbons, colors are shown in CPK. Top (upper) and side (lower) views of
each overlay are provided. e, Alignment of LY506091 and LY2152080. f, Side
view of same alignment in pénel E with -10° tilt about the x-axis illustrating the
postion of both compounds at the Hinge 1 (chartreuse and purple beta sheets),
Hinge 2 (green and blue beta sheets) and flip/flop (pale green and sky blue)

regions for reference.
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Figure 3;5. Pharmacophores of CTZ (a) , CX614 (b) , LY506091(c) and
LY2152080 (d) show different profiles of drug binding. Residues within 3.2 A of
each compound are defined by red semi-circles, residues between 3.3 and 4.9 A
are defined by green semi-circles and water molecules participating in hydrogen
bonds but greater than 5.0 A from drug are defined by blue circles. Calculated

hydrogen bonds are illustrated by black dashed arrows.
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Figure 3.6. LY506091 and LY2152080 modulate deactivation and
desensitization of GIUR2 flip and flop. LY2152080 is isoform-specific for flip.
Representative traces for homomeric WT GIuR2 flip (i) (left panel) and flop (o)
(right panel) receptors heterologously expressed in HEK293 cells exposed to
1ms (deactivation protocol) or 500 ms (desensitization protocol) of glutamate
alone or glutamate plus each of 4 modulators. Inverted traces above Control
traces are representative open-tip junctions. 2-exponential fits for decay times

(see Table 2) are shown in red.
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Figure 3.7. Effects of Hinge 1 mutations on GluR2 modulation. as, by,
Representative traces for homomeric GIUR2 S4g7A (a1) and S4g7T (b4), flip (i) (left
panel) and flop (o) (right panel) receptors heterologously expressed in HEK293
cells exposed to 1ms (deactivaiton protocol) or 500 ms (desensitization protocol)
of glutamate alone or glutamate plus each of 4 modulators. Inverted traces above
Control traces are representative open-tip junctions. 2-exponential fits for decay
times (see Table 2) are shown in red. a;, by, Fold modulation of deactivation (top)
and desensitization (bottom) of GIuR2 wild-type (black bars) and GIUR2 Ssg7A
(az, gray bars) or GIUR2 S4g;T (b2, gray bars) by each of 4 modulators. Flip, left;
Flop, right. Fold modulation is the ratio of decay time constant, <, with modulator
(MOD) to T without modulator (GLU). Because these are fold changes of means
(no single cell was exposed to both modulator and control), no error/error bars

can be reported.
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Figure 3.8. Effects of Hinge 2 and i/o mutations on GIuR2 modulation. as, b4, ¢4,
Representative traces for homomeric GIUR2 S726A (a1) ; G731A (b4); and Kre3Q
(c1); flip (i) (left panel) and flop (o) (right panel) receptors heterologously
expressed in HEK293 cells exposed to 1ms (deactivaiton protocol) or 500 ms
(desensitization protocol) of glutamate alone or glutamate plus each of 4
modulators. Inverted traces above Control traces are representative open-tip
junctions. 2-exponential fits for decay times (see Table 2) are shown in red. a,
b2, ¢1, Fold modulation of deactivation (top) and desensitization (bottom) of
GluR2 wild-type (black bars) and GIuR2 S735A (a2, gray bars); GIUR2 Gz34A (b2,
gray bars); or GluR2 K763Q (c2, gray bars)by each of 4 modulators. Flip, left; Flop,
right. Fold modulation is the ratio of decay time constant, t, with }nodulator
(MOD) to T without modulafor (GLU). Because these are fold changes of means
(no single cell was exposed to both modulator and control), no error/error bars

can be reported.
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CHAPTER 4: DISSERTATION SUMMARY AND FUTURE

DIRECTIONS

4.1 Dissertation Summary

Much research has been conducted on AMPA receptor structure, function
and modulation. Solving of the crystal structure of the isolated GIuR2 ligand
binding core has provided valuable insight into the structural determinants of
these mechanisms; however, interpretations of the crystal structure alone are
limited. Functional data has aiso greatly contributed to the structural studies, but
until now has been incomplete. This is the first body of work that looks at 4 major
classes of modulator, taking into account isoform differences in the same AMPA
receptor subunit (GluR2) and tests 3 subdomains of the ligand binding core
previously hypothesized to be distinctly responsible for AMPA receptor
deactivation and desensitization. These data argue for a model in which the
AMPA receptor depends upon global changes, using the same mechanism for
closing the receptor in deactivation as is used for closing the receptor in
desensitization. However, the exact mechanism the ligand bind'ing core uses to
contact and direct the activation gate remains unclear. The idea that using
modulators to work backwards to understand innaté AMPA receptor gating is

interesting but not without flaw when modulators have overlapping binding sites -
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and actions; however until more distinctly acting drugs are designed (like
LY2152080) or better methods are developed and experiments designed for
testing AMPA receptor function in the intact receptor, this approach will have to
do and is currently the best approach for the necéssary design of more specific

drugs.
4.2 Present Results Lead to Follow-up Studies

4.2.1 Computer Simulations And Single Channel Recording Offer Higher
Resolution Techniqdes To Understanding Mechanisms Of AMPA Receptor
Gating And Modulatioh.

Computer simulations have suggested that slowing cleft opening from around
agonist (current proposed model of slowing deactivation) does not fully account
for the effects seen by drugs such as CX614 which have a greater impact on
deactivation rates than the benzamide drugs that primarily slow desensitization
and prevent dimer dissociation. However, CX614 does have considerable
impact on desensitization rates, so it may be that the states are distinct and our
tools to resolve them are not, but because the hinge region of the clamshell is
located at the dimer interface, it is more likely that there is at least some

interaction between deactivétion and desensitization.

The current model of AMPA receptor kinetics assumes that the time it takes the

receptor to get from the resting to open state depends on agonist binding to each
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subunit, with a graded opening to the fully-occupied, maximally open state. This
idea is supported by three (and more recently, four) different conductance states
(Rosenmund, Stern-Bach et al. 1998; Gebhardt and Cull-Candy 2006). Although
the opening of the receptor is graded and dependent on subunit occupancy of
agonist, the closing of the channel is assumed to be one step, independent of
subunit occupancy. Although it is unlikely that agonist unbinds from the open
state, closing of the channel may, in fact, also be a graded process with each
subunit entering its own “closed” (deactivated or desensitized) state.
Furthermore, it seems plausible that deactivation and desensitization could be
part of the same process, with the ligand binding core acting as a barometer for
glutamate concentration. In this sense, it would be valuable to usé single channel
analysis to test the experimental conditions of deactivation (1ms) vs.
desenstization (500 ms) with glutamate in varying concentrations. If opening
frequencies or duration times are different or occupancy time in individual
conductahce states are different (without affecting overall P,), this might suggest
a further relationship between deactivation and desensitization where
deactivation is simply incomplete desensitization, and a comparable off time
might be seen if you increase the concentration of glutamate for the 1 ms
protocol compared to the 500 ms protocol. If this is the case, then, it is likely that,
opposite to opening, each subunit has its own desensitized configuration,
contributing to the closure of the pore and that if 3 or more of the subunits are in
that configuration, then the channel will be closed. Deactivation and

desensitization could be two distinct states or just a gradation of the same
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closing process, where less agonist=less subunits that are desensitized that the
channel must recover from before opening again.

4.2.2 Full Isoform Differences Have Yet To Be Elucidated
The developmental, structural and functional differences between AMPA receptor
flip and flop splice isoforms is well characterized, demonstrating how two of the
three regions that have different residues are important for receptor kinetics and
modaulation; however, little is known about the highly conserved Region 3 (GGGD
in GluR1-4 flop; KDSG in GluR1-4 flip), proximal to TM4.

Although Region 3 does not affect rates of desensitization or rates of
recovery from desensitization like Regions 1 & 2 (Quirk, Siuda et al. 2004), the
possibility that it does not affect some aspect of AMPA receptor gating,
assembly, modulation or signaling interaction is highly unlikely. Future
experiments to understand the role of the Region 3 differences might include
additional site-directed mutagenesis studies, testing the effects of sWapping flip
and flop residues in Region 3 paired with additional electrophysiological, optical,
and immunoblot methods to look for functional differences, differences in cellular

and subcellular localization, and differences in protein-protein interactions.

4.3 Future Directions: Use Of Other Techniques To View AMPA Receptor
Dynamics

Most of the experiments from the present study were designed using as a guide
x-ray crystallography structures of the isolated GluR2 flop ligand binding core co-

crystallized with agonist and modulators, where structures were analyzed from a

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



solid, possibly constrained state and not necessarily in physiological conditions.
Aiternatively, because it takes advantage of proteins in solution, nuclear
magnetic resonance (NMR) may reveal more about the dynamics of AMPA
receptors in different states and exposed to different modulators. Another
approach would be to use single-particle cryo-electron microscopy, although this
technique lacks the high-resolution images of x-ray crystallography, it is capable
of capturing images of proteins in multiple states. Fltjorescence Resonance
Energy Transfer (FRET) is another method that has and will continue to help the
present studies. Together with electrophysiological data these structural
visualization techniques likely will contribute to the ultimate goal of revealing the

molecular determinants of AMPA receptor gating and modulation.
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APPENDICES

APPENDIX 1: COPIES OF CONTRIBUTING MANUSCRIPTS
1.1 Identification of a site in GIuR1 and GIuR2 that is important for
modulation of deactivation and desensitization (Leever et al., 2003)
1.2 Mechanism of Positive Allosteric Modulators Acting on AMPA
receptors (Jin et al., 2005)
1.3 Kynurenic acid has a dual action on AMPA receptor responses
(Prescott et al., 2006)
1.4 'i'he proximal cytoplasmic tail of AMPA receptors is required for

stargazin-mediated trafficking (Bedoukian et al., 2006)
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ABSTRACT

The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid sub-
type of lonotropic glutamate receptors consists of rapidly gating

fon channels. Positive modulation of channel gating may slow
gahtg kinetics through at least two distinct mechanisms, evi-
denced by the predominant slowing of either the rate of receptor
desensitization or the rate of offset after agonist withdrawal (de-
acﬁvahon) ﬂlsswdyoormmewﬁa\soﬁwoposnweauo-

and 1-(1, iperi {CX546), which
modulates deactivation] in a mutant shown previously to impede
modulation axperiments test the hypoth-

by
esisﬂ\anhepontnutaﬁon GluR1(S493T), would aiso cause a

loss of modulation by CX546. Wild-type GiuR1 through -4 recep-
tors were modulated by CX546, as assayed by the potentiation of
steady-state curments in the Xenopus fasvis oocyte expression
system. CX546 potentiated steady-state curments of both splice
isoforms of GluR1. Modulation by CX546 was completely abol-
ished in GluR1(S4937) and its homolog, GIuR2{S497T), although
this mutation did not affect apparent affinity in the ab-
sence of CX546. Thus, the GluR1(S493T) mutation has a similar
impaiment of modulation by either cyclothiazide or CX546, indi-
cating that some residues at the subunit interface of glutamate
receptors play an important role in channel deactivation and de-

Ionotropic glutamate receptors are responsible for fast ex-
citatory synaptic transmission in the central nervous system
(Dingledine et al., 1999). Subtypes of glutamate receptors
contribute to neuroplasticity: in animal models of learning
and memory, N-methyl-D-aspartate receptors induce neuro-
plasticity, whereas the a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) subtype of ionotropic glutamate
receptors maintain the potentiated state (Huang and
Stevens, 1998). In some cases, the potentiated state is main-
tained through cellular mechanisms that increase both the
number and activity of AMPA receptors (Isaac et al., 1999).
Thus, both N-methyl-n-aspartate and AMPA receptors may
be important targets for the development of pharmacological
agents that improve cognitive function and thereby treat
brain damage or disease (Lynch, 1998).

This work was supported by American Heart Association Scientist Devel-
opment grant 0030100N and National Institutes of Hulth gmnt ROl-
MHM'IM(MK.MP)JDL:.-HWI' d d

y findings relat ‘tot.huworkwmpnnoulypubhlhodeac
Numm Abotr 27:480.12, 2001.

Two known classes of drugs act on AMPA receptors and have
cognition-enhancing actions: the benzamides, including the
AMPAkine CX546 and aniracetam; and the benzothiadiazides
(BTDs), including cyclothiazide (CTZ) and IDRA21 (Isaacson
and Nicoll, 1991; Yamada and Rothman, 1992; Zivkovic et al.,
1995; Arai et al., 2002a). The AMPAkines have shown promise
in improving cognitive function in laboratory animals and hu-
mans (Granger et al., 1993; Staubli et al., 1994; Arai et al,
1996b; Ingvar et al.,, 1997; Lynch et al., 1997). In particular,
there are several recent reports on the mechanism of action of
the AMPAkines CX516, CX546, and CX614 (Arai et al., 1996a;
Arai et al., 2000, 2002b; Nagargjan et al., 2001). A potential
problem for therapeutic use of cognition-enhancing drugs is
that excessive AMPA receptor activity may induce hyperexcit-
ability and seizures (Pelletier and Hablitz, 1996; Yamada,
1998). Thus, the development of brain-region—specific and sub-
type-specific drugs is an important goal that may require un-
derstanding the molecular mechanisms of these drugs.

Cognition-enhancing drugs modulate AMPA receptor gat-

ABBREVIATIONS: AMPA, a-amino-3-hydroxy-5-methyi-4-isoxazolepropionic acid; CTZ, cyclothiazide; CX5486, 1-(1 .4—bent§dom-6—ylelrbon-
yhpiperidine; BTD, benzothiadiazide; GiuR, ionotropic ghitamate receptor; IDRA21, 7-chloro-3-methyi-3,4-dihydro-2H-1,2 4-benzothiadiazine
1,1-dioxide; BAPTA, 1,2-bis{2-aminophenoxy)ethane-N,N,N' N'-tetraacetic acid; HEK, human embryonic kidney; DMSO, dimethyl sulfoxide; WT,

wild type.
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ing, including channel desensitization and deactivation; they
also may modulate agonist affinity. Desensitization is the
process by which the channel moves to a nonconducting
state, although the agonist remains bound, thereby uncou-
pling ligand binding from channel opening. In contrast, de-
activation is channel closure in the absence of desensitiza-
tion; experimentally, this is measured as the offset of current
after the withdrawal of the agonist (74,,.). Thus, measure-
ments of deactivation do not resolve channel closure from
agonist unbinding. Generally, drugs such as benzamides are
believed to modulate AMPA receptors by slowing deactiva-
tion. However, it has been proposed that there are different
subfamilies of benzamides having distinct modulatory prop-
erties (Arai et al., 2002b). These investigators proposed that
CX546 is a member of the subfamily that primarily slows
channel closing rates (increasing 74,,.); this delays entry
into the desensitized state, resulting in a secondary slowing
.of the macroscopic rate of channel desensitization (increasing
Ta.a) Alternatively, Nagarajan et al. (2001) suggested that
CX546 slows agonist unbinding and increases the rate out of
- the desensitized state. Their hypothesis was supported by
their findings that a nondesensitizing mutant receptor was
still modulated by CX546, by virtue of the increase in agonist
affinity. Either of these actions of benzamides is in contrast
to the proposed actions of BTDs, including CTZ, which slow
or block entry into the desensitized state with only a modest
secondary effect on channel deactivation (Partin et al., 1996).

(kmmstmtmththeumventwnalxdeathatallMcmnsx
tions involve intersubunit interactions, Sun et al. (2002) pro-
posed that movement of AMPA receptor subunits at a dimer
interface mediates desensitization. Using the isolated GluR2
agonist-binding domain, they found that CTZ spans this inter-
face by forming hydrogen bonds and nonpolar contacts with
amino acids from both subunits. CTZ may stabilize the inter-
face and subsequently block transition of the receptor into the
desensitized state. Thus, CTZ stabilizes the ligand-bound, non-
desensitized conformation of AMPA receptors.

We previously mutated a residue at the subunit interface,
GluR1(S493T), that impedes CTZ modulation of desensitiza-
tion (Partin, 2001). These results are supported by structural
data, which show that the homologous residue in GluR2,
Ser497, hydrogen bonds with CTZ (Sun et al., 2002). Taken
together, these data further implicate the subunit interface
in desensitization and BTD action. In contrast, the binding
site(s) of modulators of deactivation (e.g., CX546) have not
been characterized. Modulator binding is presumed to be
extracellular and coupled allosterically to the agonist-bind-
ing domain because the effects of CX546 depend on agonist
concentration (Nagarajan et al., 2001).

The present study tests the hypothesis that the mutation of
GluR1(S493T) also alters modulation by CX546. This assumes
that channel deactivation (channel closing) requires a concerted
conformational change at a dimer interface. To test this hypoth-
esis, we compared CX546 and CTZ modulation on mutant and
wild-type AMPA receptors. The results indicate that GluR1
Ser493 mutations severely impair modulation by CX546 as well
as by CTZ, suggesting that a common binding site exists.

Materials and Methods

Plasmids and Mutants. Plasmids encoding cDNAs for flip (i) and
flop (o) variants of wild-type GluR1 through -4 were gifts of Dr. Peter

A1l

Seeburg (University of Heidelberg, Heidelberg, Germany) and Dr.
Stephen Heinemann (Salk Institute, La Jolla, CA). Site-directed
mutagenesis (QuikChange Mutageneeis Kit; Stratagene, La Jolla,
CA) was performed to generate GluR1(S493T) and GluR2(S497T)
mutations, which were confirmed by DNA sequencing (Macromolec-
ular Resources Facility, Colorado State University; Fort Collins,
CO).

Oocyte Expression. Capped mRNA was synthesized in vitro
from linearized AMPA receptor ¢cDNAs using T3 (GluR3) or T7
(GluR1, -2, and -4) polymerase (mMessage Machine; Ambion, Austin,
TX). Oocytes were surgically obtained from adult Xenopus laevis
(Nasco, Fort Atki WI) anesthetized by immersion in 3% Tric-
aine (Sigma, St. Louis, MO) for 15 min and then placed on an ice bed.
Animal care and surgical procedures conformed to institutional An-
imal Care and Use Committee standards and practices and were
carried out in accordance with the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. Harvested ovar-
ian lobes were cut into small pieces and incubated with 1.5 mg/ml
collagenase A (Roche Diagnostics, Indianapolis, IN) in calcium-free
buffer (82.6 mM NaCl, 2 mM KCl, 1 mM MgCl,, and 5 mM HEPES,
pH 17.5) for 90 min at room temperature on a Nutator (Clay Adams,
Parsippany, NJ). After thorough washing (88 mM NaCl, 1 mM KCl,
2.4 mM NaHCO;, 0.3 mM Ca(NO,),, 0.41 mM CaCl,, 0.82 mM
MgSO,, and 15 mM HEPES, pH 7.6, selected eggs were stored at
18°C and injected 16 to 24 h later. RNA (46 nl) at 0.5 to 1.0 ug/ul was
injected into the oocyte cytoplasm with the use of a Drummond
positive-displacement injector using micropipettes pulled to a diam-
eter of <10 um. To increase the channel conductance of homo-
oligomeric WT GluR2, RNA was made from the pore mutant
GluR2(R607Q) (the same mutation also referred to as “GluR2q” by
Nagarajan et al., 2001). The receptors made from this mutant con-
ducted robust current and had an inwardly rectifying current-volt-
age relationship. GluR2(S497T) was constructed within this pore
mutant background and therefore is a double mutant.

Oocyte Electrophysiology. Experiments on oocytes were per-
formed under two-electrode voltage clamp (Axoclamp 2A or Ge-
neClamp 500B; Axon Instruments, Union City, CA) at a holding
potential of —60 mV in a continuously perfused chamber of approx-
imately 5 ul volume. The extracellular solution was calcium-free [88
mM NaCl, 1 mM KCl, 2.4 mM NaHCO,, 0.3 mM Ba(NO,),, 0.41 mM
BaCl,, 0.82 mM MgSO,, and 15 mM HEPES, pH 7.6), to which was
added glutamate, cyclothiazide (20 mM stock solution dissolved in
DMSOQ), or CX546 (40 mM stock solution dissolved in DMSO) (all
drugs were purchased from Sigma/RBI (Natick, MA). Drug concen-
trations used to determine the ECy, values in Table 1 were: CTZ,
1-300 uM; CX546, 1-1500 uM; and glutamate, 0.1-10,000 uM. So-
lution exchange was controlled via an electronic BPS-8 valve control
system (ALA Scientific, Westbury, NY) and electronic valves (The
Lee Co., Westbrook, CT). Drugs were applied for 60 8. Currents were
measured at steady-state levels at the end of each application of
drug. Electrodes of 0.1 to 3 M{} resistance were filled with 1 M CsCl
and 5 mM EGTA. Current responses were filtered at 100 Hz (Cygnus
Technology, Delaware Water Gap, PA) and acquired by a Power
Macintosh 7600/132 computer with an ITC-16 (InstruTECH Corpo-
ration, Port Washington, NY) interface under control of the program
Synapee (Synergistic Research Systems, Silver Spring, MD).

Oocyte Data Analysis. Data were analyzed and graphed using
KaleidaGraph (Abelbeck/Synergy Software, Reading, PA). Dose-re-
sponse analysis was with either glutamate or CX5486, as appropriate.
The lack of solubility of CX546 limited the ability to test its effects
beyond 1500 uM. Responsuwereﬁmdtothologinﬁeequ‘tionl =

nax X (141 + (ECgo/lligand]y™)), where I, is the response at a
nturaungconeentratmnofhgmd, EC,ouﬂwconoenmhonofh-
gand producing a half- i r and ny is the Hill coeffi-
cient. Sunmmmnlymdthenmlﬁunuddxﬁummbetween
groups (single-factor analysis of variance) was performed using Mi-
crosoft Excel software (Microsoft, Redmond, WA).

1.2
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Transient Tr embryonic kidney (HEK) 293
fibroblasts (American Type Culture Collection, Manassas, VA) were
cultured a8 described previously (Partin et al., 1996). Briefly, cells
were cultured in DMEM supplemented with 10% fetal bovine serum
(Gemini, Irvine, CA), penicillin/streptomycin (100 units/ml each),
and 1% GlutaMax-1 (both from Invitrogen, Carlsbad, CA). Cells were
transiently transfected using FuGene 6 reagent (Roche Diagnostics)
with GluR20 ¢cDNA and enhanced green fluorescent protein cDNA
(0.5 and 0.1 ug/35-mm dish, respectively).

Qutside-Out Patch Recordings. Currents were recorded 48 to
96 h after transfection. During recordings, cells were perfused with
extracellular solution containing 20 mM sucrose, 145 mM NaCl, 5.4
mM KCl, 5 mM HEPES, 1 mM MgCl,, 1.8 mM CaCl;'H;0, and 0.01
mg/ml phenol red, pH 7.3. Outside-out membrane patches from
transfected HEK293 cells were voltage-clamped at a holding poten-
tial of —60 mV using an Axopatch 200B amplifier (Axon Instru-
ments). Synapse software (ver. 3.6d; Synergistic Research Systems)
was used to control pi lectric t, data acquisition, and
trace analysis. Responses were filtered at 5 kHz, digitized at 10 to
500 us/point, and stored on a Power Macintosh computer using an
ITC-16 interface (InstruTECH). Thin-walled borosilicate glass mi-
cropipettes (World Precision Instruments, New Haven, CT) with a
resistance of 2 to 5 Mf) were filled with 135 mM CsCl, 10 mM CsF,
10 mM HEPES, 6 mM Cs-BAPTA, 1 mM MgCl,, and 0.5 mM CaCl,,
pH 7.2, 292 mOsm. Patches were perfused with a 8 tube (Sutter
Instrument Co., Novato, CA) flowpipe using two pairs of solutions.
The first pair assessed baseline responses to glutamate. The vehicle-
control barrel contained 145 mM NaCl, 5.4 mM KCl, 5§ mM HEPES,
1 mM MgCl,, 1.8 mM CaCl,-2H,0, DMSO (0.3-1%), and 0.01 mg/ml
phenol red, pH 7.3; the glutamate-containing barrel included gluta-
mate (10 mM) in addition to the above components. The pair of
solutions used for testing CX546 were as above, but with CX546 (300
M) added to both the control (CX546-control) and glutamate-con-
taining (CX548 + glutamate) barrels. A higher concentration of
CX546 (1 mM) was used in several pilot studies, but a 300 uM
concentration was used for subsequent experiments because of prob-
lems with response run-down, patch stability, and concerns about
the high DMSO concentrations. CX546 stock (100 mM) was dissolved
in DMSO. The flowpipe solutions were driven continuously by a
syringe pump (KD Scientific, New Hope, PA) at 0.3 ml/min. After
going into voltage clamp, an outside-out patch was pulled and then
lifted up to the flowpipe. The pipette tip was positioned in the stream
containing control enrmllulu nolut.wn near the interface between
the glutamate-free and gl t luti To
the response to glutunata alone, the pau-.h pipette was jumped
rapidly from the vehicle-control into the glutamate solution; for
assessing the drug effect, the pipette was jumped from CX546-con-
trol into CX546 + glutamate. Rapid solution exchanges of 1 or 100
ms were driven by a piezoelectric device (Burleigh Instruments,
Fishers, NY). Solution exchange rates were determined at the end of
each experiment by open-tip junction currents. The average 10 to
90% rise times of the 1-ms pulses were 0.29 to 0.32 ms per experi-
mental group (range, 0.19 to 0.44 ms). Data were excluded with rise
times of >0.5 ms.

Analysis of Rapid Responses. The rate of deactivation was esti-
mated by fitting a single exponential (7,,..,) to responses evoked by a
1-ms pulse of glutamate. The rate of desensitization was estimated by
fitting the decay of the response to a 100-ms glutamate pulse from 96%
of peak to the steady state with a single-exponential function (14,,).
There was substantial desensitization during the initial component of
responses to 1-ms glutamate pulses. Accordingly, the rate of deactiva-
tion was estimated from fits to the subsequent fast decay after the end
of the glutamate pulse. In all cases, deactivation was faster than de-
smhmmmmerswuldwmmmﬂwmteofdmy
after removal of glutamate. For all resp
wu'emeu\medﬁvmthntpmntoutbo4t06mlfmmthepeaknmph-
tude. This measurement accounted for 100% of the current decay in all
patches, except for responses in WT patches treated with CX546. In

.
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those patches, the t ted for 72 to 98% of the current
decay, so the majority of the decay was included in the fit; points beyond
this cutoff were disrupted by a solution artifact in some experiments.
Current traces and graphs were plotted using KaleidaGraph 3.5 (Abel-
beck/Synergy). Patch responses are averages of 3 to 20 successive glu-
tamate applications.

Results and Discussion

Effects of the S493T Point Mutation on Modulation by
CTZ and CX546. The GluR1i(S493T) mutation was shown
previously to impair the modulation of desensitization by 100
uM CTZ (Partin, 2001), which is consistent with the fact that
the homologous residue in GluR2, Ser497, lies at the subunit
interface and interacts with CTZ (Sun et al., 2002). Figure 1
demonstrates that the GluR1(S493T) mutation impairs modu-
lation by CX546 (Fig. 1A) and CTZ (Fig. 1B) in both splice
isoforms, as assayed by slow perfusion in X. laevis oocytes.

CTZ had a higher apparent affinity for GluR1i (ECy, = 58
$#M) versus GluRlo (EC,, = 237 uM) for potentiating gluta-
mate-evoked responses (Table 1), as has been demonstrated
previously using kainate as the agonist (Partin et al., 1994). As
expected, CTZ was also more efficacious at GluR1i, potentiating
glutamate-evoked responses with 300 uM CTZ 40-fold, whereas
GluR1o responses were potentiated only 8-fold. The Ser493

A

]
"
]

3

-
o
A

o
1

L 23
neg

POTENTIATION
lGiu+Cx546/1Glu

(1500 M CX546)

*k
i

o
}

WT WT " GuR
GuRt  SRY GuRlc et
100
n=g§

3 &8 8 8

POTENTIATION
lawcr2/lon
(300 uM CT2Z)

[=]

WT  GluRti WT GluRto
GuRTl g, T GiuR10 ST

Fig. 1. The S493T mutation impedes the modulation of d
and deactivation in flip and flop AMPA receptor isoforms. A, mean po-
tentiation of steady-state current evoked by 300 uM with 1500
uM CX5486 for GluRli and GluRlo wild-type (l) the Ser493 mutant
(@), expressed in oocytes. For both splice isoforms, this mutation signif-
icantly blocks modulation by CX546 (p < 0.08). B, mean potentiation by
CTZ. For both splice isoforms, this mutation also impedes the action of
CTZ.
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TABLE 1
Loss of modulation of GluR1(8493T) by CTZ and CX546

Loss of modulation by both CX546 and CTZ occurs when mutations are made at either poeition 493 (this article) or position 750 (this article and Partin et al., 1895) in GluR1.

Values represent mean + S.E.M.; n = 5 to 14 oocytes, but most data points represent n = 8. Hill values are given in below the value for BCy,.
CTZ CX546 Giutamate
ECqo Potentiation (300 ul:( CT2) ECyo Potentiation (1600 uM CX546) ECso
+ +

b M ubd
WT GluR1i 58.0 £ 1.9(2.2) 396 + 7.2 503 = 73 (1.6) 185 + 4.9 27.1+89
GluR1i(S493T) ~ N.D. 179 =52 N.D. 11205 219+73
WT GluR1o 237 + 104 (0.9) 8.7 x17 596 + 3156 (1.0) 163 = 1.7 111+ 74
GluR10(8493T) N.D. 1.8 01 N.D. 0.7 x0.1 283> 118
GluR1:(8750Q) N.D. 1.0 *0.1° N.D. 1802 N.D.
N.D., not determined (.e., data could not be fit reliably with logistic ion b of small amplitudes).

* Data from Partin et al. (1995).

mutation had a similar effect on both GluR1li and GluRlo re-
ceptors, reducing the level of maximal potentiation to 18- and
2-fold, respectively (Fig. 1B). These data indicate that mutation
of Ser493 in either the flip or flop isoform of GluR1 has a
deleterious effect on allosteric modulation by CTZ. This finding
is consistent with the structural data for the S1/S2 domain
complexed with both agonist and CTZ (Sun et al., 2002).

To test the hypothesis that the mutation affecting CTZ mod-
ulation would also affect CX546 modulation, similar analyses
on WT and mutant GluR1i and GluR1o receptors were per-
formed (Table 1). There was no difference in apparent affinity of
CX546 for GluR10 (ECy, = 595 uM) versus GluR1i (EC,, = 503
#M), and the responses were potentiated to a similar extent
(Fig. 1A). For both splice isoforms, the Ser493 mutation com-
pletely abolished potentiation by CX546. Thus, the Ser493 point
mutation impaired modulation by both CX546 and CTZ, al-
though these two drugs are believed to act through distinct
mechanisms.

Previous experiments demonstrated that the AMPA recep-
tor alternatively spliced flip/flop region was responsible for
the differential sensitivity to CTZ and aniracetam (Partin et
al., 1996). The differential sensitivity could be mapped to one
critical residue, Ser750 (or Asn7560 in the flop isoform) and, in
fact, modulation could be abolished with the mutation
GluR1(8750Q). Because CX546 is structurally related to
aniracetam, one might predict that modulation by CX546
would be impaired by mutation of Ser750. Indeed, Table 1
shows that modulation of GluR10(S750Q) by CX546 is re-
duced to 1.8-fold. Thus, there is a significant loss of modula-
tion by both CX546 and CTZ upon mutation of both Ser493
and Ser750.

The loss of modulation by the Ser493 mutation could be a
secondary consequence of a reduction in agonist affinity. To

TABLE 2

Modulation of AMPA subunits by CX546

CX546 modulates the glutamate-evoked curreats of the flop (o) isoform of all AMPA
subunits. Values reported are the fit of the data from dose-response analysis using 1
to 1500 uM CX546, with n = 8 oocytes per determination. The left column shows the
mean ECy; given the limited solubility of CX548, these values may represent a lower
estimate of the actual value (see also Nagarajan et al., 2001). Right column shows the
mean potentiation of the current evoked by 300 uM glutamate and 1500 xM CX546.

test this idea, glutamate dose-response analyses were per-
formed on WT and mutant GluR1i and GluR1o receptors. The
Ser493 mutation did not significantly change the apparent
affinity of glutamate (Table 1). The EC,, for WT GluR1i was
27 uM and 22 uM for GluR1i(S493T); for WT GluRlo, the
ECgo was 11 uM and 28 uM for the mutation. In addition, the
mutation did not significantly change the efficacy of gluta-
mate, because the mean peak current for WT GluR1i in 1000
#M glutamate was 414 * 60 nA (n = 20) versus 569 * 72 nA

= 16) for GluR1i(S493T) (» = 0.10). Thus, the Ser493
mutation impairs modulation by CTZ and CX546, similar to
the effects of the' GluR10(S750Q) mutation (Table 1), which
impairs modulation by CTZ and aniracetam (Partin et al.,
1996), without affecting inherent agonist affinity.

Modulation of All AMPA Receptor Subtypes by
CX548. A dose-response analysis was used to test the efficacy
of CX546 modulation on different AMPA receptor subtypes
(Table 2). For these experiments, the flop splice isoform was
used. Responses from GluR1 to -4 receptors were potentiated
by CX546. There were 2- to 3-fold differences in the apparent
affinities (ECg, values ranged from 176 to 681 uM) and 3-fold
differences in the efficacy (maximal potentiation ranged from
10- to 31-fold) of CX546. Thus, CX546 positively modulates
the flop isoform of all AMPA receptors. To interpret the
electrophysiological experiments in light of the published
crystal structural data of GluR2, we next performed kinetic
experiments using GluR2o0.

Kinetic Analysis of GluR20(S497T). Nagarajan et al.
(2001) have shown previously that CX546 modulation of
“GluR2iy” caused a small but significant increase of the time
constant of deactivation. In Fig. 2A, a similar result is shown for
GluR20, as assayed in outside-out patches of transiently trans-
fected HEK293 cells, using ultrafast solution perfusion. CX546
slowed deactivation (i.e., increased 74,,.,) from 0.71 * 0.05 to
1.10 = 0.08 ms (p = 0.001) (Fig. 2C,) without significantly
changing 74, (Fig. 2C,). In addition, CX546 significantly in-
creased the ratio of steady-state to peak current from 0.06 =
0.03 to 0.43 = 0.04 (p < 0.001) (Fig. 2, A; and Cy). This modu-
lation moet likely arises as an indirect effect of CX546, which
alters equilibrium desensitization by slowing channel deactiva-
tion rather than directly affecting the rate of desensitization

ECu0 CX546 Towe + csdlorty (Partin et al., 1996; Arai et al., 2002b), The fact that CX546 did
uM not alter 7,,, may reflect that our experiments were performed
GluR1o 596 + 315 (1.0) 247+ 56 in subsamrahng concentmhms of CX546 (300 p.M) When we
GluR20 (R807Q) 176 = 26 (1.6) 99+ 05 performed pilot experiments at a higher concentration of CX546
GluR3o 854 = 150 (2.4) 309x53 (1000 uM), the steady-state/peak ratio increased to near unity
GluR4o 681 * 566 (1.3) 8835 (S. Clark and K. M. Parti ,unpubl'l i ot 1008).
Al1.1.4
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The homolog of GluR1(8493T) is GluR2(S497T). Kinetic
analysis of GluR20(S497T) is shown in Fig. 2B. The ability of
CX546 to modulate deactivation is completely lost in
GluR20(S497T). The loss of modulation also was evident as a
decrease in equilibrium desensitization, as measured by the
change in I ;... (Fig. 2Cy).

Identification of a Site Important for the Modulation
of Deactivation and Desensitization. The data shown above
indicate that mutation of Ser493 in GluR1 or Ser497 in GluR2
impairs AMPA receptor modulation by either class of drug. Fig.
3 shows the crystal structure of a dimer of the S1/82 agonist-

1ms

Aq

Ghige
s.,v

S.ﬂ

Fig. 3. Kinetic is of GluR2oand GluR20(S497T). A, in
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binding domain of GluR20 with glutamate bound (Armstrong et
al.,, 1999). Ser497 lies at the dimer interface that has been
shown to participate in CTZ binding. Mutation from serine to
threonine impairs modulation by CTZ. The mutation also dis-
rupts modulation by CX546, suggesting either that CX546 also
binds at this site or that mutation of this residue perturbs the
receptor structure and/or function in such a manner as to make
it insensitive to allosteric drugs.

Summary. Oligomeric ligand-binding proteins rely on
subunit interface interactions for the regulation of allosteric
transitions (Creighton, 1993). For ionotropic glutamate re-

100 ms

anso
St

+ rnateh

of HEK293 cells GluR20, with a 1-ms (A,) or 100-ms

(A.)pulmd‘glmmnh(IOmM)(Cm)orgluumm(IOmM)+CX546(300;LM)(CX546) lnsethneumA,lhowthntthedouymmmtobuehm
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Fig. & Structure of the GluR2o 81/82 agonist-binding domain,
bound. Ser497 lies at the interface between subunits A and B,
an does Asn754 [homologous to GluR10(Asn750) within the flip/flop splice
region (Armstrong and Gouaux, 1999; structure is PDB file “1FTJ").
Muhﬁnofdtherrddueimpﬂirlmoduhﬁmbyeiﬂmrm“m.
suggesting a common or overlapping binding site.

with

ceptors, such transitions after ligand binding include channel
activation, deactivation, and desensitization. It is assumed
that these transitions are coupled (Partin et al., 1996;

Trussell and Otis, 1996), although this process is poorly
understood. We have shown that one residue, GluR1(S493T)
or GluR2(8497T), plays a critical role in permitting allosteric
modulation of these gating transitions, presumably by par-
ticipating directly in the drug-protein interaction. The role of
this residue in regulating allosteric modulation seems to be
similar to that of GluR1(Ser750) or GluR2(Ser754), the mu-
tation of which also results in a receptor that is poorly mod-
ulated by either CTZ or aniracetam (Partin et al., 1995,
1996). Both of these residues (Ser493 and Ser750) directly
participate in the binding of CTZ (Sun et al., 2002). The
present studies suggest that modulation by CX546 may also
be directed by these two residues. However, mutation of
GluR1(8493T) had a more profound impact on modulation by
CX546 than by CTZ (Table 1). This could suggest either that
there are fewer contacts between CX546 and the receptor (so
each contact is relatively more significant) or perhaps that
Ser493 is a uniquely important contact for modulation of
deactivation. In summary, mutations at the subunit interface
of glutamate receptors impede the actions of drugs that mod-
ulate both deactivation and desensitization. It remains to be
seen whether all such residues also participate in gating
transitions and the extent to which they are involved in
coupling these distinct allosteric processes.
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Cellular/Molecular

Mechanism of Positive Allosteric Modulators Actmg on
AMPA Receptors

Rongsheng Jin,' Suzanne Clark,* Autumn M. Weeks,* Joshua T. Dudman,? Eric Gouaux,'-? and Kathryn M. Partin*
1Department of Biochemistry and Molecular Biophysics, 2Center for Neurobiology and Behavior, and *Howard Hughes Medical Institute, Columbia
University, New York, New York 10032, and “Department of Biomedical Sciences, Division of Neuroscience, Colorado State University, Fort Collins,
Colorado 80523

Ligand-gatedion channels involved in the modulation of synaptic strength are the AMPA, kainate, and NMDA glutamate receptors. Small
molecules that potentiate AMPA receptor currents relieve cognitive deficits caused by neurodegenerative diseases such as Alzheimer’s
disease and show promise in the treatment of depression. Previously, there has been limited understanding of the molecular mechanism
of action for AMPA receptor potentiators. Here we present cocrystal structures of the glutamate receptor GluR2 5152 ligand-binding
domain in complex with aniracetam [1-(4-methoxybenzoyl)-2-pyrrolidinone] or CX614 (pyrrolidino-1,3-oxazino benzo-1,4-dioxan-10-
one), two AMPA receptor potentiators that preferentially slow AMPA receptor deactivation. Both potentiators bind within the dimer
interface of the nondesensitized receptor at a common site located on the twofold axis of molecular symmetry. Importantly, the poten-
tiator binding site is adjacent to the “hinge” in the ligand-binding core “clamshell” that undergoes conformational rearrangement after
glutamate binding. Using rapid solution exchange, patch-clamp electrophysiology experiments, we show that point mutations of residues
that interact with potentiators in the cocrystal disrupt potentiator function. We suggest that the potentiators slow deactivation by

stabilizing the clamshell in its closed-cleft, glutamate-bound conformation.
Key words: glutamate receptor; desensitization; deactivation; kinetics; crystallography; cyclothiazide; aniracetam; CX614

Introduction

At the cellular level, short- and long-term memory storage in-
volves the strengthening and weakening of synapses (Kandel,
2001). Key molecules located at chemical synapses are ionotropic
glutamate receptors (iGluRs), ligand-gated ion channels that me-
diate the majority of fast-synaptic signal transduction in the
mammalian brain (Dingledine et al., 1999). Experiments in
transgenic mice (Tsien et al., 1996), as well as pharmacological
studies in rodents and humans (Morris et al., 1986; Rammsayer,
2001), underscore the importance of AMPA- and NMDA-
sensitive iGluRs in learning and memory. In fact, positive alloste-
ric modulators that slow deactivation of AMPA receptors im-
prove short-term memory in humans (Ingvar et al., 1997) and
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may also prove useful for the treatment of depression and other
disorders and diseases of the nervous system (O’Neill et al., 2004).
In studies using recombinant receptors and rapid perfusion,
patch-clamp electrophysiology experiments, positive allosteric
modulators such as aniracetam [1-(4-methoxybenzoyl)-2-
pyrrolidinone] (Ani) and CX614 (pyrrolidino-1,3-oxazino
benzo-1,4-dioxan-10-one) (CX) slow deactivation of AMPA re-
ceptors, or the rate at which the ion channel closes after the re-
moval of glutamate (Vyklicky et al., 1991; Partin et al., 1996; Arai
et al., 2000; Lawrence et al., 2003). However, aniracetam, CX614,
and  N-2-[4-(4-cyanophenyi)phenyl]propyl  2-propanesul-
fonamide (LY404187), as well as other related positive allosteric
modulators (Miu et al., 2001; Quirk and Nisenbaum, 2003), also
slow desensitization, a process by which the receptor ion channel
closes although glutamate remains tightly bound (Isaacson and
Nicoll, 1991; Tang et al., 1991; Arai et al., 2000; Sun et al., 2002).
On the basis of experiments in rodents and humans, the cognitive
enhancing properties of therapeutic agents such as aniracetam
and CX614 are primarily attributable to their slowing of deacti-
vation (Arai and Lynch, 1998). Therefore, it is of substantial in-
terest to determine how positive modulators slow deactivation.
At the present time, there is no information, at the level of
molecular detail, on how small molecules modulate the deactiva-
tion kinetics of any ligand-gated ion channel, although we have
recently learned a great deal about how small molecules and spe-

“::xm*" - st BO3®  (ific mutations such as cyclothiazide and the leucine 483 to ty-

DOEI0.TS23//NEM0S(L.2567-05.2005 rosine mutation slow desensitization of AMPA receptors, respec-
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Homning and Mayer, 2004). Because modulators of desensitiza-
tion act at the interface between glutamate binding subunits of
AMPA receptors, we reasoned that molecules that slowed deac-
tivation might also bind in the context of the glutamate binding
domains. To map the binding site(s) and determine the mecha-
nism by which aniracetam and CX614 modulate deactivation in
AMPA receptors, we have determined the cocrystal structures of
the GluR2 ligand-binding core in complex with the modulators,
and we have tested specific receptor-modulator interactions us-
ing site-directed mutagenesis and rapid perfusion, patch-clamp
electrophysiology experiments.

Materials and Methods

Materials. Aniracetam, 1-quisqualic acid (Quis), and NBQX were ob-
tained from Tocris Bioscience (Ellisville, MO), kynurenic acid was from
Sigma (St. Louis, MO), cyclothiazide (CTZ) was from Alexis Biochemi-
cals (San Diego, CA), and CX614 was generously provided by Cortex
Pharmaceuticals (Irvine, CA). The rat GluR2 S1S2] construct used in this
study was derived from GluR2 flop (Boulter et al., 1990; Keininen et al.,
1990) and has been described previously (Armstrong and Gouaux, 2000).
Protein expression, refolding, and purification were performed using
previously described methods (Chen and Gouaux, 1997). Before crystal-
lization, glutamate was removed by dialyzing the GluR2 S152] protein
extensively against a buffer composed of 10 mm HEPES, pH 7.0, 20 mm
NaCl, and 1 mM EDTA, and the protein was concentrated to ~ 10 mg/ml
(calculated €45 0f 39,6404 "' cm '),

Crystallization and measurement of diffraction data. Before crystalliza-
tion, the following ligands were added to the protein solution (final
concentrations): 5 mM fluorowillardiine and 10 mm aniracetam, or-5 mm
quisqualate and 5 mm CX614. Crystals were grown at 4°C by vapor dif-
fusion, and each drop contained a 1:] ratio of protein and reservoir
solution. The reservoir solution for the aniracetam complex was 12-14%
polyethylene glycol (PEG) 8000, 0.25-0.35 M ammonium sulfate, and 0.1
M sodium citrate, pH 5.5-6.0; the CX614 crystals were obtained from a
reservoir solution composed of 10-14% PEG 8000, 0.1-0.15 m zinc ac-
etate, and 0.1 M sodium acetate, pH 5.5.

Crystals were soaked in corresponding crystallization buffers supple-
mented with ligands and 12-16% glycerol before flash cooling in liquid
nitrogen. Both data sets were collected at 110 K at the NSLS X4A beam
line. The diffraction data were processed with the HKL suite of programs.
The CX614 cocrystals belonged to the P2,2,2 space group, and the cell
was isomorphous to the zinc crystal form of the previously described
quisqualate complex (Jin et al., 2002). The aniracetam cocrystals also
belonged to the P2,2,2 space group. However, the symmetry for both
cocrystals was reduced to P2, to facilitate crystallographic refinement of
the complex because, in the P2,2,2 space group, CX614 or aniracetam
was positioned on the crystallographic twofold axis.

Structure determination. The structure of the CX614/Quis complex
was solved by difference Fourier techniques using phases calculated from
the “zinc form™ quisqualate structure (Jin et al., 2002). The Ani/fiuorow-
illardiine (FW) complex structure was solved by molecular replacement
using AmoRe (Navaza, 1994) using the FW complex structure without
solvent molecules and ligand as a search model (Jin and Gouaux, 2003).
Crystallographic refinements were performed with CNS (Brilnger et al.,
1998), and the program O was used for model building (Jonesetal., 1991;
Jones and Kjeldgaard, 1997). Strong noncrystallographic symmetry re-
straints (weight of 300) were applied to the six protomers in the CX614/
Quis structure and the two protomers in the Ani/FW structure. Refine-
ments were begun with rigid body minimization followed by a slow-cool,
simulated-annealing protocol at 5000 K to reduce model bias, followed
by iterative rounds of positional and individual B-factor refinement and
manual model building into omit maps until the Ry, value converged
(Briinger, 1992). The crystal structure of aniracetam was obtained from
the Cambridge Structural Database under entry code GIJVOK. The
CX614 structure was constructed based on two small molecule crystal
structures with codes of VIGFUM and GODWAX, and the resulting
structure was subjected to energy minimization using PRODRG (van
Aalten et al., 1996). Because the modulators bind on the molecular two-
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fold axis, two modulator molecules were modeled for each binding site,
each with occupancies of 0.5 and related by a noncrystallographic two-
fold axis. Least squares superpositions were calculsted using LSQMAN
(Kleywegt, 1999), and the extent of domain closure was determined us-
ing the program FIT (http://bioinfol.mbfys.lu.SE/~guoguang/fit.html).
The degree of domain closure was defined as the rotation required to fit
in domain 2 (lle 500-Lys 506; Pro 632-Asp 728; Gly-Thr linker) after
superposition of a-carbon atoms in domain 1 (Val 395-Phe 495; Tyr
732-Tyr 768). MOLSCRIPT (Kraulis, 1991), BOBSCRIPT (Esnouf,
1999), Raster3D (Merritt and Murphy, 1994), and Pymol (Delano, 2005)
were used to make the figures. Coordinates for the aniracetam and
CX614 complexes have been depasited in the Protein Data Bank under
accession numbers of 2ALS and 2ALA, respectively.

Sedimentation equilibrium. Sedimentation equilibrium ultracentrifu-
gation runs were performed in a Beckman Instruments (Fullerton, CA)
XL-I analytical ultracentrifuge. The experimental setup and data analyses
were performed as described previously (Sun et al., 2002). Purified
GluR2 S1S2] samples at ~1.2 mg/ml were first dialyzed extensively
against buffer A, which was composed of 20 mu Tris-HCL, pH 7.5, 200
m NaCl, and 1 mm EDTA. For the three experiments presented in this
study, the protein samples were finally dialyzed overnight against buffer
A supplemented with the following: (1) 2 mm glutamate and § mm
aniracetam; (2) 0.3 mM AMPA and 0.3 mm CX614; or (3) 0.3 mm CX614.
We were unable to examine the effects of higher concentrations of
aniracetam because of its limited solubility. These last dialysis buffers
were used as the blank controls, and the data were measured using inter-
ference optics. The sedimentation equilibrium experiments were per-
formed using three different loading concentrations of protein (0.75, 0.5,
and 0.25 mg/ml for the aniracetam sample and 1.0, 0.75, and 0.4 mg/m!
for the CX614 samples) and three different speeds (15,000, 20,000, and
27,000 rpm). All dialyses and sedimentation equilibrium experiments
were performed at 4°C.

Transient transfections. Human embryonic kidney 293 (HEK 293) fi-
broblasts (CRL 1573; American Type Culture Collection, Rockville, MD)
were cultured as described previously (Partin et al., 1996). Cells were
transiently transfected using FuGene 6 reagent (Roche Products, India-
napolis, IN) with GluR2 cDNA and enhanced green fluorescent protein
cDNA (0.5-2 and 0.1-0.15 ug/35 mm dish, respectively). After transfec-
tion, NBQX (10 um) and kynurenic acid (1 mm) were added to the media.

Outside-out patch recordings. Currents were recorded 2-4 d after
transfection, as described previously (Leever et al., 2003). Extracellular
solutions (ECS) contained the following: 20 mM sucrose, 145 mm NaCl,
5.4 mu KCl, 5 mm HEPES, 1 mm MgCl,, 1.8 mM CaCl,'H,0, and 0.01
mg/ml phenol red, pH 7.3. To protect cells from excessive bath exposure
to agonists and modulators, ECS also contained NBQX (3 puM) with or
without kynurenic acid (1 mum) or lowered calcium concentrations, and
bath solutions were fully exchanged after drug exposures. Outside-out
membrane patches were voltage clamped at —60 mV using an Axopatch
200B amplifier (Molecular Devices, Union City, CA). Synapse (version
3.6d; Synergy Research, Silver Spring, MD) controlled piezoelectric
movement, data acquisition, and trace analysis. Responses were filtered
at 5 kHz, digitized at 10-500 us/point, and stored on a Power Macintosh
computer (Apple Computers, Cupertino, CA) using an ITC-16 interface
(InstruTech, Port Washington, NY). Micropipettes (TW150F; 2-5 MQ;
World Precision Instruments, Sarasota, FL) contained the following (in
mu): 135 CsCl, 10 CsF, 10 HEPES, 5 Cs-BAPTA, 1 MgQl,, and 0.5 CaCl,,
pH 7.2 (292 mOsm). Patches were perfused at 0.3 mi/min with solutions
emitted from a two-barrel flow pipe made with @ tubing (BT150-10;
Sutter Instruments, Novato, CA). For baseline agonist responses, one
barrel contained vehicle control (control) composed of the following:
145 mm NaCl, 54 mm KCl, 5 mm HEPES, 1 mu MgCl,, 1.8 mm
CaCl,;"H,0, with 19% DMSO and 0.01 mg/ml phenol red, pH 7.3. The
other barrel had this solution plus Quis (3 mu). The flow pipe solutions
used for testing CX were as above, only with CX614 (100 um) added to
both barrels (i.e., CX-control and CX+Quis). Similar configurations
were used for aniracetam and CTZ. After going into voltage clamp, an
outside-out patch was pulled, lifted up to the flow pipe, positioned near
the interface between the Quis-free and Quis-containing solutions, and
jumped rapidly from the vehicle control into Quis or from CX-control
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Figure 1. The positive allosteric modulators aniracetam and (X614 slow deactivation more
profoundly than cydothiazide at GluR2 (flop) receptors. A, Electrophysiological responses of
GluR2 (flop) expressed on outside-out patches of transiently transfected HEK 293 celks. Top
traces show the kinetics of deactivation, the decay of the peak response after a brief (1 ms) pulse
of 3 mu quisqualate. Bottom traces show the kinetics of desensitization, the decay during a
prolonged (500 ms) pulse of quisquatate. Responses are shown for patches with no drug or with
S mu aniracetam, 100 s OX614, or 100 zum cydiothiazide. Single-exponential fits are super-
imposed on the trace, Open-tip potentials are shown above the control traces. Note that desen-
sitization by CTZ of GluR20 is only partially modulated compared with the flip isoform in which
desensitization is virtually blocked. 8, hemical structures of aniracetam and (X614, The atoms
of aniracetam and 0614 are numbered using smaller font, with oxygen atoms in red and
carbon atoms in black, and the rings are numbered using a larger font.

into CX+Quis. Rapid solution exchanges of 1 or 500 ms were driven by
a piezoelectric device (Burleigh Instruments, Fishers, NY). Solution ex-
change rates were determined at the end of each experiment by open-tip
junction currents and excluded if rise times exceeded 0.5 ms.

Analysis of rapid responses. Deactivation rates were estimated by fitting
a single exponential (74,,.,) to the 1 ms response decay; desensitization
rates were estimated by fitting a single- or double-exponential function
(T4ee) t0 the 500 ms response decay (from 95% of peak to steady state).
Because modulators were siowly reversible, only cells naive to modulator
were used for baseline Quis applications. Three to 20 responses per patch
were averaged for analysis. Current traces and graphs were plotted using
KaleidaGraph 3.5 (Synergy Software, Reading, PA).

Table 1. X-ray diffraction data collection statistics
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Table 2. Refinement statistics

Aniracetam Q14
Resolution (A) 300-1.65 300-170
R (%Y 199 209
Rpee () n 23
#Protein atoms 04 s
#Water molecules ™m 776
#Ligand atoms 6 19
Mean B value (R) 1283 192
s deviations from ideabity: bonds/angles (A°) 0005/1.22 0.005/1.20
“Ruwr = (I — FIVEF | whereF, and . & b & P
Ten percent of the reflections were set aside for calaslation of R,
“Inthe refinements, d ADVFW complex and six

614 and six quisqualate moleasies in the OI614/Quis complex.

Results

Modulation of deactivation

Deactivation is the process by which the ion-conducting pore of
glutamate receptors closes, allowing agonist to dissociate from
the ligand-binding “clamshell.” Deactivation is measured exper-
imentally by exposing the receptor to such brief (1 ms) pulses of
agonist that little receptor desensitization can occur. Desensitiza-
tion is a long-lasting, agonist-bound, nonconducting state; it is
measured experimentally by exposing the receptor to a prolonged
(500 ms) pulse of agonist. CTZ prevents normal channel desen-
sitization, the rearrangement of a dimer interface formed by ad-
jacent subunits within a receptor complex that allows the ion-
conducting pore to close in the continued presence of agonist
(Sun et al,, 2002). CTZ modulates desensitization to a far greater
extent than it does deactivation, and it is more efficacious on flip
isoforms. Unlike CTZ, aniracetam and CX614 slow channel de-
activation (Fig. 1) and are selective for flop rather than flip splice
isoforms. Modulators of deactivation can have little (aniracetam)
or marked (CX614) additional effects on desensitization.

Structures of Ani/FW and CX/Quis complexes
To define the location of the modulator binding sites, we solved
cocrystal structures of the GluR2 S152 ligand-binding core com-
plex with Ani/FW and CX/Quis at 1.65 and 1.7 A resolution,
respectively. We used fluorowillardiine in the crystallographic
studies with aniracetam because the Ani/FW complex diffracted
to higher resolution than any of the other agonist-bound anirac-
etam complexes. Shown in Tables 1 and 2 are relevant crystallo-
graphic statistics. The Ani/FW and CX/Quis GluR2 S1S2 com-
plexes crystallize as dimers with the same dimer interface as
described previously (Armstrong and Gouaux, 2000; Sun et al.,
2002; Mayer and Armstrong, 2004). There is a small but signifi-
cant difference in the degree of domain
closure in each protomeric clamshell: the

Ani/FW and CX/Quis complexes are more

closed by ~1° compared with the parent
FW and Quis structures (Jin et al., 2002,
2003; Jin and Gouaux, 2003); however, the
modulators do not produce any significant
changes of binding site residues or water
molecules within the agonist binding

Both modulators bind within the dimer

Aniracetam® 614*
Space group P2, P2,
Unitcell dmensions(A) @ =48.1,b=641,c=1080;8=90.1°  a=1143,b=1637,c=473; =900
# Moleasles per AU 2 .6
Wavelength (A, A) 09763 0.9795
Qo (A 1.65(1.75) 1.70(1.76)
Mean redundancy 28 25
Rrerge (%1% 54(374) 72(148)
Completeness’ 847 (66.1) 898(52.1)
“Anisacetam was cacrystalized with fuorewillasdiine, whvereas 0I514 was cacrystaliized with quisquatate.
Oviumber of protein molequles per asymmetricunlt (A.L).

Vahues in parentheses define the low-resolution lanits for the highest-resolution shell of data.
Peage = (s — <I>W S, | whete <) Is the mean | over Jll symasetry-equivalent reflections.

NYalues in Loian choll of dato

highest-

interface of the nondesensitized confor-
mation of the GluR2 S152 dimer (Sun et
al., 2002); shown in Figure 2 are the elec-
tron densities associated with aniracetam
and CX614. Strikingly, both modulators
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occupy a single site, located on the molec-
ular twofold axis that relates one protein
subunit to another, as illustrated in Figure
3. Because the modulators bind on the
molecular twofold axis, their respective
electron densities are superpositions of the
electron densities of the modulators
bound in twofold disordered orientations,
each with occupancies of 0.5. Despite this
disorder, we were able to fit either orienta-
tion of aniracetam and CX614 to their as-
sociated electron densities because the
crystals of the complexes diffract to high
resolution and the maps have substantial

Jin et al. o Allosteric Modulators Acting on AMPA Receptors

- G e

Figure2.  Omitelectron density maps calculated using |F,| — F { coefficients for aniracetam and (X614. A, Electron density for
aniracetam contoured at 2.5 . B, Electron density for (4614, akso contoured at 2.5 o For each modulator, the fit of the molecular
structure to the electron densityis shown for each of the twofold related positions of the modulator; on the top raws, the views are
perpendicular to molecular twofold axis, whereas in the bottom rows, the views are paraliel to the moleautar twofold axis.

atomic detail. In the crystallographic re-
finement, the modulator sites were occu-
pied by two modulator molecules, each
with an assigned occupancy of 0.5 and re-
lated by a noncrystallographic twofold axis
of symmetry. Thus, although it appears
from the crystallography that two modu-
lator molecules are superimposed on each
other, one dimer interface actually only
binds a single modulator.

Modulator—protein interactions: the
modulators bind in a dimer-interface,
solvent-filled crevice
The binding site of both modulators is lo-
_cated in a solvent-filled crevice, in the
dimer interface, and it is proximal to the
transdomain B-strands that undergo con-
formational changes during agonist bind-
ing and domain closure (Armstrong and
Gouaux, 2000). Strikingly, a key element
of the modulator binding site involves a
U-shaped crevice that is formed by main
chain residues Pro 494 through Ser 497,
and, as we show subsequently, many of the
interactions between the modulators and
the receptor are with atoms of the
polypeptide main chain, a number of
which are mediated by water molecules.

Protomer A

Protomer B

Pro 494 forms the apex of the crevice,
whereas Ser 497 and 729 define its base.
Two aniracetam molecules have been
modeled into the Ani/FW crystal structure
and are located on a non crystallographic
twofold axis. Aniracetam oxygen atoms

Figure3. Aniracetam and (X614 bindin the dimerinterface, in a crevice at the damshell hinge. A, View down the twofold axis,
showing the binding of aniracetam, in one of its two equivalent orientations. Protomer A is in green, protomer B is in blue, and
aniracetam is drawn in Corey, Pauding, and Koltun (CPK) representation, as is the partial agonist fluorowillardiine. 8, View of the
Ani/FW complex perpendicular to the moleautar twofold axis. Here, aniracetam is red and in (PK representation; the approximate
positions of the “linker” that connects the ligand-binding cores to the transmembrane domains is shown. C, View of the 0614
complex, along the molecular twofold axis, with the protein subunits colored as in A and O(614 and quisqualate in CPX represen-
tation. D, iustration of O(614 binding pocket using the same view asin €, with (X614 in red.

01, 02, and O3 mediate the primary hy-

drogen bonding interactions between the

modulator and the receptor, as depicted in Figure 4. Atom O2
forms water-mediated hydrogen bonds with the main chain ox-
ygen atom of Pro A494, the ND2 atom of Asn A754, and the main
chain oxygen atom of Ile B481. Both atoms Ol and O2 form
water-mediated hydrogen bonds with Lys 730 and Ser 729, except
that they interact with different protomers within a dimer, be-
cause of their position on a pseudo twofold axis of molecular
symmetry. In addition to the hydrogen bonding interactions
contributed by the three oxygen atoms, the aromatic ring of
aniracetam is involved in nonpolar contacts with the ring of Pro
494. However, in comparing the interactions between the aro-
matic ring of aniracetam and Pro 494 with those between the

equivalent rings in CX614 and Pro 494, we see that the interac-
tions in the Ani/FW complex are not as extensive.

Six CX614 molecules have been modeled into the CX/Quis
crystal structure. For each binding site, two CX614 molecules are
modeled that are related by a noncrystatlographic twofold axis.
The interactions between CX614 and the GluR2 ligand-binding
core are identical within experimental uncertainty for all six
CX614 molecules. Atoms O2 and O3 of CX614 mediate most of
the polar interactions between CX614 and the receptor. Atom 02
participates in a hydrogen bond with the main chain nitrogen
atom of Gly 731, located on an interdomain B-strand near the
clamshell “hinge.” In addition, four water molecules (W1-W4)
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Protomer B Protomer A

ProtomerB  Protomer A

Figure 4. Hydrogen bonding interactions and binding modes of aniracetam and (X614, A, Top view of hydrogen bonding
{dashed lines) between aniracetam, protein residues, and water molecules (blue spheres), in which the domains are color coded
s shown in F. 8, Side view of aniracetam hydrogen bonding interactions. C, View of hydrogen bonding interactions between
U614, protein, and water molecules from the top. D, (X614 interactions with protein and water molecules from the side. £,
Binding of (X614 Rustrated using (PK representation, showing residues Pro 494, Ser 497, and Ser 729 from each subunit,
#lustrating how the prolines form the “top” of the binding podket and the serines form the base. £, A simple model to desaribe the
mechanism of action of positive allesteric modulators such as aniracetam and 0(614 on AMPA receptors, The diagram depicts a
side view of the GluR2 ligand-binding core dimer in which domains 1and 2 of protomer Aare orange and blue, and domains 1 and
2 of protomer B ave red and green, respectively. Agonists are represented by small blue spheres that bind between domains 1 and
2and stabilize the dosed-deft conformation. Modulators, such as aniracetam and (X6 14 (yeliow oval), bind on the backside of the
ligand-binding core through interactions with a proline ceiling and a serine floor, at the interdomain hinge in the dimer interface,
and stabilize the dosed-deft conformation of the kgand-binding core (dashed lines).
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oriented approximately parallel to the side
chain ring of Pro 494, and the average dis-
tance between the two rings is ~5 A. There
are additional van der Waals contacts be-
tween CX614 and the receptor that include
contacts with residues Pro 494-Ser 497
and Ser 729-Gly 731.

The “floor™ of the aniracetam and
CX614 binding site is formed by four
serine residues: two from each subunit Ser
497 and Ser 729, as illustrated in Figure 4.
During modulator binding, the side chain
of Ser 729 reorients closer to the modula-
tor so that it can participate in a hydrogen
bond, whereas the side chain of Ser 497
moves away from the modulator so as to
prevent a steric clash. As a consequence of
these rearrangements, the four serine resi-
dues define a plane that is approximately
perpendicular to the molecular twofold
axis relating one protein subunit to the
other. Indeed, a molecular surface represen-
tation of the modulator/GluR2 S152 com-
plex shows that the four serine residues seal
the floor of the modulator binding site and
occlude the modulator from contact with
bulk solvent, as seen in Figure 4.

Strikingly, the aniracetam and CX614
molecules bind to essentially the same site
in the dimer interface, although they differ
substantially in chemical structure. In fact,
when a single protomer from the Ani/FW
and CX/Quis dimers are superimposed,
the resulting positions of the aniracetam
and CX614 modulators overlap, as shown
in Figure 5. Here we see that specific aro-
matic rings (Fig. 1, ring 3) of both modu-
lators occupy the same position in the
binding site, as does the five-membered,
unsaturated ring. Because the nonpolar
and polar atoms superimpose almost per-
fectly, both modulators make similar in-
teractions with protein residues in the
dimer interface. This conservation of
binding therefore explains why both mod-
ulators share the functional behavior of
slowing deactivation. Because CX614 hasa
farger surface area and makes additional
polar and nonpolar contacts, it binds more
tightly than aniracetam.

Mutation of side chains contacting
modulator impairs modulation

We hypothesized that efficacious allosteric
modulation by CX614 was mediated via
hydrophobic interactions between the

bridge the O2 atom of CX614 and oxygen or nitrogen atoms in
residues Pro A494, Asn A754, and Ile B481, asillustrated in Figure
4. Atom O3 of CX614 forms a hydrogen bond with the side chain
of Ser A729 and the main chain oxygen atom of Lys A730. In
addition to polar interactions, the relatively hydrophobic modu-
lators make numerous nonpolar, van der Waals contacts with the
receptor. For example, the five-membered ring 1 of CX614 is

drug and Pro 494, and hydrogen bonding with the Ser 497 and Ser
729. To test the functional role of these interactions, we mutated
each residue individually to alanine and measured deactivation
and desensitization kinetics in the absence and presence of
CX614 (Fig. 6, Table 3) (supplemental data, available at www.
jneurosci.org as supplemental material), focusing on CX614
rather than aniracetam because the effects of CX614 on deactiva-
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tion are more profound. The Ser 497 to Ala A
(S497A) mutant did not impair modula-

tion, whereas the Ser 729 to Ala (S729A) .
mutant had a modest effect on modulation
of desensitization. We then introduced a
larger side chain by mutating the serines to
threonines. Modulation was ablated for
Ser 497 to Thr (S497T), whereas Ser 729 to

s
Thr (S729T) was indistinguishable from .4

wild type. The functional analyses support

" our interpretation of the structural data:
because the Ser 497 side chain typically
moves away from the binding site during
modulator binding, making the side chain
larger by introducing a threonine, causes
steric hindrance between the threonine
side chain and CX614, with a resulting loss
of modulation. Substituting the §729 side
chain with the smaller alanine would make it more difficult for
this residue to reorient toward the drug, also resulting in the loss
of modulation. The P494A mutation was not functional when
assayed in a GluR2 flop background; however, the same mutation
in a GluR2 flip background was functional, and, as expected,
CX614 modulation was completely lost.

In addition to effects on modulation, mutation of these side
chains in some cases altered the intrinsic kinetics of gating (deac-
tivation) and desensitization (Table 3), consistent with a role for
hinge domains in channel gating.

Apo state and modulator/agonist-bound state comparison
When agonist binds to the GluR2 ligand-binding core, the do-
main 1/domain 2 clamshell closes by ~21°, enveloping the ago-
nist in the binding cleft. As a consequence of this conformational
change, there are substantial changes in the backbone dihedral
angles in the B-strands that link domain 1 and domain 2 and that
include residues Ser 497-Ile 500 and Leu 727-Gly 731. Because
these residues overlap with the modulator binding site, we
wanted to determine the extent to which the modulator binding
site changes when agonists bind to the ligand-binding core. To do
this, we superimposed the “apo” ligand-binding core and the
agonist/modulator-bound  ligand-binding core using
a-carbons in domain 1, a portion of the structure that does
change substantially during agonist binding. To our surprise,
we found that the modulator binding site is mostly preserved
in the agonist-free state, except for the conformation of the
side chains of Ser 497 and Ser 729. The side chain of Ser 497
swings out of the binding pocket to make room for the mod-
ulators (Fig. 7), whereas the side chain of Ser 729 moves into
the binding site to form interactions with the modulators and
nearby water molecules.

There is also a small but significant compression of the mod-
ulator binding site attributable to the ~1.5 A movement of main
chain atoms of Pro 494, Phe 495, Met 496, and Ser 497 into the
pocket during binding of agonist and closure of the clamshell.
Shown in Figure 7 are superpositions of apo and agonist bound
states, illustrating the movements of side chain and main chain
atoms. Thus, in the agonist-bound, closed clamshell state, the
modulator binding site is slightly smaller and better matches the
chemical structures of aniracetam and CX614. We suggest, there-
fore, that this is the primary mechanism by which the modulators
stabilize the agonist-bound, closed-clamshell state of the

receptor.

Jin et al. « Allosteric Modulators Acting on AMPA Receptors

Protomer A

Protomer B

Figure 5. The binding sites of aniracetam and 0614 overlap. A, View parallel to the twofold axis showing that aniracetam

{green) and (X614 (pink) overlap. In fact, rings 1 and 3 are nearly superimposable. 8, View perpendicular to the twolold axis,
showing that the modulators bind at the same “depth” in the dimer intesface.
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Figure 6. Mutations in modulator binding crevice impair modulation by (X614, Current
responises, measured in outside-out patches of transiently transfected HEK 293 cells, of wild-
type (WT) GluR2 (flop), and point mutations of residues that interact with O(614 are shown. Top
traces show impairment of modulation of deactivation (Deact) by 100 puu (X614 with 3 mm
quisqualate; bottom traces show impairment of modulation of desensitization (Des). The
P494A mutation was measured in a GluR2 (flip) receptor, because the concomitant mutation in
GluR2 (flop) was nonfunctional.

Comparison of the aniracetam/CX614 and
cyclothiazide complexes
Two CTZ molecules bind in the dimer interface, and the two
binding sites are related by a molecular twofold axis, as shown
in Figure 8. CTZ is oriented such that the long axis of the
molecule spans the dimer interface and each end of CTZ in-
teracts extensively, via both polar and nonpolar contacts, to
domain 1 and domain 2 on each subunit in the dimer. In
contrast, there is only one binding site for aniracetam and
CX614, and the binding site is centered on the molecular two-
fold axis. In addition, the long axes of aniracetam and CX614
are oriented approximately parallel to the dimer interface; the
modulators do not penetrate into either domain 1 or domain
2, and most of the interactions between the modulators and
the receptor are nonpolar contacts, with only a few modula-
tor-protein hydrogen bonds.

Structural comparison of the CTZ/Glu, Ani/FW, and CX/
Quis complexes shows that the binding sites for aniracetam and
CX614 on the one hand and CTZ on the other hand partially
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Table 3. Effect of mutations on modulation of GluR2 by 0L614

J. Neurosd,, September 28, 2005 - 25{39):9027-9036 « 9033

Control Control 614 614 Fold slowing Fold slowing % Des +
(Tgeat) (Tge)) {Tomact) (7o) {Teea) (Tae) o614

WT GluR2{flop) 0.87 + 0.06 121 2005 B5+148 207+ 282 bij m 374
1) (18) (13) (10

WT GluR2(fip) 252+ 053 476029 891+ 105 4 $8=+3
© (6 (6)

S497A 186 + 038 260 + 053 313+ 168 191+ 284 7 n "=x2
osr sy e 0]

SASTT 103 %014 134 0.4 087 + 0.06 1322013 1 1 89+3
(9) (8) (6r (5)*

ST29A 0.93 + 0.08 1.01 % 006 19520 105 * 108 b] 104 EY]
(10) [t]] (6) o

(7.1 0.75 + 0.4 0.98 = 0.02 254+ 069 330 + 624 U 337 02
(5) 4 O] (O]

PASHAI 037 £ 0.02 052 + 003 049 *+ 0.06 0.64 = 0.05 1 1 B4
@y (8¢ 4] (8

Miean = SEM daca for wikd-type (WT) and mutant Gluk2 receptors. Theee functional parameters theab: d presence of OX614: the time f deacthation (7., the time constant of desensitization (,,,),

and the ability of X614 t Dlack desensitization (Des) during a 500 ms pulse of ageaist {3 des = (1 — ss/pk)100)). For example, npaired modulation by 0514 (Le., S497T and ST29N) desensitized to 2 qreater extest in

the presence of the dng.

“Siguificantly slower than wild-type contral inetics (p =5 0.0001).

Ssiguificantly faster thas wild-type contrel kinetics (p = 0.0001).

Sigaificantly dilferent from wild-type Ghak2e Linetics in the presence of O614. *p =< 0.0001; p = 0.01.
“Control percentage desensitization in the absence of drug is 94 = 1%.

|, Flop variant was nonfunctionat; therefare, flip varawt was used.

equilibrium substantially toward dimer.
The centrifugation data could bebest fit to
a two-species, monomer—dimer model,
and it yielded experimentally indistin-
guishable dimer-monomer K, values of
L, 26.1 uM in the presence of AMPA and 24.1
® M in the apo state. In contrast, anirac-
etam was less effective at stabilizing the
dimer, and the measured dimer to mono-
- mer K value was 1.4 mm. Although both
modulators decrease the dimer K; value

from its value of ~6 mM in the absence of

Protomer B modulator, CX614 stabilizes the dimertoa

much greater extent that aniracetam.
Shown in Figure 9 are residuals and fits
from the sedimentation equilibrium
analysis.

Figure7. Conformational changesin the modulator binding site during agonist binding and damshell dosure. A, Shown here
are ae-Garbon traces of the dimers from the Ani/FW complex and the apo state (Armstrong and Gouaux, 2000), in which the
domain 1 from protomer B was superposed. in the boxed region, aniracetam is drawn, as are the side chain atoms for Pro 494 and
Ser497. 8, Closeup view of the boxed region from A. The Ani/FW structure s blue, and the apo structure is gray. During agonist and

modulator binding, the main chain atomms of residues Pro 494 —Ser 497 move ~1.5 A into the modulator binding site. Di ion

overlap. Specifically, the binding site for the endocyclic sulfon-
amide moiety of CTZ, located in the middle of the CTZ molecule,
overlaps with the binding sites for the five-membered rings of
aniracetam and CX614. In addition, the distal ring 4 of CX614
also overlaps with the endocyclic sulfonamide group of
cyclothiazide.

Aniracetam and CX614 promote dimerization of the GluR2
ligand-binding core
To examine the effect of aniracetam and CX614 on dimerization
of the GluR2 ligand-binding core, we performed sedimentation
equilibrium experiments in the analytical ultracentrifuge, moti-
vated by the studies of Sun et al. (2002) demonstrating that the
dissociation constant of the ligand-binding core dimer was cor-
+ related with the extent of receptor desensitization. For CX614, we
performed sedimentation equilibrium experiments in the pres-
ence and absence of the full agonist AMPA to determine whether
the conformation of the clamshell affected the dimer dissociation
constant. In both cases, CX614 shifted the dimer—-monomer

Aniracetam and CX614 stabilize the

agonist-bound state

The clamshell structure of the GluR2 ligand-binding core is com-
posed of two domains that are connected by interdomain
B-strands. The first interdomain B-strand is composed of Met
496-Leu 498 (B7), and the second spans residues Lys 730-Tyr
732 (B12). Structural analysis shows that the backbone dihedral
angles in the regions of Ser 497-Ile 500 and Leu 727-Gly 731,
together with the backbone torsion angles of Gly 499 and Lys 730,
change significantly during agonist binding (Armstrong and
Gouaux, 2000). Correspondingly, the axis that describes the do-
main closure that occurs during agonist binding runs through the
two interdomain B-strands. Conformational fluctuations in the
two interdomain B-strands is also supported by a recent nuclear
magnetic resonance (NMR) study that showed that residues Leu
498, Gly 499, Leu 727, and Glu 728 exhibit chemical exchange
(McFeeters and Oswald, 2002). Together, the crystallographic
and NMR data reinforce the notion that regions Met 496-Ile 500
and Leu 727-Tyr 732 undergo conformational changes during
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agonist binding. This region, therefore, is
referred to as the interdomain hinge.
Among the six residues that make hydro-
gen bonding or van der Waals contacts with
aniracetam and CX614, four are located in
the interdomain hinge (Ser 497, Ser 729, Gly
731, and Lys 730). By binding to the hinge
region, aniracetam and CX614 may stabilize
the dosed-cleft, agonist-bound conforma-
tion of the ligand-binding core. By stabiliz-
ing the dosed-cleft, agonist-bound confor-

mation, the modulators slow agonist Protomer A
unbinding and therefore ion channel deacti-

vation, consistent with an increase in P, in

the presence of aniracetam (Lawrence et al., c Domain §

2003). Destabilizing the closed-cleft confor-
mation has the opposite effect, increasing the
rate of channel deactivation (Robert et al.,
2005).

Aniracetam and CX614 stabilize the
ligand-binding core dimer '
Sedimentation equilibrium experiments
show that CX614 lowers the GluR2 5152
dimer K, from ~6 mM to 26.1 uM. CTZ
more effectively stabilizes the dimer, and,
in the presence of saturating CTZ, the
dimer K, is 1.2 uM (Sun et al., 2002). In
contrast, aniracetam provides minimal
stabilization to the dimer and only lowers
the dimer K; to ~1.4 mM, although be-
cause of the limited solubility of anirac-
etam, we may not have saturated the bind-
ing site. Because stabilization of the dimer
interface decreases the extent of receptor
desensitization (Sun et al., 2002), we sug-
gest that the effects that aniracetam and
CX614 have on diminishing the rate of receptor desensitization
are attributable to the degree to which they stabilize the dimer
interface. We suggest, therefore, that the structural underpinning
of receptor desensitization and deactivation are conceptually sep-
arable: stabilization of the dimer interface primarily affects recep-
tor desensitization, whereas stabilization of the closed-clamshell
state of the ligand-binding core slows deactivation. Although this
model is appealing, it is an oversimplification because it does not
explain why the L483Y mutation, which is relatively far from the
interdomain hinge, slows receptor deactivation by ~10-fold (Sun et
al., 2002). Furthermore, although CTZ and CX614 primarily effect
desensitization and deactivation, respectively, CTZ also slows deac-
tivation and CX614 slows desensitization. The inseparability of
modulation of deactivation and desensitization arises because the
interdomain hinges are located at the dimer interface (Partin et al,,
1996; Lawrence et al., 2003). We suggest that these overlapping func-
tional activities are attributable to the fact that the binding sites for
these modulators partially overlap. Additional functional and struc-
tural experiments will be required to unravel the relationships be-
tween deactivation and desensitization.

Modulator binding is sensitive to functional states of

the receptor

A striking feature of compounds such as aniracetam and CX614 is
that they selectively modulate one functional state of a complex
receptor that occupies many functional states. Indeed, recent

Jin et al. o Allosteric Modulators Acting on AMPA Receptors

Protomer 8

desensitization

Figure8. Comparison of the binding sites for anisacetam and CTZ. A, View down the twofold axis of the Ani/FW complex,
showing aniracetam in red. Superimposed on the Ani/FW complex are the two (T2 moleaules, taken from the GluR2 $152-(1Z
corystal structuse (Sun et aL, 2002), after superposition of the protein structure on the Ani/FW protein structure. The molecular
surfaces of the CTZ molecules are drawn as pink dots. B, View perpendicular to the molecslar twofold axis. , View pespendicular
to the molecular twofold axis, 2 in B, relating drug-binding sites to their modes of action. Receptor activation increases the
distance between domain i of each subunit (dark gray triangle). Subsequent to activation, channel desensitization occurs through
reamangements of domain | interactions (red triangle); this rearrangement is prevented when (T2 is bound. Ol614 binds at the
hinges between domains | and i (red circle). Rotating the view by 90° (D) alows a view of the (X614 intesaction with the hinges,
resulting in modulation of deactivation by stabilizing the dosed-damshell conformation.

electrophysiological studies using intact AMPA receptors and a
related compound, 1-(1,4-benzodioxan-6-ylcarbonyl) piperi-
dine (CX546), suggest that the modulator binds preferentially to
the agonist-bound, nondesensitized state of the receptor, i.e., to
the activated state (Nagarajan et al., 2001). Although we do not
see large differences between the aniracetam and CX614 binding
sites in the apo and agonist-bound states of the ligand-binding
core, there is a compression of the modulator binding site and
rearrangements of side chains and water molecules that accom-
pany modulator binding. Because the ligand-binding core inter-
face rearranges during receptor desensitization and the modula-
tor binding site is situated in the middle of the nondesensitized
dimer interface, dimer interface rearrangement during receptor
desensitization will split the modulator binding site in half,
thereby completely disrupting it.

Modulator pharmacology

Aniracetam, a weak binding modulator with an EC,O of >5 mM,
was the lead compound for the development of the AMPAkine
series of modulators (Tang et al., 1991). The early AMPAkine
molecules, with potencies in the high micromolar range, were
similar in architecture to aniracetam and contained two separate
ring structures connected by a carbonyl group, with representa-
tive members being 1-(1,3-benzodioxol-5-ylcarbonyl)piperidine
(BDP; CX465), 1-(quinoxalin-6-ylcarbonyl)piperidine (BDP-12;
CX516), and CX546 (Arai et al., 1994, 1996b). A more recent
generation of AMPAkines has two rings structures connected by
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Figure9. Sedimentation equilibrium data showing that (X614 and aniracetam stabilize the
GhuR2 dimerto different extents. &, Sedimentation equilibrium data taken in the presence of 03
ma AMPA and 0.3 rw (X614; the data shown here was collected at 27 K rpm and a protein
concentration of 1.0 mg/ml. 8, Sedimentation equilibrium data measured in the presence of 2
mu glutamate and 5 mu aniracetam. For the data shown here, the rotor speed was also 27 K
1pm, and the loading protein concentration was 0.75 mg/ml. n both of the experiments involv-
ing O(614 and anicacetam, interference data from three loading protein concentrations and
threerotor speeds were fit toa dimer—monomer equilibrium, yielding a protein dimer X, of 26.1
pminthecaseof OX614and 1.4 mu for aniracetam. inA and B, the top panels show the residuals
of the fit of the dimer—monomer model to the measured interference data, and the bottom
panels show the measuredinterference data (open black dirdes), the fit to the data (solid black
line), and the relative predicted concentrations of dimer (dark gray line) and monomer (ight
gray ine). As seen in 4, (1614 is much more effective in shifting the dimer—monomer toward
dimer than aniracetam.

a fused six-atom heterocyclic ring, with representative examples
being 1-(1,3-benzodioxol-5-ylcarbonyl)piperidine-20 (BDP-20;
CX554) and CX614. On the basis of physiological and behavioral
experiments, CX554 has a potency approximately an order of
magnitude lower than the previous BDP compounds (EC,, of
~300 uM) (Arai et al., 1996a), whereas CX614 is more potent,
with an EC,, of 20-40 uM (Arai et al., 2000). More recently,
high-affinity modulators, such as LY404187, have been shown to
modulate desensitization and appear to bind in the dimer inter-
face (Quirk and Nisenbaum, 2003).

Because aniracetam and CX614 are representative of the
weakest and most potent drugs in this series, respectively, the
structures of their complexes with the GluR2 ligand-binding core
provide 2 unique opportunity to investigate structure and func-
tion relationships. In general, the binding of aniracetam and
CX614 is driven primarily by nonpolar, van der Waals contacts,
the hydrophobic effect, and, to a lesser extent, hydrogen bonds.
The modulator binding site, before modulator binding, is preor-
ganized and filled with ordered solvent. Both aniracetam and
CX614 are relatively hydrophobic molecules and have few polar
atoms. Perhaps the most significant difference between anirac-
etam and CX614, however, is that CX614 is a substantially more
rigid, constrained molecule. On the basis of the aniracetam struc-
ture, the planes of the two rings are staggered by ~60°. By joining
rings 1 and 3, as in the case of CX614, the orientation of rings 1
and 3 are covalently constrained to a relative orientation that is
favorable for binding. The conformational rigidity of the mole-
cules may contribute to high potency by maximizing interactions
with the receptors while minimizing unfavorable entropy loss
during modulator binding. Modulator rigidity may also contrib-
ute to high potency by enabling optimal nonpolar contacts be-
tween ring 1 and Pro 494, and hydrogen bonding interactions
involving O2 and O3.

1. Neurosci, September 28, 2005 - 25(39):9027-9036 » 9035

The cocrystal structure with CX614 can also help to answer
questions of structure and function relationships in other mod-
ulators, such as why CX614 is more potent than CX554, although
they have nearly identical structures. Indeed, the only difference
between CX614 and CX554 is that the two oxygen atoms extend-
ing from the benzene ring are connected by two methylene
groups in CX614 and a single methylene group in CX554. In the
CX614 structure, ring 4 is located in a hydrophobic pocket de-
fined by residues Pro 494, Val 750, Leu 751, and Leu 759. Because
CX614 has an additional methylene group, it can better fill the
hydrophobic pocket and, in so doing, can also participate in ad-
ditional van der Waals contacts. The slightly greater hydropho-
bicity of CX614 will also enhance binding.

A common feature of modulator binding in the dimer inter-
face is the displacement of ordered water molecules. For example,
before modulator binding, the aniracetam and CX614 binding
sites are occupied by eight ordered water molecules, and, after the
modulators bind, all eight water molecules are displaced; the hy-
drophobic pocket that is occupied by the bicyclic ring of CTZ is
filled with four water molecules before CTZ binding, and simi-
larly, these four waters are displaced during CTZ binding. In the
Ani/FW and CX/Quis complexes, there is an ordered water mol-
ecule that mimics one of the oxygen atoms of the 7-sulfonamide
group of CTZ.

Conclusions

The crystal structures of the GluR2 ligand-binding core Ani/FW
and CX/Quis complexes reveal a new binding site for positive
allosteric modulators of AMPA receptors. This binding site is
located in the dimer interface and at the interdomain hinge. We
suggest that aniracetam and CX614 stabilize the ligand-binding
core in the agonist-bound, activated state, thereby slowing ago-
nist release and ion channel deactivation. Aniracetam and CX614
also stabilize the ligand-binding core dimer and, through this
effect, reduce the rate of receptor desensitization. The high reso-
lution crystal structures presented here demonstrate, for the first
time, how modulators can differentially affect deactivation and
desensitization, they lend insight into the mechanism underlying
modulator potency and efficacy, and they provide a structural
basis from which to design a new generation of AMPA receptor
modaulators.
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Abstract

Glutamate is the predominant excitatory neurotransmitter in the central nervous system. The receptors that bind glutamate, including N-methyl-
D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor subtypes, are strongly implicated in higher
cognitive processes, especially learning and memory. Loss of glutamate receptor function impairs the ability to acquire and retain information in
some patients subsequent to stroke or brain injury, and positive allosteric modulators of glutamate receptors can restore leaming and memory in
some of these patients. Here we demonstrate that kynurenic acid (KYNA), an endogenous trypiophan metabolite, acts upon heterologous AMPA
receptors via two distinct mechanisms. Low (nanomolar to micromolar) concentrations of KYNA facilitate AMPA receptor responses, whereas
high (millimolar) concentrations of KYNA competitively antagonize glutamate receptors. Low concentrations of KYNA appear to increase current
responses through allosteric modulation of desensitization of AMPA receptors. These findings suggest the possibility that low concentrations of

endogenous KYNA acting at AMPA receptors may be a positive modulator of excitatory synaptic transmission.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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KYNA is a neuroprotective endogenous tryptophan metabolite
produced by astrocytes and neurons via the kynurenine path-
way in both humans and rodents [6]. In human CSF, KYNA
levels are in the low nanomolar range [4]; however, the KYNA
levels that are measured in the CSF may not accurately reflect
synaptic concentrations because the majority of neuronal KYNA
is produced by astrocytes, many of which are directly asso-
ciated with excitatory synapses and are capable of produc-
ing micromolar concentrations of KYNA [7,13]. KYNA levels
are decreased in the frontal cortex in absence epilepsy, infan-
tile spasms, and in the caudate nucleus in Huntington’s dis-
case, while KYNA levels are increased in Alzheimer’s disease,
Down’s syndrome, Gilles de la Tourette syndrome, schizophre-
nia, some bacterial and viral infections, and old age [22.12].
Increasing evidence suggests that KYNA is an endogenous
neuroprotective agent able to prevent neuronal loss following
excitotoxic, ischemia-induced, and infectious neuronal injuries
[20.15]. Specifically, KYNA’s ability to act as a neuroprotec-
tant in muitiple epilepsy models has been well documented
[3.27.19,25,16,9,26].
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The molecular mechanisms of action of KYNA in the CNS
have been studied with mixed results. At non-physiologic (mil-
limolar) concentrations, KYNA has been reported to act some-
what non-selectively at several different receptor types, but at
lower (low micromolar) concentrations, KYNA acts as a com-
petitive antagonist at the glycine-binding site of the NMDA
receptor and as a non-competitive antagonist at the a-7 nico-
tinic receptor [8]. Therefore, a significant component of KYNA’s
neuroprotective ability arises from its actions as an antagonist
of glutamate receptors in brain regions with neuronal damage
and concomitant NMDA receptor hyperexcitability. Rationally-
designed structural derivatives of KYNA that are more selective
for the glycine-binding site of the NMDA receptor are success-
fully making their way into clinical use {2]. In addition, KYNA
is a lower-affinity competitive antagonist of AMPA receptors,
competing for binding at the glutamate-binding pocket in the
extraceliular ligand-binding domain.

In the course of performing concentration-response experi-
ments using very low concentrations of KYNA to reduce gluta-
matergic activation of AMPA receptors, we made an unexpected
observation that suggested to us in some cases KYNA might
facilitate AMPA synaptic transmission. We hypothesized, based
on these data that KYNA might act both as a competitive antag-
onist and a positive allosteric modulator of AMPA receptor

A1.3.1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.sciencedirectcom
http://www.elsevier.com/locate/neulet
mailto:kpartin@lamar.coiostate.edu

C. Prescont et al. / Neuroscience Letters 402 (2006) 108-112 . 109

activity. Positive allosteric modulators of AMPA receptors, such
as cyclothiazide or aniracetam, modulate receptor desensitiza-

- tion and thereby increase AMPA-mediated current responses.
Co-crystallization of the ligand-binding core of GluR2 with
cyclothiazide [23] or aniracetam [ ! ] identified a positive modu-
latory binding site at the interface between two adjacent subunit
dimers. KYNA has never been reported to interact with this site,
however. The goal of the present work was to determine if low
concentrations of KYNA facilitate responses of cloned, heterol-
ogously expressed rat AMPA receptors, and if so to explore the
molecular mechanism of the facilitation.

Adult (4-6 weeks old) male Sprague-Dawley rats were anes-
thetized with 100 mg/kg pentobarbital and decapitated. The
brain was rapidly dissected out and placed into ice-cold high
sucrose solution containing (in mM) 0.5 CaCly, 7 MgCly, 2.5
KCl, 25 NaHCO3, 87 NaCl, 1.25 NaH;POy4, 25 glucose, and 75
sucrose. Then, 400 pm-thick coronal hemibrain slices were cut
using a Leica VT-1000E vibratome (Leica, Nussloch, Germany)
and kept for at least 90 min in an interface chamber contain-
ing 50% high sucrose solution and 50% ACSF, containing (in
mM) 2 CaCl,, 2 MgCl,, 2.5 KCl, 26 NaHCO3, 126 NaCl, 1.25
NaH;POy, and 10 glucose (pH 7.4). Slices were then transferred
to a recording chamber, where they were bathed in a modified
ACSF solution containing (in mM) 1.3 CaCl;, 0.9 MgCl,, 3.3
KCl, 26 NaHCO3, 126 NaCl, 1.25 NaH;POy, and 10 glucose
(pH 7.4). All solutions were saturated with 95% 02/5% CO;
and both interface and recording chambers were maintained at
35°C. Experiments were approved by the University of Col-
orado Health Science Center Institutional Animal Care and Use
Commiittee.

Field excitatory postsynaptic potentials (fEPSPs) were
recorded using glass electrodes (resistance 5-6 M) filled with
150 mM NaCl placed in the stratum radiatum of the CA1 region
or the CA3 pyramidal cell layer. A bipolar platinum—iridium
stimulating electrode was placed approximately 0.5 mm lateral
to the recording electrode in the CA1 or 0.5 mm medial to the
recording electrode in the CA3. The strength of the electrical
stimulus was modified to obtain the maximal fEPSP amplitude
without evoking a population spike. Each individual stimulus
was 20 ps in duration and the interstimulus interval was 10s.
Recordings were performed with an Axoclamp 2B amplifier
(Axon Instruments, Foster City, CA) and digitized at 5 kHz using
a PCI-DAS 1602/16 (Computer Boards, Middieboro, MA).
The change in response was determined as the average fEPSP
slope or amplitude during drug application (20 min) normal-
ized to the average baseline (20 min) fEPSP slope or amplitude,
respectively.

Recordings were collected using programs written in Visual
Basic 6.0 by Dr. K.J. Staley. All data are presented as the mean
of the normalized responses, with standard errors shown.

Wild type and mutant GluR2 cDNAs served as a template for
in vitro transcription using T7 polymerase, and oocytes were pre-
pared from anesthetized Xenopus laevis as previously described
[14]. Forty-eight hours after injection, responses to varying con-
centrations of glutamate, with or without KYNA, were recorded.
An electronic valve control system and electronic valves were
used to exchange solutions. A Macintosh G4 computer with

ety
I
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50 nA
20s
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Fig. 1. KYNA has a dual effect on GluR2 glutamate-evoked currents. Overlay
of six responses measured with two-clectrode voltage clamp (TEVC) from an
oocyte expressing GluR2o0. After a 30 s exposure 100 1M glutamate, each oocyte
was exposed to 30s of a solution containing 100 uM glutamate and increasing
concentrations of KYNA (0.03, 0.3, 3.0, 30, 300 and 3000 uM). Responses
are normalized to the glutamate current immediately preceding application of
KYNA, t0 negate the cffects of receptor rundown over the 15-20 min needed to
perform the entire experiment. N = 6-21 oocytes. Lower i ted
in a modest potentiation of the glutamate-evoked currents, whereas concentra-
tions of 300 and 3000 M inhibited these currents.

an A/D interface running the program Synapse (Synergistic
Research Systems, Silver Springs, MD) was used to acquire
the current response. Oocytes were perfused with a solution of
100 uM glutamate for 30 s, followed by 30 s with 100 uM gluta-
mate plus different concentrations of KYNA. Oocyte responses
were analyzed by measuring the average amplitude of the control
response and the average amplitude of the response in the pres-
ence of KYNA. Potentiation was measured as /Giu+KYNA/IGiu-
Differences were measured using an ANOVA test.

All salts and drugs were obtained from Sigma (St. Louis,
MO). Drugs were bath applied, unless otherwise stated.

We used a heterologous expression system in order to test
the hypothesis that low concentrations of KYNA have positive
allosteric effects on isolated AMPA receptors. We first exam-
ined the effects of KYNA on recombinant rat GluR2 responses.
We found that concentration-dependent effects of KYNA were
evident in the glutamate response of GluR2 receptors heterol-
ogously expressed in Xenopus oocytes, as measured by two-
electode voltage clamp recording (TEVC) (Figs. 1 and 3). Low
concentrations (0.03-30 pM) of KYNA potentiated steady-state
responses to 100 uM glutamate of GluR20 by up to 110+ 3%
(3 uM KYNA), whereas high concentrations of KYNA inhib-
ited responses to 40 3= 4% (3000 uM). Application of KYNA in
the absence of agonist did not alter the holding current of the
oocyte membrane. There was no significant difference in the
ability of KYNA to potentiate the fiop versus flip isoform (data
not shown).

We reasoned that KYNA might be modulating receptor
desensitization, as do other -positive allosteric modulators. To
determine if KYNA modulates desensitization, we testeda “non-
desensitizing” GluR2o receptor mutant, L4g3 Y [21]. Consistent
with this hypothesis, KYNA was not able to potentiate responses
of GluR20 Lyg3Y (Figs. 2 and 3), but was still able to inhibit
responses at the higher concentrations. We also tested a GluR20
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Fig. 2. KYNA may act by modulating channel desensitization. Overlay of six
responses measured with TEVC from an oocyte expressing GluR20 Lyg3 Y, with
recording conditions similar to Fig. 1. The low-concentration, potentiating effect
of KYNA was lost, whereas higher conceatrations (300 and 3000 M) remained
inhibitory.

receptor mutant, Sg7T, which impairs the ability of other pos-
itive allosteric modulators, such as cyclothiazide, to modulate
desensitization [23,14.11]. GluR20 ST impaired the ability
of KYNA to potentiate the glutamate response, although not
as effectively as the Lyg3 Y mutation (data not shown). As with
the GluR20 Lyg3 Y mutant, the S497 mutant did not affect the
ability of KYNA to inhibit responses at higher concentrations;
the mutations only affected the ability of KYNA to potentiate
responses at low concentrations. The most parsimonious inter-
pretation of these data is that KYNA interacts with two distinct
sites on the AMPA receptor: a lower affinity site that is most
likely the ligand-binding site and a higher affinity site that at
least overlaps the previously identified positive allosteric modu-
lation site. KYNA is a sufficiently potent antagonist that at higher
concentrations (such as the concentrations typically used exper-
imentally to antagonize glutamate responses), the potentiation
of glutamate responses is masked by the antagonist effect. Our
experiments at low concentrations reveal a previously unrecog-
nized positive allosteric action of KYNA.

The effects of KYNA on evoked excitatory transmission in
the rat hippocampal slice preparation were measured at KYNA
concentrations of 10-1000 uM. Low concentrations (10 uM)
of KYNA typically potentiated the amplitude of the evoked
response in both the CA1 and CA3 regions of the hippocampus
(Fig. 4). However, the potentiation was very modest and differ-

CA1

Fig. 4. Effect of ky ic acid in the hip ] slice ion. S
(black lines) and during (grey hnes)badupphcauonoflOuM KYNA.

1.2 * -

1
08
‘0.6 .

04

Normalaized Amplitude
(aLusvnaViaLy)

0.2

0
000t 0t 10' 10® 10°
KYNA [uM]

Fig. 3. KYNA d p lationship. S y of mesn TEVC
dose—resp data from wtldtypeGluRZo (closed squares)
andthe“non—desenﬂunng GluRZohqumtmeptm(open squares). The
normalized amplitude is plotted versus increasing concentrations of KYNA. For
all lower ions of KYNA facilitated the responses evoked
by 100uM glutamate. However, the effect of KYNA on GluR20 LegyY was
less than for WT GluR2o, and this differcace reached significance at 0.01 mM
KYNA. The mutation had no effect on the ability of KYNA to inhibit responses
at the higher concentrations. Data points are fit with & logistic equation (solid
line), with /pax for WT receptors = 1.07 10.01, whereas [y, for the mutated
receptor =0.99 £ 0.005; ICso’s of the fit were calculated at 1.9 and 1.0mM,
respectively. Asterisks indicate significant differences in relative amplitude
between wild type and the mutant receptor, p<0.05. N=6-21 oocytes. Data
shown are mean + S.E.M.

ences did not reach statistical significance: the mean response
was potentiated to 110+9.5% (i.e., a 1.1-fold facilitation) in
the CAl and to 124 £ 17% in the CA3 (p>0.05, paired #-test).
High concentrations (1000 uM) of KYNA inhibited responses
by up to 82%: the mean was 50 + 13% in the CAl and 34 + 22%
in the CA3. KYNA exerted similar dual effects on the fEPSP
slope, with a mean increase of 100.5 +8.9% in the CAl and
113+£7.5% in the CA3. A 1000 uM KYNA inhibited the
response by up to 73%; the mean was 53 + 8.1% in the CAl
and 15+ 12% in the CA3. This potentiation occurred in 80%
of experiments in the CAl and 60% of experiments in the
CA3, though the overall effect was not significant in either
region. These results raised the possibility that under some con-
ditions, KYNA positive modulation of native AMPA receptors
could enhance synaptic transmission, although this effect varied
widely. We hypothesized that the variability could be related to
the expression of different AMPA receptor subunits, as well as
the many KYNA receptor targets present in the hippocampal
slice preparation that could induce confounding pre and postsy-
naptic alterations in fEPSPs.

‘\ 5ms

ple traces of fEPSP recordings from the CA1 and the CA3 areas of the hippocampus before
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We demonstrate a facilitation of AMPA receptor responses by
low micromolar concentrations of kynurenate in a heterologous
expression system. The molecular mechanism of the KYNA
augmentation of currents is unclear. One formal possibility is
that KYNA is competing for glutamate at the agonist-binding
site, and when glutamate and KYNA together occupy binding
sites on a common teiramer, the gating properties are changed
(i.e., P, increases), presumably by changing the agonist effi-
cacy [10]. This explanation seems unlikely, given the fact that
the affinity for KYNA at the agonist-binding site is much lower
than for glutamate. Alternatively, KYNA may occupy adifferent,
higher affinity site, and allosterically modulate receptor activity.
One such site could be the previously identified binding site that
lies at the interface between receptor subunits. The data with
GluR2S497T are consistent with KYNA interacting at this site,
as are the data from GluR20L433Y. At this binding site, KYNA
may serve to destabilize the desensitized state, thus allowing
KYNA-bound receptors to recover from desensitization and re-
open, which would be seen as an increase in current amplitude.
To directly determine if KYNA has an effect on desensitization,
we measured the time constant of desensitization in the absence
and presence of KYNA in transiently transfected HEK293 cells
expressing recombinant GluR2, but found no statistically signif-
icant effect. Thus, because of the very modest facilitative action
of KYNA, further experiments to pursue the molecular mecha-
nism are not feasible.

A similar trend for low concentrations of KYNA to facilitate
AMPA responses was seen in the slice preparation, aithough
these results did not reach statistical significance. There are sev-
eral possible explanations for the differences in results obtained
from the oocyte and slice preparations: (1) the difference in
the magnitude (100 uM in oocyte versus >1 mM in slice) of
the glutamate exposure, (2) KYNA’s effects on other recep-
tors present in the slice preparation, including NMDA recep-
tors and -7 nicotinic acetylcholine receptors, (3) a difference
between the AMPAR subunit composition in the two prepara-
tions, (4) differences in proteins that interact with the AMPAR
such as stargazin, which can positively modulate the AMPA
receptor and stargazin-like transmembrane AMPA receptor reg-
ulatory proteins that interact with the receptor in the two systems

- [24.18.5] and (5) the availability of endogenous KYNA in the
hippocampus. If endogenous KYNA is sufficient to maximally
modulate the AMPA receptor under normal conditions, then the
modulatory effect of KYNA may only become apparent under
conditions such as neuronal injury.

As far as we are aware, this is the first report that an
endogenous antagonist can also act as a positive modulator
through a distinct site. Our data with KYNA are consistent with
actions of two synthetic antagonists, NBQX (2,3-dihydroxy-
6-nitro-7-sulfamoyl-benzo(F)quinoxaline) and GYKI 52466
(1-(4-amino-phenyl)-4-methyl-7,8-methyl-endioxyl-5H-2,3-
benzodiazepine). These antagonists were also found to have a
dual effect on neuronal responses measured by fast perfusion,
potentiating plateau responses at low concentrations and
inhibiting peak responses at high concentrations, through an

leaves open the question as to whether endogenous ligands
are meant to modulate AMPA receptor activity in vivo. Since
much lower concentrations of KYNA are needed for facilitation
than inhibition, we suggest that facilitation by KYNA of
AMPA receptors may play a more significant role in vivo than
does antagonism. Taken together, these findings suggest the
possibility that there may be an in vivo role for KYNA acting
at AMPA receptors, perhaps specific to the developing brain or
to nervous tissue that has been injured and is being repaired.
Although the in vivo significance of KYNA positive modulation
of AMPA receptors remains to be determined, experimenters
using very low doses of KYNA on cells containing AMPA
receptors or in slice preparations (where the concentration of
exogenously added KYNA cannot be well-controlled) should
be cognizant of the dual effects of KYNA.
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Stargazin is an accessory protein of AMPA
receptors that enhances surface expression
and also affects the biophysical properties of
the receptor. AMPA receptor domains
necessary for either of these two processes
have not yet been identified. Here, we used
confocal imaging and electrophysiology of
heterologously expressed, fluorophore-tagged
GluR1, GluR2 and stargazin to study surface
expression and desensitization kinetics.
Stargazin-mediated trafficking was sensitive
to the nature of the AMPA receptor
cytoplasmic domain. The insertion of YFP
after residue 15 of the truncated cytoplasmic
tail of GluR1li perturbed stargazin-mediated
trafficking of the receptor but not its
modulation of desensitization kinetics. This
construct also failed to permit fluorescence
resonance energy transfer (FRET) with
stargazin in the ER, whereas FRET between
fluorophore-tagged stargazin and non-
truncated AMPA receptors demonstrated a
specific interaction between these proteins,
both in the ER and the plasma membrane.
Rather than encoding a specific binding site,
the fluorophore-tagged C-terminus may
restrict access to one or more endoplasmic
reticulum (ER) retention sites. Although
perturbations of the C-terminus impeded
stargazin-mediated trafficking to the plasma
membrane, their effects on the biophysical
properties of AMPA receptors (i.e.,
modulation of desensitization) remained
intact. These data provide strong evidence
that the AMPA receptor domains required
for stargazin-modulation of gating and
trafficking are separable.

INTRODUCTION

AMPA ( -amino-3-hydroxy-5-methyi-
isoxazole-4-propionate) receptors, a subtype of
ionotropic glutamate receptors, are expressed at
the postsynaptic membrane of neurons where
they mediate rapid excitatory synaptic
transmission (1-4). Native AMPA receptors are
hetero-oligomers composed of four subunits
(GluR1-4) that are either a flip (i) or flop (o)
isorform (5). AMPA receptors play a critical
role in neuronal signal transduction that is
necessary for memory and learning. AMPA
receptors cycle rapidly in and out of the plasma
membrane in an activity-dependent manner (6-9)
that requires assembly with auxiliary proteins
such as stargazin (10).

Stargazin, also known as 2 or
CACNG?2, is a member of the transmembrane
AMPA receptor regulatory protein (TARP)
family (11-14). It was initially identified from
the stargazer mouse, an inbred mouse strain with
a phenotype of an unsteady gait, persistent head-
raising (“‘star-gazing™), and frequent spike-wave
discharges (12,15). Granule cells from the
cerebellum of stargazer mice are missing
functional AMPA receptors. A biochemical
interaction between stargazin and both AMPA
receptors and PSD-95 exists (16). The
interaction between stargazin and AMPA
receptors is essential for efficient delivery of
receptors to the surface of cerebellar granule
cells, whereas its interaction with PSD-95 is
essential for clustering receptors to the
postsynaptic membrane.

Stargazin enhances the total current of
AMPA receptors, consistent with its ability to
traffic more receptors to the plasma membrane
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where current is measured (17-21). Recombinant
AMPA receptors are poorly trafficked to the cell
surface in the absence of stargazin and remain
trapped in intracellular pools (22). Stargazin
may facilitate AMPA receptor export from the
ER (11) by masking ER retention signals of the
tetrameric receptor in vivo (10). In addition to
enhancing AMPA receptor trafficking, stargazin
also slows AMPA receptor desensitization and
deactivation (19-21) and increases the rate of
channel opening (20). The domains of stargazin
essential for modulating trafficking versus
biophysical properties are partially separable.
Stargazin is a four-pass transmembrane protein:
the cytoplasmic C-terminal domain is required
for receptor trafficking but the first extracellular
domain controls stargazin’s modulation of
AMPA receptor biophysical properties (20,21).
The stargazin extracellular domain may
allosterically modulate the AMPA receptor’s
extracellular ligand-binding core, altering
AMPA receptor subunit interactions (14).
Single-particle electron microscopy indicates
that stargazin associates primarily with the
AMPA  receptor transmembrane domains
(23,24). However, there is little information
about AMPA receptor domains involved in
stargazin-mediated trafficking or modulation.

The present study uses functional
deletions of AMPA receptors to identify
domains necessary for effective trafficking and
modulation of desensitization by stargazin.
Because the intracellular C-terminus of stargazin
is necessary for targeting AMPA receptors, we
hypothesized that an intracellular region of the
AMPA receptor such as the C-terminus might
directly interact with stargazin. Consistent with
this idea, the C-termini of AMPA receptors are
known to bind a number of different proteins
that effect trafficking and the stabilization of the
channel at synapses (Figure S1). Our data
suggest that stargazin requires access to a
cytoplasmic binding site for effective trafficking
to the surface membrane but does not require
this same interaction for modulation of
desensitization.

METHODS

Transient transfections for electrophysiology.
Human embryonic kidney 293 (HEK 293)

A14.2

fibroblasts (CRL 1573; American Type Culture
Collection, Rockville, MD) were cultured as
described previously (25). Cells were transiently
transfected using FuGene 6 reagent (Roche
Products, Indianapolis, IN) or Lipofectamine
2000 (Invitrogen, Carlsbad, CA) with AMPA
receptor cDNA (0.5-2 /35 mm dish) and if
channel was not tagged, soluble yellow
fluorescent protein cDNA (0.1- 0.15 /35 mm
dish). When used, stargazin was always added in
a 1:2 stargazin ratio (with total amounts of
c¢DNA transfected ranging from 0.1-3 g). After
transfection, 10-40 M NBQX was added to the
media to prevent cell toxicity.

Transfections for confocal microscopy. Collagen
or poly-d-lysine coated 14 mm glass bottom
culture dishes (MatTek Corporation, Ashland,
MA) were incubated with ECL Attachment
Matrix (Upstate Cell Signaling Solutions, Lake
Placid, NY) for lhr at 37°C then washed with
c¢cMEM before plating cells. Cells were
transfected  using  Lipofectamine = 2000
(Invitrogen, Carlsbad, CA) when 60-90%
confluent and incubated under identical
conditions as cells wused for standard
electrophysiology. For each transfection 70 1 of
MEM was incubated with 3 1 of Lipofectamine
and in another tube 30 1 of MEM was
incubated with 0.1 to 3 g of total cDNA and
thoroughly mixed. Contents of the tubes were
combined, and after 20-30 minutes the solution
was added to the cells along with 0-10 M
NBQX. 4.5-24 hours later, the solution was
exchanged with fresh cMEM with 20-40 M
NBQX. All cells were imaged at room
temperature 2-3 days after transfection.
Immediately before imaging the solution was
exchanged with ¢cMEM containing no phenol
red.

Outside-out patch recordings. Currents were
recorded 2-3 days after transfection, as
described  previously (25). Extracellular
solutions (ECS) contained the following: 20 mM
sucrose, 145 mM NaCl, 54 mM KCl, 5§ mM
HEPES, 1 mM MgCl,, 1.8 mM CaCl,*H,0, and
0.01 mg/ml phenol red, pH 7.3. Outside-out
membrane patches were voltage clamped at -60
mV using an Axopatch 200B amplifier
(Molecular Devices, Union City, CA). Synapse

2
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(version 3.6d; Synergy Research, Silver Spring,
MD) controlled piezoelectric movement, data
acquisition, and trace analysis. Responses were
filtered at 5 kHz, digitized at 10-500 s/point,
and stored on a Power Macintosh computer
(Apple Computers, Cupertino, CA) using an
ITC-16 interface (InstruTech, Port Washington,
NY). Micropipettes (TW150F; 2-5 M ; World
Precision Instruments, Sarasota, FL) contained
the following (in mM): 135 CsCl, 10 CsF, 10
HEPES, 5 Cs-BAPTA, 1 MgCl,, and 0.5 CaCl,,
pH 7.2 (292 mOsm). Patches were perfused at
0.2 ml/min with solutions emitted from a two-
barrel flow pipe made with tubing (BT150-10;
Sutter Instruments, Novato, CA). One barrel
contained vehicle (control) composed of the
following: 145 mM NaCl, 5.4 mM KCl, 5 mM
HEPES, 1 mM MgCl,, 1.8 mM CaCl,*H,0, with
0.01 mg/ml phenol red, pH7.3. The other barrel
had this solution plus L-glutamate (10 mM).
After going into voltage clamp, an outside-out
patch was pulled, lifted up to the flow pipe,
positioned near the interface between the
glutamate-free and glutamate-containing
solution and jumped rapidly from the vehicle
control into glutamate. Rapid solution exchanges
of 1 or 500 ms were driven by a piezoelectric
device (Burleigh Instruments, Fishers, NY).
Solution exchange rates were determined at the
end of each experiment by open-tip junction
currents and excluded if rise times exceeded 0.5
ms.

Analysis of rapid responses. Desensitization
rates were estimated by fitting a single-
exponential function ( 4,) to the 500 ms
response decay (from 95% of peak to steady
state). Deactivation rates were estimated by
fitting a single-exponential function ( gac) to the
1 ms response decay (from 95% of peak to
steady state). Three to 20 responses per patch
were averaged for analysis. Current traces and
graphs were plotted using KaleidaGraph 3.5
(Synergy Software, Reading, PA).

Generation of constructs. The CMV expression
plasmids (pRK) for GluR1, GluR2 (Re7Q) and
GluR6 (Re21Q) were provided by Dr. Peter
Seeburg (Max Planck Institute for Medical
Research, Heidelberg, Germany). Rl YFP was

A1.43

generated using overlapping PCR to make an in-
frame fusion protein with CFP or YFP, using
pECFP or pEYFP (Clontech, Palo Alto, CA) as
templates. The first residue from the fluorescent
protein followed immediately after the last
amino acid in the sequence ATGL. R1,YFP
was made by inserting the restriction site Mlul
(ACGCGT) between amino acids GGG and
SGE of the C-terminal domain using
QuikChange II XL Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA). The final
sequence at the fusion was GGGTR(YFP).
R15YFP, RIl;sYFP, RL;YFP, RLYFP,
R24YFP, and R2,YFP were generated similarly
(see Figure S1 for the locations of insertion
sites). All point mutations were made using the
QuikChange II XL Site-Directed Mutagenesis
Kit as was the insertion of a stop codon for R1i)4
after amino acids KRMK of the cytoplasmic tail.
The insertion sequence of the Rlijs:33YFP,
R1i7+3gYFP, and Rliz+3sYFP constructs had a 38
amino acid linker before fluorophore attachment
with the sequence:
TRGGSEQKLISEEDLSQFRVSPLDRTWNLG
ETVELKTR. GluR2i and GluR20 ATD were
constructed to delete 380 amino acids of the
mature protein. The N-terminus thus began with
LPS preceded by the Kozak sequence (ACC)
and the GluR6 signal sequence. Stargazin
constructs:  StgEGFP/Gwl-CMV  plasmid
(British Biotechnology; (26)) was a generous
git from Dr. David Bredt (UCSF, San
Francisco), as was pcDNA3-stg. StgCFP and
stgYFP were inserted in frame at the Bglll site
in pcDNA3 (Stratagene) homologous to stgGFP
but truncated after amino acid 269. GluR4i

ATD and FLAG-GluR4i were kind gifts from
Dr. Kari Keinanen (University of Helsinki;
Helsinki, Finland; (27)) FLAG-GluR4i CTD
was made by inserting a stop codon after EF, the
first two amino acids of the cytoplasmic tail.
Kv2.1 was a kind gift from Dr. Michael Tamkun
(Colorado State University; Fort Collins, CO;
(28)). The CD8 plasmid (MGC-34614) was
purchased from American Type Culture
Collection (Rockville, MD) and CD3CFP was a
generous gift from Dr. Nicholas Gascoigne (The
Scripps Rescarch Institute; La Jolla, California
(29)).
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TABLE 1
Loss of modulation of GluR1(S483T) by CTZ and CX546

Loss of modulation by both CX546 and CTZ occurs when mutations are made at either position 493 (this article) or position 750 (this article and Partin ot al., 1996) in GluR1.
Values represent mean + S.EM.; n = 5 to 14 oocytes, but most data points represent n = 8. Hill values are given in parentheses below the valus for ECyy

CTZ CX546 Glutamate

ECgo Pmmum: (300 uM CTZ) ECyo PMM‘(IEOO CX548) ECso

M uM nM
WT GluR1i 58.0 + 1.9(2.2) 396 +17.2 503 + 73(1.6) 186 + 4.9 271 +89
GluR1i(S493T) N.D. 179 *52 N.D. 1.1+05 219173
WT GluR1lo 237 + 104.(0.9) 87 +1.7 596 > 315 (1.0) 163 * 1.7 111+ 74
GluR10(8493T) N.D. 18 +0.1 N.D. 0701 283+ 118
GluR10(8750Q) N.D. 1.0 *0.1° N.D. 18+0.2 N.D.
N.D., not determined (i.e., data could not be fit reliably with logistic tion b of small amplitudes).

* Data from Partin et al. (1996).

mutation had a similar effect on both GluR1i and GluR1o re-
ceptors, reducing the level of maximal potentiation to 18- and
2-fold, respectively (Fig. 1B). These data indicate that mutation
of Ser493 in either the flip or flop isoform of GluR1 has a
deleterious effect on allosteric modulation by CTZ. This finding
is consistent with the structural data for the S1/S2 domain
complexed with both agonist and CTZ (Sun et al., 2002).

To test the hypothesis that the mutation affecting CTZ mod-
ulation would also affect CX546 modulation, similar analyses
on WT and mutant GluR1i and GluR1o receptors were per-
formed (Table 1). There was no difference in apparent affinity of
CX5486 for GluR1o (ECg,, = 595 uM) versus GluR1i (ECg, = 503
M), and the responses were potentiated to a similar extent
(Fig. 1A). For both splice isoforms, the Ser493 mutation com-
pletely abolished potentiation by CX546. Thus, the Ser493 paint
mutation impaired modulation by both CX546 and CTZ, al-
though these two drugs are believed to act through distinct
mechanisms.

Previous experiments demonstrated that the AMPA recep-
tor alternatively spliced flip/flop region was responsible for
the differential sensitivity to CTZ and aniracetam (Partin et
al., 1996). The differential sensitivity could be mapped to one
critical residue, Ser750 (or Asn750 in the flop isoform) and, in
fact, modulation could be abolished with the mutation
GluR1(S750Q). Because CX546 is structurally related to
aniracetam, one might predict that modulation by CX546
would be impaired by mutation of Ser750. Indeed, Table 1
shows that modulation of GluR1(S750Q) by CX546 is re-
duced to 1.8-fold. Thus, there is a significant loss of modula-
tion by both CX546 and CTZ upon mutation of both Ser493
and Ser750.

The loss of modulation by the Ser493 mutation could be a
secondary consequence of a reduction in agonist affinity. To

TABLE 2

Modulation of AMPA subunits by CX546
CX546 modul d ked of the flop (o) isoform of all AMPA
subunits. Values reported are the fit of the data from dose-response analysis using 1
to 1500 uM CXB48, with n = 8 oocytes per d ination. The lefk col shows the
mean ECy,; given the limited solubility of CX546, these values may represent a lower
estimate of the actual value (see also Nagarajan et al., 2001). Right column shows the
mean potentiation of the current evoked by 300 uM giutamate and 1500 uM CX546.

test this idea, glutamate dose-response analyses were per-
formed on WT and mutant GluR1i and GluR1o receptors. The
Ser493 mutation did not significantly change the apparent
affinity of glutamate (Table 1). The ECg, for WT GluR1i was
27 uM and 22 uM for GluR1i(S493T); for WT GluR1o, the
ECyowas 11 uM and 28 uM for the mutation. In addition, the
mutation did not significantly change the efficacy of gluta-
mate, because the mean peak current for WT GluRli in 1000
pnM glutamate was 414 * 60 nA (n = 20) versus 569 * 72 nA
(n = 16) for GluR1i(S493T) (p = 0.10). Thus, the Ser493
mutation impairs modulation by CTZ and CX546, similar to
the effects of the GluR10(S750Q) mutation (Table 1), which
impairs modulation by CTZ and aniracetam (Partin et al.,
1996), without affecting inherent agonist affinity.

Modulation of All AMPA Receptor Subtypes by
CX848. A dose-response analysis was used to test the efficacy
of CX546 modulation on different AMPA receptor subtypes
(Table 2). For these experiments, the flop splice isoform was
used. Responses from GluR1 to -4 receptors were potentiated
by CX546. There were 2- to 3-fold differences in the apparent
affinities (ECy, values ranged from 176 to 681 uM) and 3-fold
differences in the efficacy (maximal potentiation ranged from
10- to 31-fold) of CX546. Thus, CX546 positively modulates
the flop isoform of all AMPA receptors. To interpret the
electrophysiological experiments in light of the published
crystal structural data of GluR2, we next performed kinetic
experiments using GluR20.

Kinetic Analysis of GluR20(8497T). Nagarajan et al.
(2001) have shown previously that CX546 modulation of
“GluR2iy” caused a small but aignificant increase of the time
constant of deactivation. In Fig. 2A, a similar result is shown for
GluR2o0, as assayed in outside-out patches of transiently trans-
fected HEK293 cells, using ultrafast solution perfusion. CX546
slowed deactivation (i.e., increased 7,,,.) from 0.71 = 0.05 to
1.10 = 0.08 ms (p = 0.001) (Fig. 2C,) without significantly
changing 7., (Fig. 2C,). In addition, CX546 significantly in-
creased the ratio of steady-state to peak current from 0.06 =
0.03 to 043 = 0.04 (p < 0.001) (Fig. 2, A; and Cy). This modu-
lation most likely arises as an indirect effect of CX546, which
alters equilibrium desensitization by slowing channel deactiva-
tion rather than directly affecting the rate of desensitization

ECy, CX548 {B00uMCEME  (Partin et al., 1996; Arai et al., 2002b). The fact that CX546 did
ubd potalterfd_x.naymﬂectthn.tmretpuinmtlwuepefmed
GiuRlo 595 + 815 (1.0) U47+55 in subsaturating concentrations of CX546 (300 xM). When we
GluR20 (R607Q) 178 + 26 (1.8) 99+ 05 performed pilot experiments at a higher concentration of CX546
v 864 = 159 2.4) 309 =63 (1000 M), the steady-state/peak ratio increased to near unity
GluR4o 681 = 566 (1.3) 88+35 (S. Clark and K. M. Partin, unpublished obearvations).
A1.4.4
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absence of stargazin. However, these receptors
could form fluorescent membrane surface rings
when co-expressed with stargazin. No decrease
in the frequency of surface rings or differences
in the ratio of membrane to cytosolic intensity
were found for these truncated proteins
compared with the wild type C-terminus.
However, a third fusion protein that deleted all
but the first 15 amino acids of the C-terminus,
R1li;sYFP, resulted in a receptor that never
formed surface rings (10 independent
transfections with >1000 counted fluorescent
cells). Rings also did not form when R1i;sYFP
was co-expressed with stgCFP (Figure 2b).
Rings were not seen even at a 1:8 stargazin ratio.

The homologous deletion made in
GluR2 (R2i,s) tagged with CFP or YFP was also
tested for stargazin-mediated trafficking. Similar
to R1i;sYFP, the expression of this protein was
cytosolic in either the absence or presence of
stargazin. In contrast, the C-terminal deletion
mutation R2i,xYFP also formed surface
expression rings (Figure 4a).  Thus, the
cytoplasmic requirements for trafficking of
GluRl or GluR2 by stargazin appear to be
similar. All flop isoforms tested followed the
same trend.

3. The intracellular interaction necessary for
effective stargazin-mediated trafficking is not
necessary for stargazin-mediated modulation
of desensitization.

The inability of stargazin to traffic
R1,sYFP or R2,,YFP to the surface membrane
suggests that stargazin cannot interact with these
proteins. To determine whether trunctions that
impair trafficking also impair modulation of
AMPA receptor function, we examined the
electrophysiological properties of the mutated
receptors.  Outside-out patches of cells
transfected with the C-terminal trunctions,
R1i;sYFP or Rli;YFP, demonstrated no
significant difference in stargazin-mediated
slowing of desensitization compared to the non-
truncated Rliy YFP (Figure 2c, 2e). Stargazin
slowed the kinetics of Rlig; YFP from 3.2+0.1 to
5.8+0.7 ms, Rli3;sYFP from 3.4+0.5 to 4.8+0.3
ms, and R1i;sYFP from 2.9+0.1 to 5.8+0.3 ms. It
is important to note that cells with surface
expression rings were not selected for in these

experiments and are not paired with the data
used for Figure 1.

As expected if the formation of surface
expression (and reduced ER retention) is related
to overall current density, Rli;sYFP showed
only a two-fold increase in current amplitude
when co-expressed with stargazin (370+113 vs.
733£175 pA), whereas both Rlig YFP (198469
vs, 694+£301 pA) and Rli;sYFP (172482 vs,
630£140 pA) showed a ~3.5-fold increase in
current amplitude (Figure 2d). Rli,,, which
lacked a fluorophore and had one less amino
acid than R1i;sYFP, produced currents that were
significantly smaller 30+3 pA, but when co-
transfected with stargazin the mean current
increased ~11-fold to 364+118 pA. Together,
the data presented in Figures 1 and 2 suggest
that the domains of AMPA receptors necessary
for trafficking of or modulation by stargazin are
separable.

4. The cytoplasmic tail of AMPA receptors
does not contain a specific stargazin-binding
site.

Stargazin did not traffic R1;sYFP to the surface.
To determine if this was due to steric hindrance
when the fluorophore was attached immediately
after residue 15, we inserted a 38 amino acid
linker between the last AMPA receptor residue
of R1i;sYFP and the fluorophore (R1i;s.33YFP).
Co-transfection of Rlijs.;3YFP with stargazin
permitted ring formation, demonstrating that no
more than 15 amino acids of the cytoplasmic tail
of AMPA receptors were necessary for stargazin
mediated trafficking. To determine if there is a
specific interaction between stargazin and any of
the residues within the conserved proximal 14
amino acids in the tail of AMPA receptors, a
series of point mutations was constructed. These
mutations either disrupt a known protein-
interacting site (Figure S1) or replace critical
differences in the proximal cytoplasmic tail
between AMPA receptors and GluR6 (Figure
3a), which does not associate with stargazin
(18). All point mutants were constructed within
Rlls]YFP or Rll;sYFP Each of these mutant
receptors permitted stargazin-mediated surface
expression rings (Figure 3a) suggesting that
specific C-terminal residues are not necessary
for stargazin trafficking. Because previous

6
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absence of stargazin. However, these receptors
could form fluorescent membrane surface rings
when co-expressed with stargazin. No decrease
in the frequency of surface rings or differences
in the ratio of membrane to cytosolic intensity
were found for these truncated proteins
compared with the wild type C-terminus.
However, a third fusion protein that deleted all
but the first 15 amino acids of the C-terminus,
R1i;sYFP, resulted in a receptor that never
formed surface rings (10 independent
transfections with >1000 counted fluorescent
cells). Rings also did not form when R1i;sYFP
was co-expressed with stgCFP (Figure 2b).
Rings were not seen even at a 1:8 stargazin ratio.

The homologous deletion made in
GluR2 (R2i,¢) tagged with CFP or YFP was also
tested for stargazin-mediated trafficking. Similar
to RlijsYFP, the expression of this protein was
cytosolic in either the absence or presence of

stargazin. In contrast, the C-terminal deletion

mutation R2iixYFP  also formed surface
expression rings (Figure 4a).  Thus, the
cytoplasmic requirements for trafficking of
GluR1 or GluR2 by stargazin appear to be
similar. All flop isoforms tested followed the
same trend.

3. The intracellular interaction necessary for
effective stargazin-mediated trafficking is not
necessary for stargazin-mediated modulation
of desensitization. '

The inability of stargazin to traffic
R1,sYFP or R2;,YFP to the surface membrane
suggests that stargazin cannot interact with these
proteins. To determine whether trunctions that
impair trafficking also impair modulation of
AMPA receptor function, we examined the
electrophysiological properties of the mutated
receptors.  Outside-out patches of cells
transfected with the C-terminal trunctions,
R1isYFP or RlisYFP, demonstrated no
significant difference in stargazin-mediated
slowing of desensitization compared to the non-
truncated Rlig YFP (Figure 2c, 2e). Stargazin
slowed the kinetics of R1ig; YFP from 3.2+0.1 to
5.840.7 ms, RlissYFP from 3.4+0.5 to 4.840.3
ms, and R11;5YFP from 2.9+0.1 t0 5.8+0.3 ms. It
is important to note that cells with surface
expression rings were not selected for in these
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experiments and are not paired with the data
used for Figure 1.

As expected if the formation of surface
expression (and reduced ER retention) is related
to overall current density, Rli;sYFP showed
only a two-fold increase in current amplitude
when co-expressed with stargazin (370+113 vs.
733175 pA), whereas both Rliy, YFP (198+69
vs, 694301 pA) and Rli;cYFP (172482 vs,
630x140 pA) showed a ~3.5-fold increase in
current amplitude (Figure 2d). Rliy, which
lacked a fluorophore and had one less amino
acid than R1i;sYFP, produced currents that were
significantly smaller 30+3 pA, but when co-
transfected with stargazin the mean current
increased ~11-fold to 364+118 pA. Together,
the data presented in Figures 1 and 2 suggest
that the domains of AMPA receptors necessary
for trafficking of or modulation by stargazin are
separable.

4. The cytoplasmic tail of AMPA receptors
does not contain a specific stargazin-binding
site.

Stargazin did not traffic R1,sYFP to the surface.
To determine if this was due to steric hindrance
when the fluorophore was attached immediately
after residue 15, we inserted a 38 amino acid
linker between the last AMPA receptor residue
of R1i;sYFP and the fluorophore (R1i;s:33YFP).
Co-transfection of Rlijs:3sYFP with stargazin
permitted ring formation, demonstrating that no
more than 15 amino acids of the cytoplasmic tail
of AMPA receptors were necessary for stargazin
mediated trafficking. To determine if there is a
specific interaction between stargazin and any of
the residues within the conserved proximal 14
amino acids in the tail of AMPA receptors, a
series of point mutations was constructed. These
mutations either disrupt a known protein-
interacting site (Figure S1) or replace critical
differences in the proximal cytoplasmic tail
between AMPA receptors and GluR6 (Figure
3a), which does not associate with stargazin
(18). All point mutants were constructed within
Rlig; YFP or RlissYFP. Each of these mutant
receptors permitted stargazin-mediated surface
expression rings (Figure 3a) suggesting that
specific C-terminal residues are not necessary
for stargazin trafficking. Because previous
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studies have shown that an AMPA receptor
without a C-terminus has virtually no surface
expression (32), we constructed an extreme C-
terminal truncation, R1i,YFP as a negative
control, As expected, R1i;YFP did not form
surface expression rings either in the absence or
presence of stargazin. However, when the same
38 amino acid linker was added between the
receptor and the fluorophore (Rliz.33YFP),
surface expression rings formed for a small
number of cells (<1%) co-transfected with
stargazin (Table 1). The failure to see more
surface expression rings may be due to the
already diminished surface expression that
results from this impaired receptor.

The experiments with fluorophore-
tagged receptor mutants led us to question
whether the cytoplasmic tail of AMPA receptors
contains a specific stargazin-binding site or
whether the tail can in some cases interfere with
another stargazin-binding site present at the
cytoplasmic face of the receptor. To demonstrate
that stargazin does mnot require specific
determinants on the cytoplasmic tail, we used
another assay for surface expression, namely
immunofluorescence of unpermeabilized cells
transfected with an extracellularly FLAG-tagged
receptor. FLAG-R4i, (with only the first 2
amino acids of the cytoplasmic tail of GluR4i
(32)) was co-transfected with stargazin.
Although surface expression levels of this
construct without stargazin were almost
undetectable, stargazin did increase the surface
expression (Figure 3b) but not to the levels of
full-length FLAG-R4i (with or without
stargazin). This experiment verified through an
independent method that nearly all of the C-
terminus is dispensable for stargazin-mediated
trafficking of AMPA receptors, as long as there
is no fluorophore attached.

5. Mutations of ER retention signal residues
enhance ftrafficking without and with
stargazin.

Stargazin may enhance AMPA receptor
trafficking by masking an ER retention signal
(10). Although we found that stargazin could
enhance the surface expression of both the R4i;
and Rli;.33YFP constructs, the fact that
stargazin did not fully rescue surface expression

is likely due to the importance of the proximal
cytoplasmic tail residues for AMPA receptor
expression. To rule out that this lack of complete
rescue was not due to an impaired ability of
stargazin association with specific residues of
the cytoplasmic tail, we tested Rliy;3YFP (with
the third of seven amino acids being Leu instead
of Cys, so all seven residues would be identical
to the first seven amino acids of the
untraffickable GluR6 tail) (Figure 3a). This
construct has the 38 amino acid linker between
the seventh amino acid and the fluorophore.
Although this receptor should not interact with
protein 4.1, shown to be important for AMPA
receptor surface expression (32,33), in one
experiment we found that 28% of all fluorescent
cells had pronounced stargazin-mediated surface
expression rings, comparable to “wild type”
Rlig; YFP. In addition, residues 4-6 of the
cytoplasmic tail (implicated in ER retention
(34)) were mutated from YKS to FQA (Figure
3a), using R1is; YFP as a template. Even without
stargazin, surface expression rings were formed
in ~2% of the cells, something we had never
observed for Rlig; YFP. Additionally, 36% of
fluorescent cells formed stargazin-mediated
surface expression rings (Table 1).

Since stargazin may increase surface
expression by blocking an intracellular ER
retention signal in the pore, we tested R2,,YFP
(Reo7). Wild type GluR2 contains a residue that
undergoes RNA editing, converting the
glutamine for an arginine in the pore region (35).
This channel would be expected to be retained
largely in the ER (34), have difficulty forming
tetramers (36), and presumably not get to the
surface membrane even with stargazin unless
stargazin could somehow block the ER retention
signal. The number of cells co-transfected with
stargazin and R2,,YFP that had rings was about
the same regardless of whether residue 607 was
an R or a Q (Table 1). Together, these data
suggest that stargazin occludes one or more ER
retention signals at the cytoplasmic face of the
receptor.

6. Stargazin mediates trafficking of AMPA
receptor N-terminal deletions with isoform
differences related to differential protein
stability.

A1.47
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The amino-terminal domain (ATD) of
glutamate receptors has been implicated in
assembly, trafficking and allosteric modulation
(37-39). To test whether or not the ATD plays a
role in stargazin-mediated trafficking or
modulation of the biophysical properties of
AMPA receptors, the flip and flop isoforms of
GluR2 (R2i and R20) lacking the ATD, similar
to Rdi o7p (27), were made.

R20 atp and R2i orp were tagged with
YFP at the C-terminus, after amino acid 46 of
the cytoplasmic tail (R20 Atpas YFP,
R2i A1n4s YFP). Without stargazin, these proteins
demonstrated a cytosolic expression pattern, and
with  stargazin, R20 A1pesYFP formed
pronounced surface expression rings (Figure
4b). In contrast to R20 o1p4sYFP, R21 A1pss YFP
did not form surface expression rings. A large
number of cells expressing R20 arpsYFP or
R2i o1p4sYFP formed aggresomes (40) with or
without stargazin (Table 2), but this was most
pronounced for R2i ao1psYFP with stargazin
(Figure 4b and 4d). All R1 and R2 fluorescently
tagged, C-terminal deletions with an intact ATD,
however, were virtually free of aggresomes
regardless of the length of the C-terminal tail
(with the exception of GluR2 Rgo7, but not
Re07Q). Differential aggresomal accumulation in
the flip isoform may account for the inability of
R2i om0 YFP to permit efficient stargazin-
mediated surface expression. Aggresome
formation may also explain the reduction in
current amplitude seen for R2i Arp (382+129 vs.
166£67 pA with stargazin) as well as R4i amp
(16643 vs. 234 pA with stargazin, p<.0l).
Consistent with this interpretation, stargazin
increased the current amplitude  of
R20 am4sYFP (41£17 vs. 597+146 pA with
stargazin).

7. The ATD is not necessary for stargazin
modulation of AMPA receptor kinetics.

Whereas previous studies using R4i amp
showed only a modest change in desensitization
from wild type R4i (32), R2i a1p desensitization
kinetics ( 4=13.7+0.6 ms) were much slower
than wild type R2i ( 4=6.910.5 ms). 4, for
R20 A1p4ssYFP was 2.9+0.3 vs. 1.4+0.1 ms for
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wild type R20. Stargazin also modulated
desensitization of Rdi otp ( 4=5.640.4 vs.
8.44+0.7 ms with stargazin) and R2i zmp
( ¢s=13.740.6 vs. 32.324.1 ms with stargazin)
(Figure 4c¢). In contrast, the effects of stargazin
on modulation of R20 A1psYFP were more
modest ( 4,=2.940.3 vs. 4.1£09 ms with
stargazin). This flip/flop difference has been
previously reported for full length GluR2 (21)
and suggests that the ATD does not play a
significant role in  stargazin-mediated
modulation of desensitization.

We next looked at deactivation kinetics
and found no detectable slowing of deactivation
for R2i A1D ( deac=1.940.6 vs. 1.4£0.3 ms with
stargazin), or for R20 AtpsYFP (1.840.3 vs.
2.4+0.8 ms with stargazin). The rate of
deactivation, however, was slower without an
ATD for both R2i oA1p ( geac=1.9£0.6 ms
compared to wt R2i = 0.9+0.1 ms (41) and
R20 Atnas YFP ( desr = 1.8+0.3 vs. 0.7£0.1 ms
for wild type R20).

8. Fluorescence resonance energy transfer
(FRET) suggests stargazin self-assembly.

Our results from the amino- and
carboxyl-termini deletions strongly suggest that
stargazin acts upon an AMPA receptor
intracellular site to direct trafficking to the
surface. Whereas biochemical methods such as
“pull-down assays” would not distinguish
between a direct protein-protein interaction or
participation in a protein complex, FRET
between fluorophores on two proteins is strong
evidence for a tight ( 100 A) intermolecular
interaction. Therefore, we studied the interaction
using FRET between the fluorophore-tagged
GluR1 and stargazin proteins. Initially, we
measured the ability of stargazin molecules to
undergo FRET in the absence of receptor.
Varying ratios and total concentrations of
stgCFP and stgYFP were transfected, and FRET
in the membrane was measured using a
photobleaching protocol (Figure 5a and 5c). At
all DNA concentrations and ratios tested, FRET
between two stargazin molecules (7.8-16.2%
efficiency) was significantly greater than a
membrane control, Kv2.1CFP: Rlis YFP:
stargazin at a 1:2:2 ratio (0.2+0.1% FRET
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efficiency, p<.005). Due to the profound
stargazin-stargazin membrane fluorescence
compared to that of cells co-transfected with
fluorescent AMPA receptors and stargazin (see
below), it was necessary to rule out that FRET
occurred from overcrowding of the plasma
membrane.

Yellow-green fluorescent beads were
used to estimate how much stargazin protein was
in the membrane (31). A confocal image of
stgGFP-transfected cells is shown in Figure 5b,
with a fluorescent bead in a different dish taken
at an identical setting. Analysis of the
comparative intensity of the bead and the cell
(see figure legend) suggests that the membrane
density of stargazin was ~820 molecules per

m?, and therefore overcrowding by
fluorophore-tagged stargazin could not explain
the FRET data shown in Figure S5c, unless
certain regions of the membrane have greatly
increased protein density. These data are
consistent with an interpretation that
stargazin:stargazin FRET arises from specific
homo-oligomerization rather than nonspecific
membrane crowding.

9. FRET occurs between stargazin and
GluRl1.

To determine whether stargazin and
AMPA receptors interact closely enough to
permit energy transfer that can be measured by
FRET, we used a competition assay. The first
goal was to determine whether the stargazin
complex known to FRET (stgCFP:stgYFP)
could be disrupted by co-expression with a non-
fluorescent AMPA receptor. The FRET
efficiency of a 1:1 ratio of stgCFP and stgYFP
(0.2 g total cDNA) was 10.6+1.4%, which was
competed by over-expressing Rli (2 g of
cDNA), reducing the FRET efficiency to
3.9+1.1%, p=.003 (Figure 6a and 6c). However,
neither 2.0 g of cDNA encoding CD8
(11.8+£2.6%), Kv2.1 (8.0£0.9%) nor R6
(8.5+1.6%) significantly decreased membrane
FRET (Figure 6a). A dose-dependency of Rli
competition was determined, in that
concentrations of 0.5, 1.0 and 2.0 g cDNA
significantly reduced membrane FRET
efficiency from the basal level of 16.2+2.8% to
7.7£1.4, 9.1x1.6, and 5.8+1.1%, respectively

A1.49

(Figure 6b and 6d). The reduction of FRET
between stargazin molecules suggests that when
there is an excess amount of R1i, but not other
membrane proteins, the stargazin homo-
oligomer population declines.

Based upon the mutational analysis of
the C-terminus of GluR1, one would predict that
co-expression of Rlis;CFP with stgYFP would
permit FRET, whercas co-expression of
R1i;sCFP with stgYFP would not. Indeed,
R1i3 CFP:stgYFP produced robust FRET
(20.2+2.1%) in the plasma membrane, but also
produced FRET (7.6+1.0%) in the cytosolic,
reticular network of cells with AMPA receptor
rings (Figure 6e, left). However, cells that did
not contain RlisCFP rings had a cytosolic
FRET efficiency (3.4+1.0%) that was
significantly lower and not significantly
different than the negative soluble CFP and YFP
control (2.4+0.5%). As predicted, co-expression
of R1i;sCFP with stgYFP showed no membrane
fluorescence (Figure 6e, right) and no
significant FRET efficiency in the cytosol
(4.1£1.0%).

As a putative negative control for
membrane FRET, the T cell receptor CD3CFP
(29) was co-expressed with stgYFP (0.3 g: 1

g stgYFP), but also showed robust membrane
FRET efficiency (30.4+2.1%) that was
competed to 15.4+2.0% by stargazin. Thus, we
cannot rule out that the high expression levels of
stargazin may contribute to some background
FRET from overcrowding. The FRET between
stargazin and both negative controls, CD3 and
Kv2.1CFP (~20%), was much higher than would
be expected of a negative control. Nevertheless,
a control FRET experiment using Kv2.1CFP
with excess Rl YFP and non-fluorescent
stargazin (to get Rl YFP to the membrane)
demonstrated ~0% membrane FRET efficiency.

10. AMPA receptor hetero-oligomerization
can rescue C-terminal deletions with
trafficking defects.

The previous experiments focused on
AMPA receptor homo-oligomer trafficking by
stargazin. Because our data support the idea that
stargazin and AMPA receptors associate in the
ER where subunit assembly is also occurring,
we tested whether stargazin-mediated trafficking

9
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requires access to each of the subunits in the
tetrad. Rl;s- and R2j.-tagged channels
(“shorter” C-termini) that did not form surface
expression rings with stargazin were co-
transfected with both stargazin and an R1 or R2
channel that did form surface expression rings
when co-transfected with stargazin (“medium”
or “longer” C-termini). Rlis;YFP, RlissCFP,
and R1i;sYFP could rescue R1i;sCFP trafficking
(Figure 7a). R1ysCFP was able to rescue
R20,YFP as well as R20 51pis YFP, suggesting
that stargazin does not need to bind all four
subunits in a tetramer.

We further analyzed the data to asses the
trafficking of subunits with different C-termini
within a tetramer. Two channels that could be
trafficked independently by stargazin had
virtually the same membrane to cytosolic
fluorescence intensity ratio,
(Imembrane/Lcytosot) s/ (ImembraneLeytosot)B, where
A=R1iCFP and B=R20,YFP (99+.06) or
A=R1isYFP and B=R1i;CFP (0.94%.06). In
contrast, short channels co-expressed with long
channels had significantly reduced membrane to
cytosolic ratios compared to the long forms, for
example, where A=R20,,YFP and B= R1i,CFP
(0.78+.06); where A=R1i;sYFP and
B=R1i,cCFP (0.77+.04), and, where
A=R1i;sCFP and B=Rli;YFP (0.71+.08)
(Figure 7b).

Shorter forms are rescued to the point
that they are only ~25% less effectively
trafficked than the longer forms. This suggests
that perhaps only 1 long form per tetramer is
needed for stargazin mediated trafficking. We
therefore compared the membrane FRET, in the
presence of stargazin, between tetramers
composed of short and medium length subunits,
Rli;s and Rliy, at different ratios of co-
expression (Figure 7c). As a control for
differences in expression levels we compared
the FRET between R1i,;sCFP and R1i,YFP (1:1;
0.5 CFP: 0.5 YFP: 2 stg) or (1:4; 0.2 CFP:0.8
YFP: 2 stg) and R1issCFP and R1i;sYFP (1:1) or
(1:4) in the cytosol. We found equal FRET
between both combinations of subunits at 1:1
(~7%) and 1:4 (~11%). As expected the FRET
efficiency was greater at the 1CFP:4YFP ratio
because more tetramers would be composed of
excess YFP subunits. We next measured the
FRET efficiency at the membrane for R1i;sCFP

and Rlis,sYFP at 1:4 (18.5+£2.9%) to determine
the maximum FRET efficiency and what value
we could expect if stargazin was trafficking
tetramers predominantly in a 1R1i;s:3R i ratio.
The membrane FRET efficiency of the 1:1 ratio
(16.5+2.8%) was significantly greater than the
1:1 cytosolic ratio, but not different from the 1:4
cytosolic or membrane FRET. This suggests that
the preferred heteromeric stoichiometry for
stargazin mediated trafficking was 1Rlis:
3R1igs. In support of this conclusion, membrane
FRET efficiency between RI1i,xCFP and
Rli;sYFP at 1:1 was significantly less
(6.5+1.8%), and no greater than the cytosolic 1:1
ratio, suggesting that tetramers composed of
fewer R1i;sYFP and more Rli,CFP were
preferentially trafficked.

As an attempt to rule out that other
combinations of heteromeric receptors besides
IR1i)5:3R1iss could not be trafficked by
stargazin we looked at membrane FRET using a
1R1isCFP:4R1i;sYFP ratio, to force the
majority of tetramers with a CFP subunit into a
3Rl1ijs:1R1ligs ratio. The membrane FRET
efficiency (13.311.6%) was significantly greater
than the 1:1 membrane FRET efficiency (p<.03).
This suggests that stargazin can traffic hetero-
oligomers containing two short subunits, and
does not rule out the possibility that stargazin
may traffic tetramers containing a single long
subunit.

DISCUSSION

In this study, we found that stargazin-
mediated trafficking of GluRl and GluR2 is
hindered when CFP or YFP is inserted at the
proximal cytoplasmic tail. We also determined
that the first 380 amino acids of AMPA
receptors (the ATD) are not necessary for
stargazin trafficking but this domain has an
important role in tetrameric stability of AMPA
receptors. FRET analysis demonstrated that a
homo-oligomeric population of stargazin exists
in the plasma membrane, which could be

_ specifically out-competed by GluR1 protein, but

not by high concentrations of CD8, GluR6 or
Kv2.1. AMPA receptors with traffickable C-
termini interact with stargazin in a close
association that permits FRET in both the
plasma membrane and the ER network of
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transfected cells.

The AMPA receptor-stargazin binding site. We
propose that stargazin interacts with AMPA
receptors via a binding site that is comprised of
the AMPA receptor “domain 2> of the ligand-
binding core (including the flip/flop region), the
transmembrane domains, and the cytoplasmic
face including access to the pore. An
extracellular interaction with the flip/flop
domain is consistent with single-particle electron
microscopy experiments that show the primary
interaction being near the transmembrane
domains (23,24). Swapping experiments using -
5 (an inactive, structurally similar protein to
stargazin) suggest that only the second stargazin
transmembrane domain is an important AMPA
receptor contact, and was necessary for
maintaining kainate responses (20). Consistent
with our results, it was not a required domain for
trafficking. Since our experiments suggest that
the primary, specific, intracellular site of
interaction with stargazin is not the C-terminus
of AMPA receptors, other intracellular sites are
implicated. The part of the cytoplasmic tail of
stargazin that was found to be essential for
AMPA receptor trafficking (up to residue 269,
(26)) contains 16 basic residues (and 4 negative
residues). Interestingly, the 26 amino acid
intracellular domain after M1 of GluR1 contains
8 acidic residues (and 3 positive residues). This
cytoplasmic region between M1 and the pore
loop may contribute to the stargazin-AMPA
receptor interaction necessary for trafficking
receptors to the surface. A stargazin interaction
with this site may explain how GluR2 Rey
homo-oligomers, typically retained in the ER
(34), can form surface expression rings when co-
transfected with stargazin.

Our results are consistent with previous
studies suggesting that the first extracellular
domain of stargazin plays a role in AMPA
receptor trafficking (21,26). The swap of -5 in
this region still results in a stargazin hybrid that
enhances AMPA receptor surface expression,
though not as robustly (26). If there are at least
two distinct sites of interaction between
stargazin and AMPA  receptors (one
extracellular, and one intracellular) the removal
of an extracellular interaction, though not

intrinsically necessary for trafficking, would
reduce association between the two proteins.

Stargazin enhances trafficking by blocking ER
retention. Our data suggest that in order for
GluR1 and GluR2 to be trafficked by stargazin,
it must have intracellular access to the
cytoplasmic face of AMPA receptors (Figure 8).
In contrast, no such cytoplasmic interaction is
necessary for subsequent stargazin-mediated
modulation of desensitization. The intracellular
interaction responsible for stargazin-mediated
trafficking may block one or multiple ER
retention signals; multiple ER retention signals
are consistent with the graded response in
current density seen with progressive C-terminal
deletions of stargazin (21). The receptor mutant
that exemplifies the different moieties of the
stargazin-receptor interaction is Rli;sCFP.
Although the kinetics of this channel were
modulated by stargazin as well as the kinetics of
R1iy,CFP, stargazin was unable to force the
channel to form surface rings. This difference
could be explained if RlisCFP interacts with
stargazin in the ER while R1i,sCFP does not (or
has a reduced affinity of interaction), or if
association of stargazin in the ER with R1i,sCFP
homo-oligomers does occur, but fails to block
any ER retention signals.

Support for the hypothesis that there is
an initial interaction between AMPA receptors
and stargazin in the ER is lent not only by
measuring FRET between stargazin and AMPA
receptors in the cytosol but also by experiments
in which different glutamate receptor constructs
were over-expressed in the presence of
stargazin. If there were an initial protein-protein
interaction in the ER, we should be able to
sequester stargazin in the ER and prevent it from
forming surface expression rings. An
interpretation of results of this experiment
(Table 3) is that stargazin can be sequestered in
the ER by over-expression of R13;CFP but not
R1,sCFP, suggesting not only that association
between stargazin and R1,sCFP occurs
preferentially at the surface membrane, but also
that multiple stargazin molecules per tetramer
traffic AMPA receptors more efficiently.

Stargazin is found primarily in the
surface membrane and could forego its
interaction with AMPA receptors until both
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proteins reached the plasma membrane. The
lower-affinity association may be similar to
stargazin’s association with calcium channels,
which alters the biophysical properties of this
voltage-gated channel without influencing its
trafficking (42). Our hypothesis would predict
that stargazin over-expression would result in
more association with R1;sYFP in the ER. The
failure of R1,sYFP to form surface expression
rings even when co-expressed with a 1:8 stg
ratio is consistent with there being a
transmembrane/extracellular association
between the two proteins in the ER that does not
associate intracellulary to block any retention
sites.

Stargazin modulation demonstrates flip/flop
isoform differences in channels without the
ATD. Although this study did not focus on
splice-isoform  differences in  stargazin
trafficking and/or modulation of AMPA
receptors, there is evidence that stargazin affects
AMPA receptors in an isoform-selective manner
(21). Flip and flop isoforms differ in their
kinetic properties and allosteric modulation (43-
45), so if stargazin is modulating deactivation
and/or desensitization through the ligand-
binding core, one might predict that there could
be splice isoform differences. Isoform
differences may also explain the discrepancy
between our data and those of Arai and co-
workers, who found that C-terminal deletions of
GluRlo resulted in increased rates of
deactivation and desensitization (46). The
desensitization kinetics of the GluR1i C-terminal
deletions we studied were not significantly
different from wild type. Additionally, deletion
of 52 amino acids of the C-terminus (equivalent
to Rly) for GluRlo was shown to prevent
stargazin-mediated effects on desensitization
and deactivation (47), which is significantly
different than what we found with GluRli.

Our results indicate that the ATD is not -

necessary for stargazin modulation of
desensitization for either the flip or flop isoform.
However, stargazin association may alter the
stability of the both GluR2i o7p and GluR4i A1p
homo-tetramers. GluR20 o1p was not only
trafficked effectively to the surface membrane
by stargazin, aggresome frequency was
decreased with stargazin (Table 2). In contrast,

the aggresomes increased in size for GluR2i s1p
co-transfected with stargazin (Fig 4d) without
changing significantly in frequency. Since
GluR2 modulation of desensitization by
stargazin is strongly influenced by the flip-flop
isoform, this suggests that there could be an
interaction between stargazin and the flip/flop
region.

Aggresome formation and density may
be related to the amount of monomeric and
dimeric subunits in the ER. This correlation is in
agreement with the aggresome formation
observed when we expressed wt GluR2 Rgo
homomers but not Rg7Q homomers (Table 2).
Rego7 homomers are mostly in the monomeric or
dimeric state in the ER while Rg7Q homomers
have an enhanced proclivity to form tetramers
(36). 1t is interesting that stargazin did not alter
the number of aggresomes for Reor. This result is
in agreement with previous work that provides
evidence that stargazin binds only to tetramers in
the ER and would not affect the dimer-dimer
interaction.

Insight into the stoichiometry of the stargazin-
AMPA receptor interaction. The finding that
GluR1 subunits with differing C-termini could
form hetero-oligomers but were different in their
ability to be trafficked by stargazin enabled us to
rule out that four stargazin binding sites (1 per
subunit) were necessary for stargazin-mediated
trafficking. The ability of multiple stargazin
molecules to associate with a receptor was
confirmed by different stoichiometry-dependent
FRET efficiencies (Figure S2). Our study of
hetero-oligomers leaves open the possibility that
stargazin binds to a dimer interface composed of
two “sufficient” subunits (2 short: 2 long) or
binds to a single “sufficient” subunit (3 short: 1
long). We hypothesize that only one stargazin
per tetramer needs to bind to enhance trafficking
of the AMPA receptor although more than one
association leads to the blockade of more ER
retention signals and thus more effective
trafficking. The question still remains as to
whether there are two stargazin binding sites per
tetramer or one for each subunit.

Summary. Our studies bring a new level of

resolution to investigate the nature of the
interaction between AMPA receptors and
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stargazin. However, stargazin’s contribution to
the synapse is complex, in part because of the
many unpredicted activities of this protein (sec
for example, (48)), and the fact that its actions
are activity-dependent (49). An intriguing
property of stargazin is that it interacts with both
calcium channels and AMPA receptors at the
plasma membrane (50). It is unclear whether
stargazin’s trafficking of AMPA receptors from

the ER, modulation of AMPA receptor
biophysical properties in the plasma membrane,
complex-formation with AMPA receptors and
calcium channels, or ability to mediate cell-cell
adhesion are all regulated by activity and
contribute to synaptic plasticity. Additional
experiments will be needed to address these
important issues.
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Fig 1. Stargazin traffics fluorophore-tagged GluR1 to the plasma membrane. (a) Topology of the
AMPA receptor and stargazin (stg) proteins showing the site of fluorophore insertions at the carboxyl
termini. Dashed line indicates C-terminal truncation of fluorophore-tagged stargazin. (b) Confocal images
of yellow fluorescence in HEK293 cells expressing (R1is; YFP, left), (stgYFP, center) and Rlig, YFP co-
expressed with stg, 7ight. Profile intensities (in arbitrary units) along the red line demonstrate that surface
expression of GluR1 is markedly enhanced by stargazin. (c) Time constants of desensitization (black
bars) measured as the decay in response to a 500 ms pulse of 10 mM glutamate, or deactivation (gray
bars) measured as the decay in response to a 1 ms pulse of 10 mM glutamate, for R1is; YFP in the absence
or presence of stargazin, lef?. Cells co-expressing R1is; YFP and stargazin were visually scored as either
not having pronounced surface expression (- rings) or having pronounced surface expression (+ rings).
Mean current amplitude measured in response to a 500 ms pulse of 10 mM glutamate in the absence or
presence of stargazin, with and without surface expression rings, right. (*, p<.05;**, p<.0l comparing
stargazin + or — rings to without stargazin; ##, p<.02 comparing R1is;YFP deactivation with stargazin +
or — visible surface expression rings). Inset shows ring formation as a function of increasing
concentrations of stargazin cDNA (filled circles), co-transfected with a constant amount (0.2 g) of
Rlis, YFP. The solid line represents a curve fit with to a logarithmic function extrapolated to 0, R? = 91.

Fig 2. A cytoplasmic interaction between stargazin and GluR1 promotes stargazin modulation of
trafficking but is not essential for stargazin modulation of desensitization. (a) Fluorophore-tagged C-
terminal deletions of GluR1 (lef); + or — indicate whether co-expression with stargazin increased surface
expression (right). Two constructs (R1iz+33YFP and R1i;5.33YFP) have an insertion of a 38 amino acid
linker between the receptor and the fluorophore (thin line). Note that R1i,4 does not contain a fluorophore
tag. (b) Confocal images and corresponding profile intensities of yellow fluorescence from RIli
truncations co-expressed with stgCFP. (c) Electrophysiological response of R1i truncations to a 500 ms
pulse of 10 mM glutamate (black line is response without stargazin, gray line is response with stargazin.
Mean current amplitudes plotted on a log scale (d) and desensitization rates (e) of tagged Rlis YFP,
R1i;YFP and R1i;sYFP, and R1i)4 expressed with (gray bars) and without (black bars) stargazin. (*, p<
.05; ** p<.01; ***, p<.005)

Fig 3. The GluR1 cytoplasmic tail does not contain a specific stargazin-binding site. (a) Alignment of
the first 14 amino acids of the cytoplasmic tails of the AMPA receptors GluR1-4, and the kainate receptor
GluR6, top. Shaded areas show identity to GluR1. Below are a series of mutant Rlis, YFP constructs with
the mutations as indicated by the unshaded residues. All constructs formed stargazin-mediated surface
expression rings, as indicated with by the +. (b) Confocal images of fixed, unpermeabilized HEK293 cells
expressing FLAG-R4i or FLAG-R4i ¢1p without or with stargazin. Cells were labeled with a FLAG
antibody and visualized with Alexa Fluor 568. All fluorescent images were acquired at the same gain; red
pseudo-color represents intensity saturation. A smaller DIC image is shown for each field of cells.

Fig 4. The amino-terminal domain (ATD) is not essential for stargazin modulation of trafficking or
desensitization. (a) Fluorophore-tagged N- and/or C-terminal deletions of GluR2 (lef?); + or — indicate
whether co-expression with stargazin increased surface expression as determined by confocal microscopy
(right). (b) Confocal images of R2i a1pss YFP/stg (left) and R20 orpssYFP/stg (right) demonstrating the
formation of surface rings and aggresomes (arrows). (c) Bar graphs show mean time constant of
desensitization (Jefl) and mean current amplitudes on a log scale (right) of R20 A1psYFP and R2i atp
without (black) or with (gray) stargazin. Inset showing glutamate-evoked currents; red line is without
stargazin and black line is with, vertical scale bar is 200 pA, horizontal scale bar is 60 ms. (***, p<.001)
(d) Representative images of cells co-transfected with ATD-deleted receptors and stargazin. Panels 1, 3,
and 5 are confocal images acquired at a 652 amplifier gain setting and 2, 4, and 6 are the same field
acquired at a 237 amplifier gain setting to permit visualization of only the aggresomes. Images 1 and 2 are
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cells transfected with GluR2i A4 YFP (no aggresomes), images 3 and 4 are cells co-transfected with
R2i apes YFP/stg (large aggresomes), and images 5 and 6 are cells co-transfected R20 arpes YFP/stg (no
aggresomes). Red pseudo-color represents intensity saturation. '

Fig 5. Fluorescence resonance energy transfer (FRET) suggests stargazin self-assembly. (a)
Photobleaching of stgCFP and stgYFP co-transfected into HEK293 cells (1CFP:4YFP). Upper two panels
demonstrate CFP and YFP emission prior to photobleaching; lower two panels show that after selective
YFP photobleaching, stgCFP emission is enhanced. (b) Confocal images of green fluorescence from 1 g
stgGFP transfected into HEK293 cells (leff) and green fluorescence arising from a 0.4 m fluorescent
bead (right) measured by the same settings as the cells (the image of the bead was then digitally
magnified for clarity). CFP and YFP have a Forster radius of about 50 A, so the maximum distance these
fluorophores could be apart and still transfer energy is 100 A. By this reasoning, 10* molecules/ m’
would be necessary to get FRET from overcrowding of the membrane. Imaging the beads at the lowest
setting possible yielded a maximum detection limit before saturation of 820 stargazin molecules per m’.
Approximately 50% of the imaged cells were not saturated. If the brightest cells were even twice the
detection limit at 1640/ m?, this would still fall short of the 10,000/ m® needed. (c) Mean membrane
FRET efficiencies (E)=1-(Icrepeo/Icippont) arising from stargazin self-assembly in HEK293 cells with
varying input ratios and total DNA concentrations (0.1 -1.0 g); in all cases, the FRET interaction
between stargazin molecules is significantly greater than control (p<.03).

Fig 6. Stargazin assembly with GluR1i is a specific interaction. (a) The FRET efficiency of self-
assembled stargazin molecules at the membrane (1 stgCFP:1 stgYFP) is competed when co-transfected
with excess R1i in HEK293 cells (1:1:20 or 0.1:0.1:2 in g), but not by CD8, Kv2.1 or GluR6 (1:1:20 or
0.1:0.1:2). (b) Membrane FRET efficiency between stargazin molecules (.07 g stgCFP:0.13 g stgYFP)
co-transfected with 0.5, 1.0, or 2.0 g of Rli. (c) Confocal images of (.07 g stgCFP:0.13 g stgYFP)
before (red) and after stgYFP photobleach (blue) with corresponding profile intensities. (d) Same
interaction as (c) but competed with 2 g of R1i. (*, p< .05; **, p<005; *** p <001). (¢) Confocal
images of a HEK293 cell co-transfected with R1is;CFP and stgYFP, pre and post photobleaching of YFP
(left). Confocal images of HEK293 cells co-transfected with R1i;sCFP and stgYFP pre and post
photobleaching of YFP (right).

Fig 7. Hetero-oligomerization can rescue C-terminal deletions with trafficking defects. (a) Confocal
images of cyan and yellow fluorescence from HEK293 cells expressing R1is or R20,¢, with either longer
form of Rli or R20 (1 shorter:1 longer:2 stg). In all cases, R1,s and R2,s co-transfected with stargazin
without a longer form had failed to form surface expression rings (Figure 2 and data not shown). (b) The
ratio of mean membrane fluorescence intensity/ mean cytosol fluorescence intensity was compared
between two different constructs (“A”, constructs in the left column; or “B”, constructs in the right
column) that could either be independently trafficked by stargazin or required co-expression of a longer
form to form rings. Two constructs that could independently form surface expression rings with stargazin
had approximately equal amounts of membrane:cytosolic intensity, whereas short forms co-expressed
with long forms were significantly less and were trafficked ~75% as well as the long forms. (*, p< .05 for
both controls; , p< .05 compared to R1issC + R204Y). (c) Membrane FRET efficiency between Rli;s
and Rlis was compared to cytosolic FRET efficiency using a 1CFP:1YFP:2stg or 0.2CFP:0.8YFP:2stg
ratio between tagged R1li;s and Rlig.

Fig 8. Model of stargazin modulation of trafficking versus desensitization of Rli;sYFP and
Rlig, YFP. Shown is a model that assumes that stargazin binding occurs at both dimer interfaces of the
tetrameric channel; our data would also be consistent with a model in which stargazin binds individual
subunits within the tetramer. In the ER stargazin (red) associates with higher affinity to the dimer
interface of the Rlis; YFP AMPA receptor tetramer (magenta, with an extended tail showing the yellow
YFP attachment) than to the dimer interface of the R1i;sYFP AMPA receptor (magenta, with a minimal
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tail showing the yellow YFP). The thickness of the magenta arrows correlates with the hypothesized
relative affinities; the lower affinity arises due to some steric hindrance by the fluorophore. Known ER
retention signals are shown in black; one is located in the proximal cytoplasmic tail and the other within
the pore loop. Association between stargazin and R1iz; YFP in the ER blocks at least one retention signal,
hypothesized to be the pore loop. When more than one stargazin associates with AMPA receptors in the
ER more retention signals are blocked, permitting greater exodus from the ER to the surface membrane
{(blue). This pathway represents stargazin modulation of trafficking, which is sensitive to the C-terminus.
The few R1i;sYFP channels that reach the surface membrane without the aid of stargazin can associate
with stargazin (red arrow) despite the lowered affinity because of the excess amount of stargazin in the
surface membrane. This pathway represents stargazin modulation of desensitization and deactivation,
which is relatively independent of the nature of the C-terminus.

SUPPLEMENTAL FIGURE LEGENDS

Fig S1. Similarity of the C-termini of AMPA receptors and the kainate receptor GluR6. Alignment
of amino acid sequences between the M4 domain and the C-terminus are shown. Sites of deletions are
indicated with arrows (Rl;s, Rls, Rls, R2;5, and R24). Known protein-interacting sites (4.1,
SAP97/RIL, NSF, GRIP, ABP and PICK1) are boxed and shown in blue (7,8). An ER retention sequence
is shown in green (34). Serine residues phosphorylated by PKC or PKA are shown in red (51). A
palmitoylated cysteine is shown in orange (52).

Fig S2. Multiple stargazin molecules can bind to GluRli in the plasma membrane. (a) FRET
between stargazin molecules bound to GluRli increases significantly (from 3.9+1.1% to 9.1+2.0%,
p=-01) as the relative concentration of acceptor (stgYFP) is increased from 1:1 to 1:4 respectively while
keeping the total stargazin concentration the same. Ratios used in g for 1:1 and excess channel (0.1
stgCFP: 0.1 stgYFP: 2 Rli) and 1:4 and excess channel (0.04 stgCFP: 0.16 stgYFP: 2 Rli). The ratio of

" 1:2 had an intermediate value of 5.8+1.1%. This is consistent with the interpretation that multiple
stargazin molecules can bind to each GluR1li receptor complex, and there are at least two stargazin
binding sites per tetrameric complex. Although there was a trend, no significant differences were seen
between FRET efficiencies with stargazin alone at 1:1 (10.6x1.4%), 1:2 (16.2+2.8%), 1:4 (14.3+2.3%) or
with GluR6 at 1:1 (8.5+1.6%), or 1:4 (12.0£3.0%). (b) A model of different stgCFP and stgYFP ratios
with or without excess AMPA receptor. At a 1:1 stgCFP/stgYFP ratio with no channel (fop) it is expected
that if stargazin (red) can form a dimer, some dimers will be composed of 1 CFP and 1 YFP stargazin and
thus FRET (an interaction denoted by a black arrow from CFP to YFP), but some dimers will consist of 1
CFP and 1 YFP stargazin which would not FRET. We also suggest that there are some CFP and YFP
stargazin monomers in the membrane. If the ratio is changed to 1:4 stgCFP to stgYFP almost all CFP
molecules bound in a dimer or multimer would be in a complex with at least another YFP and thus the
FRET efficiency measurement would increase. Our interpretation of the data is that a hetero-oligomeric
population of 1-and 2 stargazin molecules per AMPA receptor tetramer (green), as well as stargazin
monomers that did not bind to R1i on their way to the plasma membrane, may be found (middle, bottom).
Changing the ratio of stgCFP: stgYFP to 1:4 while keeping the total stargazin concentration the same
should drive the majority of channels that have 2 stargazin molecules bound to be either CFP and YFP or
YFP and YFP; the latter would not affect FRET measurements.
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TABLES -

Table 1. C-terminal mutations of GluR1 and GluR2 alter stargazin-mediated trafficking. The
constructs imaged with confocal microscopy after co-expression with excess stargazin are shown in the
left column, the corresponding percentage of cells forming stargazin-mediated rings is shown in the right
column. The raw data (actual number of cells with rings/total cells counted) for each construct is shown in

parentheses.
C-terminal truncation Cells with surface expression (%)
GluR1
Rlig; YFP 12 (26/218)
Rlog YFP 4 (7/178)
R1i;YFP 9 (22/241)
R1i;sYFP 0 (0/1000)
Rlijs5.35YFP 2 (3/129)
R1L,YFP 0 (0/200)
Rliz,3YFP . <l (2/243)
Rli;(Cto L) 0 (0/200)
Rlizsg(C to L) 28 (36/130)
Rlis,(YKS to FQA)YFP 36 (48/133)
GluR2
R2i4YFP (R607Q) 7 (6/90)
R2i,YFP (R607) _ 9 (9/101)
R2i,,YFP (R607Q) 0 (0/200)
R20,,YFP (R607Q) 0 (0/200)
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Table 2. ATD deletions promote aggresome formation in the absence or presence of stargazin. The
constructs tested are indicated in the left column, and the percentage of cells forming aggresomes in the
right column. The raw data (actual number of cells with aggresomes/total cells counted) for each
condition is shown in parentheses. Stargazin was co-expressed in a 1:2 stg ratio (in g) and the total
concentration of AMPA receptor DNA was not changed.

Receptor Constructs Cells with aggresomes (%)
R2i,YFP (R607Q) ~0
R2i46YFP (R607Q)+stg ~0
R214,YFP (R607) 17 (25/148)
R2ixYFP (R607)+stg 15 (15/101)
R2i4s A YFP (R607Q) 70 (97/139)
* R2i4s arpYFP (R607Q)+stg 74 (105/142)
R20 ATD 4xYFP (R607Q) 62 (110/178)
R20 ATD ,xYFP (R607Q)+stg 40 (51/126)
R1i2+33YFP+StE 2 (6/243)
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Table 3. Stargazin surface expression is reduced by Rlig;CFP. Quantification of the cells forming
stgYFP expression rings when stgYFP was expressed alone or in the presence of channel (0.15stg: 2 g
channel). Channel combinations are indicated in the left column, with the percentage of cells with
pronounced stgYFP rings in the right column. The raw data (actual number of cells with rings/total cells
counted) for each condition is shown in parentheses.

Co-expressed proteins | Cells with stgYFP surface expression (%)
stgYFP 82 (97/119)

+ GluR6 76 (41/54)

+ R1i,sCFP 73 (24/33)

+ R1iy;CFP 44 (25/57)
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