Mdlecular'

Neuropharmacology
Strategies .and Methods

Edited by -
Arne Schousboe
Hans Brauner-0sborne

dar ¢
AL
'J'::.-’_"' 4 W
b1 )
L e L =
o ad T 0 ' Rat
L y .. ":l:. F‘!'-ﬁlr.;' ':.1' &
( Ad B el
= T ]
B ) ) L 2 [P"‘ e
p \ ] e~
i TP ~ ~Et ]
- % =, |Q_. | F 9
e € " -"-l"-';:._‘L . =
W i .L'J.-'T' g
i =, .-_'-\.\_\‘_ el
..-'F:“ ] 3 f.'r ¥
W A
-
i

S EIChAN Prsss



MOLECULAR NEUROPHARMACOLOGY






MOLECULAR
NEUROPHARMACOLOGY

Strategies and Methods

Edited by

ARNE SCHOUSBOE, PhD, DSc

Department of Pharmacology,
The Danish University of Pharmaceutical Sciences,
Copenhagen, Denmark

and

HANS BRAUNER-OSBORNE, PhD, DSc

Department of Medical Chemistry,
The Danish University of Pharmaceutical Sciences,
Copenhagen, Denmark

\/
Humana Press * Totowa, New Jersey



© 2004 Humana Press Inc.
999 Riverview Drive, Suite 208
Totowa, New Jersey 07512

humanapress.com

All rights reserved.
No part of this book may be reproduced, stored in a retrieval system, or transmitted in any form or by any means, electronic,
mechanical, photocopying, microfilming, recording, or otherwise without written permission from the Publisher.

The content and opinions expressed in this book are the sole work of the authors and editors, who have warranted due diligence
in the creation and issuance of their work. The publisher, editors, and authors are not responsible for errors or omissions or for
any consequences arising from the information or opinions presented in this book and make no warranty, express or implied,
with respect to its contents.

Production Editor: Tracy Catanese

Cover Illustration: Figures 2 and 10 from Chapter 1, “Computational Studies of Ligand—Receptor Interactions in Ionotropic
Glutamate Receptors” by Jeremy R. Greenwood and Tommy Liljefors.

Cover design by Patricia F. Cleary.

For additional copies, pricing for bulk purchases, and/or information about other Humana titles, contact Humana at the above
address or at any of the following numbers: Tel.: 973-256-1699; Fax: 973-256-8341; E-mail: humana@humanapr.com or visit
our website at www.humanapress.com

The opinions expressed herein are the views of the authors and may not necessarily reflect the official policy of the National
Institute on Drug Abuse or any other parts of the US Department of Health and Human Services. The US Government does not
endorse or favor any specific commercial product or company. Trade, proprietary, or company names appearing in this
publication are used only because they are considered essential in the context of the studies reported herein.

This publication is printed on acid-free paper.
ANSI Z39.48-1984 (American National Standards Institute) Permanence of Paper for Printed Library Materials.

Photocopy Authorization Policy:

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific clients, is granted by
Humana Press Inc., provided that the base fee of US $25.00 per copy is paid directly to the Copyright Clearance Center at 222
Rosewood Drive, Danvers, MA 01923. For those organizations that have been granted a photocopy license from the CCC, a
separate system of payment has been arranged and is acceptable to Humana Press Inc. The fee code for users of the Transactional
Reporting Service is: [1-58829-143-X/04 $25.00].

Printed in the United States of America. 10 9 8 7 6 5 4 3 2 1
1-59259-672-X (e-book)

Library of Congress Cataloging-in-Publication Data

Molecular neuropharmacology : strategies and methods / edited by Arne Schousboe and Hans Briauner-Osborne.
p.;cm.
Includes bibliographical references and index.
ISBN 1-58829-143-X (alk. paper)
1. Neurotransmitter receptors. 2. Neuropharmacology. 3. Molecular pharmacology. I. Schousboe, Arne. II.
Briuner-Osborne, Hans.
[DNLM: 1. Neuopharmacology--methods. 2. Receptors, Neurotransmitter. 3. Neurotransmitters. 4. Receptors, GABA. 5.
Receptors, Glutamate. WL 102.8 M7179 2004]
QP364.7.M64 2004
615'.78--cd22
2003056600



PREFACE

The advent of the cloning of a large number of receptors and transporters for neurotrans-
mitters and the simultaneous increase in the sophistication of tools available to produce
specific mutations and chimeras of these proteins have provided scientists with the tools to
understand the pharmacological and functional properties of such receptors and transporters
at an hitherto unattained level. When this knowledge is combined with expertise in medici-
nal and computational chemistry, the basis for understanding the interactions between ligands
and their corresponding macromolecules is greatly facilitated.

Molecular Neuropharmacology: Strategies and Methods is intended to bridge the gap
between molecular biology and advanced chemistry. In addition, it attempts to include infor-
mation about x-ray crystallographic analyses whenever available. This book discusses inter-
disciplinary interactions for monoamine transporters, amino acid transporters, ionotropic
receptors, metabotropic glutamate receptors, GABA receptors, and other G protein-coupled
receptors.

Arne Schousboe, PhD, DSc
Hans Brduner-Osborne, Php, DSc
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Computational Studies of Ligand—-Receptor
Interactions in Ionotropic Glutamate Receptors

Jeremy R. Greenwood and Tommy Liljefors

1. INTRODUCTION

The determination by Gouaux and co-workers of the three-dimensional (3D) structure
of a construct corresponding to the ligand-binding domain (S1S52) of the iGIuR?2 ionotropic
glutamate receptor subunit constitutes a breakthrough in glutamate receptor research. Since
the first publication of an iGluR2 construct (S1S2I) in complex with kainate (/), a number
of X-ray structures based on a slightly modified construct (S1S2J) have been reported,
including the ligand-free apo form of the protein (2) and ligand—iGlur2 complexes involv-
ing antagonists as well as agonists. The ligands in these complexes include the agonists (S)-
glutamate (Glu) (2), (S)-2-amino-3-hydroxy-5-methyl-4-isoxazolyl propionic acid
(AMPA) (2), kainate (2), (S)-2-amino-3-(3-carboxy-5-methyl-4-isoxazolyl)-propionic
acid (ACPA), (3), (S)-2-amino-3-[3-hydroxy-5-(2-methyl-2H-tetrazol-5-yl)isoxazol-4-
yl]propionic acid (2-methyltetrazolyl AMPA) (3), (S)-2-amino-3-(4-bromo-3-hydroxy-
5-isoxazolyl) propionic acid (Br-HIBO) (3); and the competitive antagonists
6,7-dinitro-2,3-quinoxalinedione (DNQX) (2) and (S)-2-amino-3-[5-tert-butyl-3-
(phosphonomethoxy)-4-isoxazolyl]-propionic acid (ATPO) (4). The structures of these
ligands are shown in Fig. 1.

In order to study the structural features responsible for the observed selectivity of
Br-HIBO for the iGIluR1 subunit over the iGluR3 subunit (5,6), ACPA and Br-HIBO
have also been co-crystallized with the mutant (Y702F)iGluR2-S1S2J and the X-ray
structures solved (3).

Recently, our understanding of the mechanism of glutamate receptor desensitization
has greatly expanded following an investigation of a series of co-crystallized iGluR2-
S1S2J mutants: two complexes of the nondesensitizing (L483Y)iGluR?2 binding core,
one with DNQX and one with AMPA; the rapidly desensitizing (N754D)iGluR2
mutant in complex with kainate; and a ternary complex of both Glu and the allosteric
desensitization blocker cyclothiazide (CTZ) with (N754S)iGluR2, a mutation confer-
ring enhanced sensitivity to CTZ (7).

These X-ray structures provide a wealth of information about the interactions of
agonists, antagonists, and allosteric modulators with the glutamate receptor subunit

From: Molecular Neuropharmacology: Strategies and Methods
Edited by: A. Schousboe and H. Brauner-Osborne © Humana Press Inc., Totowa, NJ
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Fig. 1. Structures of ligands in reported X-ray structures of ligand—iGluR2-S1S2 complexes.

iGluR2. Considering the high degree of amino acid sequence identity between ligand
binding domains of iGluR subunits in general and between the AMPA-selective sub-
units iGluR1-4 in particular, much of this information may also be used for analyzing
ligand-receptor interactions in subunits other than iGluR2.

In order to fully exploit the information contained in the X-ray structures, interdiscipli-
nary research is required, involving such disciplines as computational chemistry, medici-
nal chemistry, and molecular pharmacology in partnership with X-ray crystallography. In
this context, the X-ray structures provide an excellent springboard for studying structure-
activity/selectivity relationships, as well as the structure-based design of new ligands.

This chapter provides examples of the contributions of computational chemistry to
such an interdisciplinary research approach. These include:

* Studies of the structural dynamics of ligand-free protein or ligand-protein complexes by
molecular dynamics

* The use of homology modeling to develop 3D-structures of subunits for which an exper-
imental structure is not available

* Calculations of optimal hydrogen bonding and hydrogen bond networks

* Identification of energetically favorable sites for water molecules and molecular frag-
ments within the binding cavity, facilitating the design of novel ligands

* Automatic flexible docking of molecules into the binding pocket, e.g., in order to study
structure-activity/selectivity relationships

* Computer-aided design of novel ligands
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Fig. 2. (A) The apo structure of iGluR1-S1S2 and (B) the Glu—iGlur2-S1S2 complex.

The focus of the present chapter is on the AMPA receptor subunits iGluR1-4, but
examples taken from studies of the low-affinity kainate receptor subunits iGluR5-7 are
also included.

2. MOLECULAR DYNAMICS SIMULATIONS

A particularly important feature revealed by the ligand-protein complexes of the
iGluR2-S1S2 construct is the response of the receptor to the ligand. The domains of the
ligand-binding core are in an open state in the apo structure, whereas different ligands
induce different degrees of domain closure (Fig. 2). The degree of domain closure has
been correlated successfully with ligand efficacy, as measured in electrophysiology
experiments using homomers of the nondesensitizing (L483Y)iGluR2i(Q) subunit (3).
This provides strong evidence that receptor activation occurs as a result of domain clo-
sure. Studies on the structural dynamics of the protein and of ligand—protein complexes
are thus of great importance for gaining a detailed understanding of receptor activation.

An X-ray structure provides a static picture of a dynamic process. However, the
dynamic behavior of the protein may be studied by computational molecular dynamics
(MD) simulations. The structural dynamics of the iGlur2-S1S2J construct have
recently been studied by Arinaminpathy et al. (8) using MD simulations of 2-5 ns
duration, including a water box of 11000 explicit water molecules surrounding the pro-
tein. The aim of the study was to explore how the motion of the domains is influenced
by the ligand, as compared with the motion of the ligand-free apo state. The study
included the Glu—iGIluR?2 and kainate—iGluR?2 ligand—protein complexes. In addition,
they simulated Glu—iGIluR?2 with the ligand replaced by five water molecules in order
to study the feasibility of reproducing the conformational change from an agonist-
induced domain-closed state to the open apo state.
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The simulations (2 ns timescale) show that the motion of domain 2 (surrounding the
v-carboxylate group of Glu) is much larger than that of domain 1 (surrounding the o
amino acid moiety of bound Glu) in agreement with an analysis of the nuclear mag-
netic resonance (NMR) relaxation dynamics of Glu—iGluR2 (9). Furthermore, the
simulations show that the motion of domain 2 relative to domain 1 is smallest for the
complex including the full agonist Glu and significantly larger for that including the
partial agonist kainate. The apo state produced the largest domain motion. These
results indicate that by comparison with partial agonists (such as kainate), full agonists
(such as Glu) not only induce a larger degree of domain closure but also lower the
degree of domain mobility in the closed state.

MD simulations offer the particularly interesting possibility of simulating the
process of domain closure (or domain opening). However, in a 5 ns MD simulation of
the domain-closed protein structure of the glutamate complex with the ligand replaced
by five water molecules, the protein remained in the closed state throughout the simula-
tion. This indicates that simulating the change in conformation from a closed to an
open (or open to closed) state requires much longer simulation times than 5 ns.

3. HOMOLOGY MODELING OF iGluR SUBTYPES

Given the ongoing interest in developing subtype-specific ligands for iGluRs, both
as pharmacological tools and in the case of antagonists as potential therapeutic agents
(some of which have reached clinical trials), it is highly desirable to develop good
homology models of the binding sites of all subtypes, with a view to docking studies
and structure-based design.

Producing useful homology models of the binding domains of iGluR1,3-7 from the
crystal structures of iGluR2 is both easy and difficult. It is easy because the overall
homology is high; particularly within the binding sites and particularly between the
1GluR1-4 subunits to which AMPA binds selectively (Figs. 3 and 4). It is difficult
because the binding site is highly polar and contains ionized residues, which means that
water molecules play a role in determining structure, as well as being involved in ligand
binding, and such water molecules have been shown to shift substantially depending on
the subtype and the ligand. Difficult also because the size and shape of the receptor bind-
ing cavity varies dramatically depending on the ligand. The solution here is to have a
wide range of structures available displaying different degrees of domain closure, from
which to build homology models. Recently, such a range of complexes has become
available for iGluR2-S1S2J: from the open apo state (2), slight closure with the antago-
nists ATPO (4) and DNQX (2) (0—4%), substantial closure with the nondesensitising par-
tial agonist kainate (/,2) (12%), further closure with partially desensitizing full agonists
such as thio-ATPA (18%) (10), up to full closure with rapidly desensitizing full agonists
such as Glu (2) and 2-methyltetrazolyl AMPA (3) (20-21%). Aligning iGluR1-7 using
the alignment algorithm BLAST (/1) is straightforward (see Fig. 4), and constructing a
binding site model of a given subtype is little more than a threading exercise, and can be
readily accomplished using such tools as SWISSPROT (/2). However, if one wishes to
model a particular ligand bound to a particular subtype, a choice of domain closure must
first be made. For example, kainate is a partial agonist at iGluR2 but a full agonist at
1GluR5-7. Thus, homology models built from kainate—iGluR2 are certainly unsuitable
for modeling antagonist binding, and less than ideal for modeling the binding of full ago-



Computational Studies of iGIuRs 7

NR1
&
[ NR2A °,
NR2B © ot o
— [ NR2C / o
NR2D
NR3A -
GIuR1

GluR4
| [: GIluR2
GIuR3 ~

T 3R
GluR6 of
L Guwms ||/ °
@HN /7
[ KA1
L KA2 - Kainate
20 40 ' o 80 700

Percent identity
Fig. 3. Phylogenetic tree of iGIuR subunits showing the high sequence identity.

nists; a model of kainate-iGIluRS5 built from kainate-iGluR?2 can be expected to underes-
timate the degree of domain closure induced by kainate at iGluR5 (13).

Having chosen an initial structure and built a homology model, the next challenge is
to determine whether the side-chain arrangement in the binding site is appropriate.
Typically, side-chain conformations are chosen from libraries (/4), with minimal con-
formational searching and energy minimization. If a flexible side-chain occludes the
binding site, preventing the docking of known tight-binding ligands, it has obviously
been modeled in the incorrect conformation. Various strategies can be used to improve
the side-chain conformations: restrained minimization with or without ligand/waters,
restrained Monte Carlo searching, or MD. Though the latter approach has become pop-
ular for refining homology models, it is also computationally expensive and perhaps
unnecessary for the iGluR binding site where the homology is so high. The first
approach was used to model the iGluR3/4-preferring ligand CPW399 bound to iGluR3
(15) and the second was used to improve a homology model of iGluRS, Fig. 5 (13).

The final challenge for producing a good homology model of the binding site is
determining the hydrogen-bond network, including water molecules. The binding site
can be analyzed using the program GRID (7/6) to determine the likely location of
tightly bound water molecules. Water molecules can also be copied across from the X-
ray structure and energy-minimized. A hydrogen-bonding network can then be built
manually, or with the help of tools such as WHATIF (/7), but ultimately this process is
one of educated guesswork. Using a Monte Carlo search to explore the orientation of
all rotatable hydroxyls and waters in the vicinity of the binding site is more time-con-
suming, but gives a clearer picture of the possible hydrogen bond networks and their
relative energies. Again, MD simulations with explicit water might be employed to
determine average water occupancies and hydrogen bond directions, but given the high
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GluR1 LED KYG APLTI VRE TLEAGSTK TTE AYLLESTMN GYG
GluR2 L ES KYG APLTI VRE TLDSGSTK TTA AYLLESTMN GYG
GIuR3 LES KYG APLTII VRBRE TLDSGSTK TTA AFLLESTMN GYG
GluR4 MES KYG APLTII VRBRE TLDSGSTK TTA AFLLESTMN GYG
GluR5 L EE KYG APLTI VRE AVRDGSTM NSD ALLMESTS.I GYG
GluR6 L EE KYG APLT.I VRE AVEDGATM S NE AFLMESTT.I GYG
GIuR7 L EE KYG APLTII VRE AVKDGATM N N E ALLMESTT I GYG
Function "lock" Pkt —NH;* -CO0O- Pkt distal anion "lock" Wat  -NH;* Pkt Pkt

Fig. 4. Alignment of amino acid residues surrounding the binding sites of iGluR1-7. Function: “lock,” interdomain hydrogen
bond; Pkt, amphiphilic or hydrophobic residues bordering the pocket; -NH3*, COO-, and distal anion bind the respective charged
moieties of glutamate; Wat, binds to a binding-site water molecule in iGluR2.
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Fig. 5. (Top) iGluR5-specific ligands 4-AHCP and thio-ATPA. (Bottom) 4-AHCP (dark)
and thio-ATPA (cyan) docked to a homology model of iGIuRS by Glide (13).
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homology of the binding site and the amount of information that can be gained using
simpler techniques, as yet no authors have resorted to this technique for improving
1GluR homology models.

A number of groups have published homology models of various iGluR binding
domains. Kizelsztein et al. (/8) modeled iGluR1 from iGluR2, finding negligible dif-
ference between the two binding sites. Lampinen et al. (/9) modeled iGluR4 in con-
junction with a mutation study, noting the importance of F724 (F702Y in iGIluR2).
Banke et al. and Campiani et al. modeled and compared iGluR1 with iGIluR3 (6,15),
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Fig. 6. Kainate—iGluR2-S1S2 complex, including isoenergy contours according to GRID
(16) — methyl probe (beige, —3.0 kcal/mol), water probe (cyan, —10.0 kcal/mol), and anionic
oxygen probe (magenta, —11.0 kcal/mol).

while Brehm et al. compared iGluR2 with iGluR5 (/3). Figure 4 shows the alignment
of binding site residues and high sequence identity within the binding site as has been
generally noted for iGluR1-7.

4. CHARACTERIZATION OF THE BINDING SITE
4.1. The Binding Site of Agonized iGluR2

The GRID map shown in Fig. 6 was calculated when the first structure of the extra-
cellular binding domain of iGIuR?2 (kainate—iGluR-S1S2I) became available (/). The
calculation was performed on the empty cavity without ligand or water molecules.
There are several features to note: first, the binding site is quite narrow, and kainate fills
out most of the available space. In fact, the cavity becomes even more narrow when full
agonists such as AMPA bind. Second, the water and anion probes clearly highlight the
region occupied by the o-amino acid group, leaving no doubt that this highly con-
served receptor motif is optimized for amino acid recognition. Third, any space in the
cavity not occupied by kainate is occupied by water molecules, and for a larger ligand
to bind as an agonist, it must displace one or more waters with moieties that can out-
compete water. In this context, the grid map not only correctly identifies favorable sites
for water molecules, it also highlights which ones are more tightly or loosely bound, as
indicated here by the size of the blue region surrounding a given water position. For
example, a single loosely bound water molecule lies within the region described by the
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Fig. 7. Overlay of the DNQX and ATPO-iGluR2-S1S2 complexes including isoenergy con-
tours according to GRID-methyl probe (beige, —2.9 kcal/mol), water probe (cyan, —8.5
kcal/mol), and hydrogen phosphate anion probe (magenta, —14.4 kcal/mol).

methyl probe near the distal carboxylate; this is now known to be displaced by the
isoxazole heteroatoms of AMPA and the 3-oxyanion of Br-HIBO.

4.2. The Binding Site of Antagonized iGluR2

By contrast with the very tight binding site induced by agonists and partial agonists,
with sharply defined pharmacophore requirements and comparatively few opportunities
for extension, the apo and antagonized states of the receptor allow large ligands from
diverse structural classes. To date, crystal structures of only two different antagonists
bound to iGluR?2 have appeared, in addition to the apo structure: the phosphonate AMPA
derivative ATPO (4), and the quinoxalinedione DNQX. The latter has been co-crystal-
lized with both the native iGluR?2 receptor construct (2) and a nondesensitizing L483Y
mutant (7); there are no significant binding site differences between these two, although
the ligand and some side chains appear better refined in the latter structure. By compar-
ing the interactions made by these two antagonists, and by conducting GRID analysis of
the binding site, a detailed picture of the receptor topography has been established (4).

It can be seen at once from the GRID map of the binding site that neither molecule is
optimized in terms of occupying the available space in the receptor, nor in terms of
making all possible polar contacts (Fig. 7). Neither antagonist approaches noncon-
served residues such as Y702 or L650 (below T655 — not shown). By contrast with the
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role of the 3-isoxazolol of AMPA, which makes strong polar contacts with domain 2 in
the AMPA—-iGluR2 complex, the isoxazole of ATPO lies in a “dead” zone right in the
middle of the receptor. Hence its only contribution is to act as a scaffold for the phar-
macophore elements and to provide a slight entropic contribution by excluding disor-
dered water. This strongly suggests that alternative scaffolds could be employed in
place of the isoxazole. A synthetic program is in progress to test this hypothesis, with
promising preliminary results (20).

5. DOCKING LIGANDS INTO THE iGluR2 BINDING SITE

Flexible automated docking is a computational method for predicting the binding
mode of a ligand to a given protein. The protein structure may be experimentally
derived (X-ray crystallography, NMR, etc.) or obtained by homology modeling (see
Subheading 2). By comparison with manual docking, e.g., based on superimposing the
ligand on a known template ligand, flexible automated docking is unbiased, in the
sense that no assumptions are made about the bioactive conformation of the ligand or
its binding orientation. Flexible docking is particularly useful for structure-activity
studies, including ligands for which experimental ligand—protein complexes are not
available (see Subheading 6), for in silico screening of potential new ligands, and for
studying the effects of mutations on ligand binding, facilitating the interpretation of the
results of mutation experiments.

Several computer programs for this purpose are available, including Glide (21),
FlexX (22), GOLD (23), and AUTODOCK (24). Docking algorithms identify possible
binding poses (a “pose” is a complete specification of the conformation of the ligand,
and its the position and orientation relative to the receptor) and then rank (score) the
poses using various scoring functions. The aim of a scoring function is to identify the
correct binding mode of the ligand by estimating which pose has the most favorable
binding energy. For a recent review of ligand docking, see ref. (25). It should be noted
that a limitation of the majority of the present generation of docking programs is that
the geometry of the protein is kept fixed during the docking process.

The developers of docking software generally recommend docking the ligand with-
out including water molecules, even if water molecules are observed in the binding
cavity of the experimental structure. The various X-ray structures of ligand—iGluR2
complexes display several water molecules in contact with the ligand. Thus, in the con-
text of docking to iGluR subunits, it is of particular interest to investigate the effect of
observed water molecules on the docking results. In the discussion below, only results
obtained using the program Glide are discussed.

5.1. Docking DNQX into iGluR2 Excluding Water Molecules

The binding pose of DNQX predicted by Glide to be the best (highest scoring) is
extremely close to the experimental one (26), as displayed in Fig. 8. The root mean
square deviation (rmsd) between the experimentally observed and docked structures is
calculated to be 0.29 A. The ring structures of the two structures superimpose particu-
larly well, whereas small differences in the conformations about the phenyl-NO; bonds
are seen. Interestingly, quite some variation is seen in the experimental DNQX confor-
mation among the four crystallographically distinct complexes available, indicating
that these bonds in fact show some binding-site flexibility. Because inclusion of water
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Fig. 8. DNQX docked into the binding pocket of iGluR2 using Glide (27). The experi-
mentally observed structure is shown in magenta and the atoms of the docked structure are
type-coded.

molecules in the case of DNQX is not required to reproduce the experimental data, the
results indicate that the water molecules in the binding cavity of iGluR2 are not major
determinants of the binding mode of this antagonist.

5.2. Docking AMPA into iGIluR2 With and Without Inclusion
of Water Molecules

AMPA provides an interesting test case because it displays a binding mode that dif-
fers from those of, e.g., glutamate, kainate, and 2-methyltetrazolyl AMPA at iGluR2.

Figure 9 displays glutamate and AMPA superimposed in their respective binding
modes within the iGluR2-S1S2J binding pocket as determined by X-ray crystallogra-
phy (2). Contrary to all expectation, the 3-oxyanion and ring nitrogen atom of AMPA
do not superimpose with the carboxylate oxygens of glutamate. A water molecule in
the AMPA-iGIuR2 complex occupies the position corresponding to the upper carboxy-
late oxygen of glutamate.

Interestingly, with no water molecules included in the calculations Glide predicts an
incorrect binding mode for AMPA that strongly resembles the binding modes dis-
played by glutamate, kainate, and 2-methyltetrazolyl AMPA, as indicated in Fig. 10A
(26). The 3-oxyanion and ring nitrogen atom of AMPA are predicted to occupy posi-
tions similar to those of the carboxylate oxygens in Glu—iGluR2. The docking algo-
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Fig. 9. Superposition of glutamate and AMPA as bound to iGluR2 according to X-ray
structures.

rithm identifies the experimentally observed binding mode of AMPA, but only ranks it
as number 3.

When all experimentally observed waters in the binding pocket are included in the
calculations, the highest-ranked pose superimposes nicely with the experimentally
observed binding mode (rmsd = 0.21 A). This shows that one or more water molecules
within the binding pocket are crucial for determining the binding mode of AMPA.
When including only the water molecule located between the 3-oxyanion of AMPA
and the S654 NH, the pose ranked highest by Glide corresponds closely to the experi-
mentally observed binding mode (rmsd = 0.20 A) as displayed in Fig. 10B.

Thus, in contrast to the DNQX case previously discussed, it is necessary to take
binding-site water molecules into account when docking AMPA into the iGluR2 bind-
ing pocket. This implies that for reliable docking of ligands into an iGIuR protein, the
binding pocket should be carefully analyzed using, e.g., the GRID methodology dis-
cussed in Subheading 4, to investigate whether strongly bound water molecules that
can a stabilize a particular binding mode may be present.

6. STRUCTURE-ACTIVITY/SELECTIVITY STUDIES

6.1. Structure-Activity Studies

The iGIuR2 crystal structure is increasingly being used to dock ligands (Subheading
5) and thus guide synthesis and rationalize observed activities. Figure 11 displays the
structures of the ligands discussed in Subheadings 6.1. and 6.2. One of the first exam-
ples was the comparison of a series of hydroxyimidazole, 1-hydroxypyrazole, and 1-
hydroxytriazole derivatives of AMPA, which are, respectively, inactive, weakly
agonistic, and strongly agonistic at AMPA receptors. Simple manual overlay of these
near analogs of AMPA with the crystal structure of AMPA bound to GluR2-S1S2 is
sufficient to illustrate the source of the structure-activity relationships (SAR) (27).



Fig. 10. AMPA docked to iGIuR?2 using Glide (27). (A) Excluding water molecules from the calculations; (B) Including one water molecule, marked W.
The experimentally observed AMPA structure is shown in magenta and the atoms of the docked structure are type-coded.
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Fig. 11. Structures used to illustrate SAR at iGluRs in Subheading 6. X indicates H, Me, or
halogen.

More recently, some AMPA agonists showing unusual stereostructure-activity have
been compared using the commercial docking package Glide (21). These include the
enantiomers of 2-amino-3-(3-hydroxy-1,2,5-thiadiazol-4-yl)propionic acid (TDPA)
and 2-amino-3-hydroxy-5-phenyl-4-isoxazolyl propionic acid (APPA) (28), as well as
3-hydroxy-4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridine-5-carboxylic acid (5-HPCA).
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TDPA is the thiadiazole analog of AMPA, which is distinguished by the fact that both
the (R)- and (S)-isomers are approximately equipotent (29), whereas only the (S)-
forms of AMPA and glutamate show significant binding. Conformational analysis
reveals that low-energy conformers of both isomers are able to achieve a similar spatial
orientation of the charged pharmacophore elements, by dint of the unoccupied 5-posi-
tion ring nitrogen. Docking illustrates both similarities and differences in the binding
modes (Fig. 12).

While (S)-TDPA is predicted to occupy the receptor in much the same way as
AMPA, including the water molecule between the two anionic moieties and T655, this
water is displaced by the B-methylene of (R)-TDPA. At the same time, the thiadiazole
of the (R)-isomer rotates, such that the 2-position ring nitrogen comes nearer to the
water interposed between Y702 and the ligand. Approaching Y702 has consequences
for AMPA receptor subunit selectivity, discussed in detail in Subheading 6.2., prompt-
ing the testing of the enantiomers at cloned homomeric AMPA receptors. Preliminary
data indicates that (R)-TDPA indeed shows some preference for iGluR 1,2, whereas the
profile of (S)-TDPA is very similar to that of (S)-AMPA (30).

The enantiomers of 5-phenyl analog of AMPA, (S)-, and (R)-APPA have also
received attention as displaying interesting stereostructure-activity; the (.S)-enantiomer
is a modestly potent AMPA agonist, whereas the (R)-enantiomer displays very weak
but measurable antagonism, the originally measured effect of the racemate being one
of partial agonism (3/). By docking (S)- and (R)-APPA to the agonized and antago-
nized forms of iGluR2, respectively (28), the agonism and antagonism of (S)- and (R)-
APPA could be rationalized.

The conformationally constrained bicyclic AMPA analog 5-HPCA presents another
interesting case of unusual stereostructure activity. Here, enantioseparation revealed
that the (S)-isomer was entirely inactive, whereas the (R)-form was a weak agonist.
This observation was originally met with some scepticism, and a series of crystallo-
graphic and spectroscopic experiments were carried out to double check the absolute
configuration of the racemates. However the stereoselectivity can be easily validated
by docking to iGluR2. Attempting to dock (S)-5-HPCA using Glide gives a poor scor-
ing result and an inverted binding mode as the highest-ranked pose, whereas the
docked binding mode of (R)-5-HPCA is not dissimilar to kainate, despite the opposite
configuration of the a-amino acid (Fig. 13). Some parallels can be drawn between the
folded binding conformation of (R)-TDPA and the conformationally restricted (R)-5-
HPCA.

6.2. Selectivity Studies

On the basis of homology and pharmacology, we can divide ionotropic glutamate
receptors that bind AMPA derivatives into three subclasses: iGluR1/2, iGluR3/4, and
iGIluR5 (although AMPA itself binds only weakly to iGIuRS5 and this subunit is nor-
mally grouped with iGluR6,7 as a low-affinity kainate receptor). To date, agonists have
been discovered with a strong preference for iGluR1/2 (Br-HIBO) (5), for iGluRS
(thio-ATPA) (32), and in a few cases a weak preference for iGluR3/4 (2-methyltetra-
zolyl AMPA) (33). The binding sites of iGluR1 and iGluR2, likewise those of iGluR3
and iGluR4, are so close as to be indistinguishable by any conceivable agonist. Subunit
specific antagonists are conceivable, because the more open binding site can allow lig-



Fig. 12. (S)- and (R)-isomers of 2-amino-3-(3-hydroxy-1,2,5-thiadiazol-4-yl)propionic acid (TDPA) docked to iGluR2 (28).



Fig. 13. (S)- and (R)-5-HPCA docked to iGluR2, according to Glide (21).



20 Greenwood and Liljefors

ands to thread out into less-conserved regions. However, despite the large number of
glutamate antagonists known, synthesized in industrial medicinal chemistry programs
without the benefit of the new structural data, it has been difficult enough to distinguish
between AMPA and kainate receptor antagonism, let alone achieve subunit specificity
(34). The existing antagonist scaffolds either cannot or have not been extended in the
direction of nonconserved residues. An exception here is Eli Lilly’s decahydroquino-
line series, where, for example, LY382884 is specific for iGluRS5 (35). Clearly there is
great opportunity for the structure-based design of subtype-specific AMPA/kainate
receptor antagonists, with potential clinical application. To this end, we must first
understand the origin of the subtype selectivity displayed by existing ligands. A num-
ber of studies have now been published in which models based on the iGluR2 binding
site have been used to rationalize activity and selectivity. One of the first such studies
was that of Banke et al. (6), which concerned derivatives of the agonist homoibotenic
acid (HIBO), in particular Br-HIBO, which had been shown to exhibit binding prefer-
ence for iGluR1 over iGluR3 (5), as well as different desensitization rates at these
receptors. The key finding here, based on homology models and backed up by mutation
studies, was that the only significant agonist binding-site difference between the
AMPA subunits iGluR1/2 and iGluR3/4 lies in the variability of the tyrosine/pheny-
lalanine at residue 702 (Fig. 4). Moreover, because this residue does not directly inter-
act with any known AMPA ligands, selectivity must depend on the strength of the
hydrogen bond network via a water molecule that connects the ligand, Y702, and T686.
A similar conclusion was reached by Lampinen et al. (/9), who discussed Y702F in the
context of an extensive mutation study of binding-site residues.

Banke et al. (6) quantified the relationship between iGluR1/2 vs iGluR3/4 selectivity
and the Y/F702 switch by measuring the strength of the hydrogen bond between the
ligand’s distal anionic moiety and the aforementioned water molecule using ab initio
calculations (density functional theory, DFT), obtaining a good correlation with the
experimentally determined selectivity. Though useful, this early model (see Fig. 14)
was later shown to be imprecise in one respect: although it was clear that the prefer-
ence of Br-HIBO for iGluR1/2 owed to the strength of the interaction with the inter-
posing receptor water, it was not clear that this water molecule was insufficiently
stabilized in iGluR3/4 to be crystallographically observable, as was later shown by the
X-ray structure of Br-HIBO bound to (Y702F)iGluR2-S1S2J (3). However, this
strengthens rather than negates the role of the hydrogen bond to this water in determin-
ing preference for iGluR1/2. Thus, a means of quite accurately predicting the selectiv-
ity of agonists for the two classes of AMPA subunits by measuring the relative strength
of hydrogen bonding was established, and was soon applied to the willardiine and aza-
willardiine series (15,36) as well as to the design of further HIBO derivatives. 5-Halo-
genated derivatives of willardiine (1-uracilylalanine) and 6-azawillardiine, the
3,5-(2H,4H)-dioxo-1,2,4-triazine analog show a remarkable range of potencies and
selectivities at iGluR1-5. An almost linear relationship between the size of the 5-halo
substituent of the willardiines and the affinity at iGluRS has been shown, each period
increasing the affinity by approximately an order of magnitude (37). This SAR has
been discussed with the aid of models (/8,38). Here the deciding factor is the size and
hydrophobicity of the halogen, which comes into conflict with L650 and T686 in
iGluR1-4 as the size increases, but gains favorable van der Waals contacts with the
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Fig. 14. Simplified perturbative model of AMPA analogs (A) and HIBO analogs (B) in
iGluR1 and iGluR3: effect of swapping orientation of isoxazole ring and mutating tyrosine to
phenylalanine, calculated using DFT. AAE = 1.7 kcal/mol, i.e., 16-fold relative selectivity.

more open and hydrophobic region around the corresponding valine and serine in
iGluRS. Like HIBO derivatives, willardiines also typically show preference for
iGluR1/2 over iGluR3/4 via the water network to Y702, as illustrated by the pharma-
cology and docking of the cyclopentawillardiine CPW-399 (15).

Arriving at a quantitative understanding of the range of observed selectivities of the
willardiines between iGluR1/2 and iGluR3/4 is less straightforward; not only does the
halogen have an effect, so does subtly changing the electron density of the heterocycle
by switching to a triazine. However, a pattern becomes clear if the relative strength of
the complex between the heterocycle and the receptor water molecule is calculated
using DFT (Fig. 15).

The upshot here is that by controlling the halogen and by altering the azine hetero-
cyclic carboxylate bioisostere among the various diazine- and triazinediones or N-
oxides, almost any desired combination of subtype specific agonist should be possible,
including for iGluR3/4, for which no ligand has yet shown high selectivity.

6. FUTURE PERSPECTIVES

Exploitation of the wealth of information contained in the X-ray structures of lig-
and-i1GluR2 complexes has only recently begun. There is significant scope and oppor-
tunity for applying this information to the structure-based design of novel ligands for
iGluRs. Such exploration requires interdisciplinary research, including further X-ray
crystallography, computational chemistry, medicinal chemistry, and molecular pharma-
cology. The analysis of the domain-closed agonist complexes discussed previously
shows a very narrow binding pocket with limited space to exploit. Thus the design of
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Fig. 15. Correlation between hydrogen bond strength and iGluR1/2 vs 3/4 selectivity among
willardiines. Unsubstituted/alkylated willardiines and azawillardiines lie in one series, halo-
genated derivatives in another. The strength of anion—water complex is calculated as E[ArO(-)]
+ E[H,0] — E[ArO(-)...HOH] at B3LYP/6-311+G(d,p).

novel iGluR agonists is a challenging enterprise, because only small modifications with
respect to the size and shape of presently known agonists are possible. Nevertheless, as
shown earlier, such small modifications may be exploited in the computer-aided design
of subunit selective agonists. By contrast, the open apo and antagonist states are highly
suited to the design of novel iGIluR antagonists from widely different structural classes,
and the discovery of subunit selective antagonists is within reach.

The determination of the three-dimensional structure of the ternary complex
Glu-cyclothiazide—(N754S)iGluR2 and the groundbreaking studies on the mechanism
of glutamate receptor densensitization performed by Gouaux and coworkers (7), have
opened up new and exiting possibilities for the structure-based design of novel
allosteric modulators. Together with NMR experiments and molecular dynamics calcu-
lations, these structures also represent a step in the direction of understanding the
behavior of the full-length iGluR tetramer at the atomic level.
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Delineation of the Physiological Role of Kainate
Receptors by Use of Subtype Selective Ligands

Sari E. Lauri, Vernon R. J. Clarke, and Graham L. Collingridge

1. INTRODUCTION

Ionotropic glutamate receptors mediate fast excitatory neurotransmission in practi-
cally all areas of the central nervous system (CNS). They are also critical for both the
induction and expression of synaptic plasticity, and have been implicated in diverse
pathological conditions, such as epilepsy, ischemic brain damage, anxiety, and addic-
tion. There are three subtypes of ionotropic glutamate receptors that are named after
their high-affinity agonists as o-amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA), N-methyl-p-aspartate (NMDA), and kainate (KA) receptors ().

Whereas the contribution of NMDA and AMPA-type of glutamate receptors to
synaptic transmission is well-characterized, much less is known about the functions of
kainate receptors. This is mainly owing to significant overlap in the pharmacological
profile of the AMPA and KA types of glutamate receptors. Although many antagonists
and agonists, including AMPA and KA, have different affinities towards AMPA and
KA receptors, few of them are selective enough for pharmacological isolation or acti-
vation of one but not the other. Therefore, native receptors have often collectively been
referred to as non-NMDA or AMPA/KA receptors, which in most brain areas display
properties that are characteristic for AMPA receptors. Elucidation of the physiological
functions of native kainate receptors in the CNS has become possible only recently,
following the development of selective pharmacological tools as well as genetically
engineered mice lacking KA receptor subunits (reviewed in 2,3).

2. MOLECULAR COMPOSITION AND EXPRESSION
OF KAINATE RECEPTORS

Molecular cloning techniques have identified five KAR subunits, designated GLUy,
GLUy,, and GLUys5_7 (IUPHAR nomenclature [4]; subunits formerly known as KA1,
KA2, GluR5-7, respectively [5]). Kainate receptor subunits are comprised of approx
900 amino acids and are thought to share the same transmembrane topology as, and
assemble with similar subunit stoichiometry to, other ionotropic glutamate receptors.
Thus, each subunit contains four hydrophobic regions within the sequence (designated
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MI-IV), with three believed to form transmembrane domains (MI, III, and IV) with the
fourth, MII, forming a reentrant membrane loop. These subunits are believed to assem-
ble as a tetrameric receptor. Additional variation to the primary sequence is created by
alternative splicing of GLUys and GLU7 as well as by RNA editing of the codon that
encodes the glutamine/arginine (Q/R) site in GLUys and GLUg. Furthermore, the lat-
ter can undergo editing at two additional sites, giving rise to further diversity (reviewed
in refs. 6-9).

2.1. Recombinant Receptors

Functional properties of recombinant kainate receptors have been extensively stud-
ied in heterologous expression systems, including Xenopus oocytes as well as mam-
malian cells. GLUys, GLUgg, and GLUy7 can form functional homomeric receptors,
whereas GLUyg; and GLUy, are only expressed as heteromeric combinations with the
subunits GLUys 7. The various glutamate receptor subunits can be distinguished by
their agonist affinity as well as desensitization in response to different agonists. For
example, GLUys_7 display lower affinity (50-100 nM) to kainate than the high-affinity
subunits GLUy; and GLUy, (~ 5 nM), whereas the affinity of the AMPA receptor sub-
units GLU,;_4 to kainate is in the range of 103-10-> M. The potency of KA receptors
for glutamate is similar to that of AMPA receptors (ECsg ~ 0.3 mM), except for the KA
receptors containing GLUy7 subunits (ECsy ~ 6 mM) (10).

Both AMPA and KA receptors desensitize rapidly in the continued presence of glu-
tamate. However, these receptors can be distinguished based on their desensitization in
response to kainate. KA receptors typically mediate a rapidly desensitizing current in
response to kainate, whereas kainate evokes nondesensitizing agonist responses in
AMPA receptors. AMPA has a low activity at homomeric GLUy5 but not GLUg¢ or
GLUy7, a phenomenon that appears to be determined by a single amino acid residue.
These responses are largely nondesensitizing. In addition, heteromeric GLUy/g,
GLUy1/k7a or GLUgp/7, (at least) are activated by AMPA (10), suggesting that the
introduction of a high-affinity subunit confers sensitivity. In contrast to homomeric
GLUys, AMPA currents in heteromeric GLUy 7, and GLUy/x7, receptors desensitize.
Whether the introduction of GLUg; or GLUy, always confers sensitivity to, and desen-
sitization in the presence of, AMPA is not known (for reviews, see 2,3,6,7).

2.2. Native Receptors

Kainate receptors are widely expressed in the brain. Early studies using receptor
autoradiography identified-high affinity [3H]KA binding sites throughout the nervous
system, and in particularly high levels in the stratum lucidum of area CA3 in hip-
pocampus, corresponding to the mossy-fiber nerve terminal region (//—14). Analysis
of the mRNA expression of the individual KA receptor subunits by in situ hybridiza-
tion indicated that the expression pattern of the various subunits is distinct but overlap-
ping, and changes during development (/17,15,16). In the hippocampus, expression of
mRNA for all the subunits has been detected. The GLU;; mRNA occurs mainly in the
CA3 field of the hippocampus and dentate gyrus, whereas the GLUy, gene is widely
expressed in pyramidal (CA1-CA3) and dentate granule cells. GLUy¢ is abundantly
expressed in pyramidal cells and dentate granule neurons, whereas GLUys is most
prominently expressed in nonpyramidal cells. However, many neurons laying outside
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the pyramidal cell layer also express GLUyg¢, and there are some cells within the pyra-
midal cell layer containing GLUys transcripts (/5). GLUy7 appears largely confined to
the dentate and scattered interneurones of the stratum oriens. Most patterns of expres-
sion are established during late embryonic/early postnatal development. Exceptions
include GLUyg, which develops more slowly (postnatal day 12, i.e., P12), and a tempo-
rally restricted sharp peak in GLUy5 expression (P0-5), which declines markedly (by
P12) to significant but diminished adult levels (117).

The understanding of the subcellular localization of KA receptor subunits has been
hampered by the lack of specific antibodies. By using antibodies recognizing GLU /7 or
GLUygs/e/7, it has been shown that kainate receptor immunoreactivity is principally local-
ized at the postsynaptic membranes (/7—19). However, in area CA3 unmyelinated axons
are also stained (/9). Further, using immunogold electron microscopy, expression of
GLUyg¢/7 was detected in glutamatergic nerve terminals in the monkey striatum (20).

3. KAINATE RECEPTOR PHARMACOLOGY

Characterization of the physiological roles of kainate receptors in central neurons
has been closely linked to the development of selective pharmacological tools for
AMPA vs kainate receptor antagonism (2/-23). In most central neurons, the response
to kainate is dominated by activation of AMPA receptors, and therefore, identification
of kainate receptor function is often performed following selective antagonism of the
AMPA receptors. In contrast, agonist responses similar to that described for recombi-
nant kainate receptors have been identified in the peripheral nervous system in the dor-
sal root fibers (24) and in the trigeminal ganglia (25). Dorsal root ganglion (DRG)
neurons have been widely used as a model for native KA receptors, given that the phar-
macological profile of the kainate currents expressed in these neurons closely matches
that of homomeric GLUys (26), and that large amounts of GLU,s mRNA are expressed
in neuronal cell bodies (27).

There are several recent reviews that contain detailed descriptions of the develop-
ment of AMPA- and KA-selective compounds (2,28-30). Here, only an overview of the
compounds that have been important in advancing the understanding the physiological
functions of the KA receptors is included.

3.1. Competitive Agonists and Antagonists

The “classic” competitive agonists for kainate receptors include kainate and
domoate toxins, originally isolated from the red algae Digenea simplex and Chondria
armata, respectively. Most KA receptor-mediated effects show a rank order of agonist
potency of domoate > kainate > L-glutamate. The exception within the kainate receptor
family appear to be homomeric GLU7; receptors, which display a reduced agonist sen-
sitivity and altered order of potency. Indeed, domoate has no agonist activity at homo-
meric GLU7 even at 100 uM (see ref. 10). Kainate and domoate also act on AMPA
receptors at higher concentrations. More selective agonists for KA receptors have been
developed, and include the AMPA analog (RS)-2-amino-3-(3-hydroxy-5-tert-
butylisoxazol-4-yl)propanoic acid (ATPA) (31), 5-iodowillardine (5-IW), 5-iodo-6-
azawillardine (32), and (2S,4R)-4-methylglutamate (SYM2081) (33). Of these, ATPA
has been widely used in the hippocampus to study the functional consequences of acti-
vating native kainate receptors (31,34-40).
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The kainate receptor subunits differ in their responses to a variety of agonists,
despite their relatively high primary sequence homology. ATPA and 5-IW are highly
active at GLUys subunits, with practically no binding to GLUg¢, and show good selec-
tivity over AMPA receptors (31,32,41). Radioligand studies demonstrate a rank order
of binding for ATPA of GLUgs >> GLU,;4, GLUy, and GLUy; >> GLUxg,
GLU,¢/GLUy, (31). ECsy values obtained from electrophysiological studies where
kainate receptor subunits are expressed in isolated cells or primary cultures confirm
that ATPA shows good selectivity towards kainate receptors containing, though not
necessarily comprising, solely of the GLUys subunit (317,15). Thus, ATPA acts as a full
agonist at homomeric GLUygs (ECsg ~ 2.1 uM) and in acutely isolated DRG neurones
(ECsg ~ 0.6 uM) (31) and as a partial agonist at heteromeric GLUs;5 (ECs59 ~ 1.1 uM)
(15). These values were obtained in the presence of concanavalin A, avoiding the com-
plicating issue as to whether this lectin, routinely used to reduce desensitization of
kainate receptors (26,27; see Subheading 3.2.), increases the affinity of kainate recep-
tors to agonist (42) or not (26,43). Although showing no activity at homomeric GLUg
at concentrations of 100 uM-10 mM (15,31,44), co-expression of either GLUg,
GLUy7, or GLUy, with GLUs (15,44) does confer sensitivity to ATPA. Perhaps more
surprising, ATPA acts as a partial agonist on heteromeric assemblies of GLU, and
GLUyg. The resulting currents are nondesensitizing, differentiating them from those at
GLUjgs-containing receptors (/5). Curiously, this activity is observed despite ATPA
having an apparent K; > 100 uM at these receptors (31).

The quinoxalinedione derivatives 6-cyano-7-nitroquinoxaline (CNQX), 6,7-dinitro-
quinoxaline-2,3-dione (DNQX), and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinox-
aline-7-sulphonamide (NBQX) are potent competitive antagonists of AMPA and kainate
receptors. Of these, NBQX shows the most functional selectivity (approximately three-
fold) for AMPA over KA receptors (45), and has been used in low concentrations (1 uM)
to isolate kainate currents in hippocampal interneurons (46).

Recently, decahydroisoquinoxaline derivatives have been identified as glutamate
receptor ligands that display selectivity for GLUys over the other kainate receptor sub-
units. Of these, LY293558 shows little or no selectivity between homomeric AMPA
receptor and GLUys receptors (47). LY294486 and its active enantiomer LY377770
(48) also inhibit AMPA receptors, but show moderate selectivity toward GLUys (31).
Both have been used to study the physiological functions of kainate receptors in the
presence of AMPA receptor selective antagonists (31,34,35). The more recently devel-
oped LY382884, although less potent on GLUys-containing receptors expressed in
cloned cell lines than LY294486, is the first antagonist that is selective enough to allow
the study of the modulation of AMPA-mediated synaptic transmission by GLU5 con-
taining kainate receptors (39,49,50).

3.2. Allosteric Modulators

The first allosteric modulators discovered to act on AMPA/KA receptors were the
plant lectins, including concanavalin A (ConA), that block receptor desensitization,
probably through binding to N-linked oligosaccharides (57,52). It was soon discovered
that certain benzothiazides, such as diazoxide and cyclothiazide, also act on the same
allosteric site controlling non-NMDA receptor desensitization (53—55). Interestingly,
ConA and cyclothiazide show high selectivity for KA and AMPA receptors, respec-
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tively (27). This allowed, for the first time, assessment of the contribution made by
each receptor type to currents evoked by native receptors (e.g., 26,43,56,57).

2,3-Benzodiazepines, 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-
benzodiazepine) (GYKI 52466) and 1-(4-aminophenyl)-3-methylcarbamy-4-methyl-
7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine (GYKI 53655 or LY300168),
act as negative allosteric modulators of AMPA receptors (22,58-60). These 2,3-benzo-
diazepines antagonize kainate receptors only in concentrations well in excess of that
required for functional AMPA receptor antagonism, and thus, have enabled pharmaco-
logical isolation of currents mediated by KA receptors (2/-23). The best selectivity for
AMPA over kainate receptor antagonism is provided by GYKI 53655 (and its active
isomer LY303070) (57,61).

4. PHARMACOLOGICAL ISOLATION OF KAINATE
RECEPTOR-MEDIATED EPSCS

The development of 2,3-benzodiazepines was a key step leading to understanding of
the functions of native kainate receptors. GYKI 53655 (10 uM) inhibits currents
elicited by AMPA preferring receptors on cortical neurons with at least 200-fold
greater potency, compared with those at kainate-preferring receptors on DRG cells
(57). This highly selective antagonism of AMPA receptors allowed isolation of native
kainate receptor mediated currents in embryonic hippocampal neurons, where applica-
tion of GYKI 53655 unmasks a small desensitizing response to kainate (22,62).

Synaptic kainate receptor-mediated currents were first described in CA3 pyramidal
neurons in response to high frequency stimulation of mossy-fibers (27,23). Application
of GYKI53655 in the presence of antagonists to block currents mediated by NMDA,
GABA,, and GABA; receptors inhibited practically all synaptic responses evoked by
single pulse stimulation. However, high-frequency mossy-fiber stimulation produced a
slow, small amplitude inward current that has a linear I-V relationship and is blocked
by AMPA/kainate receptor antagonists NBQX and CNQX, and the GLUgs selective
antagonist LY294486 (see Fig. 1).

Since their definitive demonstration at the mossy fiber-CA3 synapse (21,23), KA
receptor-mediated postsynaptic currents have been described at several synapses in the
brain, including the Schaffer collateral-interneuron synapse in the hippocampus
(34,63), thalamocortical synapse in the barrel cortex (64), parallel fiber-Golgi cell
synapse in the cerebellum (65), external capsule-basolateral amygdala neuron synapse
in the amygdala (66), and cone photoreceptors-‘Off” bipolar cell synapse in the retina
(67). The slow kinetics of the KA receptor-mediated synaptic current differs consider-
ably from the fast onset and rapidly desensitizing response characterized for recombi-
nant kainate receptors. One explanation is that these receptors are located
extrasynaptically and their activation depends on glutamate spillover. However, the
decay of KA EPSC does not depend on manipulations that modulate glutamate uptake
or diffusion in the synaptic cleft at this (2/,23) or other synapses (65,68). Furthermore,
in most synapses described, and also in the mossy fiber-CA3 synapse under certain
conditions (69), KA receptor-mediated EPSCs can be evoked by single shock stimula-
tion, arguing against the idea that its kinetic properties are owing to glutamate build-up.
In contrast, the functional properties of KA receptors can be altered by their interac-
tions with various cytosolic proteins and by phosphorylation (70-74). Expression of a
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Fig. 1. Pharmacological isolation of kainate receptor-mediated synaptic currents in the cen-
tral nervous system. (A) Synaptic activation of kainate receptors in mossy-fiber synapses in
CA3. The traces show EPSCs recorded in the presence of D-AP5 (100 uM) and picrotoxin (100
wM) before (i) and after (ii) addition of the AMPA-receptor selective antagonist GYKI53655
(50 uM) in response to high-frequency (5 shocks, 100 Hz) stimulation of mossy fibers, and the
effect of kainate-receptor selective antagonist LY294486 (iii). Although the early phase of the
EPSC is mostly blocked by GYKI53655, the late phase is only slightly affected, and is blocked
by the AMPA/KA receptor antagonist LY294486. Subtraction of the traces in III-II gives the
pure KAR-mediated component of the EPSC which has an approximately linear I-V relation-
ship and a reversal potential close to 0 mV. (B) EPSCs in interneurons, but not in pyramidal
cells in CA1 have a KA receptor-mediated component. (i) Averaged EPSCs recorded from an
interneuron, shown at a low (top) and high (bottom) gain, in control conditions, after bath appli-
cation of 70 uM GYKI 53655, and after addition of 100 uM CNQX. (ii) The same experiment
done here in pyramidal cells. In these cells, no KAR mediated EPSC could be found. (Reprinted
from ref. (63) with permission from Nature Publishing Group.) (http://www.nature.com/) (C)
KAR-mediated synaptic transmission at developing thalamocortical synapses. Superimposed
EPSCs in: ‘Control’ (D-AP5 [100 uM], picrotoxin [50 uM]); ‘GYKT (+GYKI 53655 (25 uM
active isomer)); ‘GYKI + CNQX’ (+ CNQX [100 uM]), and Summary I-V analysis tail of dual-
component EPSCs. Continuous lines represent linear regressions. (Reprinted from ref (64) with
permission from Nature Publishing Group.) (http://www.nature.com/)

different selection of interacting proteins that regulate KA receptor kinetics and target-
ing might thus provide one explanation for the different functional properties observed
in native vs recombinant receptors.

The GLUgs selective antagonists, LY293558 and LY294486, block both postsynap-
tic currents induced by kainate (200 nM) and synaptically released glutamate in CA3
pyramidal neurons (75). The observation that the CA3 region shows a reduced sensitiv-
ity to kainate and that synaptically evoked kainate currents are absent in GLU¢ knock-
out mice (76), together with the pharmacological profile of these receptors, suggests
that they are probably heteromeric assemblies of GLU,s/GLU¢. However, there are
contrasting data that question the contribution of the GLUys subunit to the EPSCs in
CA3. First, expression of GLUys mRNA in CA3 pyramidal cells is low or is not
detected (/1,15). Second, ATPA does not depolarize CA3 pyramidal neurons under
conditions where large inward currents are induced by nanomolar concentrations of
kainate (35). Third, another GLUs5 selective antagonist 10 uM LY382884 has little
effect on kainate-evoked currents in CA3 (77). However, whereas LY3777770, the
active enantiomer of LY294486, and LY382884 show similar potencies at presumed
native GLUys-mediated responses in DRG cells (ICso ~ 1 uM (49,50), LY3777770
shows an approx 10-fold greater potency compared with LY382884 at both recombi-
nant homomeric GLUys and heteromeric GLUys/GLUyq (compare ICsps of 0.69 uM
and 7.25 uM for LY377770 and LY382884, respectively, at GLUgs and 0.35 uM and
3.61 uM at GLUys/GLUy¢) (50). Thus, the absence of effect of LY382884 on KA
receptor-mediated postsynaptic currents in the CA3 (77) is not inconsistent with a role
for either homomeric GLUys or heteromeric GLUs/GLUyq. Finally, the action of
LY382884, LY293558, and LY294486 on various heteromeric combinations of kainate
receptor subunits and on the N-terminal splice variants of GLUgs receptors is not
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known. This may significantly complicate the interpretation of the pharmacological
results in terms of subunit composition of native KA receptors.

On the other hand, the results obtained from the knockout mice are complicated by
possible functional compensation between KA receptor subunits. In a recent study
(78), the effects of ATPA, LY382884, and LY293558 on kainate currents were studied
in dorsal horn neurons of wild-type, GLUgs, and GLU¢ knockout mice. LY382884
and LY293558 were effective in antagonizing kainate currents in wild-type and
GLUygg_/_, but not GLU5_,, mice (78), thus confirming the selectivity of these com-
pounds on native kainate receptors. Interestingly, the current density in GLUys_,_ mice
and wild-types was similar. This shows that GLUys-dependent functions in wild-type
mice can be compensated for in GLUgs_. mice. Assuming that postsynaptic kainate
receptors in CA3 are heteromeric assemblies containing at least GLUys and GLUgq
subunits, in GLUys knockouts the other kainate receptor subunits would still assemble
into functional receptors (79). Moreover, the effects of ATPA and LY382884 in the dor-
sal horn neurons were greater in GLU¢_,_ neurons than in wild-types (78), suggesting
that GLU ¢ deletion increases the GLUs stoichiometry at the level of individual recep-
tors. This finding further suggests that the stoichiometry of GLUys influences the
antagonism by subunit selective compounds.

5. EVIDENCE FOR PRESYNAPTIC KAINATE RECEPTORS
AS MODULATORS OF NEUROTRANSMITTER RELEASE

Presynaptic receptors for neurotransmitters are widespread in the CNS, and can
have a crucial role in modulating synaptic transmission (80). Before the synaptic acti-
vation of postsynaptic kainate receptors was identified (27,23), a presynaptic locus for
the effects of kainate on synaptic transmission in the hippocampus had already been
proposed (81-83), supported by biochemical and histological evidence for presynaptic
high-affinity KA binding sites (/4). It appears that kainate receptors, located presynap-
tically to the site of recording, modulate transmission at both glutamatergic and
GABAergic synapses (reviewed in ref. 84). Finally, growing evidence supports a role
for kainate autoreceptors in the regulation of short- and long-term synaptic plasticity
(49,77,85-87).

5.1. Inhibitory Presynaptic Kainate Receptors

Kainate receptors mediate a depression of evoked excitatory synaptic transmission
in areas CA1 (40,88-90) and CA3 (35,37,91,92) of the hippocampus. There is strong
evidence that in area CAl the locus of this effect is presynaptic. Thus, activation of
kainate receptors depresses release of L-glutamate from synaptosomes (88) and
depresses both NMDA and AMPA receptor-mediated components of the evoked EPSC
in parallel (88,90). Furthermore, the effects of kainate receptor activation on excitatory
synaptic transmission in CA1 are associated with changes in presynaptic Ca2+ (89), an
increase in paired-pulse facilitation (35,88,89), and a reduction in quantal content, as
assessed using 1/CV2, but no change in mEPSC amplitude (90).

There is growing evidence to suggest that, within the hippocampus, kainate and
ATPA may depress fast excitatory transmission by distinct mechanisms. For example,
in area CA3, kainate exerts its effects via an action on presynaptic mossy-fiber
excitability (37,92), whereas ATPA is suggested to act indirectly via an increase in
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interneuronal excitability and the subsequent heterosynaptic action of GABA at presy-
naptic GABA; receptors on mossy-fiber terminals (37). Notably, these experiments
were done in the presence of elevated extracellular calcium concentration (4 mM). At 2
mM calcium, GABA; receptor antagonists have no effect on ATPA-induced depression
in area CA3 (39). Similarly, in area CAl, the effects of ATPA are independent of
GABA release (40,88). However, in area CAl, depression of glutamatergic transmis-
sion in response to kainate and ATPA can be differentiated based on their sensitivity to
LY 382884 as well as on extracellular calcium concentration (40).

Kainate and ATPA also mediate a depression of evoked GABAergic synaptic trans-
mission in area CA1 (317,93) (Fig. 2). The effects of either ligand on GABAergic trans-
mission can be antagonized using the GLUys receptor antagonist LY294486 (31),
implying that, unlike the effects on evoked excitatory transmission in CA1, the effects
of either agonist are on the same receptor subtype. The ability of KA receptor agonists
to depress both the GABA , and GABA; components of the evoked IPSP in parallel and
by similar magnitudes suggests that the effect is owing to a presynaptic decrease in
GABA release (37). This depression is thought to involve a metabotropic kainate
receptor (36,94), an argument lent more weight by the demonstration that kainate
receptors can couple to G(i)/G(o) proteins (95).

The simplest explanation for the effect of KA receptor agonists on evoked GABAer-
gic synaptic transmission would be a direct regulation of GABA release probability by
kainate receptors located at the axonal presynaptic terminals of interneurones. In sup-
port, a modest reduction in mini IPSC frequency in CAl pyramidal cells has been
reported following kainate application (34,93), whereas other studies have observed no
effect (63,65,96). The direct depolarization of interneurones via the activation of den-
dritic or somatic kainate receptors (34,63) results in an increase in spontaneous action
potential discharge and consequent increase in spontaneous IPSC frequency observed
to kainate and ATPA application (34,36,63,65,83,96). Such increases in spontaneous
GABA release may underlie alternative indirect mechanisms for the depression of
evoked transmission. In support, by mimicking the increase in firing frequency of
interneurones seen on kainate application, an analogous depression of the evoked IPSC
occurs (36,46,63). Furthermore, raising the threshold for interneurone action potential
generation by increasing external divalents abolished the depression of the evoked
IPSC by kainate (63). It has been proposed that the increase in GABA concentration as
a result of spontaneous interneurone activity leads to a direct reduction of GABA
release following the activation of presynaptic GABAj receptors and a passive shunt-
ing of the postsynaptic GABAergic response via the activation of postsynaptic GABA ,
receptors (97). However, such an explanation appears insufficient to account for the
observed effects of kainate receptor activation on GABAergic transmission in area
CAl. Thus, (1) an earlier study observed no effect of kainate on iontophoretically
applied GABA (83), arguing against a passive shunt contribution. (2) The magnitude of
depression of the evoked IPSP; was unaltered following pharmacological antagonism
of GABA, receptors (31). (3) The two effects, namely interneurone depolarization and
depression of evoked GABAergic transmission, can be dissociated pharmacologically
(34,36) and couple to separate signaling systems (36). For example, low doses of ATPA
(1 uM) have profound effects on interneurone excitability, while having no significant
effect on evoked GABAergic responses or postsynaptic properties (34). (4) Previous
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Fig. 2. Effects of presynaptic kainate receptors on GABAergic transmission in CAl. (A)
Activation of GIuRS depresses inhibitory synaptic transmission. (i) Single example and (ii)
pooled data illustrates the depression of monosynaptic IPSPs, in CA1 pyramidal neurons by
kainate (5 uM) and ATPA (10 uM). (iii) The maximally depressed response, in the presence of
ATPA, is scaled and superimposed with a control response. The lack of change in IPSP shape
shows parallel inhibition of GABA, and GABA, receptor-mediated IPSPs. Scale bars, 5 mV,
100 ms. (Reprinted from ref. (37) with permission from Nature Publishing Group.)
(http://www.nature.com/) (B) Low concentrations of KAR agonists potentiate GABAergic
synapses in CA1. (i) Dual patch-clamp recordings from a representative low-release probability
pair showing the effect of 300 nM KA on uIPSC amplitude against the time. Note the increase
in successful events. (ii) Pooled data showing that KA induced a significant increase in the Pg
and the average amplitude (Ay) of uIPSCs in low-Pg pairs. Coincidental sIPSCs in noncoupled
pairs (NC) were not significantly increased by 300 nM KA. (Reprinted from ref. (86) with per-
mission from Elsevier Science.)
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studies have found no effect of GABA; receptor antagonists on the kainate-induced
depression of GABAergic transmission (31,63).

Regardless of whether the depolarization of interneurones and subsequent increase
in IPSC frequency and the depression of evoked transmission are manifestations of the
same phenomenon, knockout studies involving mice lacking either GLU5 or GLUg or
both (i.e., double knockouts) suggest that all these effects are absent only in mice lack-
ing both subunits, but are comparable to wild-type control in the absence of either
GLUygs ;- or GLUgg ;- mice (46,98). Two separate populations of receptor may exist,
with one compensating for the loss of the other, as observed recently in the dorsal horn
(78). However, these studies, together with the observations that the effects of ATPA
and kainate on interneurone excitability (34) and depression of evoked IPSPs (317) are
antagonized by LY293558 and LY294486, respectively, implies that the native KA
receptors responsible for these effects are most likely a heteromeric receptor comprised
of both GLUys5 and GLUg.

5.2. Facilitatory Presynaptic Kainate Receptors

Facilitatory actions of presynaptic kainate receptors (82,88) were long overshad-
owed by the pronounced inhibitory effects of kainate receptor agonists on both gluta-
matergic and GABAergic transmission. Recently, facilitation of synaptic transmission
via activation of a presynaptic kainate receptors has been described in the GABAergic
synapses in area CA1 (86), in the spinal cord (99), and probably most thoroughly, in
the mossy-fiber synapse in area CA3 (39,77,100).

Kainate (200 nM) renders the mossy-fiber axons more excitable, as evidenced by an
increase in the presynaptic fiber volley as well as lowered threshold for antidromic
action potentials. At the same time, a kainate-induced suppression of synaptic trans-
mission and depression of presynaptic calcium influx was observed (92). In contrast,
application of very low concentrations of kainate (50 nM) facilitates synaptic transmis-
sion at the mossy fibers (77,100). The kainate-induced facilitation is blocked by
LY382884, suggesting a role for GLUgs-containing receptors (77). However, only
depression of transmission has been observed with ATPA (35). Thus, the facilitatory
and depressory effects of kainate could be mediated by different receptor populations
that have distinct pharmacological properties.

In contrast to the metabotropic effects described for presynaptic kainate receptors in
CA1 (90,94), the effects of kainate in CA3 appear to be mediated by direct depolariza-
tion of the presynaptic terminals. The kainate-induced facilitation is not sensitive to
antagonists of other receptors (e.g., GABA;), and can be mimicked by elevating the
extracellular potassium concentration (77,100). It has been proposed that the facilita-
tion is owing to increased calcium influx that is induced by modest depolarization of
the terminals by kainate receptors, whereas a strong depolarization, in response to acti-
vation of a larger receptor population, causes the sodium channels to inactivate and
thereby depresses transmission (77,84,88,100-102).

GABAergic inhibition between interneurones can also be enhanced by glutamate
spillover from neighboring excitatory synapses acting on kainate receptors (38). In CA1
interneurones, an increase in spontaneous action potential discharge and consequent
increase in spontaneous IPSC frequency is observed to kainate and ATPA application
(34,36,46,63,83,96,98,103). These effects are in part owing to direct depolarization of
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interneurones via somatic and dendritic KA receptors (34,63, see Subheading 5.1.), but
also an increase in the efficacy of GABA release is thought to contribute. Activation of
presynaptic kainate receptors is proposed to increase the probability of GABA release at
interneuron-interneuron synapses, evidenced by kainate receptor mediated increase in
the mini IPSC frequency and a decrease in the failure rate of the evoked IPSC in CAl
interneurones (38,46, but see 103). Although GLU5-containing receptors are clearly
involved in the postsynaptic activation of interneurones and consequent increase in
excitability as demonstrated pharmacologically (34) and using knockout mice (46,98),
increases in efficacy are not mimicked by ATPA and appear absent in GLU6—/— mice
only. Finally, in a manner analogous to that seen at mossy fibers, kainate has also been
shown to decrease the threshold of action potential firing by directly depolarizing the
interneuronal axons (/03). Recently, a biphasic effect of kainate on unitary IPSCs has
been described at CA1 pyramidal neurons (86). KA receptor agonists increased the suc-
cess rate of ulPSCs, whereas higher concentrations depressed GABAergic transmission,
preferentially on synapses with a high release probability (86). Although the mechanism
behind these effects is unclear, there is evidence suggesting that the KA receptors
increase calcium-dependent GABA release via nonmetabotropic mechanisms (86,703).

6. ROLE OF KA RECEPTORS IN SYNAPTIC PLASTICITY

The recently developed GLU.S5 selective compound LY382884 (47) is the first
antagonist that is selective enough for kainate receptors over AMPA receptors to be
used to study the functions of native KA receptors in the presence of intact AMPA
receptor-mediated transmission. The use of LY382884 has uncovered a role for kainate
receptors in the regulation of short- and long-term synaptic plasticity in the mossy-fiber
pathway (49,77) as well as at thalamocortical synapses (87) (Fig. 3)

Fig. 3. Presynaptic kainate receptors in synaptic plasticity. (A) Effects of LY382884 on
short- and long-term synaptic plasticity at the mossy fibers. (i) LY382884 inhibits facilitation of
mossy-fiber EPSCs at frequencies of 25 Hz and higher. Traces from recordings in CA3 pyrami-
dal cells in the presence of D-AP5 (100 uM) and picrotoxin (100 uM) show a response to high-
frequency (100 and 50 Hz) 5-pulse stimulation of mossy fibers in before (black) and after
washing of the kainate receptor antagonist LY382884 (gray). Right, a pooled data showing the
frequency dependent inhibition of 5th EPSC by LY382884. (ii) LY382884 specifically blocks
the induction of the NMDA-receptor-independent mossy-fiber LTP. (Reprinted from ref. (49)
with permission from Nature Publishing Group.) (http:/www.nature.com/) (iii) Mossy-fiber
LTP occludes the action of the presynaptic facilitatory kainate receptor. Representative traces
showing the responses to five shocks at 50 Hz before and after the induction of LTP, and the lack
of effect of LY382884 (10 uM). The lower traces are from a control (i.e., nontetanized) input,
showing the typical effect of LY382884 on frequency facilitation. The histogram shows pooled
data on the amount of frequency facilitation expressed as a percentage of the frequency facilita-
tion during baseline. (Reprinted from ref. (77) with permission from Elsevier Science.) (B) The
synaptic activation of the presynaptic kainate receptor in developing thalamocortical synapses
causes depression during high-frequency transmission. (i) EPSC amplitude (percentage of first
EPSC in the train) during a 100Hz train and the effect of LY382884 (gray). (ii) Developmental
regulation of the presynaptic kainate receptor; fifth EPSC amplitude (percentage of the first
EPSC in the train) vs age for 100 Hz trains. Inset, examples of responses to trains of stimuli at
100 Hz for P5 and P8. (Reprinted from ref. (87) with permission from Elsevier Science.)
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LY382884 at 10 uM has little effect on AMPA receptor-mediated EPSPs, and
affected neither monosynaptic GABA, and GABA; receptor-mediated synaptic trans-
mission nor passive membrane properties of pyramidal neurons in area CA1 (49). In
area CA3, where kainate receptors are expressed in high levels, LY382884 has no
effect on low-frequency AMPA-receptor mediated transmission (39), but inhibits phar-
macologically isolated kainate EPSCs, induced by brief high-frequency stimulation of
mossy fibers by about 40% (49). This effect is not owing to antagonism of the postsy-
naptic kainate receptor, because LY382884 had little or no effect on the kainate cur-
rents in CA3 pyramidal neurons. In contrast, LY382884 significantly inhibited kainate
currents at dentate granule cells (77). Together, these data suggests that LY382884 acts
as a selective antagonist of presynaptic kainate receptors at mossy fibers (49,77).

Mossy-fiber synaptic transmission is characterized by a large frequency-dependent
facilitation, which is mediated by presynaptic mechanisms. The lack of effect of
LY382884 on baseline AMPA responses suggested that presynaptic kainate receptors
do not contribute to low-frequency synaptic transmission (49). However, LY382884
caused a substantial reduction in the facilitation of AMPA receptor mediated EPSCs
at frequencies of 25 Hz or higher (39,77). LY382884 as well as the mixed AMPA/KA
antagonist NBQX also blocks facilitation of NMDA EPSCs, induced by a brief
100Hz train and measured as facilitation of a single test pulse 200-1000 ms after the
train (39,100). These data suggest that synaptically released glutamate acts on a
presynaptic kainate autoreceptor to facilitate mossy-fiber synaptic transmission dur-
ing high-frequency transmission (39,77,100). This autoreceptor mechanism is
thought to act by an ionotropic mechanism, which facilitates presynaptic calcium
influx and thereby glutamate release by depolarizing the terminals (39,77,100). In
addition, there is evidence suggesting that presynaptic GLU5-containing kainate
receptors on mossy-fiber terminals are directly permeable to Ca?* and linked to cal-
cium release from intracellular stores (/04). In support, activation of presynaptic
kainate receptors has been shown to amplify presynaptic calcium signals at mossy-
fiber terminals (/01). Both the inhibition of synaptic facilitation and presynaptic cal-
cium signals by kainate receptor antagonism is evident already on the second
stimulus, showing that the kainate autoreceptors can be activated extremely rapidly
(<10 ms) by only a single preceding stimulus (39,77,101). In addition to the homosy-
naptic facilitatory autoreceptor mechanism, heterosynaptic glutamate release from
the associational-commissural fibers has been reported to depress mossy-fiber trans-
mission via activation of a presynaptic kainate receptors (37). These two actions
might reflect the concentration-dependent effects (e.g., facilitation vs depression) of
glutamate on mossy-fiber transmission.

Kainate receptors have recently been implicated in the induction of LTP in the
mossy fibers (49,85). Unlike LTP in the area CAl, induction of mossy-fiber LTP is
independent of NMDA-receptor activation and involves presynaptic mechanisms
(105). Synaptic activation of the facilitatory presynaptic receptor can account for the
role of KA receptors in the induction of mossy-fiber LTP by maintaining a high level of
release during high-frequency transmission (77). Furthermore, following induction of
LTP, the presynaptic kainate receptor-mediated facilitation of synaptic transmission is
lost, suggesting that the mechanism by which presynaptic kainate receptors facilitate
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transmission is utilized for the expression of mossy-fiber LTP (77). Consistently, LTP
also reduces the sensitivity of mossy-fiber transmission to depolarization (77,106).

A role for kainate receptors in the regulation of synaptic plasticity is also emerging
in other brain areas (64,79,86,87,107). In developing thalamocortical synapses, the
contribution of postsynaptic kainate receptors to transmission decreases during the crit-
ical period of development, an effect that can be mimicked by induction of LTP (64).
At the same time, kainate autoreceptors mediate short-term depression of synaptic
transmission at high frequencies (87). Also this effect is lost after the critical period of
experience dependent plasticity and is thought to reflect maturation of the sensory pro-
cessing network. In the basolateral amygdala, induction of enduring synaptic enhance-
ment by low-frequency stimulation requires activation of GLUg5 containing KA
receptors acting through a calcium-dependent mechanism (/07). The induction of this
form of heterosynaptic plasticity was blocked by selective antagonists of GLUS
kainate receptors and mimicked by the GLU5 agonist ATPA. Interestingly, similar to
mossy fibers, synaptic plasticity in amygdala is independent of NMDA receptor activa-
tion. Whether the requirement of kainate receptors for NMDA-independent forms of
synaptic plasticity is a more general principle awaits further studies.

7. CONCLUSIONS

The development of selective pharmacological tools has been critical in advancing
the understanding of the physiological functions of kainate receptors. A role for kainate
receptors is emerging in both the mediation and modulation of synaptic transmission in
several areas of the nervous system. In particular, the recruitment of GLU5 containing
receptors during high-frequency activity might be important in the control of network
excitability, and thus provide an important target for antiepileptic drugs (50).
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Molecular Pharmacology of the
Metabotropic Glutamate Receptors

Anders A. Jensen

1. INTRODUCTION

(S)-Glutamate (Glu) is the major excitatory neurotransmitter in the central nervous
system (CNS), where it plays a key role in a wide range of brain functions, such as
neural plasticity, memory formation, and neural development (/). On the other hand,
Glu can also act as a neurotoxin under certain conditions, especially when energy sup-
ply is reduced. Excessive glutamatergic signaling has been implicated in acute neuro-
toxic insults such as ischemia, stroke, and epilepsy, and in multiple chronic
neurodegenerative states like Parkinson’s disease, amyotrophic lateral sclerosis (ALS),
Huntington’s chorea, and dementia. Furthermore, glutamatergic mechanisms have been
proposed to contribute to psychiatric disorders like schizophrenia and anxiety, and
modulation of glutamatergic transmission has been shown to be beneficial on certain
forms of pain (2-4).

Glu mediates its synaptic actions through two distinct types of receptors: ionotropic
and metabotropic glutamate receptors (iGluRs and mGluRs, respectively) (3—-6). The
1GluRs are tetrameric ligand-gated ion channels, which directly mediate electrical sig-
naling of nerve cells and the fast excitatory transmission of Glu. The 16 iGluR subunits
cloned to date have been divided into three heterogeneous classes based on their
respective selective agonists N-methyl-p-aspartate (NMDA), 2-amino-3-(3-hydroxy-5-
methyl-4-isoxazolyl)-propionate (AMPA), and kainate (4,5). In contrast, the mGluRs
are seven transmembrane, G protein coupled receptors (GPCRs), which modulate the
electrical signal more indirectly through second-messenger systems (3,6).

The present review will outline the molecular pharmacology of the mGluRs. Partic-
ular emphasis will be paid to the molecular mechanisms underlying mGluR signaling
and the regulation of it mediated by intracellular proteins.

2. THE MGLUR FAMILY: PHARMACOLOGY,
TRANSDUCTION, AND SYNAPTIC LOCALIZATION

The mGluRs belong to family C of the GPCR superfamily, which also includes a
calcium-sensing receptor (CaR), two y-aminobutyric acid type B (GABA;) receptors,
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Fig. 1. The mGIuR family. Amino acid sequence identities between the eight mGluR sub-
types and other family C GPCRs are depicted together with prototypic agonists for and G pro-
tein coupling preferences of Group I, II, and III mGluRs.

families of pheromone and taste receptors, and four orphan receptors (2,3,6-9). The
eight mGluR subtypes cloned to date are classified into three subgroups based on their
amino acid sequence identities, agonist pharmacologies, and signal-transduction prop-
erties (Fig. 1). Group I consists of mGluR1 and mGluRS5; Group II of mGIluR2 and
mGluR3; and Group III of mGluR4, mGluR6, mGluR7, and mGluR8. The amino acid
sequence identity between mGluRs from the same subgroup is 60-80%, whereas
mGluRs from different subgroups only exhibit approx 40% identity (Fig. 1). The pres-
ence of splicing sites in the carboxy termini of Group I and III mGluRs give rise to
multiple splice variants of these receptors, whereas Group II mGluRs are not subjected
to splice variation (Fig. 2).

Because recent comprehensive reviews have described the plethora of mGluR lig-
ands presently available, the medicinal chemistry aspects of mGluRs will not be
addressed in depth here (2,10,11). When it comes to the basic agonist pharmacology,
Group I mGluRs are selectively activated by (S)-3,5-dihydrophenylglycine [(S)-3,5-
DHPG] and (S)-quisqualate (Quis), although Quis also is a potent AMPA receptor ago-
nist. The Group I mGluRs are selectively activated by structurally constrained Glu
analogs such as (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate [(2R,4R)-APDC] and
(1S,2S8,5R,6S5)-2-aminobicyclo[3.1.0]hexane-2,6-dicaboxylate (LY354740) and the
Group III mGluRs by (S)-4-phosphono-2-aminobutyrate [(S)-AP4] and (S)-serine-O-
phosphate [(S)-SOP] (Fig. 1). In contrast to these subgroup-selective agonists, very few
subtype-selective ligands derived from amino acids have been reported (2,10,11).

The Group I mGluRs are coupled to Gyq proteins and stimulation of phospholipase
C (PLC). Stimulation of phosphoinositide hydrolysis increases the formation of the
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Fig. 2. Splice variations in the carboxy terminal of the mGluR. The carboxy termini of rat
mGluR splice variants (or human, indicated with “h”) and the intracellular proteins binding to
them. The white regions of the termini represent the identical sequences in the splice variants of a
certain mGluR subtype. The total numbers of amino acid residues in the splice variants are given
at the end of the carboxy termini next to the proteins for which the binding sites in the mGluRs
have not been identified. Siah, Seven in absentia homolog-1A; a-Tub, o-tubulin; PP1y1, catalytic
y1-subunit of protein phosphatase 1C; PICK1, Protein Interacting with C Kinase; GRIP, Gluta-
mate Receptor Interacting Protein; CaM, calmodulin; Ggy, By-subunits of G protein.

second messengers inositol-1,4,5-triphosphate (IP3) and diacylglycerol, which in turn
gives rise to numerous metabolic events such as mobilization of Ca2* from intracellular
stores and activation of protein kinase C (PKC). Group II and III mGluRs are coupled
to Goi/Gg, proteins and reduction of adenylyl cyclase (AC) catalyzed cAMP formation,
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Fig. 3. Synaptic localization of the mGluRs. The predominant localizations of the seven
mGIuR subtypes expressed in the CNS. The typical localizations of iGluRs and excitatory
amino acid transporters (EAATS) are given, and the regulation of Glu release, iGluR signaling
and ion channel activities mediated by the mGluRs is shown.

which subsequently affects the activities of a wide range of kinases, phosphatases, and
lipases. In addition to these signaling pathways, activation of mGluRs has been demon-
strated to stimulate AC, activate cGMP phosphodiesterase, increase arachidonic acid
release, and activate phospholipase D through other pathways (3). Furthermore,
mGluRs modulate the functions of a wide range of ion channels through G, as well as
Ggy signaling (3,12). Finally, a recent demonstration of mGluR1 coupling to activation
of Src-family tyrosine kinases in the mossy fiber-CA3 synapse in hippocampus under-
lines the ability of the mGluR to signal through G protein-independent pathways (13).
In the CNS, the mGluRs are localized at pre- and postsynaptic sites of glutamatergic
and GABAergic neurons (3). Group I mGluRs are predominantly localized in the
peripheral parts of postsynaptic densities, where they increase neuronal excitability
through stimulation of PLC, potentiation of AMPA and NMDA receptor signaling, and
modulation of other ion channels (Fig. 3) (12,14-17). mGluR2 is localized to pretermi-
nal axons of glutamatergic neurons, where it functions as a negative feedback mecha-
nism to attenuate the release of Glu (15,18,19). In contrast, mGluR3 is predominantly
localized in glial cells, and its contribution to the regulation of glutamatergic transmis-
sion is still poorly understood (15,18,19). Because of their remote localization from the
synaptic cleft, it has been suggested that Group II mGluRs only are activated during
periods of high synaptic activity (/9). In contrast, the Group III receptors mGluR4,
mGluR7, and mGIuRS are located in or near presynaptic active zones and function as
autoreceptors regulating the release of Glu or other neurotransmitters (Fig. 3)
(15,18,19). The localization of mGIluR7 at the active zone of the presynaptic terminal
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and its function as an autoreceptor are consistent with its low sensitivity towards Glu
compared with other mGluRs (2,70,20). Finally, mGluR6 is found exclusively in ON
bipolar cells in the retina where it is localized postsynaptically, and plays a key role in
the transmission between photoreceptor cells and the ON bipolar cells in the visual sys-
tem (21).

3. SIGNAL TRANSDUCTION THROUGH THE MGLUR

The cloning of the mGluRs and CaR in the early 1990s introduced a unique GPCR
type that shared no amino acid sequence identity with any other known protein (3,6,7).
The mGIuR consists of an unusually large extracellular amino terminal domain (ATD)
of ~550 residues; a cysteine rich region (CRR) of 60 residues, including nine highly
conserved cysteines; and a seven transmembrane moiety (7TM) constituted by seven
membrane-spanning o-helical segments (TMs) connected by alternating intracellular
(i1, 12, i3) and extracellular loops (el, e2, e3), and an intracellular carboxy terminal
(Fig. 4).

All family C GPCRs exist as constitutive dimeric (or oligomeric) complexes in the
cell membrane, and the dimerization has been demonstrated to crucial for their func-
tion. The mGluRs and CaR form homodimers (22-24), whereas the GABA; and taste
receptors undergo heterodimerization (8,9). In contrast to the GABA; receptor, where
the GABA;1 and GABA;2 subunits assemble through a coil-coil interaction between
their carboxy termini (8), the mGIuR and CaR homodimers are predominantly based
on interactions between the two ATDs (25-28). In the following sections on mGIluR
signaling, studies of CaR and GABA; receptors will be included when appropriate.

3.1. The Amino Terminal Domain (ATD)

The era of molecular pharmacology studies of mGluRs was initiated in 1993 with
two studies by the groups of Nakanishi and O’Hara (29,30). Pharmacological charac-
terization of a series of mGluR1/mGluR2 chimeras revealed that agonist binding to the
family C GPCR takes place exclusively to its ATD (29), an observation that subse-
quently has been supported by studies of mGluR4/mGluR1, CaR/mGluRl,
mGluR1/CaR, and GABA;1/mGluR1 chimeras (3/-34). At the same time O’Hara and
coworkers discovered a weak but significant amino acid sequence identity between the
mGIluR ATD and a family of bacterial periplasmic binding proteins (PBPs) (30,35).
Using the crystal structure of one of these PBPs, the leucine/isoleucine/valine binding
protein (LIVBP), as a template, a molecular model of the mGluR1 ATD was con-
structed, and based on the model residues involved in agonist binding to the receptor
were identified (30). Subsequently, crystal structures of LIVBP and other PBPs were
used as templates for molecular models of the ATDs of other mGluRs, CaR and
GABA;1, as well as of the agonist binding S1S2-domain of the iGluR (26,36-38).

Although these models have been very useful in studies of family C GPCRs, the
high-resolution X-ray structures of the mGluR1 ATD homodimer recently published by
the groups of Jingami and Morikawa still constitute a milestone in the field (39,40).
Leading up to the publication of the crystal structures, it was shown that the ATDs of
mGluR 1, mGluR4, and mGluR8 could be expressed as soluble homodimeric proteins
that were secreted from transfected cells and displayed ligand binding characteristics
similar to those of the wild-type receptors (4/—43). The crystal structures of the soluble
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Fig. 4. The topographical structure of the rat mGluR1a in the plasma membrane. The signal
peptide, amino terminal domain (ATD), cysteine-rich region (CRR), and seven transmembrane
moiety (7TM) are shown. The amino acid residues of mGluR1a identical in all eight mGluR
subtypes are given as solid circles, and the additional amino acid residues identical in mGluR1a
and mGluR5a are given as gray circles.

mGIuR1 ATD protein (the S33-S522 segment of the receptor) have verified the bi-
lobial, clam-shelf structure of the ATD proposed by O’Hara et al. (30), where Lobe I is
constituted by the S33-V205 and S344-G477 regions and Lobe II by the P206-Q343
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open-open/resting  closed-open/twisted
(non-liganded) (non-liganded)

closed-open/twisted  closed-closed/twisted  open-open/resting
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Fig. 5. Conformational fluctuations in the mGluR1 ATD homodimer. The five forms of the
mGIluR1 ATD homodimer solved as high-resolution X-ray structures. The mGluR1 ATD
homodimer is either nonliganded or complexed with Glu, with Glu and Gd3*, or with the com-
petitive antagonist (S)-methyl-4-carboxyphenylglycine [(S)-MCPG]. The identities of the two
ATD lobes (Lobe I and II) are indicated in each of the conformations.

and R478-S522 regions. Furthermore, the structures have refined the information about
the agonist binding site (or orthosteric site) and have underlined the essential role of
homodimerization for mGluR signaling.

3.1.1. mGluR1 ATD Homodimer Conformations

The mGluR1 ATD homodimer has been crystallized in two nonliganded forms and
in forms complexed with Glu, with Glu and Gd3*, and with the competitive antagonist
(S)-methyl-4-carboxyphenylglycine [(S)-MCPG] (Fig. 5) (39,40). Analogously to the
PBP, each of the two protomers in the mGluR1 ATD homodimer oscillates between an
“open” and a “closed” conformation in the absence of agonist (Fig. 5) (35,39). Glu
binds in the crevice between the two lobes in the ATD and stabilizes the closed confor-
mation through interactions with residues located on both lobes. Because it is physi-
cally impossible for Glu to access its binding site in the closed ATD conformation, the
agonist has to bind to the open or an intermediate conformation, after which the ATD
closes around it. This speculation is supported by one of the crystal structures, where
Glu is bound to an open ATD via interactions with Lobe I residues (Fig. 5) (39).

The equilibrium between the open and the closed ATD bears a resemblance to the
widely accepted “two state model” for family A GPCR function (44). Interestingly, this
model can also be applied to describe the “intermolecular” conformational changes in
the ATD homodimer elicited by the intramolecular events (39,45). The ATD homod-
imer fluctuates between a “resting” and a “twisted” conformation, and the relative ori-
entation of the ATDs in the two states differs by 70° (Fig. 5). All crystal structures with
one or both ATDs closed exist in the “twisted” conformation, so ATD closure seems to
trigger the intermolecular rearrangement in the homodimer. Because this twist ulti-
mately is stabilized by Glu binding, the “closed-open/twisted” and/or “closed-
closed/twisted” conformations are likely to be the active conformation(s). However, the
molecular mechanisms responsible for the translation of this “activation twist” into
7TM signaling are poorly understood (Subheading 3.4.).
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Fig. 6. Orthosteric ligand recognition by the mGluR. Schematic representations of the
orthosteric sites of selected mGluRs with agonists (A) or competitive antagonists (B) bound.
The interactions of the compounds with residues in Lobe I and Lobe II (the top and the bottom
of the binding pocket, respectively) are depicted. For reasons of clarity, the side chains of the
amino acid residues participating in the binding are not depicted. (A) Agonists. The orthosteric
sites in the crystal structure of the mGluR1 ATD homodimer complexed with Glu and in molec-
ular models of mGluR1, mGIuR2, and mGluR4 ATDs with subgroup-selective agonists Quis,
LY354740, and (S)-AP4 docked, respectively (39,46,49,50). Residues demonstrated to be cru-
cial for agonist binding affinity and/or potency in mutagenesis studies are underlined, whereas
residues for which mutations have little or no impact on agonist binding are given in parenthe-
ses. (B) Competitive antagonists. The orthosteric sites in the mGluR1 ATD homodimer com-
plexed with (S)-MCPG and in a molecular model of the mGluR8 ATD with competitive
antagonists (S)-MAP4 and ACPT-1I docked (40,51). The positions of the Lobe II residues in the
closed ATD conformation are given in gray, and the residues presenting the steric or ionic hin-
drance to proper ATD closure around the antagonists are underlined.

3.1.2. The Orthosteric Site of the mGluR

According to the crystal structures, the orthosteric site of mGluR1 is constituted by
14 amino acid residues distributed across both sites of the crevice formed by the two
ATD lobes (Fig. 6A) (39). The residues on the Lobe I site predominantly form hydro-
gen bonds to the functional groups of Glu, directly or through water molecules,
whereas the Lobe II residues interact with Glu via salt bonds, hydrogen bonds via
water molecules, or cation-1 interactions. Glu binding is also stabilized by van der
Waals interactions with the side chain of W110. Finally, the closed ATD conformation
is further stabilized by several interactions between residues on both sides of the
crevice (for example, W110-E292 and S166-N235) (46).

In mutagenesis studies, T188, S165, R78, and Y74 in Lobe I and Y236, E292, G293,
D208, and D318 in Lobe II have been demonstrated to be crucial residues for [3H]Quis
and/or [*H]Glu binding to mGIuR1, whereas mutations of S164, S186, K409, and
R323 have little or no impact on radioligand binding to the receptor (30,47,48). In
functional assays, alanine mutations of T188, Y236, D208, and D318 render mGluR1
virtually nonresponsive to both Glu and Quis, and mutations of S165 and E292 impair
receptor signaling significantly (30,48). Interestingly, mutations of Y74, R78, and
G293 impair the response elicited by Glu much more severely than that of Quis
(47,48). The different contributions of the 3 residues to the potencies of Glu and Quis
strongly suggest that the 1,2,4-oxodiazol-3,5-dione group of Quis binds to additional
residues in the distal part of the orthosteric site or at least binds in a different fashion
than the y-carboxylate group of Glu. Based on molecular modeling, Bertrand et al.
have proposed that the glycine moiety of Quis binds similarly to the receptor as that of
Glu, whereas its bulky 1,2,4-oxodiazol-3,5-dione group is able to bind directly to S186,
R78, and G293 and not via water molecules (Fig. 6A) (46). Thus, binding to residues
on both side of the crevice seems to be optimized with Quis, and the fact that Quis fits
better in the closed ATD conformation than Glu would explain its higher affinity and
potency at mGluR1 than the endogenous agonist (46).

Like the PBP structures before them, the crystal structures of the mGluR1 ATD
homodimer have been applied as templates for molecular models of Group II and III
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mGIluR ATDs (46,49,50). The glycine moieties of agonists for mGluR2 and mGluR4
appear to coordinate to residues corresponding to those involved in Glu binding to
mGluR1 (46,49,50). Hence, the distal acidic function of the agonist seems to be the
major determinant of its affinity, potency, and selectivity. In a model of the mGluR2
ATD, the distal groups of three different Group II mGluR agonists all coordinate with
R57, R61, and K377 in Lobe I via hydrogen bonds and ionic interactions, but not with
any residues in Lobe II (Fig. 6A) (46). Mutations of S145, T168, R57, Y216, and D295
in mGIluR2 (corresponding to S165, T188, Y74, Y236, and D318 in mGluR1) have
been shown to eliminate [*H]LY 354740 binding or reduce its affinity significantly, and
T-cation interactions between the side chain of Y144 and the agonist has been proposed
to contribute to the binding as well (49). Mutations of residues S148 and R183 located
at some distance from the orthosteric site were also shown to reduce the [FH]LY 354740
affinity of mGIluR2, and these residues were proposed to stabilize the 3D-structure of
the agonist binding region or to promote ATD closure (49).

In mGluR4 ATD models, the distal acidic groups of agonists (.S)-AP4 and (S)-SOP
bind to numerous residues at both lobes (Fig. 6A) (36,46). Mutations of S159, T182,
R78, K405, and E287 (corresponding to S165, T188, R78, K409, and G293 in
mGluR1) have been shown to abolish [3H]-(S)-AP4 binding completely (36,50).
Whereas single mutations of K74 and K317 (corresponding to Y74 and R323 in
mGluR1) had no impact on binding, a K74A/K317A mGluR4 mutant was shown to be
unable to bind the radioligand. Thus, it was proposed that either or both of the lysines
can form ion pair bonds to the phosphonate group of (5)-AP4, and that the carboxylate
group of E287 stabilizes spatial orientations of the lysines favorable for these interac-
tions (Fig. 6A) (50).

Although not all residues in mGluR2 and mGluR4 corresponding to the 14 residues
in the orthosteric site of mGIuR1 have been investigated in mutagenesis studies, the
binding modes of Quis, LY354740, and (S)-AP4 to their respective mGluRs clearly are
significantly different. For example, Y230 in mGluR4 does not appear to contribute
significantly to [3H]-(S)-AP4 binding, whereas mutations of the corresponding tyro-
sine in mGluR1 and mGIluR2 have detrimental effects on agonist binding to the recep-
tors (48-50). Furthermore, D208 and D318 in mGluR1 are crucial for [3H]Quis
binding to the receptor, whereas mutations of D202 and D312 in mGluR4 do not
impair [3H]-(S)-AP4 binding. In contrast, K405 is crucial for agonist binding to and
activation of mGluR4, whereas a K409A mGluR1 mutant displays wild-type agonist
pharmacology (48,50). Differences between the overall structures of the various
mGIuR binding pockets and in the distribution of water molecules in them may
account for some of these differences. Mutel and coworkers have claimed that the spa-
tial dimensions of the orthosteric site in mGluR2 could be significantly different from
those in mGluR1, and that this opens up for numerous new contacts between agonist
and receptor (49).

All in all, affinity and potency of an agonist at a particular mGluR subtype seem to cor-
relate with the nature of its interactions with Lobe I and II and to what extent it is capable
of stabilizing the closed ATD. Selectivity, on the other hand, arises from sterical hindrance
or ionic repulsion between the distal acidic group of the agonist and side chains of “distal”
residues present in some mGIuR subtypes but not in others. The Y74/R57/K74 residue in
mGluR1/2/4 appears to be a particular important determinant of selectivity. The side
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chains of arginine and lysine residues are characterized by higher degrees of flexibilities
than that of the phenol group of tyrosine, and this seems to permit the binding of longer
and wider agonist molecules to mGluR2 and mGluR4 than to mGluR 1. Furthermore, the
Y74/R57/K74 residue has been proposed to influence the spatial orientation of the distal
acidic group in the binding pocket, as the distal group appears to be projected more
towards Lobe I in mGluR2 and mGluR4 than in mGIuR1 (46).

Analogously to the mGIluR agonist, a competitive antagonist binds to the orthosteric
site in the open or an intermediate ATD conformation. However, in contrast to the ago-
nist, it possesses a structural element that hampers the ATD contraction process. In the
mGluR1 ATD homodimer structure complexed with (§)-MCPG, the antagonist binds to
many of the same residues as Glu (Fig. 6B) (40). However, the phenol group of Y236
collides with the amino acid back bone of (S)-MCPG, and this steric hindrance pre-
vents proper ATD closure (Fig. 6B). Recently, the information gained from the crystal
structure has been supplemented by an elegant study, in which the efficacies of two
competitive antagonists at mGluR8 have been altered radically by single point muta-
tions in the orthosteric site of the receptor (57). In the study, ACPT-II was shown to be
a full agonist at a D309A mGIluR8 mutant, whereas (S)-MAP4, the o-methylated ana-
log of (S)-AP4, displayed partial and full agonism at Y227F and Y227A mGlIuRS8
mutants, respectively. The molecular basis proposed for the conversions of the antago-
nists into agonists are depicted in Fig. 6B. Removal of ionic (D309A) or steric
(Y227A) hindrances to the ATD closure allows the contraction process to run its course
in spite of the ligand present in the binding pocket. In the Y227F mGIluR8 mutant, the
ATD is unable to close up completely around (S)-MAP, and thus the ligand displays
partial agonism (5/). Hence, the efficacy of a mGluR ligand depends on the degree of
ATD closure it allows, a correlation that resembles the one reported for iGluRs, where
decreasing degrees of domain closure have been observed in crystal structures of the
GluR2-S1S2 construct complexed with full agonists Glu and AMPA, partial agonist
kainate, and antagonist CNQX (52,53).

3.1.3. The ATD Homodimer Interfaces

The mGluR ATD homodimer possesses two interfaces: a permanent one constituted
by regions in the two Lobe Is, and another constituted by regions in the two Lobe IIs,
which is found exclusively in the “twisted” ATD homodimer (Fig. 7) (39,40,45).

The ATD homodimer is assembled via noncovalent interactions and a disulfide bond
mediated by a conserved cysteine (C140 in mGluR1) between the two Lobe Is
(25-28,39,54). The importance of the covalent interaction is not clear, because muta-
tion of the conserved cysteine has been reported to have different impact on the dimer-
ization states of mGluR1, mGIluRS5, and CaR in different studies (25-28,54). On the
other hand, the noncovalent interactions between residues on both sides of the “Lobe 1
interface” are not only essential for homodimer assembly, they also appear to be key
determinants of the activation state of the mGluR or CaR. Both in the “resting” and the
“twisted” ATD homodimer, the Lobe I interface is predominantly composed of the so-
called B- and C-helices of the two ATDs (S112-1123 and S165-F178 in mGluR1) (39).
Residues in the two helices form intermolecular bonds to residues in the opposite ATD
but very few of these interactions are conserved in both conformations (Fig. 7). Fur-
thermore, the interface in the “resting” ATD homodimer includes an additional region,
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Fig. 7. Interfaces in the mGluR1 ATD homodimer. The two interfaces in the “open-
open/resting,” “closed-open/twisted,” and “closed-closed/twisted” mGluR1 ATD homodimer
are depicted. The Lobe I interface: The spatial rearrangement of the Lobe I interface upon the
70° activation twist is illustrated, and the intermolecular bonds in the “resting” and “twisted”
homodimer conformations are given. The interactions are predominantly formed by residues
from the two pairs of B- and C-helices and, in the “resting” homodimer, from the extension
region of helix B (Bey) (39). The Lobe I interface is almost identical in the two “twisted” con-
formations, and therefore it is only depicted for the “closed-open/twisted” homodimer. The
Lobe II interface: Clusters of acidic residues on the two Lobe IIs line this interface of the
“twisted” ATD homodimer. The basic K260 residue alleviates the repulsion between the nega-
tively charged residues, hereby allowing the “twisted” conformations to exist. The binding site
of Gd3* in the “closed-closed/twisted” conformation is indicated (40).
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the segment immediately following the B-helix (R124-R131 in mGluR1). This region
forms a helical extension of the B-helix, and residues in it interact with residues in the
opposite Lobe L. In the “twisted” ATD homodimer, however, the region has become
disordered, and residues in the region no longer form intermolecular bonds (Fig. 7).

Alanine mutations of 5 residues (1116, 1120, L174, L177, and F178) located in the B-
and C-helices in the central core of the interface of both “resting” and “twisted” confor-
mations have been shown to inhibit mGIuR1 signaling significantly (48). Mutation of
1120 in particular had a detrimental effect on mGluR1 signaling, which was ascribed to
the close vicinity of the residue to the rotation axis of the ATD homodimer (48). On the
other hand, random saturation mutagenesis of the A116-P136 region in CaR (corre-
sponding to R124-K155 in mGluR1) have been shown to give rise to mutants with
increased Ca?* potencies and constitutive activities, and deletion of the Q117-S137
region in the receptor causes hypersensitivity to Ca%* (55,56). The functional importance
of the A116-L.123 region in CaR (R124-R131 in mGluR1) is further supported by the
considerable number of “activating” somatic mutations localized in this region of the
receptor (7,55). Thus, the extension segment of helix B seems to exert a structural con-
straint on the “resting” ATD homodimer, hereby regulating the excitability of the recep-
tor. Removal of the intermolecular interactions mediated by the region reduces the
energy barrier between the “resting” and “twisted” ATD homodimer conformations and
increases the fraction of receptors existing in the “twisted” activated state.

The activation twist in the ATD homodimer creates a new interface between residues
in the two Lobe IIs. In mGluR1, the interface is constituted by four negatively charged
residues (D191, E233, E238, and D242) located on each side of the cleft between the
two lobes (Fig. 7). Tsuchiya et al. have proposed that the “Lobe II interface” in the the-
oretical “open-open/twisted” ATD homodimer is so electrostatically unfavorable that
this conformation is virtually nonexisting (40). In the “closed-open/twisted” conforma-
tion, on the other hand, the amino group of K260 in the closed ATD is located close
enough to form intermolecular salt bridges with the carboxylate groups of E238 and
D242 in the open ATD, and K260 in the open ATD can form an ionic interaction with
E238 in the closed ATD (Fig. 7). These interactions alleviate the repulsive forces
between the negatively charged residues in the interface and permit the ‘“closed-
open/twisted” conformation to exist. The arrangement of the four acidic residues and
K260 is different in the “closed-closed/twisted” conformation. In the crystal structure
of the mGluR1 ATD homodimer complexed with Glu and the allosteric mGluR1 poten-
tiator Gd3+, the metal ion binds to E238 and D242 on both sides of the interface and
thus reduces the intermolecular repulsion and stabilizes the conformation (Fig. 7) (40).
However, according to Tsuchiya et al., the orientations of the two K260 residues allow
the “closed-closed/twisted” conformation to exist in the absence of the metal ion as
well (40). Interestingly, Ca2* has also been reported to be an allosteric potentiator of
mGluR1 signaling (57), and because Gd3* and Ca?* have similar ionic radii, Ca** could
be speculated to act through binding to the Lobe II interface. However, the allosteric
potentiation of mGluR1 displayed by Ca?* has been disputed in a recent study (58).

The importance of the Lobe II interface for the activation state of the mGluR is sup-
ported by several observations. Mutation of E238 in mGluR1 yields an elevated basal
signaling of the receptor (45,59). Furthermore, Zn2+ acts as a noncompetitive antago-
nist via binding to an engineered metal ion site in a K260H mGluR1 mutant, presum-
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ably by interfering with the activation twist or by stabilizing an inactive ATD homod-
imer conformation (45,59). Finally, several somatic mutations giving rise to decreased
Ca2* potencies are localized in the D215-P221 region of CaR, which corresponds to
E233-S239 in mGluR1 (7).

Although the two interfaces in the mGIluR ATD homodimer serve different purposes
for receptor function, both appear to be crucial for the activation state of the receptor.
Thus, these regions are highly attractive targets for allosteric modulation of mGluR
signaling. Numerous allosteric modulators of mGluR function have been reported, but
so far all of them seem to act through the 7TMs of the receptors (Subheading 3.3.1.).

3.2. The Cysteine-Rich Region (CRR)

The CRR is an enigmatic region of the mGluR. The region is also found in CaR and
in the taste and pheromone receptors of family C, but, interestingly, it is absent in both
GABA,, receptor subunits (7-9).

It is generally accepted that the CRR is important for the signal transduction
through the mGluR and CaR homodimers, but whether the region functions as a scaf-
fold maintaining the correct relative orientation of ATDs and 7TMs for signal transfer-
ence, or whether it participates actively in the process, has not been addressed. The
crystal structure of the mGluR1 ATD homodimer offers no clues to the roles of the
CRR for receptor function, because the crystallized S33-S522 region does not include
the region. However, cysteines in the CRR of CaR have been demonstrated to form
disulfide bonds important for proper receptor function (60). Serine substitutions of all
nine conserved cysteines in the CRR region of CaR have been shown to reduce dra-
matically cell-surface expression levels of the receptor (67). In contrast, deletion of the
entire CRR has no effect on the cell-surface expression of CaR, although it abolishes
receptor signaling (60). There do not appear to be disulfide bonds between the ATD
and the CRR of CaR, but noncovalent interactions could exist between the two
domains (62).

3.3. The 7-Transmembrane Moiety (7TM)

In contrast to the detailed insight into ATD structure—function aspects gained from
the GluR1 ATD homodimer crystal structures, very little is known about the structural
arrangement of TMs, loops, and carboxy terminal in the mGluR 7TM. The presence of
7 TMs is generally assumed based on the presence of seven hydrophobic regions in
hydrophobicity plots of the receptor sequences and from their ability to couple to G
proteins. The mGIuR 7TM shares no amino acid sequence identity with the classical
rhodopsin-like family A GPCR. Furthermore, with the exception of two cysteines in el
and e2 conserved throughout the GPCR superfamily, none of the fingerprint motifs of
the family A GPCR can be found in the mGIluR 7TM (63). Instead, other motifs are
conserved in the mGIluR family (Fig. 4).

Considering the lack of amino acid sequence identity, the recently published high-
resolution X-ray structure of the rhodopsin receptor is not suited as a template for a
molecular model of the mGluR 7TM (64). However, studies of the G protein coupling
of the mGluR and delineation of the binding sites for a new generation of allosteric
modulators at the receptors have helped to shed light on the structural organization of
the mGIluR 7TM and constitute the first steps towards a 3D model of this moiety.
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Fig. 8. Allosteric sites in the mGluR 7TM. The chemical structures of the allosteric
inhibitors MPEP, EM-TBPC, BAY36-7620, and CPCCOEt, and the allosteric potentiator Ro
67-7476 are given. The crucial residues or regions for the subtype selectivity of each of the
compounds are stated and shown in a schematic illustration of the mGluR1 7TM viewed from
the extracellular side of the cell membrane. The residues in mGluR1 corresponding to those
involved in MPEP binding to mGluRS5 are also shown in the illustration.

3.3.1. Allosteric Sites in the 7TM of the MGIuR

In recent years numerous allosteric modulators of mGluR function have been pub-
lished, many of which have been shown to act exclusively at the 7TMs of the receptors
(Fig. 8). All of the modulators are characterized by high degrees of mGIluR subtype-
specificities, which probably can be ascribed to the lower degree of amino acid
sequence identities in the 7TMs compared with the orthosteric sites of the mGluRs.
Specific residues and regions in mGluR1 or mGluR5 have been identified as determi-
nants of the subtype-selectivities of allosteric inhibitors CPCCOEt, MPEP, BAY36-
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7620, and EM-TBPC and allosteric potentiator Ro 67-7476 (Fig. 8). The mGluR]1
specificity of BAY36-7620 has been shown to arise from its interactions with residues
in TM4-TM7 (65). The binding pockets of CPCCOEt and MPEP, antagonists of
mGluR1 and mGIluRS5, respectively, have been demonstrated to overlap each other
(66,67). The mGluR1 specificity of allosteric activator Ro 67-7476 has been shown to
arise from interactions with S668 and C671 in TM3 and V757 in TMS, and the two
TM3 residues correspond to the two TM3 residues in mGluRS5 critical for MPEP antag-
onism (67,68). Finally, residues in TM5, TM6, and TM7 of mGluR1 have been demon-
strated to involved in the binding of the antagonist EM-TBPC (65,69). Hence, the
allosteric inhibitors and activators seem to act through a common allosteric site formed
by TM3, TMS5, TM6, and TM7, or at least through overlapping sites in this crevice
(Fig. 8). This speculation is supported by recent studies, where allosteric inhibitors of
Group I mGluRs have displayed weak potencies as allosteric potentiators of mGluR4
signaling (70,71).

Analogously to the common binding pocket for allosteric modulators in mGluRs,
numerous allosteric potentiators and inhibitors of muscarinic acetylcholine receptors
have been proposed to act through a common site located in the extracellular regions of
the receptors (72). Furthermore, it is interesting that the common allosteric site in the
mGluR is composed of the same TMs forming the orthosteric site in the monoamine
GPCRs (63). However, in spite of their overlapping binding sites in the Group I mGluR
7TM, MPEP, BAY36-7620, and CPCCOEt appear to antagonize receptor function in
distinct ways. BAY36-7620 and MPEP have been shown to be inverse agonists at
mGluR1a and mGluR5a, respectively, whereas CPCCOEt is a neutral antagonist of
mGluR1a (65-67).

3.3.2. G protein Coupling of the mGIuR

In the family A GPCR, the a-helical N- and C-termini of i3 and the N-terminal of i2
with its highly conserved DRY tripeptide have been identified as critical determinants
of G protein coupling specificity and efficiency, respectively (63,73). The G protein
coupling of the mGIuR is bound to be significantly different, however, as the sizes and
amino acid sequences of the intracellular loops in the mGluR are completely different
from those in the family A GPCR (Fig. 4). The coupling process has been investigated
in studies of chimeric or point mutated mGluRs expressed alone or in combination
with chimeric G proteins (74—78). All four intracellular regions of the receptor appear
to contribute to the coupling (74,75). The i2 has been proposed to play the role of i3 in
the family A GPCR, because its N- and C-termini appear to fold into amphipathic o-
helices, and because the C-terminal of i2 in mGluR1 has been shown to be crucial for
its Goq-coupling (74-76). The highly conserved i3, on the other hand, is important for
the coupling efficacy of the mGIuR, much like the i2 in the family A GPCR (74-76). In
mGluR1a, specific residues in i2 have been proposed as crucial determinants of its Gogq
(K690, T695, K697, and S702) and G5 (K690, C694/T695, and P698) coupling, and
R775 and F781 in i3 have been shown to be crucial for its coupling efficacy to both
pathways (76).

The involvement of the carboxy terminal in the G protein coupling of the mGluR is
perhaps best illustrated by the significant differences in agonist potencies, signaling
kinetics, and basal activities between the “long-tailed” and “short-tailed” Group I
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mGluR splice variants. The differences contrast the pharmacological profiles of Group
III mGluRs, where no significant differences have been reported between the splice
variants of mGluR4, mGluR7, or mGIuRS. In Xenopus oocytes, activation of the “long-
tailed” Group I mGIluR splice variants (mGluR1a, mGluR5a, and mGluR5b) elicit
rapid and transient CaZ* signals, whereas the “short-tailed” mGIuR1 splice variants
generate much slower responses (77,79,80). Furthermore, the long-tailed Group I
mGluRs display higher agonist potencies than do the short-tailed splice variants, and a
significant degree of constitutive activity reflecting spontaneous coupling to G proteins
(77,79-82). Finally, mGluR1a couples to Gys and stimulation of AC, whereas the
“short-tailed” mGluR1 splice variants do not (77,79,80).

Most of these pharmacological differences indicate that the presence of a long car-
boxy terminal yields a more efficient G protein coupling to the Group I mGluR. A
basic tetrapeptide (R877-R878-K879-K880) in the proximal part of the carboxy ter-
mini of all mGluR1 splice variants has originally been claimed to obstruct G protein
coupling to the short-tailed mGluR 1, an obstruction that supposedly should be masked
in mGluR1a by the long carboxy terminal of the receptor (77). Subsequently, however,
the RRKK motif has been shown to be an ER retention signal regulating mGluR1b
transport to the plasma membrane (83). Furthermore, the RRK tripeptide has been
demonstrated to target mGluR1b to axons in neurons and to the apical compartment in
epithelial cells, whereas mGluR 1a was localized predominantly in the dendritic and the
basolateral compartment (84). The differential trafficking and targeting of the mGluR1
splice variants observed in these studies were also ascribed to masking of the RRKK
motif by the long carboxy terminal of mGluR1a. Furthermore, it was suggested the dif-
ferent expression patterns of the long- and short-tailed receptors would account for the
subtle differences in their signaling kinetics (84).

3.4. mGluR Signaling: From Agonist Binding to G protein Coupling

When it comes to the molecular mechanisms responsible for the translation of agonist
binding to the ATD into 7TM signaling, two general schemes have been proposed: a
“mechanical transfer” model and a “direct interaction” model (Fig. 9A). Both of these
models originate from the 70° “activation twist” in the mGluR1 ATD homodimer. Based
on the signal-transduction mechanism of certain tyrosine kinase receptors, Kunishima et
al. have proposed that the structural rearrangement of the ATD dimer could cause the two
7TMs in the homodimer to contract, hereby creating a structural motif recognizable to
the G protein (Fig. 9A) (39). The overall organization of the two 7TMs in the inactive
homodimer could be conserved in the active state (a contact dimer), or the 14 TMs could
be “reshuffled,” analogous to the “domain swapping” proposed to occur in family A
GPCR dimerization (Fig. 9A) (85). In the direct interaction model, the activation twist in
the ATD homodimer is speculated to bring ATD segments into direct contact with extra-
cellular loops and/or TMs, hereby stabilizing an active 7TM conformation (Fig. 9A). In
this model, ATD segments act as a “built-in” agonist in the mGluR, a principle already
known from trypsin and glycoprotein hormone GPCRs (63).

Both of the signal-transduction models have their strengths and weaknesses. As
mentioned previously, CaR/mGluR1 and mGluR1/CaR chimeras display pharmacolo-
gies similar to wild-type CaR and mGluR1, respectively (32,33). Considering the weak
amino acid sequence identity between CaR and mGluR1 (Fig. 1), this observation is
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Fig. 9. Signal transduction through the mGluR homodimer. (A) Two models for the transla-
tion of agonist binding into 7TM signaling of the mGluR homdimer. The “C”-domains in the
figure represent the CRRs in the mGIuR homodimer. In the “mechanical transfer” model, the
activation twist in the ATD homodimer causes a contraction of the two 7TMs, thereby creating
one or several intracellular motifs capable of binding the G protein. In the active homodimer,
each of the 7TMs may form an integrated unit that touches the other (a contact dimer). Alterna-
tively, the TMs of the two 7TMs may be “reshuffled” into two “new” units (domain swapping).
In the “direct interaction model”, the activation twist brings ATD regions into contact with
extracellular loops or TMs, thereby stabilizing the active conformation(s) of the 7TM(s). (B)
The multiple equilibriums of mGluR function. The actions of agonists, competitive antagonists,
allosteric modulators, and intracellular proteins on the different equilibriums are shown.

certainly more convincingly explained by the mechanical model than by a direct inter-
action between ATD and 7TM regions. On the other hand, Gd3* has been shown to be
an agonist at CaR acting exclusively at its 7TM, and mutations in the extracellular
loops of the receptor have been shown to give rise to constitutive activity or increased
sensitivity to Ca2*+ (7,33,86,87). It seems that ligand binding to or mutations in 7TM
regions are more likely to mimic or facilitate the binding of an “ATD probe” to the
region than to induce a dramatical rearrangement of 7TM regions.

In a recent study, insertion of peptide linkers between the ATD and the 7TM in
GABA;1 and GABA2 was demonstrated not to affect GABA;, receptor signaling (88).
This observation seems to advocate for a direct interaction between ATDs and 7TMs in
the GABA; heterodimer. However, considering the differences between the GABA;
heterodimer and the mGIuR homodimer, and in particular the lack of CRRs in the
GABA; subunits, it is questionable whether conclusions about mGluR signaling can be
extrapolated from this study.

Regardless of the signal-transduction mechanism of the mGluR, the G protein cou-
pling of the receptor should be re-evaluated in light of the essential role of the dimer-
ization. The two 7TMs in the mGluR homodimer could each bind a heterotrimeric G
protein, but the coupling of one 7TM to a G protein could also be speculated to
obstruct the G protein association of the other. Alternatively, the G protein coupling
region could be composed of intracellular regions from both 7TMs, or G, and Ggy
could bind to different 7TMs in the homodimer. Hence, instead of the classical 1:1 sto-
ichiometry for GPCR:G protein interactions, the mGluR:G protein coupling clearly has
to be described with 2:2 or 2:1. Bai and colleagues have shown that co-expression of
two nonfunctional CaR mutants with mutations in the ATD and 7TM, respectively,
leads to partial recovery of function (89). Thus, the presence of one wild-type ATD and
one wild-type 7TM in the homodimer appears to be sufficient for signaling. On the
other hand, it does not exclude that intracellular regions in the “mutated 7TM” can con-
tribute to the G protein coupling of the homodimer.

Analogously to the ATD dimer, the 7TM level of the mGIluR homodimer oscillates
between inactive and active conformations (90). The 7TMs-7TMs* equilibrium is reg-
ulated by the equilibrium between the inactive and active ATD homodimer conforma-
tions, which in turn is regulated by the equilibrium between the open and the closed
ATD (Fig. 9B). Both the “closed-open/twisted” and “closed-closed/twisted” ATD
homodimer conformations could be capable of stabilizing an active 7TM conforma-
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tion, and the fact that Gd3+, an allosteric potentiator of mGluR1 function, has been
complexed with the “closed-closed/twisted” conformation strongly indicates that at
least this conformation is active (Fig. 5 and Fig. 7) (40). In addition to the input from
the ATD homodimer, the 7TMs-7TMs* equilibrium is also modulated by the interac-
tions of the 7TMs with intracellular signaling components such as G proteins (78) and
Homer proteins (Subheading 4.2.2.) (91).

The conformational oscillations at the 7TM level of the mGIluR homodimer are
reflected in the constitutive activity of the “long-tailed” Group I mGluR. Competitive
antagonists are not able to suppress the basal signaling of mGluR1a and mGluR5a
(67,82). In contrast, binding of BAY36-7620 and MPEP to their respective “long-
tailed” Group I mGluRs stabilize an inactive 7TM conformation, and thus the allosteric
inhibitors display inverse agonism (Fig. 9B) (65,67). CPCCOEt, on the other hand, is a
neutral antagonist unable to inhibit the basal signaling of mGluR1a (66). It is tempting
to speculate that CPCCOEt binding to the extracellular part of the mGIluR1 7TM inter-
feres with the “cross-talk” taking place between ATDs and 7TMs according to the
“direct interaction” model (Fig. 8 and Fig. 9A). Conversely, binding of allosteric poten-
tiator Ro 67-7476 to the mGIuR1 7TM facilitates the stabilization of the active confor-
mation exerted by the ATD homodimer, whereas the compound has no effect on the
TTM-7TM* equilibrium in the absence of orthosteric agonist (Fig. 9B) (68). So far, no
7TM-binding mGIuR agonist have been identified, but the activation of CaR by Gd3*
suggests that stabilization of 7TMs* by direct ligand binding is feasible (33).

4. REGULATION OF MGLUR SIGNALING

Like other GPCRs, the mGluRs are subjected to desensitization events such as phos-
phorylation, internalization (endocytosis), and downregulation, and both homologous
and heterologous regulation mechanisms appear to be involved in the process (Sub-
heading 4.1.). Furthermore, in recent years it has become clear that the expression, sig-
naling, and desensitization properties of mGluRs are regulated by their interactions
with intracellular adaptor and scaffolding proteins (Subheading 4.2.).

4.1. Desensitization of the mGIluR

The principal component of heterologous (agonist-independent) desensitization of
GPCRs is the rapid phosphorylation catalyzed by PKC and cAMP-dependent protein
kinase (PKA). In studies using primary cultures and recombinant systems, the role of
kinase-mediated phosphorylation of intracellular serines or threonines for the desensi-
tization of the mGluR has been investigated (92-101).

PKC has been demonstrated to desensitize the PLC/Ca?* signaling of mGluR1a via
phosphorylation of T695 in i2 of the receptor (/01). In accordance with the crucial role
of T695 for the Gyq-coupling of mGluR1a (76), PKC was shown to attenuate this effec-
tor pathway selectively, having no significant impact on the Gys-mediated stimulation
of AC by the receptor (Fig. 10) (101). Desensitization of Group I mGluR-mediated
PLC/Ca?* signaling has been shown to involve a switch from facilitation to inhibition
of excitatory transmission in hippocampus (/02), and PKC-mediated phosphorylation
of T695 in mGluR1 could be an important component of these events. Interestingly, the
mechanisms underlying the PKC regulation of internalization of mGluR1a appear to
differ from those responsible for the desensitization. The distal part of the carboxy ter-
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minal in mGluR1a (S894-1.1194) has been shown to be important for the PKC-medi-
ated internalization of the receptor (/03).

PKC-mediated phosphorylation of mGluRS5 has a profound impact on the signaling
of the receptor. Not less than six intracellular serine and threonine residues in the
receptor are substrates for PKC phosphorylation, and single alanine mutations of T606
and S613 in il, T665 in i2, and S881 and S890 in the carboxy terminal have been
shown to reduce the desensitization of the receptor significantly (99). In addition to the
uncoupling of mGluR5 from Ggg, phosphorylation of S881 and S890 also competi-
tively antagonizes the Ca%*-dependent binding of calmodulin (CaM) to two binding
sites in the carboxy terminal of the receptor (Fig. 2 and Fig. 10) (104). Conversely,
CaM binding inhibits phosphorylation of the two residues. Although the activities of
some ion channels can be modulated by CaM binding, the functional implications of
the displacement of CaM from mGluRS5 have not been investigated (/04). Interestingly,
it has been shown that mGIuR35 can be desphosphorylated by a Ca2+-dependent protein
phosphatase activated by NMDA receptor signaling in native and recombinant systems
(Fig. 10) (105). Hence, in addition to the potentiation of NMDA receptor signaling
exerted by Group I mGluRs, the NMDA receptor is able to reverse the desensitization
of mGIuRS5. This is a highly interesting reciprocal positive feedback mechanism in
amplification and induction of NMDA-dependent processes; for example, in connec-
tion with synaptic plasticity and neurotoxic insults.

Although the T840 residue in i3 of mGluR5a also is phosphorylated by PKC, this
event does not contribute to the desensitization of the receptor. Instead, phosphoryla-
tion of the threonine gives rise to the characteristic [Ca2*); oscillations elicited by acti-
vation of mGluRS5 (106). It has been proposed that phosphorylation/dephosphorylation
cycles switch the mGluR5-mediated [Ca2*]; oscillations on and off. The corresponding
residue in mGluR1a, D854, is not a substrate for PKC phosphorylation, and transient
application of agonist induces single-peaked intracellular Ca2* mobilization in
mGluR 1a-transfected cells (106).

Activation of PKC and PKA also leads to phosphorylation and functional uncou-
pling of Group II and III mGluRs (92,93,107-109). PKA targets a serine residue con-
served in the carboxy terminal of the Group II and III mGluRs (S843 in mGluR2)
(109). Furthermore, PKC-mediated phosphorylation plays an essential role in a com-
plex array of intracellular events regulating the signaling through mGIuR7 and possible
other Group III mGluRs (Subheading 4.2.1.).

In contrast to the second messenger-dependent protein kinases, GPCR kinases
(GRKs) specifically phosphorylate the agonist-occupied GPCR, and this creates a
motif in the intracellular receptor regions recognizable to B-arrestin. Binding of -
arrestin to the GPCR displaces the G protein and initiates receptor sequestration.
Homologous (agonist-dependent) desensitization of mGluRs has so far only been
investigated for mGluR1a and not in great detail. Expression of various GRKs in
HEK?293 cells has been shown to lead to phosphorylation and desensitization of
mGluR1a, although there are some discrepancies as to which of the GRKSs that are able
to phosphorylate the receptor (1/0,111). Upon sustained agonist exposure, mGluR1a
internalizes rapidly in a GRK/B-arrestin-dependent fashion (94,103,111,112). The
S869-V893 region in the proximal part of the carboxy terminal of the receptor has been
demonstrated to be important for this process (103).
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Fig. 10. Synaptic regulation of mGluR signaling. Events in the regulation of presynaptic
mGIuR?7 signaling and in the rapid desensitization of postsynaptic mGluR1 (gray) and mGIuRS
(black) function. The presynaptic and postsynaptic events depicted in (A), (B), (C). and (D) are
not necessarily simultaneous. The actions of Homer proteins (Fig. 11) and GRKs are not
included in this figure. The mGluR7 part of the figure is closely based on a similar figure in ref.
(148). (A) The resting neuron. Presynaptic: mGluR7a is localized in clusters at presynaptic
active zones thanks to its association with PICK1. The receptor, PKCo and CaM are inactive.
Postsynaptic: The Group I mGluRs, PKCa and CaM, are inactive. (B) Depolarization, Glu
release, and mGluR activation. Presynaptic: Depolarization of the neuron triggers Ca2+ entry
through voltage-gated Ca2* channels (P/Q). The increase in [CaZ*]; activates CaM and causes
vesicular release of Glu. The released Glu activates mGluR7, which couples to the het-
erotrimeric G protein. Postsynaptic: Glu activates mGluR1 and mGluRS5, which couple to their
respective G proteins. PKCa is activated by second messengers IP; and diacylglycerol (DAG),
and CaM is activated by the Ca?* mobilized from intracellular stores and binds to the carboxy
terminal of mGIuRS (and mGluR1). (C) PKC-mediated phosphorylation of the mGluRs. Presy-
naptic: Coupling of mGIuR7 to G, leads to inhibition of adenylyl cyclase (AC), whereas cou-
pling to Gy, stimulates phospholipase C (PLC), which in turn activates PKCo.. Activated PKCo
binds to PICK1 at mGluR7a and initiates phosphorylation of the receptor. Alternatively, acti-
vated CaM binds to the carboxy terminal. Postsynaptic: PKCo-mediated phosphorylation of
mGluR1 and mGIuR5 uncouples the receptors from Ggq and displaces Ca?*/CaM from the
receptors. Phosphorylation of T840 in mGIuR5 leads to [CaZ*]; oscillations. (D) Termination of
Glu release and desensitized mGluRs. Presynaptic: PKCo-mediated phosphorylation of Ser862
and/or binding of Ca?*/CaM to the carboxy terminal of mGluR7a displace Ggy. The activity of
the P/Q channel is inhibited directly by PKCo or by the released Ggy. The synaptic release of
Glu is terminated, and already released Glu is transported back into the presynaptic neuron by
excitatory amino acid transporters (EAATS). Postsynaptic: mGluR1 and mGIuRS are desensi-
tized and internalize. NMDA receptor activity may lead to dephosphorylation of mGIuRS and a
reversal of its desensitized state.

4.2. The mGluR As a Complex Partner

Besides its roles in signaling and the regulation of it, the carboxy terminal of the
mGIuR has been shown to be essential for trafficking and targeting of the receptor to
specific cellular compartments. Specific regions important for trafficking and targeting
have been identified in the carboxy termini of some mGluRs, but in most cases the
molecular mechanisms are poorly understood (84,113,114).

Several intracellular proteins have been demonstrated to bind to the carboxy termini
of mGluRs (Fig. 2). Although the physiological significance of most of these interac-
tions remains to be explored, two meticulously studied cases of interactions between
mGluRs and cytoplasmic proteins will be described here.

4.2.1. mGIuR7 and Its Intracellular Partners

Activation of the presynaptic Group III mGluR leads to a dual signal transduction. In
addition to the slow kinetics of its Gi/Ggo-mediated inhibition of adenylyl cyclase activ-
ity, the receptor also controls neurotransmission at a much faster pace through its Gg,-
subunits. In the case of mGIuR7, receptor activation has been shown to cause opening of
K* inward rectifying channels (GIRKs) and to inhibit the activities of voltage-gated Ca*
channels (115,116). mGluR7 signaling inhibits presynaptic P/Q-type Ca* channel activ-
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ity through G- and Gg,-mediated coupling to PLC, intracellular Ca* mobilization and
PKC activation (/17). In pull-down experiments, Ggy, CaM, and PICKI have been
demonstrated to bind directly to the carboxy terminal of mGluR7 (Fig. 2). Together with
PKC-mediated phosphorylation of mGluR7, these interactions have been demonstrated
to be crucial for the targeting and signaling of the receptor (Fig. 10).

Analogously to its association with mGluRS5 (Subheading 4.1.), CaM binds in a
Ca2*-dependent manner to a lysine-rich segment in the proximal region of the carboxy
terminal of mGluR7 (Fig. 2). Because the binding site for Ggy is partially overlapping
this segment, CaM and Gg, binding to mGIuR7 are mutually exclusive (115,118,119).
Hence, prebound Gg, can be displaced from mGIluR7 by CaM activated by the Ca* in-
flux upon presynaptic depolarization. Because Gg, signaling in turn inhibits the Ca?*
channel activity, the system represents a very elegant example of negative feedback
(Fig. 10).

When activated mGluR?7 is phosphorylated by PKC, PKA, or cGMP-dependent pro-
tein kinase (PKG) (/18,120). The phosphorylation takes place exclusively at the S862
residue located in the CaM binding segment of the carboxy termini and abolishes bind-
ing of CaM to the receptor (118,119,121). Hence, PKC, PKA, and PKG have been pro-
posed to regulate the interaction between mGIluR7 and CaM and ultimately the
function of mGIluR7 (118,121). However, in a recent study, a S862E mGIluR7 mutant
mimicking the phosphorylated mGIuR7 displayed a wild type-like coupling to GIRK
channel coupling, and PKC has been shown to be able to attenuate the functional
response of a S862A mutant unable to become phosphorylated (/20). Hence, there
seems to be other determinants of Ggy signaling of mGluR7 than CaM binding to its
carboxy terminal.

Protein Interacting with C Kinase (PICK1) is a 46.5-kDa PSD-95/DIg1/Z0-1 (PDZ)
domain-containing protein that interacts with and is phosphorylated by the active form
of PKC (7/22). Using yeast two-hybrid screens, three different groups have demon-
strated that PICK1 also binds to mGluR7a, and that the last three residues in the car-
boxy terminal of mGluR7a (L913-V914-1915) and the PDZ domain of PICKI are
crucial for the interaction (Fig. 2) (123—125). The ability of PICK1 to dimerize enables
it to act as a scaffolding protein, and it has been demonstrated to be essential for the
formation of mGIuR7 clusters at the presynaptic terminal (/24,126). Furthermore,
trimeric mGluR7a/PICK1/PKC complexes have been demonstrated in brain
homogenates (124,125). There are conflicting reports on the importance of the forma-
tion of these trimeric complexes for the PKCo-mediated phosphorylation of mGluR7
(123,125). However, binding of PICK1 to mGluR7a has been shown to be crucial for
the inhibition of P/Q-type Ca2* channels mediated by the receptor, indicating that
PICK1 exerts an important regulation of the synaptic transmission through the
mGluR7a complex (/27). The molecular mechanism underlying the inhibition has not
been delineated but the role of PICK1 resembles that of Homer proteins on the cou-
pling of Group I mGluR coupling to Ca?+ and K* channels (Subheading 4.2.2.).

PICK1 is not the only PDZ domain-containing protein interacting with mGluRs
(128,129). Using yeast two-hybrid and GST pull-down assays, Dev and colleagues
have recently demonstrated that Glutamate Receptor Interacting Protein (GRIP) and
syntenin bind to several mGluRs (Fig. 2) (/28). GRIP was shown to bind to the same
region of the carboxy terminal of mGluR7a as PICK]1. Furthermore, mGluR7a and
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GRIP were shown to be co-localized in hippocampal neurons, so GRIP could supple-
ment the actions of PICK1 on mGluR7 trafficking in vivo (/28). Analogously, syntenin
has been shown to bind to the same site in mGluR7b as PICK1 (/29). Because PICK1,
GRIP, and syntenin also regulate AMPA receptor expression and clustering, these pro-
teins appear to play key roles in the regulation of the overall glutamatergic transmis-
sion (128,130).

All Group III mGluRs except mGluR4b and mGluR6 are subjected to PKC-medi-
ated phosphorylation, presumably targeted at a conserved serine residue corresponding
to the S862 residue in mGluR7a (/21). Furthermore, these splice variants have also
been claimed to bind PICK1 (/23). However, the binding affinities of PICK1 to
mGluR4a, mGluR8a, and mGIluR8b are significantly lower than its binding to
mGluR7a and mGIluR7b, so the complex formations between PICK1 and
mGluR4a/8a/8b need to be reproduced in other systems than the yeast two-hybrid sys-
tem before any final conclusions can be drawn. Finally, all Group III mGluRs except
mGluR4b appear to bind the Gg, subunits, whereas controversy exists whether CaM
binds to other Group III mGluRs than mGIluR7 (118,119). Thus, it remains to be seen
whether the intracellular protein network regulating mGluR7 function also regulates
the targeting and signaling of other Group III mGluRs.

4.2.2. Group I mGluRs and Homer

With their discovery in 1997 of a novel gene being upregulated by synaptic activity
in hippocampus and cortex, Worley and coworkers initiated an exciting area of investi-
gations into synaptic regulation of trafficking, clustering, and signaling of the “long-
tailed” Group I mGluRs (7/31,132). The Homer (alternatively termed ‘“vesl” for
“VASP/Ena-related gene upregulated during seizure and long-term potentiation) fam-
ily consists of seven proteins encoded by the genes homer-homer3 (Fig. 11) (133). All
family members possess a highly conserved EVH1 domain (homologous to Ena/VASP
proteins) as their amino-terminal region, and all except Homerla have a carboxy termi-
nal region with a predicted coil-coil secondary structure, which mediates specific
Homer dimerization (Fig. 11). The EVH1 domain, on the other hand, binds to
PPXXFR motifs present in the distal parts of the carboxy termini of mGluRla,
mGluR5a, and mGluR5b; in intracellular IP; and ryanodine receptors; and in the scaf-
folding protein Shank (/33-137). Hence, the dimerization of Homerlb, -1c, -1d, -2a, -
2b, and -3 enable them to link the mGIluR with various transmembrane and intracellular
proteins (Fig. 11). In contrast to the dimeric Homer proteins that are constitutively
expressed in the postsynaptic terminal, Homer1a is upregulated rapidly during synaptic
activity (/33). Being unable to dimerize, Homerla thus functions as a physiological
“dominant-negative,” which antagonizes the complex formation between the Group I
mGIluR and dimeric Homers during states of seizures and long-term potentiation.

The roles of Homer proteins for “long-tailed” Group I mGluR signaling are depicted
in Fig. 11. The dimeric Homer mediates a direct coupling of the mGluR to IPs/ryan-
odine receptors gating the intracellular Ca2* pools. The close proximity of the IP; gen-
erated by PLC stimulation to its intracellular receptors results in an optimized Ca2*
mobilization upon mGluR activation (/38). Conversely, binding of the dimeric Homer
protein to the mGIuR reduces the inhibition of K* and Ca?* channels exerted by the
receptor through G117 and Ggy pathways, respectively (Fig. 11) (139). Hence, the
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upregulation of Homerla during long-term potentiation switches Group I mGluR sig-
naling from PLC stimulation to attenuation of ion channel activity. Finally, a recent
study of native mGluR1a and overexpressed mGluRS5 in cultured neurons has demon-
strated an alternate function for Homer proteins (97). In the study, binding of Homer3
to mGluR1a and mGIluRS5 was shown to “silence” the constitutive activity of the recep-
tors. Mutations in the PPXXFR motif of mGIuRS5 or upregulation of Homerla in the
neurons disrupted the mGluRS5-Homer3 interaction and unmasked the constitutive
activity (91).

The role of Homer as a “chaperone” regulating the trafficking and targeting of
“long-tailed” Group I mGluRs to specific neuronal regions appears to be complex.
Homer1b has been shown to inhibit cell-surface expression of mGIuR5 by retaining the
receptor in endoplasmic reticulum in both mammalian cells and neurons (140,141). In
contrast, Homerla and Homer1c have been reported to increase cell-surface expression
of mGluR1a in some cell lines and not to affect it in others (/42,143). In neurons,
Group I mGluRs are localized perisynaptically adjacent to iGluRs (/4), and Homer
proteins seem to play a key role in this targeting. Co-expression of Group I mGluRs
with Homer1b or Homerlc have been shown to lead to a predominant dendritic local-
ization, whereas Homerla promotes both dendritic and axonal targeting of the recep-
tors (142,144).

Binding of the dimeric Homer to the Group I mGluR also facilitates its incorpora-
tion into clusters with other Group I mGluRs (133,139,143, 144) or with other receptors
through the actions of scaffolding proteins (Fig. 11). A highly interesting example of
the latter is the bridging of the mGluR/Homer and NMDA-R/PSD-95/GKAP com-
plexes mediated by Shank proteins, a family of postsynaptic density proteins
(136,137). The Shank protein consists of five domains: ankyrin repeats, a Src homol-
ogy domain 3 (SH3) domain, a PDZ domain, a proline-rich domain, and a sterile o
motif (SAM). The PDZ and proline-rich domains mediate the association with the
NMDA-R/PSD-95/GKAP and mGluR/Homer complexes, respectively (136,137).
Shank proteins form dimers, and they have been shown to associate with other pro-
teins, such as somatostatin receptors and the actin-binding proteins cortactin and
fodrin. Hence, the dimeric Homer not only facilitates the functional cross-talk between
“long-tailed” Group I mGluRs and NMDA receptors, but also links the receptors to the
cytoskeleton and/or other proteins. AMPA and kainate receptors also interact with PDZ
domain-containing proteins, but so far scaffolding proteins enabling clustering of these
with the Group I mGluR/Homer complex have not been identified (130, 145).

4.2.3. Complexes Between mGluRs and Other GPCRs

In addition to the key importance of the homodimerization for mGluR function, two
cases of heterodimerization (or heterooligomerization) between mGluRs and other
GPCRs have been reported recently.

The mGluR1a and the adenosine A; receptor are co-localized in several CNS
regions, and in a recent study the receptors were shown to form oligomeric complexes
in mammalian cell lines and cerebellar synaptosomes (/46). In cells co-expressing
mGluR1a and AR, glutamate/adenosine synergism was observed, as the signal elicited
by Quis was potentiated by preincubation with adenosine receptor agonist R-PIA and
conversely preincubation with Quis enhanced the signal through A;R. The carboxy ter-
minal of the mGluR1a was found to be essential for the heterodimerization, because
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the “short-tailed” splice variant mGluR 1b did not interact with AR (/46). The authors
proposed that the mGluR1a/A R interaction either is based in “pure” heterooligomer-
ization, or that it arises from co-localization of two receptors in signaling complexes
owing to adaptor/scaffolding proteins.

Heterodimerization between a Group I mGluR (mGluR1a or mGluRS5) and another
family C GPCR, CaR, has been demonstrated in hippocampal and cerebellar neurons
and in mammalian cell lines (/47). The functional implications of the heterodimeriza-
tion were not investigated in detail, but the mGluR1a/CaR heterodimer was shown to
internalize upon sustained exposure to Ca2* and Glu. Gama et al. proposed that the
interface of the mGluR1a/CaR heterodimer could be made up by the same covalent and
noncovalent interactions as in the mGIluR and CaR homodimers (Subheading 3.1.3.).
This is quite interesting considering that the sequence identity between these regions in
mGluR1a and CaR is lower than between two different mGIuR subtypes. To date, the
existence of mGluR/mGIluR heterodimers has not been reported.

5. FUTURE OUTLOOK

Being an evolutionary fusion product between a procaryotic binding protein and an
origin 7TM, the mGluR is bound to have a unique signal mechanism. The crystal struc-
tures of the mGluR1 ATD homodimer have shed light on the first phase of mGluR sig-
naling, whereas structure—function aspects of the CRR and 7TM still are poorly
understood. Hence, one of the major challenges in the future exploration of mGluRs
and other family C GPCRs will be to merge the fragmentized knowledge of the differ-
ent receptor domains into a greater understanding of the signal transduction through
the receptors.

Six years after the discovery of the Homer family, the contributions of these proteins
to Group I mGluRs expression, trafficking, and signaling have already become a text-
book example of the crucial impact intracellular proteins can have on GPCR function.
Future studies will undoubtedly refine and add to our current insight into the regulation
of mGluR function exerted by the numerous adaptor and scaffolding proteins interact-
ing with them. Considering the extensive use of yeast two-hybrid screen systems, addi-
tional intracellular mGluR partners undoubtedly will be reported in the future. Finally,
the studies of mGluR desensitization reported so far have only scratched the surface of
the phenomenon. Thus, the future of mGluR research promises to be just as exciting as
the last decade.
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Color Plate 1, Fig. 5. (see discussion in Chapter 1, p. 9). (Top) iGluR5-specific ligands 4
AHCP and thio-ATPA. (Bottom) 4 AHCP (dark) and thio-ATPA (cyan) docked to a homol-
ogy model of iGIluRS5 by Glide (/3).
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Color Plate 2, Fig. 2. (see discussion in Chapter 7, p. 217). (A) A schematic illustration of
the GABAg(;, and GABAg;) subunits forming the heterodimeric GABAg receptor. GABA
binds in the cleft of the amino-terminal domain of GABAg;, which leads to G protein activa-
tion through the GABAgp ;) subunit. The localization of the coiled-coil domain, the RSRR endo-
plasmic retention signal, and the GABAg,)p) splice site has been noted. Adapted with
permission from Marshall et al. (56). (B) A model of GABA docked in to the ligand binding
site of GABAg;). The putative interactions between GABA and amino acids of GABAg ;) are
shown with dotted lines. Adapted with permission from Kniazeff et al. (30).



Color Plate 3, Fig. 6. (see discussion in Chapter 1, p. 10). Kainate iGluR2-S1S2 complex,
including isoenergy contours according to GRID (16)-methyl probe (beige, 23.0 kcal/mol),
water probe (cyan, 210.0 kcal/mol), and anionic oxygen probe (magenta, 211.0 kcal/mol).

Color Plate 4, Fig. 7. (see discussion in Chapter 1, p. 11). Overlay of the DNQX and ATPO-
iGIluR2-S1S2 complexes including isoenergy contours acording to GRID-methyl probe (beige,
22.9 kcal/mol), water probe (cyan, 28.5 kcal/mol), and hydrogen phosphate anion probe
(magenta, 214.4 kcal/mol).



Color Plate 5, Fig. 8. (see discussion in Chapter 1, p. 13). DNQX docked into the binding
pocket of iGluR2 using Glide (27). The experimentally observed structure is shown in magenta
and the atoms of the docked structure are type-coded.



Color Plate 6, Fig. 10. (see discussion in Chapter 1, p. 14). AMPA docked to iGluR2 using
Glide (21). (A) Excluding water molecules from the calculations; (B) Including one water mol-
ecule, marked W. The experimentally observed AMPA structure is shown in magenta and the
atoms of the docked structure are type-coded.

Color Plate 7, Fig. 12. (see discussion in Chapter 1, p. 18). (S)- and (R)-isomers of 2-amino-
3-(3-hydroxy-1,2,5-thiadiazol-4-yl)propionic acid (TDPA) docked to iGluR2 (28).

Color Plate 8, Fig. 13. (see discussion in Chapter 1, p. 19). (S)- and (R)-5-HPCA docked to
iGluR2, according to Glide (21).
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Color Plate 9, Fig. 1. (see full caption and discussion in Ch. 12, p. 216). Predicted structural proper-
ties of neurotransmitter transporters. The helical nets represent the human dopamine transporter,
with the single letter code of each amino acid within a circle. The most conserved residues in the 12
transmembrane segments (index number TM#.50—see text) are identified by thick blue lines sur-
rounding the circles. The index nubmers ae shown for selected residues, with human DAT residue
numbers in parentheses. In (A) and (B), cysteines in the second extracellular loop thought to form a
disulfide bond are shown in yellow. When not shown, residues in the N-and C-termini and in loops
are indicated by thick black lines. (A) Predicted transmembrane topology. Based on hydrophobicity
analysis, cyan residues are predicted to be located within the lipid bilayer, and red residues are
predicted to be solvent exposed outside the lipid boundaries. Regions that are not well-defined by
the prediction methods are shown in pink. The assignment of residues to the transmembrane seg-
ment is based on this hydrophobicity analysis as well as on predictions of secondary structure, lipid
accessibility and the summarized experimental data, all of which are discussed below and in the text.
(B) Secondary structure propensity based on the spatial periodicity of residue properties. Predicted
a-helical segments are shown in orange; sequential residues with periodicity consistent with
B-strand are shown in green. Segments shown in white did not exhibit an identifiable periodicity.
(C) Probability of lipid exposure. Positions shown in purple are predicted to lie on the helix-lipid
interface, positions in yellow are predicted to face the protein interior, and white regions are undefined.
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Color Plate 10, Fig. 2. (see full caption and discussion in Chapter 12, p. 217). Summary of
experimental findings from the neurotransmitter transporter family. As in Fig. 1, the helical
nets represent the human dopamine transporter, with the single letter code of each amino acid
within a circle and with the index positions shown in blue. Residues not shown in the N- and C-
termini are indicated by thick black lines. (A) Cysteine accessibility and zinc sites. Endogenous
cysteines or substituted cysteines in DAT (or at the aligned positions in other NTs) are shown
in orange if they were found to be accessible to impermeant sulfhydryl reagents when applied
extracellularly. All accessible residues in the TMs are show in yellow, and residues accessible
to impermeant reagents only in membranes or after permeabilization are shown in light yellow.
Residues that are protected from reaction by the presence of substrate and/or inhibitor are circled
in magenta. Endogenous zinc sites in DAT are shown in bright green, whereas engineered zinc
sites are shown in light green. (B) Mutations affecting substrate and/or inhibitor recognition.
As described in the text, mutations in DAT, or in aligned positions in homologous NTs, that
decreased the apparent affinity for substrate or the binding affinity for inhibitors are shown in
orange. Also shown in orange are the random mutations in TM7 that decreased or abolished
transport and a number of other mutations that affected the function of the transporters (see
text). Residues shown in orange that were predicted to face lipid in (C) are shown surrounded
by gold circles.
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Functional Characterization of
GABA, Receptor Ligands In Vitro

Correlation With In Vivo Activity

Bjarke Ebert, Sally Anne Thompson,
Signe I Stérustovu, and Keith A. Wafford

1. INTRODUCTION

In the mammalian brain, the inhibitory neurotransmitter y-aminobutyric acid
(GABA) plays a key role in the control of synaptic activity. Several studies have
demonstrated the involvement of GABA and GABA,, receptors in diseases such as anx-
iety, depression, seizures, schizophrenia, and sleep disorders (recent review: Thomsen
and Ebert [1]). Based on this hypothesis, much research has been directed towards an
understanding of which receptors are involved in the different disorders and the devel-
opment of compounds able to alleviate the hypoactivity. Benzodiazepines are in gen-
eral very effective in several of the mentioned disorders. However, there is a general
consensus that unselective benzodiazepines cause too many side effects, and the devel-
opment of novel drugs with fewer side effects is needed (e.g., [2]). Therefore, over the
previous three decades, much research has been focused at the development of ligands
for the GABA, receptor complex selective for certain parts of the brain or certain
receptor subtypes.

GABA mediates its effects via opening of a chloride channel formed in the center of
an assembly of five different subunit proteins. This chloride channel has the normal
characteristics of ligand gated ion channels, in that the activity is voltage-dependent,
desensitizes rapidly, and is modulated by several allosteric modulators. One class of
modulators, the benzodiazepine site ligands, have been the focus of much research dur-
ing the last three decades. (Pubmed: 7500 references 1992-2002). The action of benzo-
diazepines is mediated via the ionotropic GABA, receptors, which are primarily
located at postsynaptic neurons. Upon binding of benzodiazepine agonists, the opening
probability of the GABA receptor controlled Cl-channel is increased (3), thereby pro-
ducing an apparent leftward shift in the dose-response curve to, e.g., GABA and, in
case of partial GABA, receptor agonists like thio-4-PIOL, P4S, and imidazole acetic
acid, also an increase the apparent maximal response (4,5). Because benzodiazepines
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in the absence of receptor activation are inactive, the use-dependent activity of benzo-
diazepines is potentially very important. Therefore, benzodiazepines, like barbiturates,
will act as use-dependent amplifiers of the GABA ,-receptor system, and therefore, in
principle, only amplify ongoing activity. This was previously thought to be limited to
synaptic activity, but recent studies now point towards a degree of tonic activation in
some parts of the GABA system (6-9). High levels of receptor activation invariably
lead to the desensitization and consequent fading of the GABA, receptor mediated
response. This may lead to a reduction in clinical efficacy of GABAergic drugs, and the
introduction of dose escalation and dependence problems limiting the value of long-
term treatment, especially with currently available benzodiazepines. In order to deal
with these problems, we need to understand how the many physiological consequences
of GABAergic activation or potentiation are mediated and whether different effects can
be ascribed to the different GABA , receptor subtypes. The present review will focus on
the possibilities for the development of functional selective GABA , receptor ligands.

2. GABA, RECEPTOR STRUCTURE AND COMPOSITION

GABA, receptors are formed as pentameric combinations of different families of
subunits. These related families of subunits, termed o (1-6), ab (1-3), vy (1-3), 9, €,
T, 6, assemble into a heterogeneous group of functional GABA, receptors, depending
on where in the CNS these subunits are expressed. Most, but not all, GABA, recep-
tors are formed by 2 o subunits, 2 B subunits, and a 7y, € or d subunit (reviewed by
Sieghart et al. [/0]). The binding site for benzodiazepines is located at the interface
between the o and 7y subunits (//-15), while the binding site for GABA and other
GABA, receptor agonists is formed at the interface of the o and 3 subunit (75-18).
Modeling based on the recently identified acetylcholine binding protein has provided
an excellent basis for a proposed structure of the extracellular portion of the GABA
receptor and gives us a first glimpse at how the GABA and benzodiazepine binding
sites are formed (19,20).

The free permutation of the subunits leads to more than 40,000 possible combina-
tions. It is likely though that in vivo more than 90% of the receptors are composed of
only 20 different combinations (217). This plethora of different subtypes suggest that
different functional roles are mediated by distinct and separable receptors, and that
these could be individually targeted in order to obtain a drug devoid of side effects. It
seems likely that the most abundant receptors represent the important combinations
and as such, are most likely to be responsible for major functional consequences when
targeted. The specific locations of the less abundant receptor populations may result in
very selective effects when modulated.

The clinical consequences of the currently used benzodiazepines range from seda-
tion, muscle relaxation, seizure reduction, anxiolysis, and hypnosis. Clearly, it would
be highly desirable to be able to separate some of these effects. In addition, it would be
useful to reduce other undesirable consequences such as development of tolerance and
dependence, abuse, synergistic interaction with ethanol, and memory impairment (for
a comprehensive review: see [22]). Animal models for some of the aforementioned
conditions, in combination with transgenic mouse technology, have recently led to a
deeper understanding of the contribution some of the individual o subunits make to
these behaviors.
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3. PHYSIOLOGICAL ROLE AND DISTRIBUTION OF SUBUNITS

The binding site for the benzodiazepines is located at the interface of the o and y
subunit. Whereas ol » 3 and 0.5 receptors respond to classical benzodiazepine drugs, for
example, diazepam, 04- and Og-containing receptors do not respond to any clinically
used benzodiazepines. Mutation of a histidine in 01 » 3, and 05 to arginine in o4 and Ot
is a major determinant of this difference in sensitivity towards benzodiazepines (23).
Two groups have used recombinant DNA technology to mutate this residue in the o/; or
other o subunits, and investigated the pharmacological consequences of diazepam-
insensitive -, Op-, O3-, Or Ois-containing receptors. Conclusions from these studies
suggest that oj-containing receptors are primarily involved in the sedative effects of
diazepam, whereas 0,-containing receptors may be important for the anxiolytic actions
(24-27). The cerebellar location of GABA,, receptors containing 04 subunits suggests a
role in motor co-ordination, however, 0 knockout mice did not seem to show any
major ataxia or motor deficits or altered sensitivity on administration of general anaes-
thetics, barbiturates, or ethanol (28). It is also quite likely that when subunits are
deleted in this manner, compensatory changes in other systems may ameliorate some
of the phenotypic consequences. There is, therefore, still a number of very important
questions regarding the functional implication of different GABA, receptor combina-
tions that needs to be addressed. Another issue hampering our understanding of the sig-
nificance of different GABA , receptor subtypes lies in their cellular distribution. Thus,
even in a single cell, receptors at the soma may be different from those located at the
dendrites (29), adding to the complexity. Immunocytochemical experiments have also
demonstrated that certain receptor subtypes can be located on different parts of the cell;
for example, in hippocampal pyramidal neurons the o, subunit is highly expressed on
the axon initial segment, and 05 subunits appear to be predominantly extrasynaptic
(30). Hence, in one brain region, neurons carrying several different subunit combina-
tions may exist side by side. It is therefore not surprising then, that despite several sub-
type-selective compounds acting at the benzodiazepine site, a coherent understanding
of the specific actions of positive GABA , receptor modulators is still lacking.

4. IMPACT OF SUBUNIT COMPOSITION ON THE
PHARMACOLOGY OBSERVED IN VITRO AND IN VIVO

Studies on compounds interacting directly with the GABA recognition site at the
GABA, receptor and benzodiazepines have shown that it can be very difficult to dis-
cover compounds that differ significantly in binding affinity between subtypes. Another
mechanism for achieving subtype selectivity is by functional efficacy, and for both
GABA and benzodiazepine sites, compounds exist that will discriminate based on
receptor subtype (17,26).

The GABA binding site is located at the interface between the o and B subunit
(15,31), which, because several members of each family including splice variants exist,
raises the possibility that a multitude of different subunit combination-dependent
micro-binding domains/receptors may be formed. However, amino acids forming the
putative binding domain are conserved within the o and 3 subunit families, leading to
the conclusion that the binding site most likely is conserved irrespective of subunit
composition of the GABA, receptor. In agreement with this hypothesis are studies in
which the affinity of a series of agonists, partial agonists, and competitive antagonists
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has been determined using 3H-muscimol as ligand for the binding site. In these studies,
a minor variation (of a factor 7) in the K,-value of *H-muscimol was observed. Fur-
thermore, a small variation in the K;j-values for all tested compounds was seen, leading
to the conclusion that the affinity of the compounds at this site is independent of sub-
unit composition (32). Based on this, it may be concluded that determining subtype
selectivity for GABA, receptor agonists/antagonist ligands, binding studies are only of
very limited value. In contrast, functional studies using electrophysiology at oocytes
expressing human GABA, receptors with predetermined subunit combinations clearly
demonstrate major differences in both potency and maximum response with variations
of o and B subunits. In these studies, where o subunits were varied with fixed § and vy
subunits, compounds like THIP and P4S were low-efficacy partial agonists at one com-
bination and full agonists at another (/7,32,33). Illustrating the unpredictability of effi-
cacy, the maximum response of P4S varied from being a full agonist to being a
competitive antagonist. There are several important implications of these findings:

1. The simplified terminology in which a certain pharmacological quality (e.g., agonist or
antagonist) is ascribed to one compound is meaningless when the activity is highly
dependent on the receptor subunit composition.

2. The activity in a tissue is highly dependent on the receptor subtype(s) present, whereas
a compound like P4S at 0437, containing receptor present in the thalamic areas will
be an antagonist and at the same time at 0ts33Y»s containing receptors present in the hip-
pocampus will be an agonist. The interpretation of in vivo data is therefore very com-
plex, and in some cases impossible, if the knowledge about the subtypes present and
pharmacological actions at these receptors is absent. These conclusions are not only
relevant for GABA receptors. In the G protein-coupled receptor (GPCR) field of
research, it has long been known that receptor and G protein density in the target areas
are major determinants of the pharmacological profile, but whether this is the case for
ionotropic receptors can only be speculated.

4.1. THIP (Gaboxadol): An Intriguing Example of a GABA,
Agonist Exhibiting a Novel Pharmacological Profile

An illustration of this problem concerns the classical GABA , agonist THIP. THIP is
currently being developed as a novel type of hypnotic under the name Gaboxadol. But
why would a GABA, agonist possess a pharmacological profile superior to the benzo-
diazepines, which are use-dependent and therefore, in principle, less likely to induce
desensitization of the receptors than the constant activation by a GABA, agonist?
Because clinical studies with THIP have indicated that sleep quality improving effects
have been obtained at plasma concentrations around 1 UM (34,35) and the potency at
o1 B3Yss containing receptors expressed in Xenopus oocytes is 238 uM (17), these data
clearly suggest that a significant part of the activity of THIP in a complex system may
be mediated via receptors others than the synaptic o B3Y,s containing receptors. In the
frontal cortex, the most abundant synaptically located GABA,, receptors are composed
of 01 B2/3Y2s and oi3P2/372s subunits (217). In contrast to the synaptic receptors, extrasy-
naptic receptors in the neocortex contain o4 and & subunits. In thalamus and other brain
regions where 04 is more abundant than in neocortex and thus easier to investigate, Oy
and & subunits are reported to co-localize (36-39). Because 04,0 receptors have
proven difficult to express in recombinant systems, this subunit composition has not
been characterized in oocytes so far. However, in a very recent study, a stable cell line
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capable of expressing receptors composed of 04336 subunits has been created. The
pharmacology of GABA, THIP, and muscimol at this receptor subtype was compared
to that of ayPsy, containing receptors. All agonists exhibited very high potencies at
04B30, GABA being the most potent. In addition, THIP displayed superagonist behav-
ior at this subunit assembly with an E,x of approx 160% (40,41). Provided that thala-
mic receptors containing 03,0 receptors are important for the physiology of sleep, the
sleep-improving activity of THIP might be attributed to this functional selectivity
observed in recombinant systems. In order to shed further light on this question, THIP
and a series of directly acting GABA, ligands were characterized in the rat cortical-
wedge preparation. Within the neocortex, the major neuronal cell types are pyramidal
cells and nonpyramidal cells. Most pyramidal cells are projection neurons that are
thought to use excitatory amino acids as neurotransmitters. Projection neurons have
long axons and mediate the output from neocortex to other cortical areas and to subcor-
tical structures (42). The pyramidal cell bodies are located in layer I[I-VI (43). From
the soma of the cell body, a single apical dendrite rises that ascends vertically towards
layer I. In addition, from the cell soma, an array of short dendrites spread laterally. Of
particular importance to the cortical-wedge preparation are the corticostriatal projec-
tion neurons, which provide a massive glutamatergic input from the neocortex to the
striatum (44). In contrast, most nonpyramidal cells are local-circuit neurons, which use
GABA as neurotransmitter. These cells have short axons and do not project to other
cortical areas or subcortical structures. The physiological function of the GABAergic
neurons is to focus and refine the firing pattern of the excitatory projection neurons.
Thus, neuronal excitability is under GABAergic control.

Immunocytochemical studies of GABA, receptor subunit localization have revealed
that oy, B>, and B3 subunits are equally distributed throughout the six cortical layers,
whereas 0, 044, Y2, and O are enriched in the outermost layers. In contrast, o3, 0.5, and
[ subunits are concentrated in the inner layers (o3 predominantly in layer V-VI, o5 in
IV-VI, and B; in IV) (36).

As previously mentioned, the corticostriatal projection neurons provide a dense glu-
tamatergic innervation within the neocortical region used for the cortical-wedge prepa-
ration. Therefore, originally, this method was used for pharmacological
characterization of compounds interacting with the glutamatergic system as described
by Harrison and Simmonds (45). Because application of excitatory amino acids and
glutamate analogues to the cortical brain slices gives rise to a depolarization of the
brain tissue, Harrison and Simmonds quantified the functional outcome by measuring
the height of the peak recorded on a chart recorder. In addition, in the original work, it
was described that application MgZ*-free Krebs superfusion medium to the brain slices
resulted in development of spontaneous activity (seen as fast spikes) within 30 min in
some of the slices. The spike frequency increased upon application of glutamate recep-
tor agonists and vanished upon application of the NMDA receptor selective antagonist,
(-)-aminophosphonovaleric acid (45). Thus, the spontaneous activity has NMDA
receptor origin. Under physiological conditions where the extracellular concentration
of Mg?* is approx 1 mM, extracellular MgZ* ions voltage-dependently block the open
NMDA receptor channel, thereby providing a very important inhibition on NMDA
receptor activation (46). This inhibitory mechanism is lost when Mg2+-free medium is
applied to the cortical slices as the Mg2* present in the brain tissue gradually washes
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out, giving rise to development of spontaneous activity. The rat cortical-wedge prepara-
tion is therefore a much more complex system than the oocytes and the contributions
from different types of synapses can be characterized.

THIP and other GABA, agonists in the rat cortical-wedge preparation study were
more than 50 times more potent in the wedge at inhibiting synaptic-field potentials than
at the cloned o B3y>s GABA receptors expressed in oocytes (47). This observation is in
agreement with a study by Kemp et al. (48), using the hippocampal slice showed that,
when measured with extracellular electrodes, lower agonist potencies were seen. How-
ever, using isolated neurons, Kristiansen et al. (49) and Hansen et al. (50) showed that
the potencies of agonists are much higher than in the cortical preparation, suggesting
that at the single neuron, when measuring Cl~ fluxes, the sensitivity towards GABA
agonists are similar to that seen in to Xenopus oocytes. It must be emphasized that
whereas oocytes express receptors with a confined subunit composition (in this case
o1 B3Y2s), a wide variety of different subunit assemblies are present in neocortex. In situ
hybridization and immunoprecipitation techniques have revealed that oy, B,, B3, and Yy
are the most abundant subunits in neocortex, whereas 0., 0.3, 04, Os, Y3, and & are pre-
sent in lesser amounts (36,38,39,51). One possible reason why THIP acts much more
potently in the rat cortical-wedge preparation may be that the effect of THIP in this
system is not mediated primarily via o4fB3Y,s containing receptors, although these
receptor subunits (along with ;) are the most predominant in neocortex. A previous
study (17) in Xenopus oocytes expressing GABA , receptors composed of various com-
binations of oy, o3, 05, B1, P2, B3, V1, Y2, and 3 has revealed that THIP exerts the great-
est potency at osBs3Y, receptors (with ECsy an values of 40 uM). At this receptor
subtype, THIP acts as a full agonist (showing an E,,x value of 99%) (17). The higher
potency of THIP and the behavior as a full agonist in the rat cortical-wedge preparation
may therefore be ascribed to a preferential activation of osB3Y,/3 receptors.

Another possible explanation for the high potency of THIP observed in the rat cortical-
wedge preparation is that the effect of THIP to a large extent may arise from activation of
extrasynaptically located oy containing receptors. At 0uf330 containing receptors, musci-
mol, isoguvacine, and THIP all exhibited very high potencies. In addition, THIP dis-
played superagonist behavior at this subunit assembly with an E\,x of 160% (40,41). The
physiological role of extrasynaptic receptors is presumably to respond to synaptic spill-
over of neurotransmitter (7) and therefore must be sensitive to low concentrations of
transmitter. A preferential localization of 04330 receptors at extrasynaptic sites in neocor-
tex would imply that this receptor subtype is more readily accessible to exogenous
GABA, receptor ligands, because a diffusion of the ligand into the synaptic cleft prior to
interaction with the receptor is not necessary. This, and in particular the fact that GABA,
agonists act very potently at 04330 receptors, suggests that the effects of GABA and THIP
in the rat cortical-wedge preparation are mainly mediated via this receptor subtype, and
this could be confirmed by evaluating the extent of modulation by benzodiazepines.

If only a low level of receptor activation is required in order to obtain a full
response, one would predict that receptor desensitization would be a smaller problem
with THIP, muscimol, and other GABA, agonists used as hypnotics. In an animal
study, Lancel and Langebartels showed that 5-d treatment with THIP produced sus-
tained effects on sleep parameters, whereas a benzodiazepine in a similar paradigm
induced tolerance-like effects after only 5 d of treatment (52). Accepting that only
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functionally relevant receptors should be characterized in oocytes or cell lines raises
another question: which receptors are functionally relevant?

As illustrated in the case of THIP, the dogma until recently was that the compound
would act via synaptic GABA, receptors, in which case action at a;»3,/372s receptors
would be the primary target, and hence would not have predicted that extrasynaptic
0.4P32/30 containing receptors now could well be a critical site of action.

Characterization of THIP at o/ 3,7, receptors is therefore not predictive of the activ-
ity in vivo and may be directly misleading when it comes to addressing the potential
for interaction with the benzodiazepines.

Further illustrating the complex and not yet understood basis for variations in maximum
response as function of subunit composition are data for piperidine-4-sulphonic acid (P4S)
at cerebellar granule cells. Cerebellar granule cells contain receptors composed of o1 2/3Y2,
023y, and 0y 06Po/3Y> subunits (36,39). A comparison of the activity of P4S at these
three different combinations reveals that at o3y, and o3,y containing receptors, P4S is
a partial agonist with a maximal response of 15-40% of that of GABA, whereas at
010632Y> containing receptors, the maximum response to P4S is 75% of that of GABA and
the potency is lower than that at the other two receptor combinations (50). Not only are
these data surprising, they are also in contrast to data for P4S at o /ais/0u; 05 or op/0i/0 06
containing receptors, where co-expression of two different o subunits resulted in an o-like
maximum response and a significantly lower potency than at o/;/0ls or 0/03 containing
receptors (/7). Thus in two examples, co-expression of different ¢ subunits results in novel
pharmacology (see also [53], where the change appears for benzodiazepines), underlining
the complexity of the system. Therefore, using artificial expression systems with predeter-
mined subunit may not reflect the action of ligands at native receptors.

5. CONCLUDING REMARKS

In conclusion, although binding assays have been used for the past few decades to
determine selectivity, the basic assumption that functional potency correlates with recep-
tor affinity has been proven worng several times. In a receptor system like the GABA
receptors, where the binding site is conserved between all receptor combinations charac-
terized so far; affinity measurements are not likely to identify receptor selectivity. Fur-
thermore, because much attention in medicinal research is focused on the development
of partial agonists or modulators of the functional consequences of receptor activation,
only functional assays will be able to detect these differences. When attempting to iden-
tify possible therapeutic compounds that selectively activate one or two of a number of
receptor subtypes, it is thus crucial to establish their profile in several different in vitro
assays, correlating this with additional data from native tissue where possible. This can
then be used in conjunction with in vivo data, as well as using transgenic mice if these
are available. Validating the models of subtype selectivity using multiple approaches
vastly strengthens our understanding of the role of these individual receptor subtypes
and will enable the discovery of safer and more selective therapeutics.
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In Vivo Function of GABA, Receptor
Subtypes Unraveled With Mutant Mice

Jean-Marc Fritschy

1. INTRODUCTION

GABA, receptors mediate most of the fast inhibitory transmission in the brain, and
therefore modulate almost every aspect of brain function. In addition, they represent a
major site of action for clinically important drugs, including benzodiazepines, barbitu-
rates, neurosteroids, some general anesthetics, as well as drugs of abuse, such as
ethanol (/—4). All these drugs act by increasing GABA function by allosteric interac-
tion or by direct action on the channel. Clinically, the significance of GABA , receptor
function is underscored by the multiple neurological and psychiatric diseases for which
an alteration in the GABAergic system has been postulated (5), including epilepsy
(6-8), anxiety disorders (9), ethanol dependence (/0), Huntington’s disease (11/),
Angelman syndrome (/2), and schizophrenia (/3-15).

The generation of mutant mice, which are either deficient in a particular GABA
receptor subunit or carry a subunit with a targeted mutation affecting binding of benzo-
diazepine site ligands, aims at unraveling the in vivo function of GABA, receptors and
at producing animal models of these disorders. In this review, I will summarize major
findings derived from the analysis of these mice, focusing on the role of individual sub-
units for assembly, function, and pharmacology of GABA, receptors, and on the dis-
ease models provided by specific mutations. These studies have shown that
considerable compensatory mechanisms are activated in the absence of particular
GABA , receptor subunits, allowing an essentially normal brain function in the absence
of a large fraction of GABA, receptors. These compensatory mechanisms are interest-
ing on their own, but they limit what can be learned about the functional role of the
subunits under consideration.

Subheading 2 gives an overview of current concepts on the structural and functional
heterogeneity of GABA, receptors. In Subheading 3, I will focus on results derived
from the analysis of GABA, receptor subunit knockout mice (or from mice with a
chromosomal deletion affecting GABA, receptor subunits), and in Subheading 4, find-
ings derived from mice carrying a point mutation affecting diazepam binding in spe-
cific subpopulations of GABA, receptors will be discussed.
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2. STRUCTURAL AND FUNCTIONAL HETEROGENEITY
OF GABA, RECEPTORS

2.1. GABA, Receptor Subtypes

GABA, receptors belong to the superfamily of ligand-gated ion channels, along
with nicotinic acetylcholine receptors, glycine receptors, and serotonin type 3 receptors
(16,17). GABA, receptors form multimeric complexes assembled from a family of at
least 21 constituent subunits (0t_¢, P14, V14> O, P1-3, 0, T) (18,19). Their molecular
heterogeneity, which is much larger than that of any other ligand-gated ion channel,
allows the formation of multiple functionally and pharmacologically distinct GABA,
receptors in the central nervous system (CNS) (reviewed in [20]).

The subunit composition and stoichiometry of native GABA, receptors have not
been elucidated. The available evidence favors the existence of pentameric complexes
containing 20, 23, 1y subunit variants (2/-24). Immunochemical, pharmacological,
and functional analyses of GABA, receptors give convergent results that the majority
of GABA, receptors contain a single type of o and B subunit variant, along with the 7y,
subunit, which is essential for the formation of a benzodiazepine binding site. The
o132y, combination represents the largest population of GABA, receptors, followed by
ouB372 and o3B372. Receptors containing the oy, 05, Or 0 subunit, as well as the By, vi,
Y3, 0, T, and O subunit, form minor receptor populations. The p subunits are primarily
expressed in the retina and correspond to the so-called GABA. receptors (25).

The pharmacological analysis of GABA, receptors immunoprecipitated with anti-
bodies against specific o subunit variants indicated that each o subunit variant largely
corresponds to a distinct GABA, receptor subtype. The 0-, 0i-, 0i3-, and as-GABA
receptors represent diazepam-sensitive receptors, whereas 04- and og-GABA, recep-
tors are insensitive to diazepam (26,27). The former are distinguished further by their
affinity to zolpidem (o > o, = 03 >> 0i5) and various P-carbolines (0; > 0y = 043)
(1,20). Functionally, the importance of o subunit variants for defining GABA, receptor
subtypes was confirmed by studies showing that the type of o subunit determines lig-
and affinity and the kinetics of receptor deactivation (28—30). In addition to these stud-
ies, it has been shown that the presence of the § subunit, which is associated mainly
with the oy, 0, and o subunit in vivo, results in markedly increased agonist affinity
and apparent lack of desensitization of the corresponding receptors (3/-33).

Immunohistochemical analyses of the distribution of GABA, receptor subtypes
based on the visualization of o subunit variants revealed a region- and neuron-specific
distribution pattern that is largely conserved across species (34—38). On the cellular
level, even a synapse-specific distribution of GABA, receptor subtypes has been evi-
denced, in particular in neurons expressing multiple GABA , receptor subtypes, such as
hippocampal pyramidal neurons. In these cells, a high level of o, 0, and o5 subunit
expression has been reported, along with B;_3 and 7y, subunit (36,37), suggesting that
they express at least three main GABA, receptor subtypes. 0,;-GABA, receptors are
located postsynaptically in a majority of somatodendritic synapses and to a lesser
extent in the axon initial segment; in contrast, 0,-GABA, receptors are particularly
abundant in the axon initial segment and are only few in somatodendritic synapses
(39,40). Finally, as-GABA , receptors have an extrasynaptic localization, being distrib-
uted throughout the somatodendritic compartment of hippocampal pyramidal cells
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without being aggregated at postsynaptic sites (47,42). These observations strongly
suggest that individual GABA, receptor subtypes are present in distinct neuronal cir-
cuits. The generation of mutant mice with point mutation affecting benzodiazepine
binding in a given GABA, receptor subtype therefore provides a powerful tool to
investigate neuronal circuits mediating a specific behavior (see Subheading 4.).

The chromosomal localization of GABA, receptor subunit genes revealed the exis-
tence of several clusters on distinct chromosomes (0t;/0te/Bo/y> on human 5q, ois/B3/y; on
15q, ow/o/Bi/y; on 4p, os/e/B on Xq28, pi/p2 on 6q) (reviewed in [43—45]). Subunits
that form the main GABA,, receptor subtypes are generally part of the same cluster, sug-
gesting that these chromosomal arrangements allow coordinated regulation of subunit
expression by shared regulatory sites. However, they are of potential concern for engi-
neering targeted mutations, because alteration of the structure of one gene, for instance
by insertion of a neomycin-resistance gene, can affect the expression of the other genes
in the cluster, as shown by Uusi-Oukai et al. (43) for the o.;/0/Bo/Y cluster.

3. ANALYSIS OF KNOCKOUT MICE
3.1. Assembly of GABA, Receptors

In recombinant expression systems, homomeric GABA, receptors are expressed at
very low levels, with the exception of B3- and p;-GABA, receptors, which are readily
detected at the cell surface (46—49). In contrast, receptors containing various o3 sub-
unit combinations form functional CI~ channels activated by GABA, indicating that
receptor assembly and/or membrane targeting readily occur for heteromeric com-
plexes. Inclusion of the v, subunit is an essential requirement for the formation of a
benzodiazepine binding site (50), and for proper channel conductance (32). These
properties of the ¥, subunit are valid also for native GABA, receptors (51,52).

The analysis of mice deficient for a particular o or B subunit variant confirmed
that these subunits are required for proper assembly of the corresponding receptor
complexes in neurons (53-59). In all these mutants, the gene deletion resulted in a
reduction of the number of GABA, receptors roughly proportional to the abundance
of this subunit in wild-type animals. Surprisingly, in all these mice, the resulting
phenotype is rather mild; even ;%% or B,%° mice, in which the loss of GABA,
receptors exceeds 50%, are viable and fertile (54,60). In neurons expressing multiple
GABA, receptor subtypes, such as hippocampal pyramidal cells and olfactory bulb
granule cells, no replacement of the missing subunit by a homologous variant was
observed. Thus, in absence of the o5 subunit gene, only the corresponding GABA
receptor subtype was affected, whereas 0,-GABA, receptors present in the same
cells were unaffected (61).

Knockout mice have also revealed further subunit requirements for the assembly of
particular GABA , receptor subtypes. Thus, the absence of the 0 subunit in cerebellar
granule cells results in a complete loss of & subunit protein, although mRNA expres-
sion levels were unaffected (59,62). These results indicate that the & subunit cannot be
incorporated in a receptor lacking oy in cerebellar granule cells. Likewise, in 870 mice,
the levels of o4 subunit protein are reduced in all forebrain regions in which the d sub-
unit is normally abundant, pointing to a preferential co-assembly of these subunits in
several neuronal populations (63).
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In at least two examples, a compensatory upregulation of certain subunits has been
observed in GABA,, receptor subunit knockout mice. First, in 8”0 mice, expression of
the v, subunit was enhanced selectively in brain regions expressing the & subunit in
wild-type (63-65). The newly formed receptors are not aberrant, but represent an
increased fraction of a receptor subtype normally present in these neurons. These
results suggest that the & and Y, subunits normally compete for assembly in GABA ,
receptor subtypes. They raise interesting questions about the physiological significance
of this switch in expression, because receptors containing the y, or 8 subunit have dis-
tinct functional and pharmacological properties (66,67). In particular, it will be impor-
tant to determine whether the oyfxy> receptors formed in the dentate gyrus and
thalamus of 8% mice are extrasynaptic or synaptic. The second example concerns the
upregulation of the o and o3 subunits in one line of o subunit-deficient mice, as
revealed by Western blotting and pharmacological analysis (60). It is not known, how-
ever, whether these subunits are increased in neurons that normally express the o, sub-
unit, or in other cell types.

The general rule, namely the lack of compensation of a missing subunit by overex-
pression of another homologous subunit variant, suggests that GABA, receptor sub-
types are assembled independently from each other and that they are not
interchangeable. This conclusion is in line with the demonstration that cell-type spe-
cific expression and subcellular targeting of GABA, receptor subtypes is governed
autonomously (41). It also reinforces the notion that GABA,, receptor subtypes are pre-
sent in distinct neuronal circuits and mediate distinct functions in the CNS.

The reduced GABAergic function resulting from the absence of a given GABA,
receptor subtype is therefore likely compensated for by other, unknown mechanisms to
maintain the appropriate level of neuronal excitability and membrane depolarization.
Such an adaptation has been demonstrated, for example, in cerebellar granule cells
(68), which normally express high levels of 0,,-GABA , receptors. These receptors pro-
vide a form of tonic inhibition that disappears in 0,”° mice. However, the level of gran-
ule cell excitability remains unchanged, owing to upregulation of a compensatory
voltage-independent K+ conductance (68). The functional and behavioral analysis of
GABA, receptor subunit knockout mice has to take into account the possibility of such
adaptations in interpreting any change observed in the mutants.

3.2. Postsynaptic Clustering of GABA, Receptors

Unlike the o and 3 subunit variant tested so far, targeted deletion of the v, subunit,
which is present in >90% of benzodiazepine-sensitive GABA, receptors in brain (69),
does not result in a deficit of GABA, receptor binding sites in the brain. However, in
view of the critical role of the y, subunit for the formation of a benzodiazepine binding
site, mice lacking the ¥, subunit exhibit over 90% loss of benzodiazepine binding sites
at birth (52). No change in the expression of major GABA, receptor subunits was
observed compared to wild-type. Most of these mutants die perinatally, although they
show no deficit in brain morphology, or in any of the major organs of the body. Mutant
mice surviving up to 12-15 d (less than 10%) exhibit a strong growth deficit, but the
development of their brain proceeds as in wild-type, based on the differentiation of cor-
tical layers, maturation of whisker-related structures in the somatosensory system, and
differentiation of cerebellar granule cells (52). Most strikingly, immunohistochemical
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analysis revealed a profound deficit in the number of postsynaptic gephyrin and
GABA, receptor clusters (70), suggesting that impairment of synaptic GABAergic
transmission, rather than a lack of GABA, receptors per se, is incompatible with post-
natal survival.

The absence of postsynaptic GABA , receptor and gephyrin clusters was confirmed in
primary cultures of cortical and hippocampal neurons (70), indicating that the ¥, subunit
is required for clustering of gephyrin at postsynaptic sites. Downregulation of gephyrin
expression by treatment of cultures with antisense oligonucleotides also abolished clus-
tering of GABA, receptors, providing strong evidence for a bi-directional interaction
between gephyrin and the ¥, subunit for the formation of postsynaptic GABA, receptor
aggregates. These findings were subsequently confirmed by the analysis of gephyrin-
deficient mice, which also exhibit a pronounced deficit of GABA, receptor clustering
(71). Interestingly, postsynaptic clustering of dystrophin and - dystroglycan, which are
co-localized with GABA, receptors and gephyrin in GABAergic synapses of hippocam-
pal neurons, is not affected by the absence of the Y, subunit (72).

Replacement of the missing y, subunit by transgenic overexpression of the y3 sub-
unit in Yy, subunit-deficient mice successfully restored clustering of GABA, receptors
and gephyrin, demonstrating that the domains required for interaction with gephyrin
are also present on the ys; subunit (73). However, this strategy failed to rescue the
mutant mice from perinatal lethality, owing either to unidentified dominant-negative
effects of the transgenic 3 subunit, or to insufficient expression levels.

3.3. Pharmacological Properties of GABA, Receptor Subtypes

Among the multiple allosteric modulators of GABA, receptors, neurosteroids,
ethanol, and general anesthetics have received considerable attention in GABA , recep-
tor subunit knockout mice, in view of the possibility that specific GABA , receptor sub-
types represent a target of action for these drugs. Thus, investigations of o
subunit-deficient mice revealed a greatly reduced sensitivity to neurosteroids, accom-
panied by altered behavioral responses to ethanol, suggesting a causal relationship
(74,75). Specifically, 8”0 mice consume less ethanol in a free-choice test and show
reduced withdrawal symptoms following cessation of chronic ethanol exposure, as well
as reduced anticonvulsant effects of ethanol. These features suggested that neuros-
teroids, possibly acting on & subunit-containing GABA, receptors, might mediate
some effects of ethanol in vivo. The precise localization and function of these receptors
in wild-type mice remains to be determined, however, because 0, mice do not show
any behavioral alteration to ethanol (76), in spite of the accompanying loss of & subunit
in cerebellar granule cells.

Another potential target of ethanol action on GABA, receptors has been suggested
to be the long splice variant of the ¥, subunit, ¥, , which carries an additional consensus
phosphorylation site by protein kinase C (PKC) (77). However, subsequent analysis of
recombinant expression systems led to conflicting results, because ethanol potentiation
of GABA, receptor currents could also be observed for the 1,5 subunit (78,79). The
generation of 5, 0 mice revealed no functional deficit of GABA, receptors, and failed
to detect any difference in the behavioral effects of ethanol between v,, %0 and wild-
type mice, indicating that this splice variant is not required for the modulatory action of
ethanol in vitro or in vivo (80). However, ¥, %? mice have been shown to be more sen-
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sitive to the sleep-inducing effects of benzodiazepine agonists, possibly owing to an
apparent increase of affinity of their GABA, receptors for benzodiazepine agonists,
and a decrease for inverse agonists (817).

Mice deficient in B3 subunit have been analyzed extensively to determine whether the
corresponding GABA , receptor subtypes mediate some of the actions of general anes-
thetics (82,83). The results indicated that $;%° mice are more resistant to the immobiliz-
ing (tail clamp) but not obtunding (loss of righting reflex) effects of enflurane and
halothane. Mutant mice were also more resistant to etomidate and midazolam, as mea-
sured by the sleep time induced by these drugs (82). Although these findings suggest that
B3-GABA, receptors are a likely target for the immobilizing action of volatile anesthet-
ics, electrophysiological recordings performed in isolated spinal cord failed to reveal any
difference in sensitivity between wild-type and mutant mice to enflurane (83). A poten-
tially confounding problem for investigating analgesic action of drugs in $3%0 mice is the
fact that these mice display altered sensory thresholds, as shown by their enhanced
responsiveness to thermal stimuli and tactile allodynia (84). Furthermore, the antinoci-
ceptive effects of baclofen were also reduced in mutants compared to wild-type, suggest-
ing that lack of B3-GABA, receptors can affect the action of unrelated analgesic drugs
(84). Avoidance of these confounding factors will require the generation of conditional
knockout mice, in which the gene deletion is induced in adult animals.

3.4. Role of GABA, Receptors During Ontogeny

As discussed earlier, a major lesson from the analysis of GABA, receptor subunit-
deficient mice was that the severity of their phenotype does not correlate with the loss
of GABA, receptors induced by the mutation. Therefore, deletion of the 7y, subunit
gene results in a neonatal lethal phenotype, but does not alter the expression of GABA ,
receptor subunits or the formation and membrane targeting of functional GABA,
receptors (52). On the opposite site, deletion of the o, B, or B3 subunit genes resulted
in massive reductions in GABA , receptors, but produced relatively mild phenotypes, in
particular in 0,90 and B,%° mutants (54). B3 subunit knockout mice have cleft palate
(12), in line with the results of a chromosomal deletion encompassing the B3 subunit
gene (85), but show no overt anomaly in brain structure at birth. Perinatal mortality of
these mice is high, but this does not directly correlate with the presence or absence of
cleft palate (57).

Altogether, these results were unexpected because of the speculated importance of
GABA, receptors during embryogenesis (reviewed in [86]). However, they are in line
with the findings that GAD65/GADG67 double-knockout mice have no obvious struc-
tural brain abnormalities at birth (87) and that vesicular neurotransmitter release is dis-
pensable for brain development and synaptogenesis, as demonstrated in Munc13 and
Munc18-knockout mice (88,89). Likewise, GABA; receptor knockout mice exhibit no
evident brain abnormalities (90,91). These convergent results therefore indicate that
functional GABAergic transmission is dispensable for proper embryonic development
of the brain. It has to be emphasized, however, that superficial analysis of brain mor-
phology might be insufficient to rule out any abnormalities. For example, the size of
the ventromedial hypothalamic nucleus and its content in estrogen-receptor-positive
neurons is increased in ;%0 mice, a phenotype that could be replicated in vitro by
chronic bicuculline treatment of slice cultures (92). Likewise, the development of sev-
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eral populations of hypothalamic neurons, including cells releasing gonadotropin-
releasing hormone, growth hormone-releasing hormone, and somatostatin, is depen-
dent on appropriate GABA , receptor function, as shown in 1,%0 mice (93,94).
Y2-Subunit-deficient mice also provided the opportunity to test the functional rele-
vance of the Y5 and y,, splice variants, by transgenic overexpression of either isoform
in ,%0 mice (95,96). In both instances, mutant mice were undistinguishable from wild-
type, and clustering of GABA , receptors and gephyrin was reinstated. Behaviorally, no
differences were noted between mice expressing Y»s and Y, with regard to anxiety,
motor activity, and acute benzodiazepine or ethanol tolerance (95). The additional
amino acid segment present in the intracellular loop of the ¥,; subunit, including the
consensus phosphorylation site for PKC, is therefore not of vital importance.

3.5. Functional Role of GABA, Receptors

One of the main obstacles to studying the functional role of individual GABA,
receptor subtypes in vivo is the fact that the majority of neurons express multiple popu-
lations of receptors. Even at the level of individual synapses, it is almost impossible to
rule out that evoked and spontaneous synaptic events are produced by the activation of
several GABA, receptor subtypes. The functional properties of a given receptor sub-
type can, however, be inferred indirectly in knockout mice, by analyzing the parame-
ters altered in the absence of the subunit of interest. This has been shown for
o-GABA, receptors, which are characterized by rapid decay kinetics. In the cerebral
cortex and cerebellum, these receptors appear postnatally to become the predominant
subtype expressed in adult animals (97). Although a correlation between increased o
subunit expression and acceleration of decay kinetics during development has been
shown by several groups (98—100), various mechanisms have been proposed to explain
this phenomenon, including maturation of GABA uptake systems. Direct evidence that
it was owing to the o, subunit was provided by the analysis of 0;%° mice (101,102).
Interestingly, the prolongation of decay kinetics observed in cerebral cortex in mutant
mice could be reproduced in vitro by o; subunit mRNA antisense treatment of organ-
otypic cultures during 1 wk (102). This allowed ruling out potential compensatory fac-
tors emerging in knockout mice during embryogenesis that would alter channel
kinetics. However, a major difference between the two experimental settings was that
the amplitude of spontaneous inhibitory postsynaptic currents in antisense-treated cul-
tures was much reduced, whereas these currents were of similar size in 0,;? and wild-
type mice. This observation indicated that acute blockade of the o subunit mRNA
translation results in a reduced number of GABA, receptors, whereas deletion of the
o, subunit gene activates mechanisms ensuring the maintenance postsynaptic
inhibitory function in spite of the profound loss of receptors (102).

In selected brain regions, a single GABA , receptor subtype predominates to such an
extent that its deletion by inactivation of one of its constituent subunit genes allows
analyzing the role of GABA, receptor-mediated function in the affected neurons. For
instance, $3%0 mice provided the opportunity to nearly completely abolish the expres-
sion of GABA, receptors in specific neurons. Thus, in olfactory bulb granule cells,
which express a mixture of synaptic and extrasynaptic GABA , receptors containing the
B3 subunit (42,61,103), the absence of the B3 subunit results in a nearly complete loss
of GABA, receptors (/04). As a consequence, a strong increase in miniature postsy-
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naptic inhibitory currents (mIPSCs) has been observed in olfactory bulb principal cells
(mitral cells and tufted cells), along with an increased in the amplitude of 0 and 7y oscil-
lations recorded in vivo in mutant mice. These changes were reflected by complex
alterations in olfactory discrimination performance in 3%° mice compared to wild-
type (105), pointing to a crucial role of GABAergic inhibition in modulating the func-
tion of principal cells in the olfactory bulb. A nearly complete loss of GABA, receptors
has likewise been observed in neurons of the thalamic reticular nucleus of B;%° mice.
As a result, a strong increase in oscillatory synchrony was observed in acute thalamic
slices (106), indicating that recurrent inhibitory connections within reticular nucleus
play an important role in limiting synchronized activity, and likely prevent epileptiform
activity in the thalamocortical system. This conclusion was corroborated by a computa-
tional analysis (107).

In contrast to these studies focusing on the role of synaptic inhibition, the generation
of 8Y0 mice provided insight into the functional significance of extrasynaptic receptors,
notably in dentate gyrus granule cells, where 0430 receptors mediate tonic inhibition
(105). In these cells, the mean tonic current measured in acute slices is about four times
larger than the mean phasic currents generated by postsynaptic receptors, underscoring
the potential importance of extrasynaptic receptors for the control of neuronal
excitability (705). This tonic current was not responsive to modulation by benzodi-
azepines, in line with the lack of diazepam-sensitivity of 04-GABA, receptors. d-sub-
unit-deficient mice exhibit spontaneous seizures (75). They are also more sensitive to
pentylenetretrazole-induced seizures, and this phenotype was correlated with faster
decay of evoked and miniature IPSPs in dentate gyrus granule cells (/08). These
results underscore the role of extrasynaptic GABA, receptors for controlling the level
of neuronal excitability in the dentate gyrus.

Finally, targeted deletion of the o5 subunit gene provided the opportunity to inves-
tigate the role of these GABA, receptors in adult mice, which show no overt behav-
1oral deficit. As discussed in Subheading 2, these receptors are most abundant in the
hippocampus, where they are localized extrasynaptically in the soma and dendrites of
pyramidal cells (41). 05”° mice exhibit enhanced learning of a hippocampal-depen-
dent task (spatial learning) but no change in anxiety responses (53). The amplitude of
spontaneous IPSPs recorded in hippocampal pyramidal cells in a slice preparation
was slightly reduced compared to wild-type mice, but it was not determined whether
this change corresponds to loss of as-GABA, receptors or to compensatory alter-
ations of remaining subunits (53). Tonic inhibition (likely mediated by extrasynaptic
receptors) was not tested in these mice. A selective role of o5-GABA, receptors in
hippocampal-dependent tasks was also reported in a mouse line carrying a HIO5SR
point mutation in the o5 subunit gene (42), which was designed to render the corre-
sponding GABA , receptor subtypes diazepam-insensitive (see Subheading 4.). Unex-
pectedly, this mutation caused a profound reduction of os-GABA, receptors
selectively in the hippocampal formation and was correlated with altered perfor-
mance in a delay trace-conditioning task. In contrast, learning of nonhippocampus-
dependent behavioral tasks was not affected, pointing to a selective role of
extrasynaptic GABA, receptors for proper hippocampal function (42). Although these
behavioral changes were observed in a drug-independent context, alterations of
diazepam effects in these mutants are discussed in Subheading 4.



In Vivo Function of GABA , Receptors 103

3.6. Disease Models

Two strains of mice with targeted deletions of GABA, receptor subunits have
proven particularly rewarding as models of human neurological and psychiatric dis-
eases. First, 3390 mice, which present with electroencephalographic abnormalities,
seizures, and behavioral features that have been described in patients with Angelman
syndrome (12,57) (for review, see [109]). Second, mice heterozygous for the ¥, subunit
gene, which provided evidence for a possible contribution of GABA , receptors in anx-
iety disorders (110).

The analysis of ¥,*° mice by autoradiography and immunohistochemistry revealed a
moderate loss of benzodiazepine binding sites and 7y, subunit immunoreactivity
throughout the brain, indicating that proper expression of this subunit cannot be
achieved with a single allele. Most strikingly, the deficit was variable between brain
areas, being strongest in the CA1 region of the hippocampus and motor cortex, and
weakest in dentate gyrus, somatosensory cortex, and amygdala (//0). The reduced
expression of the 7y, subunit in CA1 was correlated with a decrease in the number of
postsynaptic GABA, receptor and gephyrin clusters, suggesting decreased synaptic
GABAergic function in this area. Electrophysiologically, the single-channel conduc-
tance of GABA, receptors in cultured neurons from y,*0 mice was altered, with the
apparition of a lower conductance (12.6 pS) in addition to the main conductance of 29
pS observed in wild-type (/10). This lower conductance most likely corresponds to the
formation of receptors containing only o/f3 subunit combinations.

Behavioral analysis of these mice revealed increased reactivity to naturally aversive
stimuli, but no change compared to wild-type in learning or retention of delay or con-
textual fear conditioning. Y,*/0 mice were strongly impaired, however, in tests requiring
discrimination of an ambiguous stimulus from the conditioned stimulus, as well as in
trace fear conditioning, two tasks dependent on hippocampal processing (/10). These
results therefore demonstrated that a deficit in synaptic GABA , receptor function, most
pronounced in the hippocampus, results in a genetically defined model of trait anxiety
that closely reproduces behavioral features of human anxiety disorders.

4. ANALYSIS OF MICE WITH POINT MUTATIONS

As outlined in Subheading 2, the expression of GABA, receptor subtypes in adult
brain exhibits a remarkable region- and neuron-specificity, suggesting that individual
subtypes are present in distinct neuronal circuits. Although the functional relevance of
having, for instance, an 0,- instead of an a-GABA , receptor in a given type of neuron,
remains largely speculative, the specificity of subtype expression is underscored by the
remarkable selectivity of action of diazepam in knockin mutant mice carrying ‘“cus-
tom-made” diazepam-insensitive GABA, receptor subtypes (/11). This strategy, based
on the replacement of a conserved histidine residue by an arginine in o subunit variants
forming diazepam-sensitive receptors, allows investigating which GABA, receptor
subtypes mediate the various effects of diazepam, including sedation, anxiolysis, mus-
cle relaxation, and seizure protection, as well as its unwanted side-effects (anterograde
amnesia, motor incoordination, ethanol potentiation, and tolerance). These point-
mutated mice also provide the opportunity to test in vivo other benzodiazepine site lig-
ands, and to verify the subtype-specificity of novel drugs acting at selective populations
of GABA, receptors (for review, see refs. [3,111,112]).
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Thus, abolition of diazepam binding on o;-GABA, receptors in vivo by exchanging
the conserved histidine 101 residue with an arginine results in selective suppression of
the anxiolytic action of this drug, whereas anxiolytic drugs acting by other mechanisms
are unaffected (/13). The same mutation, when introduced in the o, 03, or 05 subunit,
does not influence the anxiolytic action of diazepam. Although the o, subunit has a
widespread distribution in numerous brain areas, this finding indicates that o;-GABA ,
receptors are strategically located in circuits mediating the anxiolytic action of
diazepam.

Likewise, the sedative effect of diazepam is selectively abolished, even at high dose,
in mice carrying o H10IR.GABA, receptors (114,115). Again, one concludes that brain
circuits containing o,;-GABA, receptors mediate sedation, and that activation of these
receptors by diazepam is ineffective for relieving anxiety. In o H10IR mice, the anticon-
vulsant action of diazepam is also strongly reduced, whereas its myorelaxant action is
retained. o,-GABA, receptors appear therefore to be a selective molecular target medi-
ating two of the major actions of diazepam, sedation and seizure protection. This selec-
tivity of drug action was extended to both positive and negative allosteric modulators
of the benzodiazepine binding site. Indeed, a recent study reveals a switch in the action
of Ro 15-45123 from inverse agonism to agonism in oyH19R-mice, resulting in
decreased baseline locomotion and anticonvulsant action (//6). These effects in mutant
were exactly opposite to those produced in wild-type mice, indicating that o.;-GABA,
receptors mediate specific behavioral output produced by benzodiazepine site ligands
with regard to motor activity and seizure protection, irrespective of the direction of the
intrinsic activity of these ligands.

Unlike sedation and anxiolysis, which appear to be mediated by a single GABA,
receptor subtype, the myorelaxant effect of diazepam was reduced, but not abolished,
in three lines of mice (0pH1OIR | ozHIZ0R | HI0SRY (42 177). Although these results are
in line with the high level of expression of these three subunits in the spinal cord (/18),
they suggest that myorelaxation can be produced by increasing GABA , receptor func-
tion in multiple spinal, and possibly supraspinal, circuits. In o,H10IR mice, the myore-
laxant action of baclofen was retained, indicating that the loss of diazepam action was
not owing to unspecific effects (117).

The selectivity of diazepam action on distinct GABA, receptor subtypes was con-
firmed by the analysis of novel drugs, which have a distinct profile of action on
GABA, receptor subtypes. For example, the novel ligand 1838417, which binds with
high affinity to all diazepam-sensitive GABA, receptors, but acts as partial agonist
only on 0, 03, and 05 subunit-containing receptors, displays anxiolytic properties in
rats and enhances exploration of a novel environment in a locomotor activity test (1/15).

A major issue in the analysis of these knockin mice is the significance of drug-inde-
pendent changes in GABA,, receptor function or behavior. The analysis of the osH105R)
mutants revealed that unexpected effects on GABA, receptor expression cannot be
excluded (42). Although the reasons for the hippocampal deficit in as-GABA, recep-
tors present in these mice is not understood, this example shows that any interpretation
of behavioral alteration needs to take potential compensatory changes into account,
even when the mutation is very subtle. The possibility to discriminate between drug-
induced and drug-independent behavioral changes nevertheless provides a powerful
tool for investigating GABA, receptor function in vivo. In future studies, the genera-
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tion of time- or site-specific knock-in mutations should allow an even finer dissection
of the neuronal circuits mediating the pharmacological effects of diazepam.
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Characterization of the GABA, Receptor
Recognition Site Through Ligand Design
and Pharmacophore Modeling

Bente Frolund, Anne T. Jorgensen, Tommy Liljefors,
Martin Mortensen, and Povl Krogsgaard-Larsen

1. INTRODUCTION

4-Aminobutyric acid (GABA), the major inhibitory neurotransmitter in the mam-
malian central nervous system (CNS), mediates its actions through the ionotropic GABA ,
and GABA receptors and the metabotropic GABA;, receptors. This classification of the
GABA receptors has been developed over a period of 40 years and is primarily based on
the pharmacology of a limited number of selective ligands (/). GABA primarily acts
through GABA , receptors, which are built as pentameric assemblies of different families
of receptor subunits. Although a large number of subunits have been identified, only a
limited number of physiological GABA , receptors are believed to exist. In addition to the
recognition site for GABA, the existence of several modulatory sites for a number of ther-
apeutic agents, including benzodiazepines, barbiturates, neurosteroids, and volatile anaes-
thetics adds to the complexity of the GABA, receptor system (2).

The design of selective ligands for the GABA recognition site at the GABA, recep-
tor is of key importance for the elucidation of structure and function of the different
types of GABA, receptors. Such studies have, so far, been complicated by the lack of
knowledge of the topography of the recognition site(s) at the GABA, receptor com-
plex. The extensive search for selective ligands for the GABA recognition site of the
GABA, receptor complex has provided only a very few different classes of structures,
reflecting the strict structural requirements for GABA , receptor recognition and activa-
tion. Within the series of compounds showing agonist activity at the GABA, receptor
site, most of the ligands are structurally derived from the GABA, receptor agonists
muscimol (3), 4,5,6,7-tetrahydroisoxazolol[5,4-c]pyridin-3-ol (THIP), or isoguvacine
(Fig. 1) (4), which were developed at the initial stage of the project. An even smaller
group of structurally different ligands has been identified as selective competitive
antagonists for the GABA, receptor recognition site. The classical GABA, receptor
antagonist, bicuculline, and its quarternized ammonium salt, bicuculline methochloride
(BMC), have played a key role in studies of the GABA, receptors (5). The ary-
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Fig. 1. Structures of GABA, some GABA, receptor agonists (upper part) and antagonists
(lower part).

laminopyridazine derivative of GABA, SR 95531, represents another structural class of
GABA, antagonists (Fig. 1) (6,7).

2. DEVELOPMENT OF LIGANDS FOR THE GABA, RECEPTOR
USING MUSCIMOL AS A LEAD STRUCTURE

Muscimol, a constituent of the mushroom Amanita muscaria, has been identified as
a potent and selective GABA , receptor agonist. Owing to the apparent versatility of the
3-isoxazolol moiety of muscimol as a bioisostere to the carboxyl group of GABA,
muscimol has been extensively used as a lead in the search for potent and selective lig-
ands acting at the GABA , receptor (8,9). Although a large number of analogs of musci-
mol have been synthesized, the key step in this drug-design project was the synthesis of
the bicyclic analog THIP, a potent and specific GABA, receptor agonist, and the
equally potent and specific amino acid analog isoguvacine. These two compounds are
now standard agonists for GABA,, receptor studies.

Reduction of the conformational mobility of flexible compounds is a frequently
used approach for studies of the preferred ligand conformation at the receptor target.
Therefore, the similarity displayed by muscimol, isoguvacine, and THIP in their phar-
macological actions led to the proposal that the structure of isoguvacine and in particu-
lar THIP represents the bioactive conformation of muscimol. Based on this
assumption, a series of molecular modeling studies have been carried out in order to
define pharmacophore models for GABA, receptor agonists and competitive antago-
nists (10,11). However, the structure-activity relationships of the muscimol analogs and
the corresponding analogs of THIP are not straightforward and do not fit into these pro-
posed pharmacophore models, as exemplified by the structure-activity relationships of
the 3-isothiazolol analogs of muscimol and THIP (Fig. 2). The replacement of the 3-
isoxazolol groups of muscimol and THIP by a 3-isothiazolol unit to give thiomuscimol
and thioTHIP has markedly different effects on GABA, receptor affinity. The affinity
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Fig. 2. GABA, receptor binding data (ICsp) for muscimol, thiomuscimol, THIP, and thio-
THIP.

of thiomuscimol is three times lower than that of muscimol (9), whereas thioTHIP dis-
plays more than 300 times lower affinity than THIP (/2). These results strongly indi-
cate that the 3-isoxazolol rings in muscimol and THIP do not occupy identical
positions in the receptor cavity. Furthermore, introduction of a methyl group in the 4-
position of the 3-isoxazolol ring of muscimol severely inhibits interaction with the
GABA, receptor recognition site (/3). This effect probably reflects steric repulsion
between the methyl group and the receptor, and makes a direct superimposition of the
3-isoxazolol rings of musicmol and THIP questionable.

In order to obtain more information about the receptor-active conformation of mus-
cimol, X-ray structure analysis, and ab initio quantum chemical studies have been
applied to this compound (/4). The flexibility of muscimol exclusively resides in the
side chain (O-C-C-N bond) and a calculated potential energy curve for the rotation
about this bond of muscimol in its zwitterionic form is shown in Fig. 3. These studies
have demonstrated that in order for muscimol to obtain the conformation displayed by
THIP, a conformational energy of 8.9 kcal/mol is required, which makes it less likely
that the receptor-active conformation of muscimol corresponds to that of THIP. On the
contrary, the conformation of THIP seems to mimic a high-energy conformation of
muscimol as shown on the energy curve in Fig. 3, where the dihedral angles corre-
sponding to the solid-state conformations of the muscimol zwitterion and the THIP
cation are denoted.

To examine this apparent contradiction, a superimposition of muscimol and THIP in
their low-energy conformations has been performed (Fig. 4). This superimposition
clearly reveals a different position of the 3-isoxazolol moieties of the two compounds
and may explain the differences in pharmacology seen for the thio-analogs of musci-
mol and THIP (Fig. 2).

3. DEVELOPMENT OF A NEW PHARMACOPHORE
MODEL FOR GABA, RECEPTOR LIGANDS

In light of the interest in partial GABA, receptor agonists as potential therapeutics,
structure-activity studies of a number of analogs of the low-efficacy partial GABA,
agonist, 4-PIOL, have been performed (/5). In contrast to the thio-analog of muscimol
and THIP, the 3-isothiazolol analog of 4-PIOL, thio-4-PIOL, was shown to posses an
affinity sixfold higher than that of the parent compound (Fig. 5) (15). As noted previ-
ously for muscimol, introduction of alkyl groups into the 4-position of the 3-isoxazolol
ring of THIP severely inhibits interaction with the GABA, receptor. Both 4-methyl-
muscimol and 4-methyl-THIP show vanishingly low affinity for the GABA, receptor-
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Fig. 5. GABA, receptor binding data (ICsg) for 4-PIOL, thio-4-PIOL, 4-methyl-4-PIOL, 4-
methyl-muscimol, and 4-methyl-THIP.

binding site (/3,16). In contrast, the GABA, receptor tolerates introduction of a methyl
group into the 4-position of the 3-isoxazolol ring in 4-PIOL. The differences in struc-
ture-activity relationships observed for these series of compounds indicate that the
positions in the GABA, binding pocket of the 3-isoxazolol rings in muscimol, THIP,
and in particular 4-PIOL are different.

In order to rationalize the differences in the structure-activity relationships men-
tioned previously, a hypothesis for the binding mode of muscimol and 4-PIOL has
recently been proposed (/7-19). This hypothesis is based on the assumption that an
arginine residue in the binding site of the receptor is a suitable binding partner for the
3-isoxazolol anion of muscimol. Ab initio quantum chemical calculations have been
performed on different bioisosteres of the carboxylate group of GABA, including mus-
cimol, interacting with a guanidinium ion simulating arginine (20). The results from
these studies strongly support a bidentate interaction between the anionic part of the
GABA, receptor ligand and an arginine residue in the active site forming two strong
hydrogen bonds. Further evidence for the hypothesis has been achieved from subse-
quent site-directed mutagenesis studies demonstrating a direct implication of an argi-
nine residue in the binding of muscimol and GABA (27-23).

Muscimol and 4-PIOL are assumed to bind to the same binding site, but a direct
superimposition of the amino groups and the 3-isoxazolol rings, which make up the
pharmacophore elements in these compounds, seems impossible. However, owing to
the flexibility of the arginine, this side chain can adopt an extended as well as a bent
conformation, which makes it feasible to accommodate muscimol and 4-PIOL in the
same binding pocket as illustrated in Fig. 6A.

A molecular least-squares superimposition of the proposed bioactive conformations
of muscimol and 4-PIOL in complex with an arginine residue accomplishes a superim-
position of the ammonium groups of the two compounds as shown in Fig. 6B (/8).
According to this superimposition, the 3-isoxazolol rings of muscimol and 4-PIOL do
not overlap. This means that the 4-position of the 3-isoxazolol ring of 4-PIOL neither
corresponds to the 4-position in the 3-isoxazolol ring of muscimol nor to the corre-
sponding position of THIP during interaction with the receptor recognition site. This
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Fig. 6. Hypothesis for the binding of 4-PIOL and muscimol to the GABA, receptor (A). A
pharmacophore model for the GABA, receptor agonists showing the proposed binding modes
of muscimol and 4-PIOL and their interactions with two different conformations of an arginine
residue (B).

hypothesis appears to account for the differences seen for the alkylated analogs and for
the thio-analogs of the three compounds under study (Figs. 2 and 5). In order to esti-
mate the receptor essential volume for the GABA, receptor, a number of structurally
related compounds were included in the study (/9). Receptor essential volumens were
identified in an area around the molecule of muscimol and THIP, an area that also
include the piperidine ring of 4-PIOL, suggesting that these structure elements actually
do fit into a narrow pocket (Fig. 6B). In contrast, a certain degree of bulk seems to be
tolerated around the 4-position of the 3-isoxazolol ring of 4-PIOL.

4. TRANSFORMATION OF PARTIAL AGONISM
INTO ANTAGONISM IN 4-PIOL ANALOGS

In order to investigate the steric tolerance of the area around the 4-position of the 3-
isoxazolol ring of 4-PIOL, a number of analogs of 4-PIOL with substituents in this posi-
tion were synthesized (17,18). Substituents of different size and conformational flexibility
such as alkyl, phenylalkyl, diphenylalkyl, and naphthylalkyl were explored. The com-
pounds were pharmacologically characterized in receptor binding studies using rat brain
membrane preparations and electrophysiologically using whole-cell patch-clamp record-
ings from cultured cerebral cortical neurones (/7,18) and two-electrode voltage-clamp
recordings from human o 3,Y,s GABA, receptors expressed in Xenopus oocytes (24).

Like 4-PIOL, all of the compounds were shown to be selective for the GABA , recep-
tor-binding site. The pharmacological data for the compounds are listed in Table 1.
Unbranched alkyl groups as substituents in the 4-position of the 3-isoxazolol ring of 4-
PIOL such as methyl, ethyl, butyl, hexyl, and octyl groups as well as a benzyl group are
tolerated. Compounds 1-7 show affinities for the GABA , receptor sites comparable to or
slightly higher than that of 4-PIOL. Reduction of the phenyl group of compound 7 to a
cyclohexyl group, giving compound 6, was tolerated with only a slight decrease in affin-
ity, indicating that the interaction between the phenyl ring of compound 7 and the recep-
tor is primarily of a hydrophobic character. The optimal length of the alkyl chain
connecting the phenyl group and the 3-isoxazolol moiety was found to be three carbon
atoms (compound 9.)
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Table 1
Receptor Binding and In Vitro Electrophysiology Data
[*H]muscimol Electro- [*H]muscimol Electro-
Com- R binding® physiolology” Com- R binding“ physiolology®
pound K(uM) ICso (M) pound Ki(uM) ICso (M)
(CHy)5
4-PIOL H 9.1 110 9 ©/ 11 0.53
CH,-
1 CH; 10 26 10 0.36 0.81
(CHy),-
2 CH,CH,- 6.3 10.3 11 0.068 0.02
(CHy)3-
3 CH,(CH,)- 7.7 3.0 12 0.70 0.05
CHy
4  CHyCHy):- 45 1.1 13 0.049 0.37
CHy
5 CH,(CH,)- 1.2 0.44 14 0.10 0.48
CHy- CHy-
6 Cf 49 1.1 15 OOO 59 13
CH,-
7 ©/ 38 40 16 CH2- 0.4 071
(CHp)o-
8 ©/ 5.0 4.1 SR 95531 0.074 0.24

@ Standard receptor binding on rat brain synaptic membranes, n =3
b Whole-cell patch-clamp recordings from cerebral cortical neurones, n = 6-17 (17).

Addition of an additional phenyl group to the terminal carbon atom of compound 9
gave the 3,3-diphenylpropyl compound, 11, showing a 16-fold increase in affinity rela-
tive to the 3-phenylpropyl analog, 9. As shown for the phenylalkyl analogs, where the
three-carbon chain seems to be optimal for receptor interaction, the 2,2-diphenylethyl
as well as the 4,4-diphenylbutyl analog, compounds 10 and 12, showed reduced affinity
for the GABA , receptor as compared with the 3,3-diphenylpropyl analog, 11.

A further increase in affinity was obtained by introducing the 2-naphthylmethyl
group into the 4-position of the 3-isoxazolol ring of 4-PIOL to give compound 13. This
led to a 78-fold increase in affinity as compared with that of the benzyl analog, 7. Intro-
duction of the isomeric 1-naphthylmethyl group proved to be less favorable; compound
14 showed a decrease in binding affinity compared to the 2-naphthylmethyl analog 13.
Extension of the aromatic ring system from a 1-naphthylmethyl group in compound 14
to a 9-anthracylmethyl group in compound 15 resulted in a marked reduction in affin-
ity. In contrast, enlarging the aromatic system by attaching a phenyl group to the 4-
position of the phenyl group of 7 to give the 4-biphenylmethyl analog 16, receptor
affinity was increased 10-fold relative to that of the benzyl analog 7.
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In the whole-cell patch-clamp studies on cortical neurons, 4-PIOL and selected
analogs were characterized as competitive GABA , receptor antagonists by their ability
to induce a parallel shift of the GABA dose-response curves (/7). The determined ICs
values, shown in Table 1, correspond well with recent data from a voltage-clamp study
on recombinant human o/;,Y,s GABA, receptors expressed in oocytes and show, with
a few exceptions, a fairly good correlation to the receptor binding data (24).

4-PIOL has previously been characterized as a partial agonist in whole-cell patch-
clamp studies on cerebral cortical neurones and cultured hippocampal neurones
(15,25). Only the methyl and ethyl analogs, 1 and 2, retained detectable ability to
induce an agonist effect as shown on cultured cerebral cortical neurones and recombi-
nant receptors (24). In the study of recombinant GABA , receptors, the weak responses
of 1 and 2 were potentiated by simultaneously administered lorazepam and inhibited
by the competitive antagonist SR 95531.

As seen from the data in Table 1, the major consequence of replacing the hydrogen
in the 4-position of the 3-isoxazolol ring of 4-PIOL with the lipophilic and bulky alkyl
or arylalkyl groups is a change in the pharmacology of the compounds from moder-
ately potent low-efficacy partial GABA, receptor agonist activity to potent antagonist
effect. The 2-naphthylmethyl and the 3,3-diphenylpropyl analogs, 13 and 11, showed
an antagonist potency comparable with or markedly higher than that of the standard
GABA, receptor antagonist SR 95531.

5. STRUCTURE-ACTIVITY STUDIES

5.1. Comparative Affinity and Hydrophobicity Studies

Hydrophobicity (log P) is related to the desolvation of the ligand, and it is assumed
that the desolvation of the ligands going from water to octanol parallels that of going
from water to a cleft or pocket of a receptor. Thus, log P may be an important term in
establishing quantitative relationships between structure and activity (26). In order to
examine the influence of the lipohilic character of the 4-PIOL analogs on the affinity
for the GABA  receptor, QSAR analysis was performed (24).

To obtain an estimate of the lipophilicity of the compounds, log P values for the sub-
stituents in the 4-position of the compounds were calculated according to the method
of Ghose and Crippen (27,28). Calculated log P values are listed in the table of Fig 7. A
linear correlation between pK; and log P values was obtained for the data set (R2 =
0.747, p < 0.001) as illustrated in Fig 7. The data set apparently splits up into a large
group of compounds showing an excellent correlation (R = 0.947, p < 0.001; black
line; slope 0.578), two compounds (11 and 13) showing higher affinity, and two com-
pounds (8 and 15) showing lower affinity than that which can be explained by log P.

Provided that a common binding mechanism of the largest group of compounds is
assumed, the highly significant positive correlation between lipophilicity and affinity
may reflect the transfer process of the compounds from the aqueous environment to the
receptor phase. For the two small groups of compounds, additional interactions in the
receptor binding site may be of importance.

5.2. Exploration of the Dimensions of the Receptor Binding Pocket

To study the presumed additional ligand—-receptor interactions mentioned earlier in
more detail, a conformational analysis was performed on a subset of compounds cho-
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Compound log P
4-PIOL 0

1 1.09
2 1.26
3 2.17
4 3.0
7 2.28
8 274
9 3.19
10 3.96
11 4.42
12 4.87
13 3.40
14 3.40
15 452
16 3.72 logP

Fig. 7. Estimates of the logarithm of partition coefficient in octanol:water (log P) of 4-PIOL
analog substituents obtained by use of Crippen’s fragmentation method. Correlation between
affinity (pKj) and lipophilicity (log P) of the substituents of the 4-PIOL analogs. The two gray
lines connect the high-affinity compounds (open squares) and the low-affinity compounds (open
triangles), respectively, and the black line shows the correlation between the remaining com-
pounds (black circles).

sen on the basis of either high affinity for the GABA, receptor site and/or informative
structural features for the pharmacophore model (/7).

Two conformational searches were performed for each molecule using the Monte
Carlo multiple minimum method and the MM3* force field in conjunction with the
GB/SA hydration model (29-31). The first analysis was performed to search for the
global minimum conformation for the free ligand in water. The second conformational
search was performed in order to identify possible receptor-bound conformations of
the substituents in the 4-position of the 3-isoxazolol ring of 4-PIOL. The latter confor-
mational analysis of the 4-subsituents were performed with the 4-PIOL skeleton con-
formationally constrained to its proposed bioactive conformation according to the
pharmacophore model. Because the bioactive conformation is not necessarily the low-
est energy conformation of the molecule, the conformational energy that is required for
the molecule to adopt its bioactive conformation was calculated for the compounds. In
order to represent a reasonable bioactive conformation, the required energy should be
low and there should be no steric conflict with the receptor essential volumes in the
pharmacophore model.

The 9-anthracylmethyl analog, 15, is a member of the group of compounds showing
lower affinity for the GABA, receptor than expected from their log P values (Fig. 7)
(24). Conformational analysis of this compound shows a rather high-energy penalty for
the most probable bioactive conformation (6.9 kcal/mol). Furthermore, one of the dis-
tal aromatic rings in the anthracyl ring system seems to be in electrostatic conflict with
a putative electron-rich binding site interacting with the axial piperidyl N*H in the
GABA, receptor binding site (Fig. 8).
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Fig. 8. Proposed bioactive conformation of the 9-anthracylmethyl analog (15) displaying
electrostatic repulsion between one of the aromatic rings and a putative electron-rich binding
site (sphere).

In the proposed bioactive conformation of compound 14, the 1-naphthylmethyl sub-
stituent is approximately orthogonal to the 3-isoxazolol ring and is located on the same
side of the ring as the piperidine nitrogen atom (Fig. 9). The unsubstituted aromatic
ring is pointing away from the 3-isoxazolol ring, thus avoiding the electrostatic conflict
described earlier for the 9-anthracylmethyl analog, 15. Two possible conformations
were found for the isomeric 2-naphthylmethyl analog, 13, displaying very low and sim-
ilar conformational energy penalties for binding (0.5 and 0.8 kcal/mol). The two con-
formations, one shown in Fig. 9, differ only in the orientation of the distal aromatic
ring. The conformational analysis of the benzyl analog, 7, yielded a bioactive confor-
mation in which the phenyl ring closely superimposes the substituted aromatic rings in
the two isomeric naphthylmethyl analogs. A superimposition of these compounds,
7,13, and 14, respectively, is shown in Fig. 9.

Introduction of a benzyl group in the 4-position of the 3-isoxazolol ring leads to an
increase in affinity by a factor less than 3 as compared to that of the methyl analog, 1
(Table 1). In contrast, introduction of a 2- or a 1-naphthylmethyl group increases the
affinity by factors of 78 and 38, respectively. A similar effect was observed for the 3,3-
diphenylpropyl analogue, 11, where a marked increase in affinity was seen compared
to the corresponding 3-phenylpropyl analog, 9. Thus, although the affinities for the
GABA, receptor of the diphenyl and naphthyl analogs, 10-14, are markedly higher
than the affinity of the corresponding monophenyl compounds, 7-9, the energy penalty
for converting the low-energy conformation into the supposed bioactive conformation
is similar or even higher.

The two high-affinity compounds, the 2-naphthylmethyl and the 3,3-diphenylpropyl
analog, 13 and 11, respectively, constitute the third group in the analysis of the correla-
tion of lipophilicity with affinity, both compounds showing higher affinity for the
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Fig. 9. Proposed bioactive conformations for the benzyl, 1-naphthylmethyl and 2-naphthyl-
methyl analogs, 7,14, and 13, respectively (upper part). Superimposition of the three com-
pounds in their proposed bioactive conformations (lower part).

GABA, receptor binding site than expected on the basis of to their log P values (Fig. 7)
(24). Because the marked effect on affinity of the additional phenyl ring cannot be
rationalized by an increase in lipophilicity or differences in conformational energy,
strong specific interaction between the binding cavity of the GABA, receptor and the
unsubstituted aromatic rings may exist.

In order to study these interactions in more detail, a superimposition of the bioactive
conformations calculated for the 3,3-diphenylpropyl analog, 11, and the 2-naphthyl-
methyl analog, 13, was performed (Fig. 10). This superimposition shows that one of the
phenyl rings in compound 11 overlaps closely with the distal ring of the 2-naphthyl-
methyl analog, 13, whereas the other phenyl ring of 11 occupies an unexplored region in
space in the pharmacophore model. Based on the observed affinities and calculated con-
formational energies, both of these positions of an aromatic ring seem to be highly favor-
able for GABA, receptor binding. Inclusion of the less active 4-biphenylmethyl analog,
16, in the superimpostion illustrates the considerable dimensions of the proposed recep-
tor cavity (Fig. 10). The cavity may be extending beyond the 2-naphthylmethyl group in
compound 13 as demonstrated by the relatively high affinity of the 4-biphenylmethyl
analogue 16, the length of which is 9.7 A as measured from the methylene carbon to the
most distant hydrogen atom of the distal phenyl ring. Furthermore, one of the phenyl
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Fig. 10. Superimposition of the 3,3-diphenylpropyl, 2-naphthylmethyl, and 4-biphenyl-
methyl analogs, 11,13, and 16, respectively, in their proposed bioactive conformations illustrat-
ing the large space spanned by the 4-substituent in the 4-position of the 3-isoxazolol rings.

rings in the 3,3-diphenylmethyl analog, 11, extends 6.4 A in a direction almost perpen-
dicular to the rings in the three other compounds under study. Because all of the com-
pounds in this study are active, the total volume of the binding pocket has not yet been
occupied and it may possible to accomodate even larger substituents.

As previously mentioned, a high correlation was seen between functional antagonist
potencies obtained from cloned human receptors and binding affinities determined in
rat brain homogenates. Based on the high correlation between binding data obtained in
cell lines expressing human GABA, receptors and rat brain homogenate, it has been
concluded, that the inter-species homology in GABA , receptor sequence and structure
is very high. In agreement with earlier observations, this suggests that the potencies of
GABA, antagonists essentially are independent of the subunit composition. In con-
trast, the potencies of GABA, receptor agonists have been shown to be highly subunit-
dependent (32). Along this line, it has been proposed that the GABA , antagonists bind
to and stabilize a distinct inactive receptor conformation. In the case of the 4-substi-
tuted 4-PIOL analogs, large substituents increase the affinity of the compounds but
concomitantly abolish initiation of a functional response.

Because the GABA binding site in the GABA, receptor is assumed to be located at
the interface between o and 3 subunits (33) it may be speculated that the large cavity
accommodating the 4-substituent is located in the space between these subunits. It has
been proposed that the mechanism for ligand-induced channel opening in nicotinic
acetylcholine receptors involves rotations of the subunits surrounding the ligand bind-
ing domain (34,35). Belonging to the same superfamily of ligand-gated ion channels, it
is likely that the GABA, and the nicotinic acetylcholine receptors are using the same
mechanism for channel opening. Based on this hypothesis, the large substituents in the
4-substituted 4-PIOL analogs may interfere with the conformational transition of the
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GABA, receptor leading to channel opening resulting in antagonistic effects of the
compounds (/7).

6. CONCLUSION

Molecular biology studies have disclosed a high degree of heterogenity of the
GABA, receptor. In order to shed some light on the physiological and pharmacological
implications of this receptor heterogenity, the development of selective ligands is of
key importance. In the absence of detailed structural informations on the GABA,
receptor complex, the design of ligands for this receptor has, so far, been based on sys-
tematic structural, stereochemical and bioisosteric approaches.

Pharmacological data combined with molecular modeling studies have been useful
tools to predict the optimal arrangement of the functional groups in the ligands. Using
this approach, a new pharmacophore model for the agonist and antagonist binding
site(s) in the GABA , receptor has been developed. Application of this model has clari-
fied some apparent differences in the structure-activity relationships of a series of
known GABA, receptor agonists. In order to further develop the model, a series of new
GABA, receptor ligands has now been synthesized and has provided important infor-
mation regarding size and dimension of a cavity in the receptorbinding site. Following
this line, a better understanding of the structural requirements for binding to and activa-
tion or blockade of the GABA, receptor are obtainable and are likely to be useful for
the design of new types of ligands.
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The GABA; Receptor
From Cloning to Knockout Mice

Bernhard Bettler and Hans Brauner-Osborne

1. INTRODUCTION

v-Aminobutyric acid (GABA) is the prevalent inhibitory neurotransmitter in the
brain. It exerts it action through ligand-gated Cl- channel (GABA, and GABA. recep-
tors) and G protein coupled receptors (GPCR) that inhibit adenylate cyclase (GABA;
receptors) (1-3). GABA; receptors were first identified in the early 1980s on the basis
of pharmacological responses to the agonist baclofen (Fig. 1) and insensitivity to the
GABA, antagonist bicuculline (4,5), but resisted cloning until the late 1990s. Several
groups made unsuccessful attempts to isolate the receptor protein by affinity chro-
matography (6,7) or to expression clone the receptor in Xenopus oocytes using electro-
physiology (8—10). Eventually, medicinal chemistry efforts produced the highly potent
radiolabeled GABA, antagonists [!25[]CGP64213 and ['®I]CGP71872 (Fig. 1) and
provided the necessary tools for expression cloning (/7). After screening of two mil-
lion rat brain cDNA clones using a radioligand binding assay the first GABA 1) recep-
tor clone was isolated (/2). Cloning of the GABA;(1) cDNA was a major milestone in
the field as it paved the way for studies on the structure, function, and pharmacology of
GABA; receptors at the molecular level.

2. IN VITRO STUDIES
2.1. Pharmacological Characterization of Recombinant GABA; Receptors

As expected from early studies on the coupling of GABA; receptors to inhibition of
adenylate cyclase (1-3), the GABA () protein has all the hallmarks of a GPCR. Specif-
ically the receptor belongs to the family C of GPCRs, with similarity to the
metabotropic glutamate (mGlu) receptors, which are characterized by a large extracel-
lular amino-terminal domain (ATD) and a 7-transmembrane (7TM) domain (Fig. 2A)
(12). Initial cloning efforts revealed two major amino-terminal splice-variants,
GABA(1a) and GABAj1,), of 960 and 844 amino acids, respectively. The former con-
tain two amino-terminal sushi-repeats, which are protein—protein interaction motifs
that are expected to serve as an extracellular targeting signal that dictates subcellular
localization (Fig. 2A) (12). Pharmacological analysis of the two GABAy) splice vari-
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Fig. 1. Chemical structures of ligands used to characterize, clone, and purify the GABA; receptor. The recently identified positive allosteric mod-
ulators CGP7930 and CGP 13501 are expected to broaden the spectrum of therapeutic applications for GABA; drugs.
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Competitive
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Fig. 2. (A) A schematic illustration of the GABA(jy and GABA ) subunits forming the
heterodimeric GABA; receptor. GABA binds in the cleft of the amino-terminal domain of
GABA,1), which leads to G protein activation through the GABA, ;) subunit. The localization
of the coiled-coil domain, the RSRR endoplasmic retention signal, and the GABA(jay/(1v) Splice
site has been noted. Adapted with permission from Marshall et al. (56). (B) A model of GABA
docked into the ligand binding site of GABA(j). The putative interactions between GABA and
amino acids of GABA(jy are shown with dotted lines. Adapted with permission from Kniazeff
et al. (30).

ants in recombinant binding assays revealed that antagonists bound with the expected
affinities, whereas agonists affinities were approx 100-fold lower than those seen with
native GABA;, receptors. Furthermore, it was impossible to obtain robust functional
responses in cell lines expressing the splice variants (/2). Using epitope-tagged recep-
tors and fluorescent microscopy, it was shown that both GABAj splice variants are
retained in the endoplasmic reticulum (ER) and thus fail to reach the plasma membrane
(13). Given that proper localization to the plasma membrane is a prerequisite for GPCR
signaling, this study provided an explanation for the lack of function of GABAy,) and
GABAy1v) (12,13).

These puzzling findings were resolved when several groups reported the cloning of a
second GABA; receptor cDNA, GABA(,) (14-17). The observations that expression of
GABA(1) and GABAy) transcripts in the brain is largely overlapping and that the two
proteins interact in the yeast two-hybrid system were highly suggestive of a heteromeric
receptor. Accordingly, when co-expressing GABAy(15 or GABAyjp) with GABA,(2),
functional receptors were obtained (/4—18). Heteromeric GABA(; ») receptors also par-
tially recovered the high-affinity agonist binding-site, although an approx 10-fold lower
affinity was still observed in recombinant cells as opposed to brain membranes (/4). The
reason for this is unclear. A possible explanation is that the amount of G proteins in the
heterologous cells is limiting and thus prevents the high-affinity conformation.

As is discussed in greater detail later, it has been impossible to identify pharmaco-
logically distinct subunits. This despite the fact that pharmacological differences were
observed in vivo, which suggested the existence of multiple receptor subtypes. Specifi-
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cally no differences were revealed in binding or functional experiments with native
(19) or recombinant GABA(1,) and GABAy v, variants (12,14,18,20). It was, how-
ever, postulated that the anticonvulsant gabapentin (Fig. 1) is a partial agonist at
GABAy(1¢) with no activity at GABA(1v) (21,22). Several groups, including ours, were
unable to replicate these findings (23,24). Recently, a transcript named “GABA;-like”
(GABA,,), which is homologous to GABA ;) and GABA(,), was reported (25). Co-
expression with GABA(;) and/or GABA,(2) did not alter pharmacological properties
and thus the function of the new gene product remains unknown (25). At present, we
are left with only one pharmacological GABA; receptor subtype, the heteromeric
GABAg(1a2) and GABAg(jp2). This remains in sharp contrast to the pharmacological
diversity described before cloning.

2.2. The Ligand Binding Domain
2.2.1. Orthosteric Ligands

Using chimeric GABA(;/mGluR1 and truncated GABAy) receptors, it was shown
that agonists and competitive antagonists bind to the ATD of the GABAyj) subunit.
(26). Further analysis of the GABAgj) ATD revealed a weak sequence identity with
bacterial periplasmic binding proteins, which was exploited to develop computational
models of the ligand binding domain based on the 3D X-ray structures of the bacterial
proteins (27-29). As described in detail in Chapter 3, the ATD consists of two globular
lobes (Lobe I and II) connected with a hinge region that together form a ligand-binding
pocket (see also Fig. 2A). Extensive mutational analysis of the GABA(;) ATD, guided
by computer models, indicated that S246, S269, D471, and E465 in Lobe I and Y366 in
Lobe II are of particular importance for agonist and antagonist binding (Fig. 2B)
(27,28,30). Mutation of S247 and Q312 increases the affinity of agonists while
decreasing the affinity of antagonists and thus appears to modulate closing of the lig-
and binding pocket (27). Mutation of several residues selectively affects the binding of
certain agonists. For example, the potency of GABA is decreased 30-fold by the
S269A mutation whereas the potency of baclofen remains unaltered by the mutation
(31,32). As will be discussed in Subheading 2.2.2., this correlates with a potentation of
GABA binding by CaZ*, which is not observed with baclofen (32).

The GABA, () subunit does not bind radiolabeled GABA; agonists or antagonists
and is not functional when expressed alone (/4—18). It does, however, contain the large
ATD, which binds ligands in GABA(j), the mGlu, and calcium sensing receptors (see
Chapter 3). It is thus surprising that all GABA; radioligands fail to bind to GABA3).
A possible explanation for this finding is that an alternative, as yet unknown, ligand
binds to the ATD of GABA(,). However, based on a phylogenetic analysis of GABA,
receptors from various species, this appears to be a remote possibility only (30).

As was described in Chapter 3, an enormous wealth of information has been
obtained by crystallization and X-ray structure determination of the ATD of mGlul. It
is expected that an equal leap in knowledge will occur once the X-ray structure of the
ATD of GABAg) will be available, with or without co-crystallization of the
GABA;(2) ATD. So far no crystalline GABA; ATD fragment suitable for X-ray struc-
ture determination has been reported. However, high-affinity biotinylated radiolabeled
photoaffinity antagonists such as ['2I]JCGP84963 were developed (Fig. 1), which now
can be used for receptor affinity chromatography (11).
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2.2.2. Allosteric Modulators

As noted in the previous section, CaZ* allosterically modulates the potency of
GABA but not baclofen. Presumably Ca?* interacts with S269 (37,32) and stabilizes
the active closed conformation of the ATD (32,33). The ECs for the Ca%* potentiation
is 37 UM (32), which is considerably lower than the potency of Ca* at the mGlu recep-
tors (low mM range). It is likely that the Ca2* site on the GABA, receptor is saturated
under normal physiological conditions. However, it is possible that Ca?* modulation
plays a role in pathophysiological situations characterized by a significant drop in
extracellular Ca?*.

Recently, a series of positive allosteric modulators was described (34). These com-
pounds, CGP7930 and CGP13501 (Fig. 1), are small organic molecules and thus
attractive from a drug-development perspective. Like Ca2*, these compounds do not
activate the receptor directly, but they increase the potency and affinity of classical
GABA; agonists including GABA (34). The compounds do not displace binding of
radiolabeled orthosteric ligands and therefore do not bind to the GABA binding site. So
far the allosteric binding site has not been elucidated, but positive allosteric modulators
at mGlul and calcium-sensing receptors were shown to bind within the 7TM domain
(35,36). This suggests that CGP7930 and CGP13501 similarly bind in the 7TM domain
of GABAy1) and/or GABAg»), but other binding sites are not ruled out (37). As is
described later, positive allosteric modulators may well turn out to be therapeutically
superior to classical agonists, such as baclofen.

2.3. G protein Coupling

GABA;, receptors need to heteromerize in order to form functional receptors. The
roles of the individual subunits in the receptor complex are just beginning to emerge.
GABA, (1) contains the orthosteric ligand-binding site and is retained in the ER in the
absence of GABA;(;). However GABAy() is not merely a chaperone ensuring proper
trafficking of the receptor complex to the plasma membrane. Recent data indicate that
this subunit is mainly responsible for coupling to the G protein. This was initially
demonstrated by use of chimeric GABAg(1y and GABA(,) receptors. Receptors that
only contain the 7TMs of GABAy(, subunits are functional, whereas the reverse con-
figuration with all the 7TMs from GABA,j) yields nonfunctional receptors (38). This
observation was confirmed and extended by exchanging the intracellular loops between
the GABA(1) and GABA,(2) subunits (39,40), or by mutation of individual residues
within the intracellular loops (41,42). Intriguingly, mutation of a single residue in the
i3 loop (41) or of three residues in the i2 loop (42) of the GABA(2) subunit leads to a
complete loss of function while mutation of the corresponding residues of the
GABA, (1) subunit has no effect on receptor function.

2.4. Receptor Trafficking

GABAy(1) and GABA,(z) subunits need to heteromerize in order to form a func-
tional receptor. GABAy (1), when expressed alone, is retained in the ER (/3), but co-
expression with GABAy») leads to proper trafficking of the receptor complex to the
plasma membrane (/4-17). Both GABAy and GABAy(,) contain alpha-helical
domains in their intracellular carboxy-temini that undergo a coiled-coil interaction
(Fig. 2A). It has been shown that GABA(j) features a RSRR motif adjacent to the
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alpha-helical coil, which is responsible for the ER retention by an as yet unknown
mechanism (43,44). Formation of the coiled-coil interaction by heteromerization
appears to mask the RSRR motif allowing release of the GABA(;) subunit from the
ER and surface trafficking of the heteromeric complex. GABAyj) subunits with an
inactivated RSRR motif reach the plasma membrane but remain nonfunctional. This
has led to the conclusion that the ER retention signal functions as a trafficking check-
point ensuring correct assembly of heteromeric GABA; receptors (43—45). Interest-
ingly, co-expressed truncated GABA;) and GABAy;) subunits devoid of the
coiled-coil domains remain functional, which indicates that the C-terminal domains do
not contain the only interaction motif in the heteromer (44,45). It is tempting to specu-
late that the ATDs also form a dimerization interface as observed with the mGlu recep-
tors (Chapter 3).

2.5. Interaction With Protein Kinases and Other Intracellular Proteins

Phosphorylation of intracellular loops and the carboxy-termini of GPCRs by protein
kinases (e.g., protein kinase A [PKA] and protein kinase C [PKC]) generally leads to
receptor inactivation. Both GABA (1) and GABA() contain PKA and PKC consensus
phosphorylation motifs. Surprisingly, it was recently reported that PKA phosphoryla-
tion of S892 in GABA;(,) positively modulates receptor function by enhancing the
membrane stability of the heteromer (46).

Using the yeast-two hybrid system, the carboxy-termini of GABA(;) and GABA 2
subunits were also shown to interact with a plethora of other intracellular proteins,
including members of the 14-3-3 family (47) and activation transcription factor 4
(ATF4) (48-50). These interactions are potentially interesting as they could modulate
heteromerization and intracellular signaling pathways, and perhaps even be responsible
for the subtype heterogeneity observed in animal tissues. Investigation of the effects of
these interactions has just started and no clear picture has emerged yet.

3. GABA;(1) KNOCKOUT MICE AND IN VIVO STUDIES

Baclofen, the prototypical GABA; receptor agonist, is clinically used as a muscle
relaxant to treat spasticity in spinal injury and amyotrophic lateral sclerosis (ALS)
patients. Because GABA; receptors are ubiquitous in the nervous system, a primary
goal in pharmaceutical GABA; research is to target novel drugs selectively to defined
receptor populations, e.g., pre- vs postsynaptic or activated vs inactive receptors. This
is expected to reduce baclofen’s side effects and expand its currently limited clinical
use. Therefore it is important to understand the extent of the molecular and functional
diversity in the GABAj receptor system. On the basis of pharmacological differences,
receptor heterogeneity between pre- and postsynaptic, as well as between auto- and
heteroreceptors, on inhibitory and excitatory terminals, respectively, has been claimed
(51). As mentioned earlier, molecular studies only identified two GABA; genes, each
encoding several splice variants (52). Pharmacological differences between recombi-
nant GABAg(15,24) and GABAg1p24) receptors were claimed (27,53). In contrast, mix-
ing and matching of splice variants in a number of other laboratories, including ours,
did not uncover any significant pharmacological differences, either in ligand-binding
experiments or in functional assay systems (/4,19,23,24). Similarly, the search for
additional GABA} receptor-related subunits in DNA databases did not precipitate any
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pharmacological receptor subtypes (54). Intriguingly, the expression pattern of the
cloned GABA; subunits matches the brain distribution of GABA; binding sites (55).
Moreover, the heteromeric GABAg(1,2) and GABA1p2) receptors activate all well-
characterized GABA; effector pathways in transfected cells (56). These findings,
together with the fact that cloning studies failed to identify additional GABA; sub-
types, prompted speculations that the cloned subunits are responsible for all known
GABA;-mediated effects. However, as long as pharmacological evidence against
receptor subtypes is derived solely from recombinant work, definite conclusions are
not warranted. The possibility remains that GABAj receptor subtypes result from asso-
ciation of either subunit with other, possibly structurally unrelated proteins, which in
turn affect pharmacological properties. Given these speculations on receptor subtypes,
it is imperative to understand to which pharmacological properties and receptor func-
tions the cloned GABA; subunits can contribute in vivo. To address this question, sev-
eral laboratories disabled the gene for GABA () in mice (57,58). Only the mutant mice
generated in the Balb/c genetic background (57) turned out to be viable. Mice gener-
ated on other genetic backgrounds die within a 3—4 wk after birth, thus precluding
extensive behavioral analysis (58,59). Strain differences in viability are not uncommon
(60). The overt phenotype of all GABAy(j)_,- mouse strains includes spontaneous
epileptic seizures and these seizures may be suppressed to some extent in the Balb/c
genetic background. A reduced seizure activity, in turn, may rescue mice from lethality.
Strikingly, in all biochemical, electrophysiological, and behavioral paradigms studied,
GABAy(1)- animals demonstrate a complete lack of detectable GABA; responses.
These experiments indicate that no other protein can compensate for GABA;j) and
that this subunit is absolutely essential for the functioning of pre- and postsynaptic
GABA;; receptors. In agreement with these findings, the GABA () protein is heavily
downregulated in GABA ;). mice. This requirement of GABA ;) for stable expres-
sion of GABA ) indicates that most GABA(,) protein is associated with GABA(y), in
support of biochemical (6/) and recombinant studies that demonstrate that GABA(y)
does not form a receptor in its own right (38). In conclusion, GABA ;) knockout stud-
ies do not provide evidence for pharmacologically or functionally distinct GABA,
receptor subtypes and are in line with release experiments that challenged the notion of
subtypes early on (62).

GABA;, receptors are known to influence many physiological processes, including,
e.g., memory formation, thermoregulation, motor and sensory control, or gastrointesti-
nal functions. When studied in classical GABA; paradigms, viable Balb/c GABA)-
deficient mice exhibit defects in many of these processes (57). Besides a clear impair-
ment of passive avoidance performance, reflecting impaired learning or memory for-
mation, GABA,(),- mice are hyperalgesic, and exhibit reduced body temperature and
increased locomotor activity. This indicates that GABA; receptors are tonically active
and that, as has been proposed for many years, GABA; drugs could be used to modu-
late excessive neuronal firing characteristic of epilepsy and pain, or perhaps help to
bolster memory. Strikingly, the locomotor phenotype of Balb/c GABAy() .- mice
resembles the one seen with dopamine transporter knockout mice that are similarly
aroused by novelty and respond with hyperlocomotion to a new environment (63). The
hyperactive behavior of mice lacking dopamine transporters was shown to be related to
a hyperdopaminergic state, reminiscent of human Attention-Deficit Hyperactivity Dis-
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order (ADHD) (64). GABA; receptors are known to alter dopaminergic transmission in
the brain (65). It therefore seems reasonable to assume that a loss of tonic GABA; con-
trol in GABAyj)_,- mice triggers a similar hyperdopaminergic state as in dopamine
transporter knockout mice.

Despite the obvious expression of GABA; receptors in many peripheral organs, such
as heart, spleen, lung, liver, intestine, stomach, and urinary bladder, no overt peripheral
phenotype has been described for GABA(y-deficient mice. However, as in the central
nervous system (CNS), knockout studies demonstrate that the GABA ;) subunit is an
essential requirement for GABA; receptor function in the enteric and peripheral ner-
vous system (PNS) (66).

The demonstration of the presence of a tonic brake on memory impairment, locomo-
tion, and nociception is of particular importance for the management of disease.
Allosteric GABA; drugs (34,67) rely on tonic receptor activity to discriminate between
activated and nonactivated states. GABA; drugs that exploit the GABA; tone and only
work on the subset of activated GABAj, receptors may therefore be able to dissociate the
unwanted side-effects seen with classical GABA; agonists like baclofen (see below).

Given that GABAg () harbors the binding site for GABA, it was suggested that the
role of GABAy(y) is restricted to serving as a chaperone, thus enabling GABA(j) to
traffic to the plasma membrane. However, in recombinant experiments where the C-ter-
minal tail of GABAy) is used to deliver wild-type GABA(j) to the cell surface, homo-
meric GABAy) is not sufficient for receptor function (44). It follows that if GABA,
receptor subtypes exist, they must incorporate the GABA(j) subunit plus a protein that
can substitute, both as a chaperone and in coupling to the appropriate effector systems,
for GABAy(y). It therefore is most exciting to determine whether or not GABA, func-
tions persist in GABAg ), mice.

4. THE RELATIONSHIP BETWEEN GABA; AND
vHYDROXYBUTYRATE (GHB) RECEPTORS

Because GABA; subtypes could be exploited therapeutically, it is not only crucial to
determine their molecular diversity, but also to elucidate how they relate to the recep-
tors for GHB, a popular recreational drug of abuse. GHB is a metabolite of GABA that
is present at micromolar concentration in the brain. GHB is concentrated in specific
brain regions where high-affinity binding sites and/or possibly receptors are located. To
a lesser extent, GHB is also found in peripheral tissues such as heart, kidney, liver, and
muscle. Although it was initially assumed that GHB has no biological activity, it is now
proposed to function as a neurotransmitter or neuromodulator (68—70). The physiolog-
ical role of endogenous GHB remains obscure. Behavioral effects are usually only
observed when endogenous GHB levels are increased, either pathologically or by
exogenous administration of GHB. Patients suffering from GHB aciduria, a congenital
enzyme defect causing GHB accumulation, exhibit psychomotor retardation, delayed
or absent speech, hypotonia, ataxia, hyporeflexia, seizures, and EEG abnormalities.
How GHB leads to these pathological changes is unclear. Likewise, when administered
exogenously, GHB freely penetrates into the brain and induces a large spectrum of
behavioral responses. GHB is described as producing a feeling of euphoria and a
“high,” which likely is linked to its dopaminergic effects. These mood-elevating prop-
erties, together with sedative, relaxing, and muscle growth-promoting properties, lead
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to illicit use and abuse of GHB, with intense Internet marketing contributing to the
rapid spread of use of the drug (7/,72). Some clinical features of GHB aciduria are
reproduced in regular GHB users, with high doses (100400 mg/kg) causing EEG
hypersynchronization, absence-like seizures, sedation, sleep, and coma. When com-
bined with other substances, especially alcohol, GHB can be fatal and therefore has
become known as “‘coma killer.” GHB is currently also one of the most frequently used
acquaintance sexual assault (“date rape”) drugs (72). Perpetrators choose these drugs
because they act rapidly, produce disinhibition, cause relaxation of voluntary muscles,
and cause the victim to have lasting anterograde amnesia for events that occurred under
the influence of the drug. In March 2000, the U.S. Department of Justice and the U.S.
Drug Enforcement Agency classified GHB in Schedule I of the Controlled Substances
Act. Restrictions were placed on the availability of its main synthetic precursor, y-buty-
rolactone (GBL).

Findings that GHB shows therapeutic benefits sparked interest in GHB in the pharma-
ceutical industry. The arguments regarding GHB’s medical uses are under much debate,
and it is impossible to conglomerate the often conflicting data into a reliable summary. In
the past, GHB was clinically used as an anesthetic. Recently, it became obvious that
GHB normalizes sleep patterns in narcoleptic patients (70,73). Moreover, the regulating
properties of GHB on dopaminergic pathways are a cause for the intense interest in syn-
thetic ligands that act specifically at GHB receptors. Preliminary preclinical and clinical
data suggest that GHB is useful in the therapy of alcoholism, nicotine, and opiate depen-
dencies (74). In view of these therapeutic prospects and public health concerns, it is
important to understand the molecular events underlying the effects of GHB.

Although high-affinity [*H]JGHB binding sites in the brain were described, the mole-
cular mechanism of action of GHB remains elusive, mostly owing to obvious GABA,
receptor-mediated effects. GHB was demonstrated to bind to native and recombinant
GABA;, receptors, although with significantly lower affinity than to the high-affinity
binding sites (75). Besides the differences in binding affinity, several other lines of evi-
dence support that native high-affinity [*HJGHB binding sites and GABA; receptors
are distinct. First, the distribution and ontogenesis of [*H]JGHB binding sites and
GABA;, receptors are different. Second, NCS-382 (6,7,8,9-tetrahydro-5-[H]benzocy-
cloheptene-5-ol-4-ylidene acetat), the only available GHB receptor antagonist, has no
activity on GABA;, receptors (76,77). There is nevertheless mounting evidence that in
vivo, GHB can mediate some of its effects via GABAj receptors (78). Experiments
using recombinant receptors support this view. In Xenopus oocytes, GHB activates het-
erologous GABA(14,24) and GABA(1p 24) receptors with an ECsg of approx 5 mM and
a maximal stimulation of 69% when compared to L-baclofen (75). The results indicate
that GHB is a weak partial agonist at the GABA binding-site of cloned GABA; recep-
tors. This ECs is clearly too high to explain a high-affinity GHB binding site on
recombinant GABA; receptors. Therefore, under normal conditions, endogenous brain
levels of GHB are too low to significantly activate GABAg receptors (75,79). Under
abuse conditions, however, it is expected that GHB reaches concentrations high enough
to activate GABA; receptors. It this respect, it is interesting to note that some of the
clinical signs of GHB intoxication resemble those of a baclofen overdose. If endoge-
nous GHB is involved in active signaling, high-affinity GHB receptors, likely related to
brain [*H]GHB binding sites, must mediate these effects. In line with this, several
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reports suggest that high-affinity [PH]JGHB binding sites are coupled to G proteins
(80,81). Similarly another report claims that specific GHB receptors modulate Ca*
channels (82). The GHB receptor antagonist NC382 extends the lifespan of mice with
genetically induced GHB aciduria, further suggesting a GABA; receptor-independent
GHB signaling (83). It was also suggested that GHB activates a GHB recognition site
related to, although separate from, GABA; receptors, thereby forming a presynaptic
GABA./GHB receptor complex (84). Such a scenario is conceivable with the recent
demonstration that distantly related G protein coupled receptors can form heteromeric
complexes (85). Although many of the aforementioned studies would suggest the exis-
tence of specific GHB receptors, this proposal has also been challenged because GHB
stimulates the release of GABA or can be metabolized to GABA (86,87). GABA,
receptor-mediated effects of GHB may be secondary to such mechanisms and could
wrongly suggest the existence of a specific G protein coupled GHB receptor. For exam-
ple, a conversion of only 01.% of GHB into GABA would be sufficient to explain many
published “GHB-specific” effects.

It appears impossible to reconcile all the aforementioned findings into a common
scheme. However, a scenario that accommodates most of the available data is that low
doses of administered GHB (5-50 mg/kg) activate specific GHB receptors, whereas
high doses (100400 mg/kg) additionally recruit GABA; receptors. The availability of
GABA()-deficient mice (57,58), which are devoid of any functional GABA; recep-
tors, now provide the opportunity to study GHB effects in the absence of coincident
GABA; effects. Analysis of these mice will make it possible to unequivocally identify
whether biochemical and behavioral effect relate to [*HJGHB binding sites. Prelimi-
nary data presented at the Fifth International GABA, Symposium (Paris, July 2002)
suggest that such mice exhibit unchanged [*H]JGHB binding, but do not show the typi-
cal muscle relaxation in response to GHB application. Therefore at least some of the
behavioral responses of GHB appear to be mediated by GABA; receptors. It clearly
remains controversial whether GHB binding-sites mediate G protein signaling, or
whether they are, for instance, part of an uptake system.

5. CONCLUSIONS AND OUTLOOK

The GABA; field is currently in an exciting stage of rapid development, but many
important questions remain unresolved. For example it is unknown which structural
features dictate pre- vs postsynaptic GABA; receptor localization. It is still unclear
whether pharmacological subtypes of GABA; receptors exist. Related to this, we do
not know what the specific roles of the prominent amino-terminal splice variants
GABAy(1a) and GABAy 1,y are and whether compounds specifically targeted to them
are likely to have distinct effects. Very little is still known about GABA; receptor inter-
nalization, recycling, and control of surface-expression levels. It is still unclear how
GABA;, receptors relate to the GHB binding-sites, and whether these sites mediate
some known actions of GHB. As the mouse genome becomes more accessible to
experimental manipulation, it is becoming feasible to address some of these questions
using gene targeting. It is therefore to be expected that significant progress on these
issues will be made in the forthcoming years.

The discovery of GABA; receptor genes from 1997 to 1998 has not only yielded
new insights into the structural and functional properties of G protein coupled recep-
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tors, but also renewed interest in GABA; receptors as therapeutic targets. Because the
GABA;, receptor system is distributed throughout the nervous system, the therapeutic
promise of manipulation depends on pharmacological subtypes that can be selectively
targeted. A large body of literature suggests the existence of such pharmacological
GABA; receptor subtypes (51). Moreover, because it has become virtually axiomatic
that neurotransmitter receptor systems are composed of pharmacologically distinct
subgroups, it was to be expected that GABA; receptors form a family of related genes.
Therefore the discovery that GABA; receptors arise from the expression of only two
genes comes as a surprise and, for the time being, limits the number of possible recep-
tor subtypes. Most people will agree that the cloned GABAg(1,2) and GABAg(p2) have
identical pharmacological properties and that they do not reproduce the heterogeneity
described for native receptors (56). Whether the pharmacological diversity described
for native receptors relates to differences in the effector systems or to the existence of
additional, as yet unidentified, GABA; receptor-associated proteins remains a key
issue in the field. The discovery that G protein coupled receptors can form heteromeric
complexes with distinct pharmacology and properties raises fascinating possibilities
concerning the plasticity and diversity of these receptors (85). An obvious implication
is that association between GABA; receptor subunits and other G protein coupled
receptors could be the source of pharmacological diversity. GABA; receptors were
therefore expressed together with the structurally most closely related mGlul-8 recep-
tors (44). However, no significant pharmacological or functional differences were
observed in the presence of co-expressed mGlu proteins, looking at radioligand bind-
ing, surface trafficking, and functional assay systems. It looks as if we have to await
GABA;(2) knockout studies to clarify whether GABAg(1) can form functional receptors
in the absence of GABA(,). For now, GABA(1,2) and GABA(1p2) receptors are the
only distinct target sites that can be exploited. The design of drugs capable of distin-
guishing between the GABA(1,) and GABAg(j1,) sites may prove to be difficult. As
mentioned earlier, the GABAy1,) and GABA(1p) subunits only differ in the amino-ter-
minal sushi repeats. Given the current lack of subunit-specific drugs, the dissection of
the in vivo functions of GABAy1,2) and GABAg(1,2) receptors will probably first be
achieved using genetic means. The development of GABA(j,)- and GABA(jp)-defi-
cient mice is crucial, because it allows the elaboration of a link between molecularly
distinct GABA; receptor populations and the phenotypes observed in GABAg() /-
mice.

The most widely exploited clinical response to the GABA, agonist baclofen is its
muscle-relaxant effect. This action appears largely owing to a reduction in neurotrans-
mitter release onto motoneurons in the ventral horn of the spinal cord. GABA; recep-
tors also represent attractive drug targets in the pharmacotherapy of various
neurological and psychiatric disorders, including neuropathic pain, anxiety, depression,
absence epilepsy, and drug addiction. However, the (side) effects of agonists, princi-
pally sedation, tolerance, and muscle relaxation, limit their utility for the treatment of
many of these diseases. Novel GABA; drugs that largely lack these components are
therefore much sought after. A clear breakthrough represents the development of
allosteric GABA; receptor modulators (34,67). These novel compounds do not activate
GABA; receptors on their own, but they enhance the physiological effects of GABA in
the brain, just as the benzodiazepines (Valium) do at GABA, receptors. The screening
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for such allosteric GABA; receptor drugs has only been made possible by the develop-
ment of functional assay systems based on recombinant receptors. The novel allosteric
drugs are expected to have an improved side-effect profile as compared to GABA; ago-
nists, which act indiscriminately on all GABAj receptors. Unlike agonists, these drugs
should also prevent the development of tolerance, because they avoid prolonged recep-
tor activation leading to desensitization and internalization. If allosteric modulators
retain the therapeutic potential of baclofen, while being devoid of any side effects and
muscle-relaxant properties, they will considerably broaden the spectrum of therapeutic
applications for GABA;, drugs.

A development in the field of drug discovery is the emerging concept that GABA,
effects and GHB effects may turn out to be same. Although it is clear from molecular
studies that GHB can activate GABA; receptors, truly compelling evidence for a spe-
cific G protein signaling through high-affinity GHB binding sites is still lacking. By the
same token, a growing preclinical and clinical literature shows therapeutic efficacy for
GHB and GABA; compounds in the same indications. As an example, both GHB and
GABA; receptor agonists promote abstinence and reduce the use of cocaine, heroin,
alcohol, and nicotine (74,88).
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of the Substrate-Binding Sites of the
Dual-Function Glutamate Transporters

Baruch I. Kanner, Michael P. Kavanaugh, and Lars Borre

1. INTRODUCTION

In the central nervous system (CNS), glutamate is the predominant excitatory neuro-
transmitter. Glutamate transporters remove the transmitter from the cleft and maintain
its extracellular concentrations below neurotoxic levels (/-5). In addition, at some
synapses glutamate transporters play an important role in limiting the duration of
synaptic excitation (6—9). Glutamate uptake is an electrogenic process (10,11) in which
the transmitter is cotransported with three sodium ions and a proton (3,12), followed by
countertransport of a potassium ion (/3—15). In addition to this coupled flux, glutamate
transporters mediate a thermodynamically uncoupled chloride flux, activated by two of
the molecules they transport: sodium and glutamate (/6—18). This indicates the exis-
tence of a tight link between gating of the anion conductance and permeation of gluta-
mate. It has been suggested that this capacity for enhancing chloride permeability
could alter neuronal excitability (/7).

2. THE GLUTAMATE TRANSPORTER FAMILY:
CLONING AND PURIFICATION

Several neurotransmitter transporters were successfully cloned based on the
assumption that they are related to the GABA (/9) and norepinephrine (20) trans-
porters (2/-23). This approach, however, was unsuccessful for the glutamate trans-
porter. Three homologous eukaryotic glutamate transporters were cloned using
different approaches: GLAST-1 (24), GLT-1 (25), and EAAC-1 (26). Their human
homologs, termed EAAT1, -2, and -3, respectively, were cloned later (27). In the brain,
GLAST-1 and GLT-1 appear to be of glial origin (24,25,28,29), whereas EAAC-1 is
neuronal (26,30). The subsequently cloned EAAT4 (17) and EAATS5 (18) appear to be
localized to neurons and the retina, respectively.

These eukaryotic glutamate transporters form a family that displays approx 50%
overall identity and approx 60% overall similarity and is distinct from the GABA and
norepinephrine transporter family. The eukaryotic glutamate transporters are also
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related to the proton-coupled glutamate transporter glt-P from Escherichia coli and
other bacteria (37) and the dicarboxylate transporter dct-A of Rhizobium meliloti (32).
The identity between these prokaryotic and eukaryotic glutamate transporters is approx
25-30%. Furthermore, the glutamate transporter family also includes the sodium-
dependent exchangers, termed ASCT-1 (33,34) and ASCT-2 (35,36), that do not trans-
port dicarboxylic acids, but rather the neutral amino acids alanine, serine, and cysteine.

Prior to its cloning, GLT-1 was reconstituted and purified and shown to have a rela-
tive molecular mass of 64 kDa, which agrees well both with the value of 65 kDa of the
purified and deglycosylated transporter (28,37) and its 573 amino acids determined
from its nucleotide sequence (25). Reconstituted GLT-1 has been shown to form
dimers, trimers, and higher molecular-weight homomers in the absence of reducing
agents (38). The possibility of homomeric assemblies is corroborated by a recent freeze
fracture, which shows pentameric assemblies (39).

3. SECONDARY STRUCTURE AND PROXIMITY
RELATIONS OF THE CARBOXYL TERMINAL HALF

Hydropathy plots are relatively straightforward at the amino terminal side of the
protein. The three different groups that originally cloned GLAST-1, GLT-1, and
EAAC-1 have predicted six transmembrane o-helices at very similar positions (24-26).
On the other hand, there is much more ambiguity at the carboxyl terminal half, where
zero (24), two (25), or four (26), o-helices have been predicted. In recent years,
attempts have been made to determine experimentally the topology of the glutamate
transporters. The studies have focused on the highly conserved carboxyl terminal part
of the glutamate transporters and have involved determination of accessibility to cys-
teines that have been introduced at selected positions by site-directed mutagenesis
(40—42). This assay revealed the surprising topology of the carboxyl terminal part
shown in Fig. 1 and identifies two reentrant loops (I and II), two transmembrane
domains (7 and 8) long enough to span the membrane as ¢-helices as well as an out-
ward-facing hydrophobic linker (40—42). Another study arrives at a somewhat different
model, including the assignment of transmembrane domain 7 as a reentrant loop (43).
These models disagree only on the accessibility of one of the engineered cysteines to
impermeable sulthydryl reagents (42,44).

The accessibility studies of GLT-1 have shown that cysteine residues introduced at
positions 364 and 440 located in reentrant loops I and II, respectively, react with the
impermeable sulfhydryl reagent MTSET added from the extracellular side (42,45).
Substrates and nontransportable analogs are partially protected against the modifica-
tion of cysteines introduced at these two positions. Therefore we have suggested that
positions 364 and 440 may be close in the three-dimensional structure of the protein
(42). To test this prediction and to obtain the first information regarding the tertiary
structure of the carboxyl-terminal half of the glutamate transporters, we set out to
determine proximity relations between the different structural elements in this region.
Two cysteine pairs, A412C/V427C and A364C/S440C, were identified, which behave
as if they are close enough to form intramolecular disulfides and therefore must be
close in space in the transporter monomer (46). The disulfide formation could be
inferred from functional assays because exposure of the cysteine double mutants to
oxidative conditions resulted in inhibition of uptake (46) and inhibition of the coupled
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linker

Fig. 1. Topology of glutamate transporters. The topology was determined by introducing
cysteines at selected positions in a transporter devoid of endogenous cysteines and then probing
their accessibility. This experimental approach revealed the first reentrant loops (I and II) in a
transporter protein as well as a highly hydrophobic region (linker) linking reentrant loop II to
transmembrane domain 8.

and uncoupled currents (unpublished observations). The proximity of these residues
provides evidence that the two oppositely oriented reentrant loops are spatially close to
one another (46). The recent crystal structures of an aquaglyceroporin (47) and an
aquaporin (48) revealed that these proteins also contain two reentrant loops of opposite
orientation, which are close in space and line the substrate permeation pathway
(47,48). Although the precise molecular details of substrate permeation in glutamate
transporters is likely to differ it is interesting to note that the glutamate analog DHK
can protect against MTSET modification at all four positions; A364C, A412C, V427C,
and S440C (42,45 and unpublished observations).

4. COUPLED AND UNCOUPLED FLUXES

Glutamate uptake is an electrogenic process (/0,1/) in which the transmitter is
cotransported with three sodium ions and one proton (3,/2) followed by the counter-
transport of one potassium ion (/3—-15). The sequential scheme shown in Fig. 2A
depicts this. The resulting current is termed stoichiometrically coupled transport cur-
rent, coupled current, or stoichiometric current. Because the exact binding order of
sodium, amino acid, and protons remains an active area of research, they have been
collapsed into one binding step. In addition to this coupled glutamate uptake, the gluta-
mate transporters also mediate a thermodynamically uncoupled chloride flux that is
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Fig. 2. Transport cycle: coupled vs uncoupled fluxes. (A) Inward transport of glutamate (i.e.,
uptake) is initiated by the binding of 3Na*, 1H*, and lacidic amino acid (1AA"~) to the extracellu-
lar side; translocation of the complex to the intracellular side; and subsequent release of the
3Nat, 1H*, and 1AA- followed by binding of 1K* on the intracellular side. The binding of potas-
sium re-orients the transporter and a new cycle can begin. Because these substrates interact with
the transporter with a defined stoichiometry, uptake is a thermodynamically coupled process and
the resulting current is variously termed stoichiometrically coupled transport current, coupled
current, or stoichiometric current. The exact binding order or Na*, H*, and glutamate™ remains an
active area of research and has therefore been lumped into one step. (B) Na* and the AA~ also
gate a Cl- conductance. Strikingly, a change in CI- concentration does not change [PH]-AA-
uptake (/6—18) and glutamate does not permeate through the anion pathway (49). The anion cur-
rent is variously termed stoichiometrically uncoupled current or uncoupled current. Their pro-
posed interrelation is shown; the total current (Iyy,)), is the sum of the stoichiometric transport
current and the uncoupled anion current (Iyion), Observed in sodium chloride under normal phys-
iological conditions. The current-voltage relation shows that the stoichiometric transport current
remains inward in the tested potential range while I, reverses; this relation differs from subtype
to subtype and with AA~. The model also shows that it is possible to selectively measure the sto-
ichiometrically coupled cycle by clamping the potential at E, a fact utilized in the experiments
shown in Fig. 3A. (C) We recently characterized EAAC1 (EAAT3) with respect to sodium selec-
tivity and found that lithium is able to support AA~ uptake but in its presence the AA~ cannot gate
the anion conductance (53). Indeed, the subtracted current (NaCl — LiCl) isolates a nearly ohmic
current (I; stippled line), reversing close to E and resembling the modeled Ipion-

activated by two of the molecules they transport, sodium and glutamate (/6—18). The
simulation in Fig. 2B shows that the total current (I,,)—obtained by subtracting the
current in presence of substrate from that in its absence—in fact is a sum of an
inwardly rectifying stoichiometric transport current and a nearly ohmic uncoupled
anion current (I i0n). Different glutamate transporters exhibit different reversal poten-
tials because the ratio of coupled to uncoupled currents differs between the various
transporters (EAAT2 > EAAT3 > EAAT1 > EAAT4 ~ EAATS) and also with the sub-
strates (16,49). The family relation between ASCT1 and ASCT?2 and the glutamate
transporters also manifests itself by the facts that EAAT3 is able to transport cysteine
(50) and that exchange by ASCT1 and ASCT?2 can activate an uncoupled chloride flux
(51,52) with the same permeability sequence to that of the eukaryotic glutamate trans-
porters (SCN-> NO3;~ > 1" > CI") (49).

Although the selectivity for different amino acids as well as the ability of anions to
substitute for chloride has been investigated, the cation selectivity is less well-charac-
terized. In a recent study, we investigated the ability of lithium to replace sodium in
EAAC-1. To our surprise, we found that lithium can replace sodium in the coupled
uptake, but not in its capacity to gate the sodium and glutamate-dependent anion cur-
rent (53). Indeed, subtracting net currents in sodium from those obtained in lithium iso-
lates the nearly ohmic anion current (Fig. 2C). Three important facts emerge from Fig.
2B and C; the total current is not a direct measure of the turnover rate, the coupled cur-
rent can be selectively determined at E.j, and an outward current seen at potentials
more positive than E does not reflect reversal of the transporter under normal physio-
logical conditions. The differing cation dependence of the net radioactive AA~ flux and
the substrate-induced anion conductance also suggests that the conformation gating the
anion conductance is different from that during substrate translocation (53).
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Fig. 3. Net flux vs exchange. (A) By perfusing a wild-type expressing oocyte, clamped at
the reversal potential of chloride, with radioactive [*H]-AA~ an inward current reflecting the
coupled cycle is observed and the subsequent scintillation counting shows that the [PH]-AA-
also is transported. In contrast, the mutant E404D shows no coupled current but it is able to
accumulate radioactive AA~. (B) and (C) Reconstitution of transporters provides a way to con-
trol both intracellular and extracellular media compositions and any change in net-flux vs
exchange can be investigated. (B) shows that wild-type and E404D are both able to exchange
intracellular [*H]-A A~ with extracellular nonradioactive AA-, resulting in a decrease of intracel-
lular [3H]-AA~. (C) shows that extraliposomal potassium promotes net efflux in the wild-type
but not in E404D.

K" INTERACTION

V427
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ALTERN.

GLUTAMATE ACCESS.

CARBOXYL DHK
INTERACTION SENSITIVITY

Na" SELECTIVITY

Fig. 4. Topology and proximity in the carboxyl terminal half with the position of identified
substrate interacting residues indicated. Topological model of the carboxyl-terminal half, begin-
ning at transmembrane domain 6, with the proximity of the two cysteine-pairs S440C/A364C
and V427C/A412C, indicated by pointed triangles. Transmembrane domains 6, 7, and 8 and
reentrant loop I are drawn in the plane of the paper (black line). Residues 412-440 of reentrant
loop II are drawn behind the plane (gray line) and the continuation of this loop is drawn out of
the plane (thick black line) until transmembrane domain 8 is reached. Residues that are involved
in interactions with the substrates are indicated, as well as residue 451 in the linker. When a cys-
teine is introduced at this position, its chemical modification leaves the uncoupled anion con-
ductance intact but abolishes the coupled uptake (54). Besides residue 404, residue 403 is also a
determinant of potassium interaction (15,60). Moreover, residue 403 is alternatingly accessible
from either side of the membrane (61). Residue 440 is involved in the interaction with the non-
transportable substrate analog dihydrokainate (DHK) (45). This latter residue and threonine-400
are determinants of the sodium specificity (45,53).

If this idea is correct, it should be possible to selectively perturb one of the two
fluxes mediated by the glutamate transporters. Indeed, analysis of a mutant with a cys-
teine residue introduced in the hydrophobic linker region, 1421C (corresponding to
position 451 in GLT-1, see Fig. 4) reveals that the coupled uptake in this mutant is very
sensitive to sulfhydryl reagents (54). Strikingly, the substrate-induced anion conduc-
tance is not affected at all by the sulfhydryl reagents (54). Similar observations have
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been made on single cysteine mutants in EAAT at position corresponding to 447 (55)
and 450 (56) of GLT-1.

The sulthydryl-modified 1421C allowed us to characterize the anion current in isola-
tion of the coupled pathway. Under conditions where the uncoupled current is dominant
and entry into the coupled pathway is blocked by sulfhydryl reagents, the anion current
could be increased further by more than fourfold (54). This behavior is consistent with
the idea that the two processes, which both are activated by sodium and glutamate, are
coupled and exist in a dynamic equilibrium (54). Notably, the anion currents in the mod-
ified 1421C have a hyperbolic dependence on aspartate and sigmoid dependence on
sodium (54) indicating that the stoichiometries of the coupled and uncoupled processes
are similar. Whereas the affinity for sodium was unchanged, we found that the affinity
for aspartate was lowered by almost 10-fold as compared with the affinity when measur-
ing both processes (54). Evidence has been presented that entry/exit into/from the cou-
pled pathway occurs slightly faster than the uncoupled pathway (57,58). We find it
tempting to speculate that under normal physiological conditions, the relatively higher
aspartate affinity, exhibited by the coupled process, controls the equilibrium and brings
the transporter(s) into the coupled pathway before entering the uncoupled pathway.

The use of lithium to isolate the anion current is not feasible for all transporters
because lithium cannot support uptake in GLT-1 (59). This raises the interesting question
of which residues are responsible for the interaction with lithium (see next section).

5. STRUCTURE-FUNCTION RELATIONS
OF THE GLUTAMATE TRANSPORTERS

5.1. Defective Potassium Coupling Locks
the Transporter in the Exchange Mode

Because of the sequential nature of the transport process (see Fig. 2A), a mutation
that affects the interaction of the transporter with potassium is expected to abolish net
flux but not exchange. Because the uncoupled anion flux is activated from the exchange
part of the cycle, the uncoupled current is also expected to remain intact. Because
potassium is positively charged, conserved negatively charged or polar amino acids are
likely to be important for its binding and translocation. Indeed, two adjacent amino
acid residues of GLT-1, tyrosine-403 and glutamate-404, located in transmembrane
domain 7 (Fig. 4), appear to be involved in potassium binding (7/5,60). Moreover,
residue 403 is alternatingly accessible from either side of the membrane (67). Oocytes
expressing either GLT-1 or E404D were clamped at —30mV (~E}), where only the cou-
pled current is measured, and perfused with radiolabeled p-aspartate (Fig. 3A). The
absence of coupled current suggests that the [3H]-p-aspartate uptake by E404D may
represent exchange with the internal pool of unlabeled glutamate and aspartate (15).
This was proven when GLT-1 and E404D were reconstituted into liposomes where the
intracellular medium composition can be controlled. Both GLT-1 and E404D are able
to perform exchange of intraliposomal [*H]-p-aspartate with unlabeled extraliposomal
D-aspartate (Fig. 3B). Strikingly, only the wild-type GLT-1 is able to perform net-
efflux, a process that requires interaction with potassium (Fig. 3C).

Although E404D is conserved in all the mammalian glutamate transporters, it is of
interest to note that it is neither conserved in ASCT1 nor ASCT2, which performs
potassium-independent exchange (517).
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5.2. Sodium/Lithium Discrimination

Glutamate and sodium/lithium-induced conformational changes in the GLT-1 trans-
porter have been detected by the altered accessibility of trypsin-sensitive sites to the
protease (59). These experiments in GLT-1 shows that lithium can occupy at least one
of the sodium ion binding sites, but lithium by itself cannot support coupled transport
(59). Therefore, at least one of the sodium binding sites in GLT-1 discriminates
between sodium and lithium. As described earlier, this contrasts with EAAC-1, where
lithium is able to support uptake. It should therefore be possible to identify residues
that are responsible for the sodium/lithium selectivity difference between EAAC-1 and
GLT-1.

When serine-440 (Fig. 4) is changed to glycine in GLT-1, the mutant is able to catal-
yse coupled transport in the presence of lithium, as if the specific sodium site now has
become more promiscuous; the transporter can now accept lithium at all three sites
(45). Importantly, the corresponding position in EAAC-1 is occupied by a glycine
(G410) and the reciprocal mutant G410S has lost the ability of lithium to support
uptake while sodium remains able to do so (53). In addition, we also showed that, in
another EAAC-1 mutant, T370S, sodium, but not lithium, is able to support uptake
(53). This threonine corresponds to T400 in GLT-1, see Fig. 4. The results obtained
from mutating the two positions, 370 and 410 in EAAC-1, indicates that we indeed
have been able to identify two residues that control the interaction with lithium.

5.3. Glutamate Binding Site

We have identified an arginine residue (R447) of EAAC-1 located in transmembrane
domain 8 that controls the binding of the y-carboxyl group of aspartate and glutamate
(62). This residue corresponds to R477 in GLT-1 (see Fig. 4). Because EAAT3, the
human homolog of EAAC-1, is able to support cysteine transport (50), we reasoned
that EAAC-1 also is able to do so, which indeed is the case (62). When R447 is
mutated to neutral or negative amino acid residues, it completely abolishes transport of
L-glutamate and D- and L-aspartate, but remarkably leaves cysteine transport unaf-
fected (62). Thus, it appears that this residue controls the binding of the y-carboxyl
group of glutamate (62). However, R447 also controls the interaction with potassium,
and its phenotype is reminiscent of the exchange mutant E404D (62). A hypothetical
scheme of how R447 can participate alternatingly in potassium and glutamate interac-
tion has been published elsewhere (63).

6. CONCLUDING REMARKS

Considerable progress has been achieved in our understanding of the structural basis
of glutamate transporter function. The unique topology as well as the identification of
amino acid residues involved in the interaction of the transporter with glutamate and
the two cosubstrates, sodium and potassium, form the basis for exciting new experi-
ments that help us gain further insights into the molecular mechanism of coupled and
uncoupled transport.
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Allosteric Modulation of Glutamate Transporters

Robert J. Vandenberg and Renae M. Ryan

1. INTRODUCTION

Glutamate is the predominant excitatory neurotransmitter in the mammalian central
nervous system (CNS) and mediates a wide variety of physiological functions, but the
failure to adequately control extracellular glutamate concentrations can lead to exces-
sive excitatory neurotransmission and cell death. Glutamate transporters contribute to
maintaining extracellular glutamate concentrations and thereby play an important role
in regulating the dynamics of excitatory neurotransmission. In this chapter we will
briefly discuss the structure and function of glutamate transporters and then focus on
how the activity of glutamate transporters can be allosterically regulated by endoge-
nous factors and also pharmacological agents and how this may impact on glutamater-
gic neurotransmission. This will be addressed in terms of what compounds have been
identified as allosteric regulators, the structural specificity of the interactions, where
the binding sites are located on the transporters, and how ligand binding to these sites
may allosterically influence transporter function.

2. MOLECULAR BIOLOGY OF GLUTAMATE TRANSPORTERS

Five subtypes of glutamate transporters have been identified and, although different
terminology has been used by various investigators, we shall use the Excitatory Amino
Acid Transporter (EAAT) terminology (/-3) with EAAT1 equivalent to GLAST1 (4,5),
EAAT?2 equivalent to GLT1 (6), and EAAT3 equivalent to EAACI1 (7). EAAT?2 is the
most abundant glutamate transporter and is found predominantly in glial cells through-
out the brain (2,6). EAAT1 is also found predominantly in glial cells, with the greatest
levels observed in the cerebellum (&) and the retina (9). EAAT3 (7), EAAT4, and
EAATS are expressed in neurones, with EAAT4 found in highest levels in the Purkinje
cells of the cerebellar molecular layer (10,11) and EAATS within the retina (/).

The amino acid sequences of the glutamate transporters show a high degree of simi-
larity with between 40—-60% of amino acid residues identical between subtypes. At pre-
sent, the three-dimensional (3D) structure of the transporters is unknown and indirect
methods based on amino acid sequence hydropathy plots and amino acid accessibility
methods have been employed to predict the transmembrane topology of the trans-
porters. Two similar models developed by the groups of Amara (/2,13) and Kanner
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Fig. 1. Schematic diagrams of the membrane topology of glutamate transporters as pro-
posed by the groups of Amara (top) and that of Kanner (bottom). In both cases, the carboxy ter-
minal and amino terminals of the protein are intracellular. In the top figure, the segment after
transmembrane domain 7 enters into the membrane but does not pass through the membrane
and the extra two segments before transmembrane domain 8 are likely to be associated with the
extracellular surface of the membrane. In the bottom figure, there is an additional re-enterant
loop between transmembrane domains 6, and 7. The regions where the two models differ is
highly conserved and plays an important role in glutamate translocation through the transporter
and as such it is likely to undergo considerable conformational changes during the transport
process.

(14,15) have been proposed and both incorporate a series of o-helical transmembrane
domains with reentrant loops within the highly conserved carboxy-terminal domain
(see Fig. 1). The re-entrant loops seem to play very important roles in binding of gluta-
mate and the various co- and countertransported ions.

3. FUNCTIONAL PROPERTIES OF GLUTAMATE TRANSPORTERS

At inactive synapses, extracellular concentrations of glutamate are in the low micro-
molar to nanomolar range, but stimulation of glutamate release from presynaptic termi-
nals will cause extracellular glutamate concentrations to rise transiently to millimolar
concentrations. In contrast, intracellular glutamate concentrations are relatively stable
in the millimolar range (16,17). Thus, glutamate transporters pump glutamate into the
cell under a wide range of concentration gradients, which requires a considerable input
of energy into the system. This energy is derived from the co- and countertransport of
ions moving down their electro-chemical gradients. The exact stoichiometry of these
transporters has been debated for over 30 yr (/8-20), but recent studies on EAAT3 (21)
and EAAT?2 (GLT-1) (22,23) agree that glutamate is transported into the cell with three
Nat and one H*, followed by the countertransport of one K+ (Fig. 2). Theoretically, this
coupling can support a transmembrane glutamate concentration gradient exceeding 10°
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Fig. 2. Schematic diagram of the stoichometry of ion flux coupling and the chloride channel
activity of glutamate transporters. Glutamate is coupled to the co-transport of 3 Na*, 1K*, and
the countertransport of 1 K*. In addition, glutamate and Na* binding to the transporter activates
an uncoupled chloride flux through the transporter.

under equilibrium conditions, and allows the transporters to continue removing gluta-
mate over a wide range of ionic conditions.

Application of glutamate to cells expressing glutamate transporters generates a num-
ber of distinct conductances. The glutamate transport conductance (or the stoichiomet-
ric conductance) mentioned earlier results in the net transfer of two positive charges
into the cell, allowing glutamate transport to be monitored as a membrane current (24).
The application of glutamate and Na* to cells expressing glutamate transporters also
activates a thermodynamically uncoupled anion conductance through the transporter
(3,25,26) and recently a third glutamate independent leak conductance has been char-
acterized (27,28). Finally, application of arachidonic acid to the EAAT4 transporter
activates a conductance carried by protons (see Subheading 6.1.).

4. THE UNCOUPLED CHLORIDE CONDUCTANCE OF THE EAATS

Traditionally, cotransporters and ion channels have been thought of as being struc-
turally and functionally distinct. Neurotransmitter transport is a process whereby the
substrates are pumped actively against their transmembrane electrochemical gradients.
This is possible because the transport process is thermodynamically coupled to the pas-
sive transport of ions. In contrast, ion channels are considered to be pores that allow the
dissipation of pre-existing electrochemical gradients (29). Glutamate transporters are
an example of a protein that can act as both a transporter and an ion channel. In addi-
tion, several other neurotransmitter transporters have recently been shown to conduct
ions in a process that is thermodynamically uncoupled from the transport of neuro-
transmitter, and includes transporters for: GABA, dopamine, noradrenaline, proline,
and serotonin (30-36). Sodium-dependent glutamate binding to the cloned glutamate
transporter proteins activates an anion conductance that has the following selectivity
sequence: SCN= ClO4> NOs;> [> Br> Cl=> F>> gluconate (25,26,28).

Although all five glutamate transporter subtypes support uncoupled chloride con-
ductances, there are a number of distinct differences between the transporter subtypes.
The current generated by EAAT4 and EAATS is predominantly owing to chloride ions,
and in the case of L-aspartate transport by EAAT4, it has been estimated that up to 95%
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of the current observed at -60 mV is owing to chloride (3). The contribution of chlo-
ride to the total current of EAAT2 and EAAT3 is negligible, whereas different sub-
strates affect the proportion of the current owing to chloride via EAAT1. Aspartate
transport by EAAT1 allows a large chloride flux, whereas the chloride conductance
activated by glutamate is much smaller (26). These differences in the relative propor-
tions of transport and uncoupled chloride conductances for the different transporters
results in quite distinct current voltage relationships. In the cases of EAAT4 and
EAATS, under standard physiological conditions the glutamate elicited conductance
reverses direction close to the reversal potential for chloride ions, whereas for EAAT?2
and EAAT3 the current does not reverse at potentials less than +80 mV.

The existence of two distinct functions within the one membrane protein raises a
number of interesting questions about transporter functions, such as: what is the rela-
tive importance of the two functions? Can they be allosterically regulated under physi-
ological conditions or manipulated by pharmacological methods? What is the
structural basis for the dual functions? In the next section, we shall attempt to address
some of these issues and also to present some of the current understanding of the struc-
tural basis for these functional states.

The physiological relevance of the uncoupled anion conductance is not fully under-
stood, but it has been suggested that the chloride conductance may act as a voltage
clamp (25,37). The two positive charges that move into the cell with each transport
cycle will depolarize the cell membrane (38) and reduce the driving force of glutamate
into the cell. If chloride ions enter the cell during glutamate transport, a more hyperpo-
larized membrane potential will result, and thus an optimal rate of glutamate transport
will be maintained. A similar suggestion by Billups and colleagues (25) predicts the
uncoupled anion conductance activated during glutamate transport could clamp the
pre-synaptic terminal at a negative potential. This could reduce further exocytotic
release by decreasing the probability that action potentials arriving at the terminal will
successfully depolarize the membrane (25). Grant and Dowling (39) investigated the
role of the transporter-associated chloride conductance in ON bipolar cells of the retina
and demonstrated that this conductance is responsible for the light response of the ON
bipolar cells (39).

The relationship between the different conductances of the glutamate transporter is
not well-understood. The structural basis for these conductances and whether the
anions and glutamate permeate the same pore of the transporter protein is not known.
Sonders and Amara (40) proposed two models: a single pathway for substrate and the
uncoupled anion movement (Fig. 3A), or multiple permeation pathways in a single
transporter molecule (Fig. 3B) (40). This idea will be discussed further in relation to
what is known about the quaternary structure of glutamate transporters.

5. QUATERNARY STRUCTURE

A number of different transporter proteins have been shown to exist as oligomers,
including the glucose transporter GLUT1 (417), the serotonin transporter (42), and the
GABA transporter GAT1 (43). The quaternary structure of the glutamate transporters is
unknown, but the variable electrophoretic mobility of the glutamate transporters with
higher molecular-mass species (44) suggests that these proteins might also form
oligomeric complexes. When fresh brain tissue is directly homogenized and solubi-
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A B

Fig. 3. Single- and multiple-pore models of glutamate transporters. The glutamate transloca-
tion pore is represented as the hatched area and the pore responsible for chloride permeation is
represented as a clear symbol. In the first two models (A and B), each transporter subunit is
capable of functioning as both a transporter and an ion channel. In the first model (A), glutamate
and chloride ions permeate the same pore region. In the second model (B), glutamate and chlo-
ride ions permeate separate pores within the one protein “subunit.” In the third model (C), the
glutamate transporter subunits associate as a pentamer and whilst each subunit is capable of
transporting glutamate, the formation of the chloride channel only arises as a consequence of
the pentamer structure (adapted from Eskandari et al. [48]). At this stage, there is no definitive
evidence that favors one model over another and other potential arrangements and interactions
between subunits are possible.

lized in sodium dodecyl sulfate (SDS) and the proteins immediately separated on SDS-
polyacrylamide gel electrophoresis (PAGE) in the absence of reducing agents, gluta-
mate transporters exist as monomers (45). This suggests that the subunits are
noncovalently attached. When fresh brain membranes are exposed to chemical cross-
linkers in a reduced environment, and then solubilized in SDS, oligomer bands appear
on the gels (46,47). Large molecular-weight complexes corresponding to dimers and
trimers have also been observed for the GLT1 transporters purified and reconstituted in
liposomes, which also indicates that transporters can form oligomeric complexes.
However, the different glutamate transporter subtypes do not appear to form oligomeric
complexes with each other, which suggests that the complexes observed in rat brain
membranes are likely to be homo-oligomeric complexes (46).

A recent freeze-fracture electron micrograph study of EAAT3 expressed in Xenopus
laevis oocytes suggests that the transporters exist as a pentameric assembly with a
cross-sectional area of 48 + 5 nm? in the plasma membrane (48). In this study, the
authors proposed a functional model for glutamate transporters based on the observed
pentameric structure. It was suggested that each transporter “subunit” conducts cou-
pled glutamate transport, while the association of multiple subunits allows the forma-
tion of a central chloride channel (Fig. 3C). This model can be related to the multiple
permeation pathway model proposed by Sonders and Amara (40) (see Fig. 3b) where
the central pore between the subunits forms a distinct pathway for the chloride ions. In
the absence of suitable crystals for structure determination, it is not possible to verify
this function model, but from a series of recent mutagenesis studies it has been demon-
strated that the two components of transport can be independently regulated and may
have separate molecular determinants (49-57). This would be consistent with the
model predicted by Eskandari et al. (48).
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6. ALLOSTERIC MODULATORS OF GLUTAMATE TRANSPORT

There are a large number of therapeutic drugs and drugs of abuse that act on neuro-
transmitter transporters, such as fluoxetine, cocaine, or amphetamines, and in most
cases these drugs prevent or reduce the rate of clearance of the neurotransmitter from
the synapse, which leads to elevations in the transmitter concentrations. However, the
excitotoxic potential of excessive glutamate concentrations limits the utility of drugs
that may block glutamate transporters. As such, there are no clinically useful glutamate
transport blockers. An alternative approach to developing therapeutically useful drugs
that manipulate glutamate concentrations may be to identify processes that lead to
enhanced transporter function. For the most part, it would be expected that drugs that
act to enhance transporter function would do so in an allosteric manner by acting at
sites on the transporter that are not intimately involved in glutamate translocations. In
the next section, we shall discuss the mechanisms of action of the endogenous modula-
tors arachidonic acid, zinc, and reactive oxygen species (ROS); how they interact with
the transporters; and how they may be expected to influence synaptic transmission (see
Fig. 4). A better understanding of these process may lead to the development of novel
drugs that allosterically upregulate transporter function. A number of other compounds
have also been reported to modulate the activity of glutamate transporters and include
protons (52), ammonium (53), phorbol esters (54,55), and glutamate transporter-asso-
ciated proteins (56,57). However, at this stage the mechanisms of action of these com-
pounds at the molecular level are only superficially characterized and therefore we
shall not discuss these modulatory processes in any further detail.

6.1. Arachidonic Acid

Arachidonic acid is a cis-polyunsaturated fatty acid consisting of a 20-atom long
carbon chain with four double bonds and a carboxylic group at one end. Glutamate
stimulates the production of arachidonic acid by activation of NMDA receptors or
AMPA and metabotropic glutamate receptors, leading to an elevation in intracellular
Ca2*, which is necessary for activation of phospholipase A, and arachidonic acid
release. Free arachidonic acid is produced by both neurones and astrocytes and may
diffuse through the cell membrane to act as an intercellular messenger. Arachidonic
acid may also be converted to various cyclooxgenase and lipoxygenase derivatives
such as the prostaglandins and leukotrienes (reviewed by Attwell et al. [58].) Thus, the
biological activities of arachidonic acid may be classified as to whether they are direct
or are owing to the metabolic derivatives. Arachidonic acid is freely diffusible in the
lipid membrane and thus may modulate the activity of a wide variety of membrane pro-
teins either through direct interaction with the protein or via modification of the fluidity
of the lipid membrane and thereby altering the energetics of conformational changes
required for functional activity. Free arachidonic acid concentrations in extracellular
spaces of the CNS are uncertain, but it is believed that concentrations up to 30 uM are
generated under normal physiological conditions (58). However, under ischaemic con-
ditions, the increase in intracellular Ca* stimulates the activity of PLA, leading to sig-
nificantly greater production of arachidonic acid and thus the effects of arachidonic
acid may be more pronounced in these situations. It is difficult to precisely determine
free arachidonic acid concentrations because arachidonic acid is freely diffusible in the
lipid membrane, and at concentrations greater than 30 WM arachidonic acid forms
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Fig. 4. Glutamate transporters are modulated allosterically by a number of endogenous fac-
tors including Zn?* ions, arachidonic acid, and ROS. Zn?* is stored in synaptic vesicles and may
be co-released with glutamate into the synapse and bind to a variety of proteins in close proxim-
ity to the synapse, including glutamate transporters. Arachidonic acid, produced in response to
elevations in glial and neuronal Ca?* levels, can diffuse through membranes and modulate glu-
tamate transporters EAAT1, EAAT2, and EAAT4. ROS produced in response to a variety of
stimuli may also bind to and modulate the activity of glutamate transporters. See the text for
more details on each of the endogenous allosteric modulators.

micelles. Therefore, effects of arachidonic acid at concentrations greater than 30-100
UM are likely to be at least partially caused by changes in membrane fluidity.

There are a number of reports using a variety of cell-expression systems concerning
the functional consequences of arachidonic acid binding to glutamate transporters. In
studies using the salamander retina Muller cells, brief exposure to arachidonic acid (10
WM) inhibits glutamate transport for prolonged periods, which suggests that arachi-
donic acid inhibits transport via a prolonged lipid-phase interaction with the trans-
porters (59). The predominant transporter subtype in these cells is the salamander
homolog of EAAT1 and in a study using EAAT1 expressed in X. laevis oocytes similar
levels of inhibition by arachidonic acid and rates of onset and reversal of inhibition
were observed (60). However, there have been conflicting reports on the effects of
arachidonic acid on EAAT? and the rat homolog GLT-1. Trotti et al. (6/) reconstituted
the purified GLT-1 in liposomes and in this preparation arachidonic acid (5 pM) inhib-
ited transport via an aqueous-phase interaction (61). However, in studies by Zerangue
et al. (60) in which EAAT?2 was expressed in X. laevis oocytes and also HEK-293 cells,
arachidonic acid (100 uM) stimulated transport by decreasing the Kq 5 for glutamate. In
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unpublished studies from our laboratory, application of arachidonic acid to X. laevis
oocytes expressing GLT1 or EAAT?2 also caused stimulation, which is in contrast to
that observed by Trotti et al. (67), but consistent with that of Zerangue et al. (60). These
conflicting results suggest that the effects of arachidonic acid may be dependent on the
cell in which the transporter is expressed, and/or the lipids used for reconstitution. With
the recent greater appreciation of the roles of lipid rafts in determining functional
responses of receptors (62), it is reasonable to suggest that differences in the membrane
environment surrounding transporter proteins may cause different functional responses
to compounds such as arachidonic acid. Further work is required to isolate the precise
molecular changes induced by arachidonic acid and under what conditions these
changes may be expected to have an impact on transporter functions.

The interaction between arachidonic acid and EAAT4 results in a very novel change
in transporter function. Arachidonic acid bound to EAAT4, in the presence of gluta-
mate, activates an uncoupled proton conductance through the transporter (63—65). The
physiological role of this additional proton conductance is not clear, but it is interesting
to note that a cyclooxygenase inhibitor, niflumic acid, can also stimulate a proton con-
ductance through the transporter (63). It is possible that arachidonic acid and niflumic
acid bind to similar sites on EAAT4 or, at least induce similar conformational changes
in the membrane protein, to activate the proton conductance. This raises the possibility
that it may be possible to mimic pharmacologically the actions of arachidonic acid by
compounds such as niflumic acid.

6.2. Zinc

Zinc modulates a number of proteins within excitatory synapses, including gluta-
mate transporters (66,67) and glutamate receptors (68,69). Zn?* is stored in glutamater-
gic synaptic vesicles and is co-released with glutamate in various brain regions, such as
the mossy fibers of the hippocampus, where it may directly regulate the various synap-
tic receptors, transporters, and channels (70). Basal extracellular levels of Zn?* in the
brain are approx 10 nM (70) and upon stimulation, synaptic concentrations may rise to
118 UM (66). Therefore, responses to Zn** within this range are expected to influence
the dynamics of neurotransmission.

The effects of Zn?* on glutamate transporters was first studied using Mueller and
cone cells of the salamander retina (66). The effects of Zn** were rapid and fully
reversible, which suggests that Zn%* binds directly with the transporters. Zn2+ acts as a
noncompetitive inhibitor of glutamate transport with an ICsg in the low micromolar
range (66), which indicates that Zn%* binds to a site on the transporter that is distinct
from the binding sites for glutamate or the various co- and countertransported ions. In
addition to inhibiting glutamate transport, Zn%* differentially modulates the activity of
the transporter-associated chloride channel. In Mueller cells, Zn?* stimulates the chlo-
ride channel activity, but in the cones cells Zn?* inhibits the chloride channel.

The actions of Zn?* on the individual transporter subtypes expressed in X. laevis
oocytes have also been investigated (49,67). Application of Zn?* to oocytes expressing
EAAT1 rapidly reduces the current that is carried by glutamate, which fully recovers
after washout of Zn?*. Zn?* does not appear to have any appreciable stimulatory or
inhibitory effects on the chloride conductance of EAAT1. Zn?* has no appreciable
effects on EAAT2 and EAAT3, but does bind to EAAT4 and selectively inhibits the
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chloride conductance with little if any effect on the transport of glutamate (49). Thus,
Zn2+ appears to selectively manipulate transport and chloride channel functions of the
different transporter subtypes. There also appears to be some subtle differences in the
effects of Zn%* on the human transporters expressed in oocytes compared with the sala-
mander glutamate transporters. Nevertheless, the actions of Zn2+ on glutamate trans-
porters demonstrate that is possible to allosterically and differentially regulate the
transport conductance and the uncoupled chloride conductance of the transporters.

The Zn?* binding sites on the glutamate transporters have been identified using site-
directed mutagenesis. Mutation of either histidine 146 or histidine 156 to alanine in
EAAT1 leads to a loss of Zn?* sensitivity. The histidine corresponding to histidine 146 of
EAATT1 is conserved between the other transporter subtypes, but the second histidine
residue is conserved only in the EAAT4 subtype. Again mutation of either histidine
residue in EAAT4 leads to loss of Zn?* sensitivity, which confirms that the Zn?*+ binding
site is conserved between transporter subtypes. Furthermore, introduction of a histidine
residue into EAAT? at the site corresponding to the second histidine in EAAT1 leads to
the formation of a Zn2*-sensitive transporter. Thus, Zn2* binds to very similar sites on
EAAT1 and EAAT4 and these sites are distinct from the amino acid residues that form
the glutamate and/or cation recognition sites. It is interesting to note that although the
binding site for Zn?* is conserved between EAAT1 and EAAT4, the functional effects
mediated by Zn%* bound to the transporters is quite different. In the case of EAAT1, Zn%*
inhibits transport with no effect on the chloride conductance, whereas for EAAT4, Zn%*
has no effect on the rate of glutamate transport but inhibits the chloride channel activity.

6.3. Free Radicals and Oxidants

Changes in oxygen supply to the brain can cause aberrant production of reactive
oxygen species (ROS), which may have a variety of deleterious effects on cell metabo-
lism. One such effect is a reduction or alteration in glutamate transporter function. Ele-
vations in extracellular glutamate concentration will lead to increased glutamate
receptor stimulation, CaZ* influx and stimulation of nitric oxide synthase (NOS), phos-
pholipase A,, and xanthine oxidase, all of which may lead to the production of ROS.
ROS have the capacity to oxidize many proteins, with sulfhydryl groups being particu-
larly susceptible to oxidation. Cortical astrocytic cultures treated with xanthine, xan-
thine oxidase, or hydrogen peroxide have reduced glutamate transport activity (71) and
the biological oxidants, peroxynitrate and peroxide, also inhibit glutamate uptake by
selectively reducing the V. (72). The effects of thiol-oxidizing agents on transport
activity of the recombinant glutamate transporters GLT-1, GLAST-1, and EAAC1 have
also been investigated. Currents generated by glutamate transport can be enhanced and
also inhibited by sequential treatment with the reducing agent ditriotrireitol (DTT) and
the thiol-oxidizing agent 5,5’-dithio-bis(2-nitrobenzoic) acid (DTNB) (73), suggesting
that these glutamate transporters contain conserved sites in their structures that confer
an SH-based redox regulatory mechanism. The redox interconversion of SH-groups on
EAACI reduced the Vp,x of glutamate transport without affecting the Km or the
uncoupled anion conductance (74), suggesting that the two components of transport
undergo independent modulation.

Amyotrophic lateral sclerosis (ALS) is a degenerative disorder of motor neurones. In
15-25% of cases, the genetic cause of the disease is a mutation of the enzyme Cu*/Zn%*
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superoxide dismutase (SOD), which leads to elevated levels of ROS (75). In patients
with ALS, there is also a reduction in the levels of the glutamate transporter EAAT2, but
the levels of EAAT?3 are unaltered. Trotti et al. (61) were able to link these two effects by
demonstrating that cells expressing the SOD mutants caused an increase in ROS and that
this was directly responsible for the selective downregulation of the EAAT?2 transporter
(76). Furthermore, it was the carboxy terminal region of the EAAT? transporter that was
particularly susceptible to damage by the increased levels of ROS. EAAT?2 has a larger
number of cysteine residues than the other transporters and it was argued that this prop-
erty makes EAAT2 more susceptible to damage by the ROS.

7. OUTSTANDING ISSUES AND FUTURE DEVELOPMENTS

Although there have been a number advances in our understanding of how com-
pounds interact with glutamate transporters to allosterically modulate the dynamics of
transporter functions, a number of questions have arisen from these studies. Some of
these questions include: To what extent do these processes influence transporter func-
tions in vivo under physiological and pathological conditions, as may occur in condi-
tions such as brain ischaemia or neurodegenerative disorders? Although the
compounds may influence the dynamics of transporter functions, do they have signifi-
cant impacts on the dynamics of synaptic transmission? Is it worthwhile to develop
novel compounds that mimic the actions of some of these endogenous modulators as a
way of manipulating extracellular glutamate concentrations to treat neurological disor-
ders? At this stage, some of these issues are not well-understood, for a number of rea-
sons. The first reason is that this field of research is still in its infancy, mainly because
the molecular tools necessary for better understanding either do not exist or have only
recently been identified. The cloning of the cDNAs encoding the transporters was a
significant breakthrough, but further understanding of the molecular basis for trans-
porter function will require detailed site-directed mutagenesis work or, ideally, the
determination of high-resolution three-dimensional structures of the transporters. In
particular, one of the unresolved issues about the structural basis for transporter func-
tions is how transporters can function as both a transporter and an ion channel and what
is the structural relationship between these two distinct functional properties. Of the
endogenous allosteric modulators identified thus far, none of the compounds are highly
selective for glutamate transporters over other proteins involved in synaptic transmis-
sion. However, with a detailed understanding of the structural basis for transporter
functions and precise identification of the ligand binding sites for the various endoge-
nous compounds, it should be possible to greatly enhance the development of com-
pounds that selectively manipulate transporter functions. Once such compounds have
been developed, or identified, some of the aforementioned issues raised concerning the
physiological and pathological relevance of allosteric regulation of glutamate trans-
porters can be better addressed. From this, it is hoped that alternate therapeutic drugs
may be developed.
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Characterization of the Substrate-Binding
Site in GABA Transporters

Alan Sarup, Orla Miller Larsson, and Arne Schousboe

1. INTRODUCTION

v-Aminobutyric acid (GABA) neurotransmission is characterized by the restricted
expression of the GABA-synthesizing enzyme glutamate decarboxylase (GAD), the
GABA receptors, and the GABA transporters in GABAergic synapses consisting of a
presynaptic nerve ending, a postsynaptic entity, and surrounding astrocytes (/). Addi-
tionally, the presynaptic nerve ending is characterized by the presence of the vesicles
expressing the vesicular GABA transporter (2,3). GABA catabolism, on the other hand,
is not restricted to GABAergic synapses because the primary metabolic enzyme GABA
transaminase is widely distributed not only in the central nervous system (CNS), but
also in many other tissues, including the liver (4,5). Among the different proteins
involved in these processes, the receptors, transporters, and the GABA transaminase
are all capable of recognizing, and binding the GABA molecule, each with a unique
affinity and stringency regarding specificity (6—8). Considering the high degree of flex-
ibility of the GABA molecule, it is not surprising that GABA may be recognized by
these different proteins in distinctly different conformations. Thus, the receptors
(GABA,) and the transporters have been known for several years to bind GABA in a
more extended and somewhat folded conformation, respectively (see Krogsgaard-
Larsen et al. [9]). Actually, in agreement with this, the GABA analogs of restricted
conformation guvacine, nipecotic acid, THPO, and isoguvacine, isonipecotic acid, and
THIP (Fig. 1) can be divided in two groups, each reflecting the GABA molecule in a
folded and elongated conformation. The three folded analogs are specific ligands for
GABA-transporters, whereas the three latter analogs specifically bind to the GABA,
receptors with no affinity for the transporters. Hence, these GABA analogs have served
as important lead structures in the design of new analogs interacting with either one or
the other of the macromolecules constituting important functional components of the
GABA synapses (9). The present review is aimed at a further characterization of the
molecular structures, which are recognized by the cloned GABA transporters as well as
neurons and astrocytes expressing these transporters. For a number of years, it has been
a challenge to explain on a rational pharmacological basis how these two cell types can
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Fig. 1. Chemical structures of some common GABA mimitics of restricted comformation
that bind to the substrate binding sites in the GABA, receptor complex and the GABA trans-
porters, respectively.

exhibit completely different pharmacological properties regarding inhibitors of GABA
transporters, considering the fact that at least the most abundant transporters are
expressed in each of these cell types (7,10). This aspect will be discussed extensively in
this chapter.

2. CLONED TRANSPORTERS

The GABA transporters belong to the superfamily of Na*- and Cl--dependent trans-
porters for monoamine neurotransmitters and a number of neuroactive amino acids,
including GABA, taurine, and glycine (//-14). Additional homolog transporters in this
superfamily of plasma membrane transporters have been cloned from various species
(see refs. 15—17). Moreover, the members of this superfamily share a 12-transmem-
brane domain (TMD) topology with intracellular N- and C-terminals. (/6). It was,
however, GABA transporter 1 (GAT-1) that was initially cloned from the rat brain (/1),
and together with the cloned noradrenaline transporter (/8), provided the informational
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Table 1
Common Nomenclature Used for Cloned GABA
Transporters From Human, Rat, and Mouse

Species Name of homologous transporters
Human  GAT-1 BGT-1 NC« GAT-3
Rat GAT-1 BGT-1 GAT-2 GAT-3

Mouse?  GATI GAT2 GAT3 GAT4

@ NC, not cloned.
b Note that in the mouse GAT nomenclature, no hyphen-
ation is used to separate the acronym from the number.

basis for the subsequent cloning series. Subsequent to the cloning of the rat GAT-1,
highly homologous GABA transporters were cloned from different species, including
humans (/9-26). One of these transporters has a higher affinity for the osmoregulator
betaine (N-trimethyl-glycine) than for GABA and, hence, is termed the betaine trans-
porter (BGT-1) (24). However, in the mouse, it is called GABA transporter 2 (GAT?2),
creating some confusion in the nomenclature for GABA transporters among different
species (Table 1). Thus, GAT2 and -3 have different meanings in the different species.

2.1. Neuronal and Astroglial Transporters

Studies of GABA transport in a variety of neural cell preparations, such as bulk-pre-
pared cells, synaptosomes, cell lines, and primary cultures, have unequivocally demon-
strated that GABA is transported with high affinity in a Na*- and Cl™-dependent
manner in both neurons and astrocytes (see Schousboe [27]). Very likely the uptake
capacity is three- to fivefold higher in neurons than in astrocytes (28). Quite clearly, in
GABAergic nerve endings where the prevalent transporter is GAT1, the major function
of the transporter is to allow recycling of GABA as a neurotransmitter by re-uptake of
the released transmitter after its activation of its receptors. The exact functional role of
this transport process may, however, be debated, because the inactivation of GABA as a
neurotransmitter includes a receptor desensitization of the receptor, diffusion away
from the receptor, binding to transporters, and finally internalization by the transmem-
brane transport. This final step provides the means for reutilization of GABA as a
transmitter by its vesicular packaging and subsequent depolarization coupled release
(27). The functional role of astrocytic GABA transport, which is mediated primarily by
GAT1 and to a lesser extent by the other transporters (Table 1) may be more difficult to
define. However, it is clear from a number of studies (see Schousboe [27]) that this
transport has a modulatory effect on the efficacy of GABAergic neurotransmission.
Hence, inhibition of glial GABA uptake enhances the availability of GABA in the
synaptic cleft and has an anti-seizure potential (27,30). Studies of the expression of the
different cloned transporters at the regional and cellular level have shown that marked
differences exist with regard to the distribution of the individual transporters (see
Gardea and Lopez-Colome [30] and Schousboe and Kanner [/0]). However, the over-
all picture is that GAT1 is primarily neuronal, whereas GAT2-4 (mouse) may be pri-
marily glial, although a clear selectivity in the distribution is probably not found. This
lack of cellular specificity may be an important factor in understanding the enigmatic
pharmacology of neuronal and glial GABA-transport (see below).
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3. STRUCTURAL CLASSES OF GABA TRANSPORT INHIBITORS

As mentioned earlier, the cyclic structurally restricted GABA analogs guvacine,
nipecotic acid, and THPO (3/) have been important lead structures in the design of
GABA analogs specifically recognizing the GABA carriers. In a number of cases, such
analogs, which inhibit GABA uptake, are also substrates (32—34), but generally more
lipophilic and bulky analogs are not transported by the carrier (35—37). Exemptions to this
rule are the bicyclic isoxazoles THPO, THAO, and exo-THPO, which are not transported,
despite their relatively high solubility in water (35-36,38). Table 2 provides a summary of
GABA transport inhibitors with regard to inhibition kinetics and ability to act as a sub-
strate for GAT 1. It should be noted that among the GABA analogs that cannot be trans-
ported, differences exist with regard to the kinetic type of inhibition. Hence, some of the
compounds exhibit competitive inhibition, whereas others are noncompetitive. The com-
petitive inhibitors are likely to bind to the substrate (GABA) binding site, whereas the
other types of inhibitors have a more complex mode of interaction with sites in addition to
the GABA recognition site. Although it may be easy to understand why an inhibitor that
does not bind to the substrate binding site cannot be transported, it may be more difficult
to understand why an inhibitor that binds to this site cannot be transported. It does, how-
ever, indicate that binding to the substrate recognition site per se does not allow the trans-
port cycle to be completed. Inspection of the molecular structures of the inhibitors that are
competitive and transportable and those that are competitive and nontransportable does
not a priori provide any clues as to the requirements with regard to molecular structure
and ability to be transported. Thus, compounds such as the N-diphenylbutenyl (DPB) ana-
log of nipecotic acid or guvacine as well as THPO and its DPB analogs are all competitive
inhibitors, but are not transported. On the other hand, nipecotic acid is transported. In the
latter case, the lipophilic side chain may explain why the compound becomes a nontrans-
portable substrate, but in the case of THPO, which is structurally similar to nipecotic acid,
it is not easily understood why it cannot be transported. However, molecular size may
well be a determining factor and the size of nipecotic acid or guvacine may constitute the
upper limit that is accepted by the transport machinery.

Similarly, a comparison of the molecular structures of competitive, nonsubstrate
inhibitors and noncompetitive inhibitors may provide information about the requirements
in molecular terms for binding to the substrate binding site. Again, it is not simple to pro-
vide the distinct molecular features that are required for binding. Thus, rather small
changes in the lipophilic side chain of the derivatives of nipecotic acid may change an ana-
log from a competitive to a noncompetitive inhibitor, i.e., from a compound capable of
binding to the GABA recognition site to a compound not capable of binding to strictly to
this site. It may still be an open question whether these types of analogs may have binding
sites different from that of GABA. Studies of binding of tiagabine to GAT1 (39) have pro-
vided some clues to this issue. It may be concluded from these studies that tiagabine, which
is not transported by GAT, but which is a competitive inhibitor of GABA transport (Table
2), binds not only to the GABA transport site but also to a different site. In this context, it is
interesting to note that binding of these lipophilic GABA analogs such as N-DPB-guvacine
leads to a significant conformational change of the transporter. This is shown by the finding
that the accessability of cystein-399 located in the intracellular loop between transmem-
brane domain 8 and 9 to the —SH reagent 2-amino-ethyl-methanethiosulfonate is strongly
affected by binding of N-DPB-guvacine (40). Further insights into the significance of the
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Table 2

Kinetic Characteristics of Inhibitors of GAT1- or Neuronal-Mediated GABA Uptake*
Inhibitor Structure K;(uM) Inhibition type Substrate
(R)-nipecotic acid <‘:>—-<)H 70 Competitive Yes

DPB-(R)-nipecotic acid 2.00 Competitive No

Tiagabine 0.11 Competitive No

THPO /N 2000 Competitive No

N-DPB-THPO 50 Competitive ND
/ °>N
Exo-THPO [ 620 Competitive ND
H\N/cﬂa
N-methyl-exo-THPO . \:" 275 Competitive ND
e

(continues)

GABA-mimetic moiety and the structure of the “lipophilic” part of the GABA analogs
used as inhibitors of GABA transport have been provided by a series of studies using deriv-
atives of either nipecotic acid or THPO/exo-THPO. Interestingly, nipecotic acid inhibits
GAT1, -3, and -4, but not GAT?2 (10). Although THPO and exo-THPO are less potent than
nipecotic acid, these isoxazoles appear less discriminating between the four cloned mouse
GABA transporters (6,41). The DPB analogs of these GABA mimetic parent compounds
are always about 100-fold more potent as inhibitors, but they generally reflect the subtype
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Table 2
(Continued)

Inhibitor Structure K;(uM) Inhibition type Substrate

: 100
2

Noncompetitive ND

4-Phenylbut-1-yl-exo-THPO

o

-
N-DPB N-methyl-exo-THPO 4 Noncompetitive ND

N

/

4 Data adapted with permission from Larsson et al. (34,35), Thomsen et al. (55), Bolvig et al. (41), and
Sarup et al. (6).

b Cultured neurons.

ND = not determined.

selectivity seen for the parent compounds. Hence, based on these observations, one would
conclude that the “lipophilic” side chain plays no role with regard to interference with the
substrate binding site other than quite dramatically enhancing the affinity. It is interesting
that a comparison of the lipophilicity of the side chains and the corresponding affinity of
the analogs with the GABA binding site leads to the conclusion that the lipophilicity and
size of the side chain plays a significant role for the affinity (Table 3). Larger and more
lipophilic N-substitutions lead to significant increases in affinity (lower ICsy values)
regardless of the GABA-mimetic parent compound.

Electronegative atoms in the side chain of the diaryl analogs of nipecotic acid and
guvacine did not dramatically alter the nanomolar potency for these compounds as
inhibitors of GABA uptake in rat brain synaptosomes (42). However, it cannot be
excluded that these compounds may exhibit significant activities on GAT?2 to 4, although
GAT1-mediated transport is likely to represent the majority of the transmembrane GABA
flux in the synaptosomal preperation. In agreement with these observations, the (R)-1-
(4,4-bis (3-methyl-2-thienyl)-3-butenyl) and the para-substituted trifluromethyl-biphenyl-
methoxyethyl analog of nipecotic acid and guvacine, Tiagabine and CI966, respectively,
are selective potent inhibitors of GAT1-mediated GABA uptake (43). Interestingly, the
para-methoxy-substituted triarylnipecotic acid analog, SNAP-5114, exhibits a moderate
selectivity towards GAT4-mediated GABA uptake (44). The properties of this compound
indicate that modifications in the distal part of the lipophillic side chain of the aforemen-
tioned analogs could provide novel pharmacological properties for inhibition of GABA
uptake exhibited by others transporters than GAT1. However, the complexity of the inhi-
bition kinetics exhibited by some of the GABA inhibitors may constitute a major chal-
lenge in developing pharmacophore models for inhibition of the individual GABA
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Table 3
Correlation Between Lipophilicity and Size of the Side Chain
on Inhibition of GAT1- or Neuronal-Mediated GABA Uptake*

Parent compound Side Chain 1Csp (UM)

Nipecotic acid ) 20
I 0.2b

0.8
) 1300
g 30
Exo-THPO - 1000
450

THPO

- 320

- >500

550

190

/L
o :
s

@ Data from Larsson et al. (37), Bolvig et al. (41), and Sarup et al. (6).
b Cultured neurons.

transporters (6). Moreover, the recent demonstration of homooligomers of GAT1 makes
such models even more complicated (45). Interestingly, mutations in an intramembrane
nonpolar heptad repeat of leucine residues disrupts oligomer formation (46). It is likely
that lipophilic GABA uptake inhibitors may interfere with such complex formation.

It has been demonstrated that it is not only the lipophilicity and bulkyness of the ring
structures (DPB, thiophene rings, etc.) that may influence the affinity for the trans-
porter. It is clear that the nature of the spacer or linker between these groups and the
nitrogen atom in the GABA-mimetic part of the inhibitor play an important role
(42,47). Thus, the affinity depends on the presence of a double bond (butenyl vs butyl),
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the presence of an oxygen atom (vinyl ether), or a nitrogen atom plus an oxygen atom
(oxime). It appears that the double bond is significant, but it can be replaced by an oxy-
gen atom (vinyl ether). Moreover, generally analogs containing the vinyl ether or the
oxime linker show similar affinities for the transporter (42).

Common to the linkers described earlier is the electronegative property conferred by
the double bond or the ether and oxime bonds. Therefore, it has been concluded that this
property of the linker plays an important role for the binding to the substrate recognition
site of the GABA transporter in synaptosomes (42), which is likely to reflect primarily
GAT1. This is compatible with the conclusions from a number of mutagenesis studies in
which it was demonstrated that the positively charged amino acid residues tryptophane-68
and -222 and arginine-69 are essential for binding and transport of GABA and sodium
(48,49). Additionally, tyrosine-140 has been shown to play a significant role in GABA
binding because this is essentially abolished by mutating the tyrosine to a phenylalanine
(50). This suggests that the hydroxyl group of tyrosine may participate in hydrogen bond-
ing via water molecules in analogy with ligand binding in the AMPA receptor subunits
GluR1 and GluR4 (51). Recently, it has been demonstrated that mutation of glycine-63 in
the TMDI, to serine or cysteine, resulted in a defective GABA transport and transport
currents (52). It is tempting to speculate whether glycine-63 could be a part of the sub-
strate binding pocket in GAT1. Along this line, it is worth noting that the conserved aspar-
tate-98 in the bioamine transporters is important for binding of their endogenous ligands
(53). The aspartate-98 is conserved in the bioamine transporters and is positioned analo-
gous to the GAT1 glycine-63; hence, a similar role could be ascribed to the glycine.

It should also be mentioned that a longer linker containing a nitrogen atom has been
shown to lead to lower affinities for the aryl lipophilic analogs of the above mentioned
GABA mimetics (47). In addition, modifications of one of the two aryl groups in N-Q2
asymmetrically substituted nipecotic acid analogs (oxime and vinylether linkers) seem
to have a moderate effect on the potency of inhibition of synaptosomal GABA uptake
(54). Novel sets of lipophilic molecules that do not contain the nipecotic acid moiety,
have been shown to have higher affinity for GAT2 and GAT4 than for GAT1 and GAT3
(55). This, together with the previous demonstration that SNAP-5114 has higher affin-
ity for GAT4 than for the other cloned transporters (44), shows that lipophilic, bulky
molecules that do not contain a strict GABA mimetic moiety can be used to distinguish
between the different cloned GABA transporters.

4. PHARMACOLOGY OF NEURONAL AND ASTROGLIAL
GABA UPTAKE

In the past, neuronal and astroglia GABA transport were distinguished using B-ala-
nine as an inhibitor of glial GABA uptake and diaminobutyric acid as inhibitor of neu-
ronal GABA uptake (56). However, subsequent kinetic analyses of these GABA
analogs in primary cultures of astrocytes and GABAergic cerebral cortical neurons
(57,58) have revealed questions about the selectivity of these compounds. In particular,
it was surprising that B-alanine was found not to be a competitive inhibitor/substrate in
either cell preparation, whereas it was a perfect substrate of the taurine carrier
expressed in both cell types (58).

During the last two decades, a large number of GABA analogs based on N-substitu-
tions of the GABA mimetics nipecotic acid, guvacine, THPO, THAO, and exo-THPO
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(Fig. 1) using side chains of increasing size and lipophilicity have been investigated as
inhibitors of neuronal and astroglial GABA uptake. The results of some of these studies
have been summarized in Table 4. Among the parent GABA-mimetic compounds, only
the bicyclic isoxazoles and in particular exo-THPO exhibit somewhat higher affinity for
astroglial GABA transport than for its neuronal counter part. Moreover, it is interesting
that this marginal glial selectivity disappears completely in the DPB analogs of all of
these compounds while at the same time the potency as inhibitors increases by a factor
of 10 or more. Interestingly N-methyl-exo-THPO and N-acetyloxyethyl-exo-THPO
turned out to be among the most highly glial selective GABA transport inhibitors
reported to date (6,59-60). In this context, it is puzzling that the closely related N-ethyl-
and N-2-hydroxyethyl-exo-THPO analogs show no cell selectivity at all. Thus, one can-
not at this stage point to any molecular, structural background to rationally explain the
structure-activity difference between the neuronal and astroglial GABA transport. The
fact that both of the aforementioned molecules specifically inhibit GAT1 and exhibit no
affinity for the other cloned GABA transporters (59,60) makes the situation more puz-
zling. Thus, in order to explain this ability of certain GAT1 inhibitors to preferentially
inhibit astroglial GABA uptake, it may be hypothesized that a molecular interaction
among different GABA transporters expressed in these cells may influence the pharma-
cological characteristics of GAT1 in a thus far not well-understood manner (60). Alter-
natively, GABA-transporters not yet cloned and with unknown pharmacological
characteristics may exist (/0). Attempting to solve this puzzle will be a challenge for
future studies.

5. GABA TRANSPORT INHIBITORS AS ANTICONVULSANTS

From a mechanistic point of view based on the basic mode of action of GABAergic
synapses in which GABA appears to be both recycled as a neurotransmitter and pro-
duced by de novo synthesis from glutamate catalyzed by glutamate decarboxylase (61),
it was hypothesized that inhibition of GABA uptake might lead to an increased avail-
ability of GABA in the synaptic cleft (62-65). Hence, it was shown that the prodrug of
nipecotic acid, its pivoloylic acid ester, had anticonvulsant activity in audiogenic seizure
prone DBA mice after intraperitoneal administration leading to production of nipecotic
acid intracerebrally via hydrolysis catalyzed by unspecific esterase activity (64). It was
also shown that THPO administered in chicks with a less well-developed blood-brain
barrier (BBB) that allowed penetration of THPO into the brain protected against sound-
induced seizures (66). At the same time, it was demonstrated that the lipophilic DPB
analogs of nipecotic acid and guvacine capable of penetrating the BBB were highly
potent and efficient anticonvulsant compounds (67,68). This subsequently led to the
development of tiagabine, a potent inhibitor of GAT1, as an antiepileptic drug (69-71).
Based on the notion that uptake of GABA into astroglial cells would prevent GABA
from being directly re-utilized as a neurotransmitter (62,72), a number of the glial-selec-
tive GABA uptake inhibitors have been assessed for anticonvulsant activity in animal
models (59,73-75). It was recently demonstrated that a better correlation exists between
anticonvulsant activity and inhibition of astroglial GABA uptake than between anticon-
vulsant activity and inhibition of neuronal GABA transport (60). Based on this concept,
it seems attractive to focus future studies on gaining a better understanding of the mole-
cular pharmacological properties of astroglial GABA transporters. This includes an elu-



Table 4

ICsp Values of a Series of N-Substituted Analogs of the GABA Mimetics Shown
in Fig. 1 and exo-THPO analogs (Tables 2 and 3)4

N-substitution 1Cso (UM)
GABA mimetic -R; -R, Neurons Astrocytes
GABA 8P 320
(R)-Nipecotic acid 12 16
N-DPB-Nipecotic acid 1.3 2.0
~ I‘
Tiagabine - /\/ M/ ] 0.4 0.2
Guvacine 32 29
N-DPB-guvacine 49 4.2
0
THPO 487 258
N-methyl-exo-THPO 38 26
Re
Exo-THPO 800 200
N-methyl-exo-THPO i 405 48
N, N-methyl-exo-THPO P Va >1000 >1000
N-ethyl-exo-THPO - 390 301
N-2-hydroxyethyl-exo-THPO A 300 200
/Lm
N-acetyloxyethyl-exo-THPO /1 200 18
N-allyl-exo-THPO " 220 73
N-4-phenylbutyl-exo-THPO I//© 100 15
&
N-DPB-exo-THPO O 14 0.6
N-DPB-N-methyl-exo-THPO ~ ,~"( 4 5 2

@ Data from Larsson et al. (35,36), Falch et al. (59), White et al. (60), and Sarup et al. (6).

b K, value.
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cidation of the molecular identity of the transporters expressed, as well as a characteriza-
tion of the mechanisms regulating their expression (27).

6. CONCLUDING REMARKS

The GABA transporters constitute important entities in the central nervous system
(CNS), where they control and terminate the pivotal inhibitory GABAergic neurotrans-
mission. Since the early 1970s, major successful steps have been undertaken to develop
and synthesize inhibitors of GABA uptake. However, in the 10—15 yr before GATs were
cloned, the general view was that GABA uptake systems existed in both neurons and
astrocytes. Moreover, these GABA uptake systems differ in their pharmacology, and
even today some of these differences are not fully understood. With the advent of
cloning of GATsS, the complexity of GABA uptake became more clear, and the develop-
ment of new drug candidates selectively targeting GABA transport was rapidly acceler-
ated. Because neuronal/GAT1-mediated uptake may be quantitatively the most
important in most brain regions, is it not surprising that focus was on this transporter.
Today, potent and selective GAT'1 inhibitors are available. The structural requirements
for ligands acting as inhibitors of GABA uptake are not straightforward. The GABA
mimetic part, the linker region, and the lipophilic aromatic substituents clearly have
profound effects on selectivity and potency as inhibitors of these carriers, with the
effects essentially restricted to GAT 1. These effects can be explained partly by interac-
tions with identified charged amino acid residues in the GAT1 transporter. Surprisingly,
only a minor effect has been identified for GAT2 to 4, in spite of the high amino acid
sequence homology among the GATs. However, development of pharmacophore mod-
els for these particular inhibitors is a complex task and is still at an early stage.
Although the substrate binding site has not been fully characterized, important informa-
tion on the biophysics of the transport process may be helpful in the context of under-
standing ligand transporter interactions. Recent evidence has revealed aspects of the
higher organization of the transporters (i.e., oligomerization, trafficking, regulation).
Finally, additional reports underscoring the functional importance of astroglial GABA
uptake have recently been published. Thus it is now important that steps be taken
towards development of inhibitors that selectively target GAT?2 to-4 or astroglial GABA
uptake in general. This research may provide essential new insights into the physiologi-
cal functions and potentially therapeutical uses of the GABA transporter subtypes.
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Insights From Endogenous and Engineered
Zn?* Binding Sites in Monoamine Transporters

Claus Juul Loland and Ulrik Gether

1. INTRODUCTION

The availability in the synaptic cleft of dopamine, serotonin, and norepinephrine,
referred to as the monoamines, is tightly regulated by specific transport proteins that
mediate rapid uptake into the presynaptic nerve terminals utilizing the Nat gradient
across the plasma membrane as the driving force (/-3). Three distinct monoamine
transporters have been identified: the dopamine transporter (DAT) (Fig. 1), the norepi-
nephrine transporter (NET), and the serotonin transporter (SERT) (/—3). These trans-
porters belong to the family of Nat/Cl--coupled transporters that also include
transporters for other neurotransmitters such as GABA (y-aminobutyric acid) and
glycine (/-3). The homology among the Nat*/Cl~-dependent neurotransmitter trans-
porters is striking with, e.g., 67% sequence identity between DAT and NET, 49%
between DAT and SERT, and 45% between DAT and the (GABA transporter-1 (GAT-1)
(2,4). Recently, it has become clear that homologs of Na*/Cl--dependent transporters
also exist in prokaryotes. BLAST searches of newly sequenced bacterial genomes have
revealed the existence of genes in many bacteria and archae (~50) encoding proteins
with up to 25% sequence identity with the human DAT (see also Chapter 12). The
function of these putative transporters is unknown, except that one transporter from the
thermophilic bacteria Symbiobacterium Thermophillum very recently has been identi-
fied as a highly selective tryptophan transporter (5).

The monoamine transporters are targets for the action of several drugs. This includes
both the most commonly used antidepressants, which are selectively blocking the func-
tion of the serotonin transporter (selective serotonin reuptake inhibitors [SSRIs]); and
widely abused psychostimulants, such as cocaine, amphetamine, and “ecstasy” (2,3).
Not surprisingly, these transporters have therefore been the focus of intensive research.
During recent years, these research efforts have improved our understanding of their
role in drug-abuse mechanisms, and progress has been made in our understanding of
how the transporters operate at the molecular level (2). A high-resolution structure is,
however, still not available for a Na*/Cl--dependent transporter or for any other trans-
port protein utilizing a transmembrane ion gradient as the driving force for the trans-
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Fig. 1. Schematic representation of the human dopamine transporter. The large second extra-
cellular loop contains three sites for N-linked glycosylation and two cysteines that are conserved
among all biogenic amine transporters and believed to form a disulfide bridge (85-90). The three
residues coordinating Zn2* binding to the wild-type hDAT are highlighted (enlarged black cir-
cles) (50,51). The most conserved residue in each transmembrane segment is also highlighted
(gray circles). To generate a generic numbering scheme allowing direct comparison of positions
between the individual members of the transporter family, these residues have been assigned
arbitrarily by the number of the helix and the number 50. Other residues are then numbered
according to their position relative to this conserved residue. For example, 1.55 indicates a
residue in transmembrane segment 1 (TM1) five residues carboxyterminal to the most conserved
residue in this TM (Trp1.50). Throughout the chapter all residues are indicated by both their
actual amino acid number in the transporter and in superscript by this generic numbering scheme
(see also Chapter 12).

port process (secondary active transporters). Notably, low-resolution, three-dimen-
sional structures have now been published for the bacterial Nat/H*-antiporter NhaA (6)
and of the bacterial oxalate transporter OXIT based on cryo-electron microscopy of
two-dimensional crystals (7). These structures have provided the first glimpses of the
higher structural organization of secondary active transport proteins, but to what degree
these very different proteins may resemble that of the Nat/Cl--dependent transporters
to which they share no sequence homology remains elusive.

In the absence of a high-resolution structure, a broad spectrum of noncrystallo-
graphic strategies have proven highly useful to obtain insight into structure/function
relationships in the family of Na*/Cl--dependent neurotransmitter transporters (for
detailed review, see ref. [2] and Chapter 12). The use of immunochemical techniques
(8,9), as well as site-selective labeling with membrane permeable and nonpermeable
cysteine/amine reactive biotinylation reagents (/0,11), have provided support for the
originally proposed topology shown in Fig. 1. This topology is characterized by 12
transmembrane segments, a large second extracellular loop, and an intracellular loca-
tion of both the N- and C-termini (Fig. 1). Furthermore, construction of chimeric trans-
porters (12—15), point mutational analysis (see, e.g., refs. [16—22]), photo-affinity
labeling (23), and biophysical techniques (24) have provided information about
residues and domains critical for the translocation process and for substrate and/or
blocker recognition. The application of the substituted cysteine accessibility method
(SCAM) has been used to predict secondary structure relationships and identify con-
formationally sensitive positions in the transporter molecules (/1,25,26—28). More-
over, the application of fluorescence resonance energy tranfer (FRET) (29) and
intermolecular cross-linking strategies (30) have suggested that Na*/Cl--dependent
neurotransmitter transporters exist in the membrane as an oligomeric structure
although the functional significance of this still needs to be clarified.

In this chapter, it will be described how we have utilized endogenous and engineered
Zn?* binding sites to explore the structure and molecular function of Na*/Cl--depen-
dent neurotransmitter transporters. The work has not only allowed the definition of the
first structural constraints in the tertiary structure of this class of transporters, but also
provided new insight into both conformational changes accompanying substrate
translocation and mechanisms governing conformational isomerization in the translo-
cation cycle. In the chapter, we will also review the theoretical and practical basis for
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application of “Zn2* site engineering” and the results obtained from application of the
technique to several other membrane proteins.

2. INSIGHTS FROM NATURALLY OCCURRING
ZNZ* BINDING SITES IN SOLUBLE PROTEINS

Zn2+ binding sites are found in numerous soluble proteins, including particular
enzymes and DNA binding transcription factors (3/-34). In enzymes, Zn** may have a
direct catalytic role (catalytic sites) or Zn2* may stabilize the active site structure of the
enzyme (structural sites) (34). In DNA binding transcription factors, Zn%* serves a
purely structural role, stabilizing the geometry of the so-called Zn2?* finger motif
(31,33). Another class of sites is co-catalytic sites, where two or three metal ions are
situated in immediate proximity and in which two of the metals are bridged by a side-
chain moiety of a single amino acid residue (34). Only few of these sites contain only
7Zn2* and more often contain Zn?* in combination with Cu, Fe, or Mg (34). Interest-
ingly, Zn* binding sites may also occur at the interface between two protein molecules
(protein interface sites) serving either a catalytic or a structural role (34).

The availability of the three-dimensional structure of now approx 200 soluble Zn%*
binding proteins has provided profound insight into the structural basis for the interac-
tion of Zn%* with polypeptides and defined the strict structural constraints for coordina-
tion of the zinc(Il) ion (33,34). As for other metal ions, the residues that can act as
ligands for Zn2* are those that contain electron-donating atoms (S, O, or N) or have
amino acid side chain with ionizable groups (35). Although this includes serine, tyro-
sine, arginine, and lysine, the strongest interactions are with the imidazole side chain of
histidines, the sulfhydryl side chain of cysteines, and the carboxylate side chains of
glutamates and aspartates (35). The predominant coordination geometry found among
Zn2*-binding sites in soluble proteins is tetrahedral (33,34). For catalytic sites, this will
involve the side chains of three residues plus a water molecule, with histidine being the
most abundant ligand and only occasional involvement of cysteines, aspartates, and
glutamates (33,34). Importantly, the water molecule present in the catalytic site plays a
key role for the catalytic process. lonization/polarization of the water molecule can for
example provide hydroxide ions at neutral pH, or alternatively Lewis acid catalysis by
the catalytic Zn2*+ ion may occur by displacement of water or by expansion of the coor-
dination sphere (34). In contrast to the catalytic sites, the structural sites are usually
buried and have no bound water molecule, thus involving the side chains of four
residues, with cysteines being most common closely followed by histidine and only
rarely aspartate or glutamate (33,34). More infrequently, the Zn2* binding sites may
have five or six coordinates involving a variable number of water molecules (34). The
sites having five coordinates adopt most often a trigonal bipyramidal geometry and less
often a square-based pyramidal geometry, whereas sites with six ligands are found to
adopt octahedral geometry (34). The average distance between the coordinating ligand
and Zn?* is largely independent of the coordination geometry and is in the range of
2.0-2.3 A (33). Accordingly, two residues involved in coordinating the same Zn2+(II)
ion must be in close proximity in the tertiary structure of the protein, with the o-car-
bons being approx 13 A apart (33).

The crystal structures of Zn?* binding proteins not only revealed well-defined ter-
tiary structure constraints to accommodate Zn%* binding, but also well-defined con-
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Fig. 2. Structural constraints for binding of Zn2* between two histidine residues in an o-
helix or B-strand. (A) Coordination of Zn2* between two histidines present in an o-helix
requires that the two histidines are positioned as i and i4 with i assuming the gauche+ rotamer
and i4 the trans rotamer. The figure shows !“0His and 44His in the endogenous Zn2* binding
site of the elastase of Pseudomonas aeruginosa (1.5 A resolution) (97). (B) Coordination of
Zn2* between two histidines present in a B-strand requires that the two histidines are positioned
as i and 12 with i assuming the gauche+ rotamer and i2 the frans rotamer. The figure shows
94His and %His in the endogenous Zn2* binding site of carbonic anhydrase II (1.54 A resolu-
tion) (92). The histidine in the adjacent strand (!!°His) forms the third coordinate in the binding
site. Reproduced with permission from ref. (36).

straints at the secondary structure level. For example, coordination of Zn2+ between
two histidines that are located in the same o-helix requires that the two histidines are
positioned as i and i4 with i assuming the gauche+ rotamer and i4 the trans rotamer
(33,36) (Fig. 2). If the two residues instead are positioned as either i and i3 or i and i5,
binding of Zn%* will involve a substantial distortion of the helix (33,36). A similar strict
pattern was observed for pairs of Zn2*-binding histidines in B-strands. Two histidines
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within a B-strand must be positioned as i and i2 to bind Zn?* without distortion of the
strand (33,36) (Fig. 2). As described later in this chapter, this information may allow
useful inferences about not only tertiary structure relationships, but also secondary
structure-relationships from engineered Zn2+ binding sites.

3. ENDOGENOUS ZN?* BINDING SITES IN MEMBRANE PROTEINS

During recent years, evidence has been obtained indicating the presence of Zn2+
binding sites also in many membrane proteins. This includes: ligand-gated ion chan-
nels such as the GABA, receptor (37,38), the glycine receptor (39,40), and the NMDA
receptors (41-45); G protein coupled receptors such as the melanocortin receptor-1
and 4 (46), the neurokinin-3 receptor (47), and the 3, adrenergic receptor (48,49); and
neurotransmitter transporters such as the DAT (50,5/) and the glutamate transporter
EAAT-1 (52). The three-dimensional structures of these proteins have not been solved;
thus, the presence of endogenous Zn2* binding sites has been discovered indirectly by
the ability of low-micromolar concentrations of Zn2+ to modulate the function of these
proteins and by subsequent identification of Zn?* coordinating residues using site-
directed mutagenesis.

The physiological role of the Zn?* binding sites identified in membrane proteins
remains unclear. The extracellular free Zn?* concentration is generally kept at a low level
in the brain (estimated to be in the range from 1 pM-10 nM (3/); however, in glutamin-
ergic nerve terminals, especially at the mossy-fiber synapses in the hippocampus, Zn2+ is
found in very high concentration in the synaptic vesicles (3—30 mM) (53). Upon the
arrival of an action potential at the terminal, Zn%* has been shown to be co-released with
glutamate. Based on studies using hippocampal slice preparations, this has been esti-
mated to result in free Zn2* concentration that transiently may reach 10-30 uM (54-56).
Older studies have even estimated that the concentration may reach 100-300 pM upon
stimulation of glutaminergic neurons (57). It is, therefore, likely that Zn2* in sufficiently
high concentrations at least transiently may be present in the synapses to modulate the
function of receptors and transporters containing endogenous Zn* binding sites. Final
evidence for this will have to await the application of, for example, transgenic strategies
involving homologous substitution with Zn?*-insensitive mutants (knockins).

4. ENGINEERING OF ZN?* BINDING SITES: BACKGROUND

Owing to the well-defined structural constraints, Zn?*+ binding sites have been artifi-
cially introduced into proteins in many cases (58). Zn2* is particularly well-suited for
this purpose. As a divalent cation, it has a completely filled d shell with 10 d electrons
(58). This electron configuration has three important consequences. First, because of
the filled d shell, Zn?* has no ligand field stabilization energy when coordinated by lig-
ands in any geometry, in contrast to ions with partially filled d shells, which can favor
certain arrangements of ligands over others. Second, divalent zinc is—in contrast to,
e.g., Cu*—not redox active; neither the potential oxidized form, Zn3*, nor the poten-
tial reduced form, Zn*, is accessible under physiologic conditions. Third, Zn2* is rela-
tively labile in kinetic terms, meaning that it undergoes ligand-exchange reactions
relatively rapidly (58).

Zn2* binding sites have been artificially introduced into proteins to stabilize them
against denaturation or proteolytic degradation and into enzymes for enhanced regula-
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tion. They have also been engineered into proteins to assist their purification, crystal-
lization, and X-ray crystal structure determination (58). Moreover, Zn%* binding sites
have been artificially introduced into receptor and transporter proteins with the purpose
of defining structural constraints in the secondary, tertiary, and quaternary structure of
these proteins (36,51,59—67). The simple principle of this “Zn?* site engineering”
approach is based on the ability of properly oriented Zn2* coordinating residues to
chelate Zn2* in low micromolar concentrations. As Zn2* ligands, histidines should be
preferred over cysteines, aspartates, and glutamates. Even though cysteines can bind
Zn%+ with high affinity, they have several disadvantages. The presence of a free
sulthydryl might interfere with protein folding owing to spontaneous formation of
disulfide bridges between a pair of inserted cysteines. Also, the oxidation state of cys-
teine may be difficult to control in the presence of metal ions. Histidines should be pre-
ferred over aspartates and glutamates simply because of the higher affinity of Zn2* for
the imidazol side chain.

To achieve Zn?* binding and accordingly generate a successful ZnZ+-binding site
between mutationally inserted histidines, several criteria must be satisfied. First, the
distances between the o-carbons of the substituted side chains should be less than 13 A
to allow the corresponding imidazole side chain to bind Zn?*. Correspondingly, it
should be possible for the coordinating nitrogen of the imidazol rings to be ~4 A apart
to allow coordination by Zn2* (33). Second, the insertion/substitution of a preexisting
residue with histidine should be structurally and functionally tolerated by the protein of
interest. In this context, it is important to note that cysteines in some cases are prefer-
able because cysteines substitutions often are better tolerated than histidine substitu-
tions. Third, the residues substituted must be exposed to the aqueous environment to
allow Zn?* binding. Fourth, binding of Zn?* to the engineered binding site should be
measurable. In membrane proteins that are not easily purified in large quantities to
allow direct structural analyses, the only readily applicable way of detecting Zn2+ bind-
ing is indirectly via a putative effect of Zn?* on the function of the protein. Such effects
can include, for example, inhibition or stimulation of radioligand binding, receptor G
protein coupling (59,68), or transport activity (50,52).

It is of interest to note that—at least theoretically—it should be possible to predict
the number of Zn2*+ coordinating residues in a given Zn?* binding site depending on
observed affinity for Zn2* (69). A bidentate site would be predicted to have an affinity
constant in the range of 2-200 LM, a tridentate site would be predicted to have an affin-
ity constant in the range of 36-3700 nM, whereas a tetrahedral Zn%*-binding site will
lie between 2 fM and 25 nM (70,69). Obviously, the ranges are quite wide because the
Zn2+ affinity is critically dependent on a wide variety of factors besides the ability of
the coordinating sides chains to chelate Zn?*,

Metal ion binding sites have been engineered in several polytopic membrane pro-
teins. Kaback and coworkers designed a series of metal ion binding sites in the Lac per-
mease, a proton coupled lactose transporter from Escherichia coli (71-73). Binding of
the metal ion (Mn2*) was determined directly on purified protein by the use of electron
paramagnetic resonance spectroscopy and this data provided new insight into packing
of the 12 transmembrane helices present in this transport protein (7/-73). Elling et al.
introduced the use of Zn2* site engineering in G protein-coupled receptors by substitut-
ing an antagonist binding site in the NK-1 (substance P) receptor with a tridentate his-
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tidine Zn2* binding site (59). Subsequent engineering of a series of bis-His Zn2* bind-
ing sites in the NK-1 receptor defined a series of distance constraints in the tertiary
structure of receptor (62). Most importantly, these data provided information about the
organization of the seven-helix bundle in GPCRs (62). The structural constraints
defined by the engineered sites could, for example, only be interpreted in the context of
a counterclockwise orientation (seen from the extracellular side) of the seven helices
(62). Similarly, as described in the next section, our application of Zn2* site engineer-
ing to Na*/Cl™-dependent neurotransmitter transporters has enabled definition of
important secondary and tertiary relationships in this class of proteins. Evidently, the
structural information achieved from these studies is rather limited as compared with a
high-resolution crystal structure. However, it is important to note that the application of
Zn2+ site engineering has provided (and can provide) interesting structural information
long before a high-resolution structure has been (is) available. It can also be used, for
example, to develop “evolutionary fingerprints” for deducing the degree of structural
conservation across a protein family, and it may address specific structural questions
that might be relevant even if high-resolution structural information is available
(59,62,63,65,66,68,74).

It is also important to emphasize that the generation of Zn?* binding sites can not
only provide structural insights, but also offer novel insights into protein function. The
substitution of a nonpeptide antagonist binding site in the NK-1 (substance P receptor)
not only provided new structural insight, but also supported a concept of “allosteric
competitive” antagonism, in which antagonists and agonists mutually exclude each
other’s binding to the receptor without necessarily sharing an overlapping binding site
by stabilizing distinct inactive and active conformations, respectively (59). Indirectly,
Zn2* binding sites may also convey information about conformational changes impor-
tant for protein function. In the G protein-coupled light receptor rhodopsin, Zn?*+ has
been shown to inhibit receptor activation by binding to an engineered bis-His Zn2+
binding site between the cytoplasmic extensions of transmembrane segment (TM)-3
and -6 (75). A conceivable explanation for this observation is that ZnZ* by binding to
this site constrains motions between the two domains critical for the receptor activation
process (75). This conclusion has been supported by studies employing spectroscopic
techniques (76,77) and the substituted cystein accessibility method (78). Also, as
described in detail in the next section, we have in the DAT and GAT-1 engineered
inhibitory Zn?* binding sites between histidines and/or cysteines in TM7 and -8
(36,51,65). By binding to these sites, Zn?* acts as a noncompetitive inhibitor of sub-
strate translocation representing strong, though still indirect, evidence that relative
movements between these domains are critical for this process.

Zn2* binding sites may also allow insight into the structure of specific functional
states of a given protein. In the 3, adrenergic receptor, it has been demonstrated that
coordination of Zn** or Cu?* between a cysteine inserted in TM7 and the aspartate in
TM3, which bind the positively charge amine of the agonists and antagonists for this
receptor, leads to receptor activation (68). The observation defined an important dis-
tance constraint in an active conformation of the receptor. This is of obvious interest
given that the only available high-resolution structure of a GPCR is the inactive dark
state of rhodopsin. The information could potentially be useful in structure-based drug-
discovery processes aimed at developing agonist ligands. In the same receptor, it has
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recently been found that binding of Zn?* to a naturally occurring binding site on the
intracellular side of the membrane leads to allosteric enhancement receptor activation
(49). The site presumably involves Glu225 at the cytoplasmic side of TM5 and His-269
plus Cys265 at the cytoplasmic side of TM6 and, thus, the data provide additional sup-
port for a conformational rearrangement in this part of the receptor during activation
and G protein coupling (49). In the metabotropic glutamate receptor-1 (mGluR1), a
Zn2* binding site has recently been generated in the large extracellular aminoterminal
domain (ATD) (79). At this site, Zn2* acts as a noncompetitive antagonist, presumably
by preventing formation of the “closed” active conformation of the ligand binding site
that is contained within the ATD (79). Finally, it is noteworthy that discrete mutations
in, for example, the DAT have been observed to elicit dramatic alterations in the Zn2*
effect at this protein (66). Because such alterations can be a direct consequence of, for
example, changes in the distribution between different functional states, such muta-
tions may—together with ZnZ*—represent valuable tools for deciphering the molecular
basis for the biological function of a given protein (see next section).

5. AN ENDOGENOUS ZN?* BINDING IN THE DOPAMINE
TRANSPORTER

By investigating the susceptibility of the unmodified human dopamine transporter
(hDAT) and the homologous human norepinephrine transporter (WNET) to Zn%*, we
obtained evidence that the hDAT, but not the hNET, contains an endogenous high-affin-
ity Zn* binding site (50). As illustrated in Fig. 3, it was found that Zn?* in micromolar
concentrations is a potent inhibitor of [’H]dopamine uptake in hDAT but not in hNET
(50). The inhibition in hDAT was biphasic with an ICsy value for the high-affinity
phase of approx 1 uM and > 1000 uM for the low-affinity phase (50). In the NET, only
low-affinity inhibition was observed. The low-affinity inhibition by Zn?* at millimolar
concentrations most likely represents nonspecific toxic effects of Zn?*; however, the
high-affinity inhibition in hDAT conceivably reflected interaction of Zn?* with a spe-
cific site within the hDAT (50). The presence of an endogenous Zn?* binding site in the
hDAT was further supported by the observation that Zn?* in micromolar concentrations
potentiated binding of the cocaine analog [PHIWIN 35 428 to the hDAT, but not the
hNET (50) (Fig. 3).

Saturation uptake experiments in the presence and absence of micromolar concen-
trations of Zn%* showed that the high-affinity inhibition of uptake in the hDAT was
owing to a decrease in the Vyax for [’H]dopamine uptake with no change in Ky, con-
sistent with a noncompetitive mechanism of action (50). It was also observed that
dopamine inhibits binding of the cocaine analog [PHJWIN 35 428 with the same
potency in the absence and presence of Zn?*, altogether supporting that dopamine can
bind to the Zn%* occupied transporter but that translocation is blocked (50). The most
likely explanation is that Zn2* is restricting movements but not blocking the transloca-
tion cycle completely, causing the transporter to translocate at a lower efficacy. Another
possibility that cannot be excluded is that in the presence of Zn2*, the translocation
process occurs at an unchanged rate, but dopamine is less likely to be released to the
intracellular environment. Thus, Zn?* increases the chance that the transporter reorients
from its putative inward-facing conformation to its outward-facing conformation with
the dopamine still bound.
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Fig. 3. Evidence for an endogenous Zn2+-binding site in the DAT but not in the NET. (A)
Zn?* inhibition of [3H]dopamine uptake in COS-7 cells transiently expressing hDAT (filled cir-
cles) or hNET (open circles). (B) Effect of ZnZ* on binding of the cocaine analog [FTHJWIN
35,428 to hDAT (filled circles) and hNET (open circles). Values are percent of control
([*H]dopamine uptake or [*H] WIN 35,428 binding in the absence of Zn?*) expressed as means
+ S.E. of 3-5 experiments performed in triplicate.

The structural basis for the high-affinity interaction with hDAT was investigated by
application of a systematic mutagenesis approach aimed at identifying Zn2+ coordinating
residues within the transporter molecule. Because the NET, in contrast to hDAT, was
insensitive to ZnZ*, at least one coordinating residue could be expected to be noncon-
served between the hDAT and the hNET. Moreover, because Zn?* is unlikely to penetrate
the plasmamembrane, it would be expected that the coordinating residues would be on
the extracellular face of the transporter molecule. Indeed, a systematic knockout of all
nonconserved histidine residues at the extracellular side of the DAT identified a histidine
(His193387)! in the second extracellular loop (Fig. 1) that, upon mutation to lysine, elim-

I All residues are indicated both by their actual amino acid number in the transporter and in superscript
by the generic numbering scheme described in the chapter by Goldberg et al. According to the scheme, the
most conserved residue in each transmembrane segment has been given the number 50, and each residue is
numbered according to its position relative to this conserved residue. For example, 1.55 indicates a residue
in TM1 five residue carboxyterminal to the most conserved residue in this TM (Trp1.50).
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inated high-affinity Zn* susceptibility (50). The involvement of His193387 was further
supported by the fact that if a histidine were inserted into the corresponding position in
the NET (NET-K189H) hDAT-like Zn?* susceptibility was transferred to this transporter
(50). This observation also gave the important information that the remaining coordi-
nate(s) must be found among residues conserved between hDAT and hNET. In full
agreement with this prediction, subsequent systematic mutation of all the conserved
extracellular histidines identified an additional coordinating residue (His3757-0 at the
top of TM7, Fig. 1) that, upon mutation into an alanine, revealed the same dramatic
decrease in Zn2* susceptibility as observed for the H193K mutation (50).

Because the vast majority of naturally occurring Zn?* binding sites contains three or
four coordinating residues and because the apparent Zn2+ affinity for the hDAT (~1
uM) would be most consistent with a tridentate binding site (though in the low-affinity
range; see previous section), we predicted that at least one additional residue was part
of the hDAT Zn?* binding site. Mutation of multiple cysteines assumed to be accessible
from the extracellular side did not indicate participation of these residues in Zn%* bind-
ing (L. Norregaard, J. Ferrer, J. Javitch, and U. Gether, unpublished observation); how-
ever, mutation of all conserved extracellular aspartates and glutamates identified a
glutamate as the third residue in the Zn2+ binding site located in the top of TM8 at posi-
tion 396834 (51) (Fig. 1). The involvement of both His3757%0 and Glu396%-34 was addi-
tionally supported by mutation of the corresponding residues in the ZnZ*-sensitive
NET-K189H mutant (His372 and Glu393, respectively), resulting in eliminated high-
affinity Zn%* inhibition of [*H]dopamine uptake (51). Moreover, it was found that a his-
tidine could fully substitute for the glutamate (hDAT-E396H) with respect to Zn2*
inhibition of [3H]dopamine uptake (57). This minimized the possibility that the loss of
Zn?* sensitivity upon mutating Glu396%-34 to glutamine in hDAT is owing to an indirect
structural effect caused by the removal of a negative charge, rather than the disruption
of a direct interaction with Zn2*.

The identification of the three residues involved in Zn?* binding to the endogenous
Zn?* binding site imposes an important set of distance constraints in the tertiary struc-
ture of the DAT. According to the hydrophobicity plot, His3757-60 and Glu3968-34 are
predicted to be located right at the extracellular end of TM7 and TMS, respectively
(Fig. 1). They are separated with a large loop of 20 residues, allowing TM7 and TMS to
be rather far apart in the tertiary structure. However their common participation in the
Zn?* site outlines the close association between the two transmembrane segments.
Moreover, the participation of His193387 in binding of Zn2* to the DAT outline the
association of the outer portion of TM7 and TMS8 with the large extracellular loop con-
necting TM3 and TM4.

6. STRUCTURAL INSIGHT FROM ENGINEERED ZN?+ BINDING SITES
IN NA*/CL--DEPENDENT NEUROTRANSMITTER TRANSPORTERS

The identification of the coordinates in the endogenous Zn%* binding site in the DAT
suggested that His3757-60 at the top of TM7 is facing Glu3968-3* at the top of TMS. To
further explore this spatial proximity between TM7 and TMS, a series of engineered
Zn2* binding sites was established (51,36). If Glu396834 is situated in an o-helical
environment, it could be expected that His3757-60 also is close to the residue situated
one helical turn from Glu396%-34, i.e. the residues in the i4 or i3 positions, while the i2
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position would be expected to be located on the other side of the helix. Accordingly,
three mutant transporters were generated in which His193387 and Glu396%-34 were
removed, His3757-%0 preserved, and cysteine residues inserted in position i2, i3, and i4
relative to position 396 (51). The insertion of cysteines was chosen in favor of the
stronger binding histidines because the residues are smaller and therefore likely better
tolerated in the transmembrane domains, where space can be limited. Indeed, Zn2+
could inhibit [3H]DA uptake when a cysteine were inserted in position 400838 (i4) dis-
playing an ICsy value of 24 uM as compared to 660 uM for the background mutant
(hDAT-H193K-E396Q) (51). By probing cysteine residues in TMS8 against the
His3757-60 in TM7, the results strongly support that the top of TM8 is an a-helical con-
figuration.

In another set of experiments, the secondary structure at the external end of TM7
was probed by engineering sites with two coordinating residues within the same hypo-
thetical helix. It was attempted specifically to take advantage of the finding that coordi-
nation of Zn%* between two histidines located in an o-helix requires that the two
histidines are positioned as i and i4 position, with i assuming the gauche+ rotamer and
i4 the frans rotamer (Fig. 2) (36). First, His1933:87 in ECL 2 was substituted with a
lysine (the corresponding residue in the Zn?*-insensitive hNET is a lysine). In the
background of this mutation (H193K), we introduced a histidine inserted in the i4 posi-
tion relative to His3757-60 (H193K-M371H). In this mutant, Zn%* was a potent inhibitor
of [H]dopamine uptake, indicating coordination of Zn?* between His3757:60,
Glu3968-34, and M371H and thus supporting an o-helical configuration of TM7 (36).
This was further corroborated by the observation that no increase in the apparent Zn2+
affinity was found upon introduction of at the i2, i3, and i5 positions relative to
His3757-%0, Interestingly, a different pattern was observed when histidines were intro-
duced at positions i2 V377H) i3 (P378H), and i4(I379H) and i5 (G380H) relative to
His375790, Thus, a marked increase in the apparent Zn%* affinity was observed by
introducing a histidine not only at the i4 position from His3757-0 but also at the i2 and
i3 positions (36). These data are inconsistent with an o-helical configuration between
residue 375 and 379 and indicate the absence of a well-defined secondary structure.
Thus, the data suggest an approximate boundary between the end of the TM7 helix and
the succeeding loop around position 375 (36).

Altogether, the identification of the coordinating residues in the endogenous hDAT
Zn?* binding site followed by the engineering artificial sites have defined an important
series of structural constraints in this transporter. This includes not only a series of
proximity relationships in the tertiary structure, but also secondary structure relation-
ships. The data also provided information about the orientation of TM?7 relative to
TMS. A model of the “TM7/8 microdomain” that incorporates all these structural con-
straints is shown in Fig. 4 (36). The model is an important example of how structural
inferences derived from a series of Zn2* binding sites can provide sufficient informa-
tion for at least an initial structural mapping of a selected protein domain.

The fact that the endogenous Zn%*-binding site in hDAT could be transferred to the
homologous hNET (50) suggests the possibility that Zn2* site engineering can be used as
an “evolutionary fingerprint,” meaning that if a Zn%* binding site can be transferred from
one protein to an other by mutation of the corresponding residues, it is an indication of
that the two proteins adopt a similar tertiary structure even if the primary amino acid
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Fig. 4. Molecular Model of the TM7/8 microdomain. The model incorporates the constraints
defined by data achieved in ref. (50,51,36). Three different Zn2* binding sites were included in
the modeling procedure. Left panel, the endogenous Zn2+ binding site in hDAT (193His-373His-
396Glu) (50,51,36). Middle panel, the engineered site 375His-4*Cys (50,51,36). Right panel, the
engineered site 371His-37His-3°Glu (36,50,51). The three Zn?* binding sites were all modeled
assuming a tetrahedral coordination geometry. Fragments 347Ile-*7His (TM7) and 3%Glu-
4011 eu (TMS8) were modeled as two ideal anti-parallel o-helices with a predicted crossing angle
of 161.3° between the axes and a distance between the a-carbon of 37His and 3%Glu of 10.4 A
(36). This relative backbone orientation of TM7 and TMS satisfies all three Zn?* binding sites
through side-chain rotations alone without changes in the position of the two backbones. Repro-
duced with permission from ref. (36).

sequence is different. This hypothesis was further supported by the observation that
some of the established Zn2* sites in the DAT also could be engineered into the GABA
transporter, GAT-1 (65). Introduction of a histidine in position 349760 (position 375 in
hDAT) together with either a histidine in position 37083 (position 396 in hDAT) or a
cysteine in position 374838 (position 400 in hDAT) resulted in bidentate Zn?* binding
sites where Zn2* binding lead to potent inhibition of [*FHJGABA uptake (65).

Electrophysiological analysis of the mutant transporters upon expression in Xenopus
laevis oocytes showed that the inhibition of uptake was accompanied by a correspond-
ing inhibition of the subtrate-induced current (65). Interestingly, analysis of the uncou-
pled Li+ conductance found in the GAT-1 showed that Zn?* strongly inhibited the leak
conductance in the T349H-E370H mutant, whereas no inhibition by Zn?* was observed
in T349H-Q374C (65). This differential effect provides strong evidence that the leak
conductance represents a unique operational mode of the transporter involving confor-
mational changes distinct from those associated with substrate translocation (65).
Moreover, it reflects yet another example of how engineering of Zn?* binding site can
be helpful for the dissection of not only structural relationships but also specific func-
tional mechanisms in membrane proteins.

7. THE COMPLEXITY OF ZN%* ACTION AT HDAT:
OPPOSITE EFFECT ON UPTAKE AND RELEASE

A further complexity of the action of Zn?* at the hDAT was revealed when we inves-
tigated the effect of Zn2* on reverse transport. Notably, the monoamine transporters are
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like other Na* coupled transporters, capable not only of Nat-dependent uptake but also
of reverse transport of their substrate(s) (80). This reverse transport occurs either in
response to addition of external substrate, upon disruption of the Nat-gradient or by
membrane depolarization (8/). The exact mechanism by which DAT mediates this
efflux of substrate is poorly understood. According to the facilitate-exchange diffusion
model of transporter function, inward and outward transport is predicted to be stoichio-
metrically linked and strictly coupled (82). Accordingly, any inhibition of uptake
would result in a concomitant inhibition of efflux. It was therefore particularly interest-
ing to observe that in contrast to substrate uptake where Zn2* acts as an inhibitor, Zn2+
enhances efflux of substrate; when cells are preloaded with [PZHJMPP* and then chal-
lenged with amphetamine, the addition of ZnZ* causes a substantial increase in
[PH]MPP+ efflux (83) (Fig. 5). Similarly, Zn?+ enhanced efflux upon depolarization as
well as augmented efflux in response to amphetamine in striatal slices (83). The aug-
mentation of efflux mediated by Zn?* was importantly found to be a result of Zn%*
binding to the same endogenous Zn2* binding site as that mediating inhibition of
uptake (83). Also, it is important to note that the enhancement of release was observed
selectively for the endogenous Zn%* binding site and could not be mimicked by an
engineered site, such as that involving His37570, 1377H, and Glu396834 (83). Taken
together, the data not only disputes the facilitated exchange-diffusion model, but also
shows the first example of an allosteric modulator acting at hDAT that differentially
can modulate inward and outward transport. This might be of interest also in an in vivo
context. Reverse transport of dopamine via the DAT has recently been suggested to be
responsible for nonexocytotic, Ca>*-independent release of dopamine in the substantia
nigra (SN) upon excitation of glutaminergic neurons projecting from the subthalamic
nucleus (84). This release contributes to the autoinhibitory effects mediated by the
dopamine D,-receptors to regulate overstimulatory inputs from the subthalamic
nucleus (84). Because Zn2* in many brain regions is stored in synaptic vesicles and co-
released together with glutamate leading transiently to a free Zn2+ concentration in the
higher micromolar range (53), it is conceivable that Zn2* may modulate DA release in
SN. Thus, our observations may not merely reveal a biochemical peculiarity, but could
be physiologically relevant.

8. CONFORMATIONAL ISOMERIZATION IN THE TRANSPORT CYCLE:
CONVERSION OF THE INHIBITORY ZN%* SWITCH IN HDAT TO AN
ACTIVATING ZN?+* SWITCH

It is a general assumption that Na*/Cl--dependent transporters operate by an alternat-
ing access mechanism, where the transporter interchanges between an “outward-facing”
conformation, in which the substrate binding site is accessible to the extracellular
medium, and an “inward facing” conformation, in which the binding site is accessible to
the intracellular environment (85). The translocation process is energetically coupled to
the transmembrane Nat-gradient and it is believed that the initial event in the transloca-
tion cycle is binding of sodium ions to the transporter (85). The model predicts that the
transporter, in the presence of Na* but in the absence of substrate, primarily resides in
the outward-facing conformation, ready to bind extracellular substrate. Binding of sub-
strate initiates translocation, causing transition of the transporter to the inward-facing
conformation followed by release of substrate and Na* to the intracellular environment.
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Fig. 5. Zn?* enhances amphetamine induced release of [PH]MPP+. HEK-293 cells stably
expressing the hDAT were preloaded with [PH]MPP+ and superfused upon reaching a stable
baseline (basal efflux: mean of the three fractions before drug addition; hDAT wt: (A) basal
efflux: 0.247 £ 0.004% ‘ min™!,, i.e., 245.6 = 6.7 dpm’ min~!, n = 60 observations of randomly
chosen experiments performed on different days; hDAT-H193K: (B) basal [*HJMPP+ efflux:
0.433 +0.08%’ min~!, i.e., 181.2 = 7.1 dpm’ min~!, n = 47. The experiment was started with the
collection of 4-min fractions. After three fractions (12 min) of basal efflux, cells were exposed
to Zn%* (10 uM), or left at control conditions as indicated. After six fractions (from 24 min and
onward), amphetamine (10 pM) was added to all superfusion channels. After nine fractions
(from 36 min and onward), all channels were switched back to control conditions. Data are pre-
sented as fractional efflux, i.e., each fraction is expressed as the percentage of radioactivity pre-
sent in the cells at the beginning of that fraction. Symbols represent means = S.E. of 6-12
observations (one observation equals one superfusion chamber; all experiments were performed
in triplicate). Reproduced with permission from ref. (83).

A prerequisite for this model is the existence of both external and internal “gates,”
i.e., protein domains that are capable of occluding access to the substrate binding site
from the extracellular and intracellular environment, respectively. Little is known about
such domains in this family of transporters. The molecular mechanisms governing the
cooperative function of the putative gating domains also remain unknown. It could be
predicted, however, that stabilization of the transporter in the outward-facing confor-
mation in the absence of substrate but in the presence of Na* requires a network of con-
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straining intramolecular interactions—possibly in the gating domains themselves—
which is released upon substrate binding to the transporter and thus controls the con-
formational equilibrium of the translocation cycle. It follows that mutation of residues
that are part of this stabilizing network of intramolecular interactions may cause spon-
taneous changes in the distribution between different conformational states in the
translocation cycle. In principle, such mutations would be analogous to constitutively
activating mutations in G protein-coupled receptors (86,87). In these mutants, it is
believed that the agonist-independent shift in the equilibrium between inactive and
active states of the receptor is owing to the release of constraining intramolecular inter-
actions important for maintaining the receptor preferentially in its inactive state in the
absence of agonist (86,87).

Interestingly, we have recently identified a mutation of a tyrosine in the third intra-
cellular loop of the hDAT that causes a major alteration in the conformational equilib-
rium of the transport cycle, and thus as such is comparable to mutants on G
protein-coupled receptors causing constitutive isomerization of the receptor to the
active state (66). Most importantly, this conclusion is based on the observation that
mutation of the tyrosine completely reverts the effect of Zn?* at the endogenous Zn2+
binding site in the hDAT (50,51) from potent inhibition of transport to potent stimula-
tion of transport (Fig. 6). In the absence of Zn%*, transport capacity is reduced to less
than 1% of that observed for the wild-type, however, the presence of Zn2* in only
micromolar concentrations causes a close to 30-fold increase in uptake (66). Moreover,
it is found that the apparent affinities for cocaine and several other inhibitors are sub-
stantially decreased, whereas the apparent affinities for substrates are markedly
increased (66). Notably, the decrease in apparent cocaine affinity was around 150-fold
and thus to date the most dramatic alteration in cocaine affinity reported upon mutation
of a single residue in the monoamine transporters (66).

It is our interpretation that the mutation of Tyr335%68 to an alanine leads to disrup-
tion of intramolecular interactions critical for stabilizing the transporter in a conforma-
tion in which extracellular substrate can bind and initiate transport. As a consequence,
the transporter accumulates in the inward-facing conformation and/or putative interme-
diate states between the inward- and outward-facing conformations. A changed confor-
mational equilibrium is strongly supported by the substantial changes in apparent
affinities for substrate and it can explain the reduced transport capacity of the Y335A
mutant because only a small fraction of transporters would reside in the outward-facing
resting conformation and thus be available for transport. Because Zn?* likely stabilizes
the outward-facing conformation of the transporter, it is conceivable that Zn?* is capa-
ble of reestablishing a conformational equilibrium similar to the wild-type DAT, allow-
ing substrate binding and translocation to occur (66). In this context, it is important to
note that occupancy of the endogenous high-affinity Zn2+ binding site in the wild-type
does not result in full inhibition of uptake, but only in maximum of approx 75% inhibi-
tion. Thus, the Zn2+-occupied transporter is still is capable of translocating substrate,
albeit with reduced efficiency.

The mutation of Tyr335%68 introduces a new paradigm in the family of Na*/Cl--
dependent transporters, i.e., mutation causing spontaneous changes in the distribution
between individual functional states in the translocation cycle. Importantly, by system-
atic mutations of conserved intracellular residues in the hDAT, we have now identified
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Fig. 6. Conversion of an inhibitory Zn2* switch to a stimulatory Zn%* switch by mutation of
Ty335668, (A) The effect of Zn2* on [3H]dopamine uptake in COS-7 cells transiently expressing
hDAT-Y335A (filled circles) or WT hDAT (open circles). Each data point is expressed as mean
+ S.E. in count per minutes (CPM) of triplicate determinations from a representative experi-
ment. (B) ZnZ* effect on [*H]dopamine uptake in COS-7 cells transiently expressing hDAT-
Y335A (filled circles) or WT hDAT (open circles). Values are percent of control ([*H]dopamine
uptake in the absence of Zn2+) expressed as means + S.E. of 5 (hDAT-Y335A) and 3 (hDAT)
experiments performed in triplicate. Reproduced with permission from ref. (66).

three additional residues situated in the second, third, and fourth intracellular loop that
upon mutation display a similar phenotype as the Y335A mutation (Loland and Gether,
in preparation). It important to emphasize that corresponding constitutively activating
mutations in GPCRs have proven to be extremely valuable tools for gaining insight
into the molecular function of this family of membrane proteins (87). It is also our
expectation that the present tyrosine mutation could serve as an important tool in future
studies of neurotransmitter transporters. Assuming that Zn?* is capable of switching
the Y335A mutant between discrete steps in the translocation cycle, the mutant may be
used, for example, to map structural differences between such distinct steps. This could
be done by employing the substituted cysteine accessibility method (SCAM), thus
enabling study of the changes in the accessibility pattern for cysteine substituted
residues in absence and presence of Zn?*. A similar approach has been applied previ-
ously to characterize structural differences between inactive and active conformations
in GPCRs using constitutively activated receptor mutants (78).
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A Structural Context for Studying
Neurotransmitter Transporter Function

Naomi R. Goldberg, Thijs Beuming,
Harel Weinstein, and Jonathan A. Javitch

1. INTRODUCTION

The Nat/Cl--dependent neurotransmitter transporters (NTs) constitute a family of
homologous membrane proteins responsible for the reuptake from the synaptic cleft of
neurotransmitters, including dopamine, serotonin (5-HT), norepinephrine, y-aminobu-
tyric acid (GABA), and glycine, as well as other small molecules, such as proline, cre-
atine, betaine, and taurine. These transporters couple the movement of sodium down its
electrochemical gradient to the translocation of substrate across the plasma membrane.
The biogenic amine transporters, including the dopamine transporter (DAT), norepi-
nephrine transporter (NET), and the serotonin transporter (SERT), are the molecular
targets for psychostimulant drugs, including cocaine and amphetamine. These trans-
porters are also targets for many antidepressants.

The absence of a high-resolution structure for any member of this group limits cur-
rent understanding of the relationship between the structure and function of these trans-
porters. Insights into structure—function properties of the transporters have emerged
from analysis of the effects of site-directed mutations and chimeras (/,2). This chapter
reviews what is known about the topology, structure, and molecular basis of binding
and transport in the family of NTs. To aid in the comparative analysis, we introduce
here a novel generic numbering scheme to facilitate the comparison of aligned posi-
tions within the sequences of the entire NT family.

2. GENERIC NUMBERING SCHEME

We have developed a common residue numbering scheme that facilitates compari-
son of the sequences of different NTs. The numbering scheme is informative of the rel-
ative position of each amino acid, the amino acid present at that position, and the actual
amino acid number in a particular transporter. Each index number starts with the num-
ber of the transmembrane segment (TM), e.g., 1 for TM1, and is followed by a number
indicating the position relative to a reference residue that is the most conserved posi-
tion in that TM. That reference residue is arbitrarily assigned the number 50. For exam-

From: Molecular Neuropharmacology: Strategies and Methods
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ple, as our reference residue in TM1 we chose, in the manner described below, a tryp-
tophan whose index number would be 1.50, i.e., Trp; 5. When referring to a particular
transporter, the index number can be preceded by the number of the residue in the par-
ticular sequence. In the human dopamine transporter (hDAT), the tryptophan in TM1 is
at position 84, so this residue will be referred to as Trp84, 59. A serine residue located
five amino acids C-terminal to Trp84, 59 will be Ser89 ss. A similar numbering scheme
has been developed for G protein-coupled receptors (3).

The conserved residues identified as 50 were chosen from a sequence alignment
analysis. There are more than 100 residues among a set of 51 mammalian sodium-
dependent NTs of known function that are 100% conserved (alignment not shown). To
decide which residue is the most appropriate reference residue for each of the TMs, we
searched for additional sequences with similarity to the mammalian NTs, and investi-
gated the decrease in conservation for alignments of increasing size.

Blasting the Swissprot and TrEMBL databases with several query NT sequences
yielded 246 hits with e-values less than 0.001. (No fragments were included in the
alignment.) These included 102 mammalian proteins (of which 33 are orphans), 36
drosophila proteins (of which 32 are orphans), 16 proteins from Caenochobditis ele-
gans (of which 14 are orphans), 57 bacterial proteins/, 12 archaeal proteins, and 23
proteins from other species. These sequences were ranked in terms of their similarity to
the original set of 51 mammalian transporters. Each of the 246 sequences was aligned
individually against each of the 51 mammalian transporters, and the average similarity
(% identity) was taken as a measure of the similarity of that sequence to the group of
mammalian transporters.

Multiple alignments were generated with gradually decreasing average sequence iden-
tity. The alignments included all sequences with average identity higher then 30% (69
sequences, including all mammalian NTs), 20% (108 sequences), 15% (135 sequences),
and 10% (197 sequences), respectively. Based on these alignments, we have chosen the
most appropriate “reference residue” in each TM based on the extent of conservation in as
large an alignment as possible, with the additional criterion of it being located within the
putative transmembrane segment (see below). The 12 amino acids chosen as reference
residues are shown in Table 1 and are indicated by blue circles in Figs. 1 and 2.

All reference residues are 100% conserved in the mammalian NTs, and all are
highly conserved in the sequences that are assumed to share a similar structural frame-
work (i.e., identity > 20%). (Although Cysy 50 is 86% conserved in the 108 sequences
with greater than 20% sequence identity, threonine is present in another 9% of these
sequences, for a total conservation of 95%.) Most reference residues have a high
degree of conservation in all sequences, except for Cys/Thry 59, which is only con-
served among all sequences with identity > 15% (but which is nonetheless the most
conserved residue in TM4 in the larger alignments). For the larger alignments (£15%
average identity), a number of sequences contain insertions and deletions in TM9 and
TM10, in particular at positions Glyg 50 and Gly g s0.

I TnaT, a member of this family from Symbiobacterium thermophilum, has recently been discovered to
be a sodium-dependent tryptophan transporter (Androutsellis-Theotokis, A., Goldberg, N. R., Ueda, K., et
al. (2003) Characterization of a functional bacterial homologue of sodium-dependent neurotransmitter
transporters. J. Biol. Chem. 278, 12703-12709).
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Table 1
Neurotransmitter Transporter Index Positions
Index Reference Conservation in all 108 Conservation in all
™ number  residue in hDAT sequences with >20% identity (%) 246 sequences (%)
1 1.50 Wwg4 99 87
2 2.50 P112 99 88
3 3.50 Y156 97 88
4 4.50 C243 86 60
5 5.50 L.287 100 88
6 6.50 Q317 100 88
7 7.50 F365 98 84
8 8.50 F412 100 85
9 9.50 G468 99 91
10 10.50 G500 99 74
11 11.50 P529 100 81
12 12.50 G561 97 68

3. SECONDARY STRUCTURE PREDICTION OF NA*/CL--COUPLED
NEUROTRANSMITTER TRANSPORTERS

To develop a structural context for the management of structure—function data, the
secondary structure of this transporter family was predicted, based on approaches and
algorithms that have served in the study of other families of unknown structure (e.g.,
the GPCRs [3,4]). The methods have been collected in a suite of programs named
ProperTM (http://icb.med.cornell.edu/services/propertm/start), which allows for
user-driven sequential applications of various algorithms that have been applied
broadly and have been validated repeatedly by subsequent determined structures (for
reviews, refs. see [3,4]). In brief, these methods include the calculation of properties
(hydrophobicity, volume, conservation) associated with positions in a multiple
sequence alignment, and the prediction of secondary structure and protein-lipid inter-
faces from this information. The methods in ProperTM have been designed to analyze
membrane proteins, but some of the applications (e.g., the calculation of a conserva-
tion index) should be useful for the analysis of nonmembrane proteins as well. The
representations of the structural features in the annotated helical nets in Fig. 1 display
information obtained with this suite of programs, calculated from the alignment of
NT sequences. The structural characteristics of the transporters summarized in the
figures include the following.

3.1. Hydrophobicity

The parsing of the transporter sequences into the TM domains shown in Fig. 1A
represents the consensus result of three different methods. Average hydrophobicity
was calculated with ProperTM using different window sizes and the Kyte and
Doolittle scale (7). TMHMM, a hidden Markov model-based approach (§), and
PHDHTM, a profile-based neural network method (9), were then utilized to refine
the predictions.
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Fig. 1. Predicted structural properties of neurotransmitter transporters. The helical nets repre-
sent the human dopamine transporter, with the single letter code of each amino acid within a cir-
cle. The most conserved residues in the 12 transmembrane segments (index number TM#.50—see
text) are identified by thick blue lines surrounding the circles. The index numbers are shown for
selected residues, with human DAT residue numbers in parentheses. In (A) and (B), cysteines in
the second extracellular loop thought to form a disulfide bond are shown in yellow. When not
shown, residues in the N- and C-termini and in loops are indicated by thick black lines. (A) Pre-
dicted transmembrane topology. Based on hydrophobicity analysis, cyan residues are predicted to
be located within the lipid bilayer, and red residues are predicted to be solvent exposed outside the
lipid boundaries. Regions that are not well-defined by the prediction methods are shown in pink.
The assignment of residues to the transmembrane segment is based on this hydrophobicity analy-
sis as well as on predictions of secondary structure, lipid accessibility and the summarized experi-
mental data, all of which are discussed below and in the text. (B) Secondary structure propensity
based on the spatial periodicity of residue properties. Predicted o-helical segments are shown in
orange; sequential residues with periodicity consistent with 3-strand are shown in green. Segments
shown in white did not exhibit an identifiable periodicity. (C) Probability of lipid exposure. Posi-
tions shown in purple are predicted to lie on the helix-lipid interface, positions in yellow are pre-
dicted to face the protein interior, and white regions are undefined. (see text).
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Fig. 2. Summary of experimental findings from the neurotransmitter transporter family. As
in Fig. 1, the helical nets represent the human dopamine transporter, with the single letter code
of each amino acid within a circle and with the index positions shown in blue. Residues not
shown in the N- and C-termini are indicated by thick black lines. (A) Cysteine accessibility and
zinc sites. Endogenous cysteines or substituted cysteines in DAT (or at the aligned positions in
other NTs) are shown in orange if they were found to be accessible to impermeant sulfhydryl
reagents when applied extracellularly. All accessible residues in the TMs are shown in yellow,
and residues accessible to impermeant reagents only in membranes or after permeabilization are
shown in light yellow. Residues that are protected from reaction by the presence of substrate
and/or inhibitor are circled in magenta. Endogenous zinc sites in DAT are shown in bright
green, whereas engineered zinc sites are shown in light green. (B) Mutations affecting substrate
and/or inhibitor recognition. As described in the text, mutations in DAT, or in aligned positions
in homologous NTs, that decreased the apparent affinity for substrate or the binding affinity for
inhibitors are shown in orange. Also shown in orange are the random mutations in TM7 that
decreased or abolished transport and a number of other mutations that affected the function of
the transporters (see text). Residues shown in orange that were predicted to face lipid in (C) are
shown surrounded by gold circles.

3.2. Secondary-Structure Propensity

A central element in the prediction of secondary structure is the periodicity of
sequence conservation, which has proven to be a good indicator in a number of mem-
brane proteins (5). The periodicity is quantified by Fourier transform (FT) analysis. A
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property profile is calculated over a window size N to produce a power spectrum P(w);
if the sequence contained within the window N adopts a-helical conformation, a peak
in the power spectrum should appear around 105°, the angle between adjacent side
chains in an o-helix viewed down its axis. For [} strands, the peak should appear
between 166° and 180°. The a-helical and B-strand periodicities calculated from P(w)
characterize the relative extent of periodicity in the a-helical/B-strand region compared
to the entire spectrum. These are shown in Fig. 1B.

3.3. Conservation and Lipid-Facing Probability

An approach to the calculation of conservation has been proposed on the basis of the
polytope-method and the information content (4,6). Briefly, the degree of conservation
at each position in the alignment is determined by the number of different amino acids,
the probability of finding a particular residue replaced by another, and the frequency of
appearance of each type of residue. These factors are integrated to calculate the conser-
vation index (CI).

The prediction of lipid-facing orientations of the TM segments was based on the
analysis of properties of individual residues in the context of the alignment. Thus,
lipid-facing residues were considered to have a low conservation index, high average
hydrophobicity (hdp), and a low hydrophobicity standard deviation (Gpngp). These fac-
tors were integrated in ProperTM to calculate the probability that an amino acid lies on
a protein-lipid interface. This method was tested on the known structure of the photo-
reaction center and a multiple sequence alignment of 12 photo-reaction center
sequences (Ballesteros et al., unpublished) and was found to be very discriminating
when used with an appropriate threshold value. Lipid-facing probabilities are shown in
Fig. 1C. Note, however, that the strong dependence of the prediction of lipid-facing
probability on the variability-criterion may misidentify inward-facing residues
involved in subtype-selective functions as pointing outwards toward lipid. One possible
example is the region in TM3 surrounding the conserved Tyr;sp, in which noncon-
served hydrophobic residues (e.g., Vals 46) have been shown to be involved in ligand
binding (see below).

4. TOPOLOGY

Various biochemical approaches have been used to support the proposed topology of
the NTs. For example, comparing the effects of permeant and impermeant sulthydryl
reagents in cells and membranes enables inferences about the topology of transporters.
Methanethiosulfonate (MTS) reagents comprise a group of sulfhydryl-reactive com-
pounds that are highly selective for water-accessible ionized cysteines (/0,11). MTS
ethylammonium (MTSEA), a weak base, is membrane permeant, as it can cross the
membrane in the unprotonated state (/2). MTS ethyltrimethylammonium (MTSET), a
charged quaternary ammonium, and MTS ethylsulfonate (MTSES), ionized at neutral
pH, are both relatively membrane-impermeant (//,/2). Thus, in membranes, the MTS
reagents are expected to have similar access to cysteines on the extracellular and cyto-
plasmic surfaces, whereas, in cells, water-accessible cysteines on the cytoplasmic sur-
face should react with MTSEA at a significantly greater rate than with MTSET or
MTSES. Studies of a mutant DAT transporter, “X5C,” in which five endogenous cys-
teines were simultaneously replaced by other residues, as well as mutants in which



Structure—Function of Neurotransmitter Transporters 219

each cysteine was restored one at a time within the X5C background, showed that
Cys90; 56, Cys135329, Cys306¢39, and Cys342¢7s reacted with MTS reagents, as
assessed by changes in binding of the cocaine analog, 2-B-carbomethoxy-3-3-(4-fluo-
rophenyl) tropane (CFT) (13). Moreover, the rates of reaction of Cys90;s¢ and
Cys306¢.39 with MTSEA, MTSES, and MTSET were similar in cells and membranes,
whereas Cys1353,9 and Cys342¢ 75 reacted much more rapidly with MTSEA in mem-
branes than in cells. Thus, these studies support the proposed topology, predicting
extracellular locations of Cys90;s5¢ and Cys306¢39, and cytoplasmic locations of
Cys1353,9 and Cys3424.75 (see Fig. 2A). The aligned residue in the first extracellular
loop (EL1) of SERT, Cys109 s, is also accessible to external MTSET in a cation-
dependent manner (/4), and Cys74 s¢ in the GABA transporter (GAT) is accessible to
external MTSET as well (15).

Two highly conserved cysteines in EL2 are likely to form a disulfide bond. In SERT,
mutation of one EL2 cysteine, Cys2003 74, increased sensitivity to MTSET, suggesting
increased extracellular accessibility of a previously unreactive cysteine residue (/4).
The sensitivity to impermeant MTS reagents and decreased cell-surface delivery of
C200374S were both reversed in the C200574S-C2095 ¢3S double mutant. These data
support the existence of a disulfide bond between Cys200374 and Cys2093 g3 and sug-
gest that this disulfide is a structurally conserved feature among the transporter family.
Consistent with this view, when EL2 Cys180374 and Cys1893 g3 in DAT were replaced
with alanine, transport activity was abolished (/6). Immunofluorescence studies of the
DAT mutants indicated that the transporter was trapped in intracellular compartments
and was unable to traffic to the plasma membrane. However, the absence of these cys-
teines and therefore of a disulfide bond in the bacterial and archaeal transporters, sug-
gests that this disulfide is not essential to the sodium-dependent transport function of
these proteins, but rather that the disulfide is important for biosynthesis in the eukary-
otic members of the family.

Cysteine mutations in GAT verified an intracellular position for Cys399g¢3 in the
fourth intracellular loop (IL4) between TM8 and TM9 (17), and an extracellular loca-
tion for positions 731 55—761 55 in EL1 (15), as cysteines at these positions conferred
sensitivity to the sulfhydryl reagents, MTSEA and N-ethylmaleimide (for Cys399g¢3)
and MTSET (residues 73; 55—761 5g).

The studies described earlier, adaptations of the substituted cysteine accessibility
method (SCAM) (11), rely upon a functional readout for the chemical modification of
a cysteine. If an effect is observed from the modification with a sulfhydryl reagent in a
cysteine mutant, but not in the background construct, the substituted cysteine is
inferred to be water-accessible. This is usually a reasonable inference, but can be
wrong in isolated cases. Mutation of residues in TM7 of SERT have been shown to
increase the accessibility of Cys109; s¢ (see below) and thereby to confer sensitivity to
sulthydryl reagents indirectly (/8). Thus, it is important to consider the potential
effects of mutation on the reactivity of endogenous cysteines. Only a Cys-less back-
ground can completely avoid this potential complexity, but this has not been possible to
achieve for any of the eukaryotic transporters in this family. A second and more com-
mon problem is that of a false-negative determination of reactivity based on the lack of
a functional effect of reaction with a given cysteine. Just as many positions tolerate
mutation to another residue, chemical modification may also be tolerated with limited
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functional impact. Therefore, methods have been developed to assess for reaction using
direct biochemical readouts of reaction that do not rely upon altered function. For
example, reaction of a biotinylated sulfhydryl or lysine reagent can be detected via pre-
cipitation with avidin agarose and subsequent detection via immunoblotting.

These methods have been used systematically to explore the topology of SERT.
Cells expressing a mutant SERT in which all four endogenous extracellular lysines
were mutated (eK-less) showed dramatically less labeling with the impermeant sulfo-
NHS-SS-biotin reagent, as compared to wild-type (/9). When mutants containing only
one of the original lysines in EL2, EL3, or EL4, were treated with sulfo-NHS-SS-
biotin, they showed a substantial increase in labeling over that of the eK-less back-
ground, suggesting that each of these positions was accessible from the extracellular
milieu. Similarly, MTSEA-biotin labeled wild-type SERT, but not a mutant in which
Cys109, 56, the sole endogenous cysteine predicted to reside in an extracellular loop,
was replaced with alanine. Lysines and cysteines inserted into the remaining putative
extracellular loops, caused the transporter to be more heavily labeled than the respec-
tive backgrounds, eK-less or C109; s¢A, suggesting accessibility of each of these loops
to the extracellular milieu (see Fig. 2A). A similar analysis was conducted to examine
cysteine insertion mutants in putative intracellular loops of SERT. In support of the
predicted topology, cysteine residues in each predicted cytoplasmic domain, including
the five predicted ILs and the N- and C- termini, reacted with MTS reagents upon per-
meabilization with digitonin, or in membranes, but not in intact cells (20).

Also consistent with this labeling in SERT, antibodies raised against EL2 and EL4
of NET showed reactivity with intact COS cells expressing NET, as assessed by
immunofluorescence, whereas antibodies against the amino and carboxyl terminal
regions reacted only after cells were permeabilized (21).

These studies, summarized in Fig. 2A, argue strongly in favor of the proposed com-
mon topology of the NT proteins and, thereby, against alternative topologies proposed
for GAT and the glycine transporter (GLYT) (22-24), which were based on glycosyla-
tion site scanning and fusions to reporter sequences. The use of small impermeant
reagents, such as MTSET, in deducing topology is more attractive methodologically, as
it allows detection of residues in small loops that may not be accessible to macromole-
cular probes, such as proteases or glycosylation machinery.

5. SECONDARY, TERTIARY, AND QUATERNARY STRUCTURE
5.1. Probing Secondary Structure

Mutagenesis studies of the neurotransmitter transporters have shed some light on the
secondary, tertiary, and quaternary structure of various members of the family. By
mutating to cysteine, one at a time, 20 residues in TM3 of SERT, Chen et al., identified
three positions, Ile1723 46, Tyr1763 50, and I1le1795 53, which, when substituted by cys-
teine, rendered SERT functionally sensitive to the sulfhydryl reagent MTSET (25).
Moreover, mutating [le1723 46 or Tyr176; 59 to cysteine disrupted binding of 5-HT and
cocaine to SERT. The spacing of the three residues suggested that they form a patch on
an o-helix, thereby supporting the notion that TM3 is helical, with one side facing a
binding pocket for substrate and inhibitor (see Fig. 2A).

Random mutagenesis studies on TM7 of rat SERT identified six amino acid residues
as functionally significant by their sensitivity to nonconservative mutations (26). Four
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of the six residues, Asn3687 3g, Gly3767 46, Phe3807 50, and Gly384 54, fall on a stripe
that runs at an angle down one side of the predicted o-helix (Fig. 2B). An additional
residue within the stripe, Ser3727 4>, was shown to be functionally significant, as muta-
tion affected sodium dependence, although transport activity was retained despite a
nonconservative substitution. The pattern of sensitivity to mutation formed by these
five residues suggests an a-helical structure of TM7. The helical pattern breaks down at
the carboxyl end of the helix, where three consecutive residues (Gly3847 54, Tyr3857 ss,
and Met38675¢) were sensitive to mutation. This was interpreted as a boundary
between the end of the o-helix and beginning of the hydrophilic loop, although the
alternative explanation, that mutations at these positions of a continuing o.-helix are not
functionally tolerated is more consistent with our secondary structure predictions (Fig.
1A,B) and with the Zn?* site data discussed below.

Engineering of metal binding sites in DAT has provided some insight into secondary
and tertiary structure. An endogenous Zn2* binding site has been identified (27,28),
involving His1933g; (in EL2), His3757¢0 (at the extracellular end of TM7), and
Glu396g 34 (at the extracellular end of TM8). By interacting at this site, Zn2+ acts as a
potent noncompetitive blocker of dopamine uptake. In a mutant in which His1935 g7
and Glu396g 34 were removed but His3757 g9 was maintained, addition of another cys-
teine at position 400g 33, i+4 from Glu396g 34, produced a new Zn?* binding site, which
resulted in Zn?* inhibiting dopamine uptake with a 30-fold increase in affinity (28). In
contrast, much smaller increases in affinity were observed with cysteines added at the
(i-2) and (i-3) positions. Thus, the ability to engineer an artificial bidentate Zn%* bind-
ing site between His3757 ¢ and position 400g 35, but not 398g 3¢ or 3995 37, suggests the
existence of an o-helical configuration in this region at the extracellular end of TMS, as
well as the proximity of TM7 and TMS8, which enables the formation of a geometri-
cally defined Zn2* binding pocket (see below).

In addition, Zn2* was shown to inhibit dopamine uptake in a mutant containing an
engineered tridentate zinc site, in which the i-4 site from His3757 9, Met3717 56, was
replaced with histidine, whereas the introduction of histidines at the i-2, i-3, and i-5
position did not increase Zn?* affinity (29). In contrast, histidines at positions i+2, i+3,
and i+4 all resulted in potent inhibition of dopamine uptake by Zn2*. The incorporation
of these data in a model of secondary structure provides evidence for an t-helical con-
figuration of the extracellular portion of TM7, as well as the absence of well-defined
secondary structure between positions 3757 69 and 3797 ¢4 (Fig. 1B), thereby suggesting
an approximate boundary between the C-terminal end of the helix and the beginning of
EL4 (29).

5.2. Inferences About Tertiary Structure

The restrictive geometry of Zn?* binding sites also enables inferences regarding spa-
tial proximity relations among various elements of secondary structure in the trans-
porter. Such evidence for spatial proximity relationships has been inferred based both
on the delineation of an endogenous Zn?* binding site in DAT and the engineering of
artificial binding sites. High-resolution structures of zinc-binding proteins show that
the average distance between the Zn?* ion and the coordinating atom of the zinc-bind-
ing residue averages 2 A (30). Because His1935 g7, His3757 69, and Glu396g 34 were
shown to form three major coordinates for zinc binding, suggesting that these three
residues are in close proximity to each other, they offered an important distance con-
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straint in the tertiary structure of DAT involving part of EL2 near TM7 and the TM8
segment (27,28). Moreover, as described earlier, the engineering of artificial Zn%*-
binding sites, the bidentate His375760—Cys400g133 (28), and the tridentate
His3717 s6—His3757 60—Glu396g 34 (29), further supports the close association between
TM?7 and TMS, and suggests that His3757 ¢o must face TM8 and be positioned between
Glu396g 34 and Thr400g 33. The functional transfer of these artificial Zn2+-binding sites
between TM7 and TMS8 to rat GAT (rGAT) further supports the close proximity
between TM7 and TMS in the tertiary structure of GAT, and also suggests that the
structural organization of the TM7/8 microdomain is evolutionarily conserved among
NTs (31).

5.3. The Identification of Quaternary Structure

A variety of experimental methods have been directed toward understanding the
quaternary structure of the neurotransmitter transporters. Co-immunoprecipitation of
differentially epitope-tagged forms of SERT in detergent suggested that SERT assem-
bles into homo-oligomeric units (32). In addition, in cells in which a sensitive and a
resistant SERT construct were co-expressed in different ratios, the effect of modifica-
tion with MTSEA on uptake lagged behind the fraction of sensitive SERT. This implies
that SERT is in a complex and that it is necessary to inhibit more than one SERT to dis-
rupt uptake, consistent with a dimeric form of SERT, or possibly with association of
dimers into a higher order complex. Further evidence of oligomerization in vivo and in
vitro was provided by fluorescence resonance energy transfer (FRET) microscopy of
CFP- and YFP-labeled SERT and GAT (33). No alteration in FRET was detected when
transporter was co-incubated with substrates or blockers, suggesting that the homo-
oligomeric state is not altered by these compounds.

In two radiation-inactivation studies, DAT was inferred to be a dimer (34) and a
tetramer (35). In more recent work, treatment of DAT-expressing HEK293 cells with
cysteine-reactive cross-linking reagents and subsequent co-immunoprecipitation of dif-
ferentially tagged DAT molecules, demonstrated that DAT in the plasma membrane can
be cross-linked into a dimer (36). Cys306¢ 39, at the extracellular end of TM®6, in each
of the two DATs was shown to be the cross-linked residue. Interestingly, the motif
GVXXGVXXA, which promotes dimerization in model systems (37,38), is found at
the intracellular end of TM6 in DAT, and is partially conserved in many other NTs.
When either glycine in this motif was mutated, DAT expression and function were
impaired. This suggested that the intracellular end of TM6, like the extracellular end, is
part of a dimerization interface. Engineering of a Zn?* binding site comprised of
Cys306¢.39 and a histidine at position 310¢ 43 at the predicted dimeric interface resulted
in Zn?* inhibition of dopamine transport (39). These results suggest that conforma-
tional changes necessary for substrate translocation may occur at the oligomeric inter-
face between two DAT molecules.

An additional symmetrical interface involving residues in TM4 of DAT has recently
been identified by cysteine cross-linking (Hastrup and Javitch, submitted). Reintroduc-
tion of the endogenous Cys243, 5y and Cys306¢ 39 into the Cys-depleted DAT back-
ground construct led to cross-linking into dimer, trimer, and tetramer, suggesting that
the TM4 and TM6 interfaces are distinct and that DAT is likely to form a tetramer in
the plasma membrane. Notably, cocaine-like DAT inhibitors protected against cross-
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linking of Cys243, 50, suggesting that ligand-related helix movement may occur at the
TM4 interface.

A requirement for dimeric or higher order complexes of DAT for proper trafficking
to the plasma membrane has been inferred from a study that identified dominant-nega-
tive mutants of DAT (40). Two nonfunctional mutants, Y335¢ ¢3A and D79 45G, were
trafficked to the cell surface and inhibited wild-type DAT uptake activity. Because
coexpression of the mutant DAT did not affect the surface expression of the wild-type
DAT, the resulting inhibition presumably resulted from interactions between wild-type
and mutant transporter. Also, trafficking-defective amino and carboxyl truncation
mutants inhibited wild-type function by formation of oligomeric complexes that could
not traffic to the cell-surface, as shown by immunofluorescence microscopy. This dom-
inant-negative effect was disrupted by mutation of a leucine-repeat motif (Leu99; 37,
Met 106, 44, Leul 13, 51, and Leul20;5g) in TM2. Mutants in the repeat, which were
inactive owing to a trafficking defect, did not exert a dominant-negative effect on wild-
type, and the authors inferred that this resulted from an inability of the TM2 mutants to
dimerize with wild-type DAT. The relationship between a dimeric TM2 interface and
the TM4 and TMG6 interfaces is not yet known, but recent experiments have shown that
several substituted cysteines in TM2 of DAT can be cross-linked in a Cys-depleted
DAT background (Sen et al., in preparation).

Mutation of leucines in a GAT-TM2 leucine heptad repeat also interfered with
oligomerization, as assessed by a loss or elimination of FRET, and resulted in intracel-
lular retention of GAT mutants, with the exception of 197, 5;A, which did reach the
cell surface but with a considerable loss of energy transfer (4/). Furthermore, intermol-
ecular FRET was observed during the maturation of wild-type GAT in the endoplasmic
reticulum (ER). These findings support the proposal that oligomerization of GAT dur-
ing biosynthesis is important for export from the ER, and that mutation of the leucine
heptad repeat in TM2 impairs oligomerization.

Although there is abundant evidence supporting oligomerization of the NTs, it is
possible that not all members of the family share an identical quaternary structure.
Blue native gel electrophoresis, coupled with selective surface-labeling methods, was
used to infer that glycine transporters, GLYT1 and GLYT2, exist as monomers in the
plasma membrane of Xenopus oocytes (42). Treatment with the cross-linker glutaralde-
hyde also did not induce oligomerization of GLYT. Although the absence of cross-link-
ing by this nonspecific lysine reactive reagent does not prove the absence of oligomeric
structure in GLYT, because endogenous lysines in a dimer may not be appropriately
positioned to cross-link, it nonetheless raises the possibility that organization into
higher-order oligomeric complexes may not be a general feature of the NTs.

6. SUBSTRATE AND INHIBITOR BINDING SITES

Delineation of the binding sites for substrates and inhibitors in the NT family
remains a major hurdle to progress in this field, in spite of intensive studies aimed at
resolving the question of which domains or amino acids constitute the binding sites. As
summarized in this section, general regions have been inferred from studies with
chimeras or from photoaffinity labeling analyses, whereas individual residues have
been suggested to have a role in binding based on site-directed mutagenesis studies. It
is often difficult, however, to determine whether the functional effect of a site-directed
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mutation is direct or indirect, and therefore, interpretation of mutagenesis studies must
be approached with caution.

6.1. Affinity Labeling

Functional domains of DAT have been studied using photoaffinity ligands. Epitope-
specific immunoprecipitation of proteolytic fragments of labeled DAT showed that
[1251]1-[2-(diphenylmethoxy)-ethyl]-4-[2-(4-azido-3-iodophenyl) ethyl] piperazine
(['*’TI]DEEP) was incorporated into a fragment containing TM1 and TM2. In contrast,
['251]-3B-(p-chlorophenyl)tropane-2-carboxylic acid, 4’-azido-3’-iodophenylethyl
ester (['PI]RTI 82), a cocaine analog, was incorporated into a fragment containing
TM4-TM7 (43,44). Despite having a tropane-based structure (like RTI-82), ['2[]GA
2-34, a potent benztropine analog, was also found to label TM1-TM2 (45), as did
['251]DEEP. More recently, a piperidine-based photoaffinity label [1251]4-[2-(diphenyl-
methoxy)ethyl]-1-[(4-azido-3-iodophenyl)methyl]-piperidine ([!2°TJAD-96-129) was
shown to label both TM1-TM2 and TM4-TMT7; to a lesser extent this was found with
DEEP as well (46). These results suggest that these two regions might be in proximity
in the tertiary structure of the transporter, but it is also possible that the greater flexibil-
ity of the latter ligands allows them to access different regions within the binding site.

These data, together with extensive evidence for divergent structure activity rela-
tionships between the two tropane-based classes of dopamine uptake inhibitors (the
3-aryl tropane compounds, such as RTI 82 and cocaine, vs benztropine analogs such
as GA 2-34) (reviewed in ref. [47]), support the hypothesis that distinct structural
classes of dopamine uptake inhibitors may interact with different binding domains in
DAT. Thus, different stereoselectivities and patterns of tolerated tropane ring substi-
tutions raise the possibility that the 3-aryl tropanes and benztropines may bind in dis-
tinctive orientations.

6.2. Chimeric Transporters

Construction of chimeras between transporters from different species or between
two transporters within this family has been useful in localizing general areas that may
confer a specific effect on function. For example, analysis of chimeras between human
and bovine DATs revealed that CFT binding requires human DAT sequences in the
regions encompassing TM3 and TM6-8 (48). Cross-species chimeras between rat and
human SERT were also helpful in identifying a region between Ser532;y¢s and posi-
tion 12.65 as being responsible for species selectivity of the tricyclic antidepressant
(TCA) imipramine (49,50). Exchanging the carboxyl tails of SERT and NET or of rat
and human SERTs did not alter antidepressant recognition, suggesting that the C-ter-
minus is not involved in ligand recognition (50,57). Additionally, analysis of binding
and uptake in DAT mutants with multiple substitutions in transmembrane polar
residues was interpreted as supporting the contribution of polar residues in TM4 and
TMI11 to cocaine recognition, as well as to the involvement of TM4 and TMS in
dopamine uptake (52).

6.3. Site-Directed Mutagenesis

Identification of individual residues involved in substrate and inhibitor interactions
has been accomplished through site-directed mutagenesis studies, either alone, or
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along with chimera studies that first identified a functionally significant region.? In
TM1, a highly conserved aspartic acid in the biogenic amine transporters, Asp; 45, was
originally shown to be crucial for DAT function (53). Mutation of this residue,
Asp79; 45 substantially decreased CFT binding and dramatically impaired uptake of
dopamine and the neurotoxin, 1-methyl-4-phenyl pyridinium (MPP*). In later work,
mutation of Aspj 45 to a variety of amino acids in SERT, severely reduced the uptake
capacity of the transporter, and led to fivefold and 123-fold reductions in the potency of
imipramine, and citalopram, respectively, without significantly impairing surface
expression (54).

Based on the model for catecholamine binding, in which a conserved aspartic acid in
TM3 of the adrenergic receptor binds the amino group of catecholamines (55), it was
proposed that Asp; 45 in the monoamine transporters is directly involved in binding the
protonated amino group of monoamine substrates. Additional support for this hypothe-
sis was provided in a structure-activity study in which Asp98; 45 of SERT was mutated
to glutamic acid, thereby extending the acidic side chain by one carbon (54). Two sero-
tonin analogs with shorter amine-containing side chains displayed increased affinity
for D98, 4sE over WT. Such evidence of complementarity between mutated sites in the
transporter and functional substitutions within substrates bolsters the argument in favor
of a direct interaction between the TM1 aspartic acid and the substrate amine moiety.
Cysteines substituted for Asp98; 45, Gly100; 47, and Asn101 43 rendered hSERT sensi-
tive to inhibition by MTSET with protection by 5-HT and/or cocaine (55a). These find-
ings suggest a possible contribution of these residues in TM1 to the substrate binding
pocket.

The use of cross-species chimeras formed between human and Drosophila
melanogaster SERT suggested that the primary site for species-selective recognition of
mazindol and citalopram, two biogenic amine uptake inhibitors, lies within the TM1-2
region (56). Tyr95; 4, in TM1 of hSERT (Phe90,4, in dSERT), and the aligned
Phe72, 4, in hNET, were found to be responsible for this effect. The authors inferred
that the interaction of the tyrosine hydroxyl with the hydroxyl in mazindol leads to a
steric clash that results in the lower-affinity species-selective recognition of mazindol
by hSERT. These studies also established a role for the hydroxyl of Tyr95; 4, in deter-
mining the species-selectivity of indole-nitrogen substituted and 7-substituted trypta-
mines (57). The proximity of Tyr95; 4> and Asp98; .45 further points to the possible
participation of TMI1 in the substrate permeation pathway, and moreover, the possibil-
ity that uptake blockers may work by directly obstructing the binding site for 5-HT.

Mutation to leucine in GAT of a highly conserved tryptophan, W68 50, disrupted the
release of substrate to the intracellular medium, and the authors inferred from this that
TM1 is involved with substrate interactions (58). Mutation to alanine of Pro87; 53 in
TMI1 or Prol12, 50 in TM2 increased the K, for [*H]dopamine uptake 21-fold and 17-
fold, respectively, consistent with either a direct or indirect effect on dopamine binding

2 The criteria we used for inclusion of a mutation in this section are: (1) that binding or uptake was
detected or the presence of transporter in the membrane was confirmed by immunoblotting or immunos-
taining, and (2) mutation must have produced a decrease in apparent affinity for substrates or affinity for
antagonists of fivefold or greater.
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and/or transport (59). Mutation of Phe98; 35 in TM2 resulted in decreased cocaine-ana-
log affinity (60).

SCAM studies in TM3 of SERT showed that replacement of the highly conserved
Tyr1765 509 with cysteine decreased the affinity for 5-HT (eightfold) and cocaine (five-
fold), and that both 5-HT and cocaine protected 11723 46C from inactivation by MTSET
(25). These data suggest that these two residues are in proximity to the 5-HT and
cocaine binding site, and moreover, that the binding sites for substrate and blocker may
overlap significantly. Protection by 5-HT from inactivation by MTSET at 3.46 was
both temperature- and sodium-independent, and therefore inferred to result from direct
steric block and not a conformational change (61). In addition, cysteine substituted for
Tle1725 46 was accessible to both external and cytoplasmic reagents (6/), suggesting
that this position may form a part of the substrate binding site that is alternately
exposed to the extracellular and intracellular milieu, consistent with an alternate access
model of transport (62).

Substitution of TM3 from bovine DAT into human DAT abolished dopamine and
MPP* transport and CFT binding (63). Replacement into this chimera of the bovine
Iles 46 by the hDAT residue Vall523 46 restored transport and binding capacity to near
wild-type hDAT values (64). The corresponding Cys14434¢ in TM3 of the creatine
transporter is also thought to be close to the substrate binding site, as substrates inhib-
ited MTSEA-induced inactivation (65). Position 3.46, therefore, appears to play an
important role in the interaction of ligand and transporter.

Tyrosine residues in TM3 of the GABA (Tyr1403 5¢9) and glycine (Tyr289; sg) trans-
porters, like SERT Tyrs 50, were also shown to play a critical role in substrate recogni-
tion (66,67). Species-scanning mutagenesis of bovine and human SERTSs also
suggested the involvement of Met1803 54 in antidepressant recognition (68). In addi-
tion, mutation of Phel155549 in TM3 of rDAT resulted in a 30-fold decrease in the
apparent affinity of dopamine uptake (60). A phenylalanine-to-alanine mutation in
TM3 of DAT, F154;43A, was shown to alter the stereospecificity of cocaine binding
and lower its affinity 10-fold (69). Mutation to alanine of Trp2554¢3 in TM4 of rDAT
also resulted in a 16-fold decrease in the apparent affinity of dopamine uptake (70).

In NET, TM6 and TM7 were inferred to be involved in the binding of the tricyclic anti-
depressants (TCA), desipramine and nortriptyline, based on chimeras constructed
between NET and DAT (71,72). Mutation of NET residues in this region to their DAT
counterparts caused a significant loss of TCA binding affinity in mutants F316¢5,C
(eightfold), and V3567 44S (fivefold) (73). Furthermore, mutation to alanine of Pro2725 s,
Trp310¢ 44, and Phe364 59 of rDAT (59,60,70), and to asparagine of Asp313¢.4¢ of hDAT
(74) decreased the apparent affinity for dopamine uptake. In hDAT, D313¢4¢N and
W311644L had five- and >100-fold, respectively, reduced affinity for dopamine (74).
Additionally, hDAT W311g44L, as well as rDAT Phe361747A and Phe390g29A, had
reduced affinity for cocaine (60,74). In hNET, in S354; 4,A, the affinity of the inhibitor
nisoxetine was decreased 69-fold, and the affinities of dopamine and m-tyramine for com-
petition of nisoxetine binding in S3547 4o A were reduced as well (75).

In NET, the naturally occurring A4579 4P, associated with orthostatic intolerance,
was shown to produce a 50-fold increase in K, for norepinephrine as compared with
wild-type (76). Species-scanning mutagenesis of bovine and human SERT revealed that
Tyr4951928 and Ser5131p46 (along with Met180354) are essential for antidepressant
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recognition (68). Positions 10.28 and 10.46 would be very far apart in an a-helix, and
one (or both) of these mutations must exert its effect indirectly. Mutation to asparagine
of hDAT Asp4761¢.26 (74) and to alanine of rDAT Pro528;; 50 (59), caused sevenfold and
44-fold reductions, respectively, in the apparent affinity for dopamine uptake (70). In
addition, mutation to alanine of rDAT Trp496, 47 led to a sixfold reduction in cocaine-
binding affinity (70), and mutation to alanine of rSERT Ser545;; 49 reduced the affinities
of imipramine and citalopram fivefold and sevenfold, respectively (77).

To identify the residues responsible for the divergent TCA specificity in rat and
human SERT, hSERT amino acids were substituted into each of four divergent aligned
positions in rSERT, and Phe586;; s was shown to be responsible for the human selec-
tivity of imipramine, desipramine, and nortriptyline, because valine is present at this
position in rat SERT (50). NET, however, binds desipramine and nortriptyline with
very high affinity despite the fact that it contains Met586,; 53, arguing against the spe-
cific need for a phenylalanine at this position for TCA recognition.

Finally, loop regions have also been implicated in ligand interactions or their modu-
lation. Chimeras generated between NET and DAT were assayed for ethanol sensitivity
and revealed that Gly130; g and Ile1375 31 in IL1 are important for ethanol modulation
of DAT activity (78). In addition, mutation to alanine of Pro1363 3¢ in IL1, as well as
Pro553;, 43 in EL6, decreased the apparent affinity for dopamine uptake (59).

7. CONFORMATIONAL CHANGES ASSOCIATED WITH TRANSPORT

Conformational changes associated with transport have been identified in both intra-
cellular and extracellular loops as well as in transmembrane regions. In DAT, cocaine
significantly retarded the reaction of MTS reagents with Cys1355,9 in IL1, and
Cys342¢.75 in IL3 (13). Because mutation of these cysteines had no effect on cocaine’s
affinity for DAT, the protection most likely results from a cocaine-induced conforma-
tional change that reduces the accessibility of the cytoplasmic loop cysteines. Inward
transport of the substrate, m-tyramine, enhanced the MTSEA-induced inactivation of
dopamine uptake at Cys342¢ 75 (79). This effect of tyramine was temperature-sensitive
and sodium-dependent, suggesting that tyramine exposes Cys342¢ 75 during transloca-
tion, rather than simply by binding. Moreover, cocaine protected against tyramine’s
effect at Cys342¢ 75, presumably by blocking transport and preventing exposure of this
endogenous cysteine.

The corresponding position in SERT, Cys357¢ 75, is also conformationally sensitive;
the ability of 5-HT and cocaine to protect this site from MTSEA-induced inactivation
presumably required a conformational change, as it was sodium- and temperature-
dependent (80). Moreover, reaction of Cys357¢75 with MTSEA was increased in the
presence of alkali cations, particularly K*, suggesting that the accessibility of
Cys357¢.75 varies with the conformation of the transporter. Consistent with a role of
IL3 in conformational change, Tyr335¢ 63 in DAT appears to play a role in regulating
the distribution between different conformational states of the transport cycle (81).
Mutation of this residue to alanine caused conversion of the endogenous inhibitory
Zn2+ switch to an activating one, in which binding of Zn2* to inactive mutant trans-
porter leads to uptake. The explanation offered for this observation was that mutation
of Tyr33546g alters the conformational equilibrium of the translocation cycle, with
accumulation in conformational states following substrate binding, and that Zn?* is
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able to reverse this change. The dramatic decrease (up to 150-fold) in affinity of
Y335¢.6sA for cocaine-like inhibitors and the increased apparent affinity for substrates
is consistent with an altered conformational equilibrium.

The accessibility to MTS reagents of Cys399g43 in IL4 of GAT-1 is dependent on
transporter conformation (/7). In wild-type GAT-1, but not the C399g ¢3S mutant, bind-
ing of both sodium and chloride, as well as the nontransported GABA analog,
SKF10030A, reduced the sensitivity to sulfhydryl modification; in contrast, GABA, in
the presence of sodium chloride, increased the reactivity to MTS reagents. Finally,
mutation of Arg44 ¢ in the cytoplasmic N-terminus of GAT was inferred to impair the
reorientation of unloaded transporter after the release of substrate to the intracellular
medium (82).

Cocaine increased the rate of reaction of Cys90, 5¢ in EL1 with MTS reagents, pre-
sumably by triggering a conformational change that increased the accessibility of this
extracellular cysteine (/3). However, the DAT inhibitors benztropine and cocaine had
different effects on the reaction of the extracellular Cys90;s5¢ and the intracellular
Cys1353,9 (83). Benztropine did not protect Cys135359 in IL1 from MTSET inactiva-
tion, and also did not increase the reaction of Cys90; s¢ with MTSET. This finding sug-
gests that inhibitors do not all stabilize the same conformational state. The same type
of reactivity studies suggest that EL1 is also subject to ion-induced conformational
changes: lithium caused a change in SERT Cys109, s¢ reactivity as well as cocaine
binding and ion conductance (84), whereas sodium and chloride protected against
MTSET inactivation at a cysteine inserted at position 1.56 in GLYT2, in a temperature-
dependent manner (85).

A chimeric transporter, in which a short stretch of NET was substituted into the first
half of EL2 in SERT, was substantially impaired for serotonin transport (< 10% wild-
type SERT), whereas antagonist and substrate binding and surface expression were
intact (86). Chimeras in which the extracellular loops of SERT were replaced, one by
one, with the corresponding sequence from NET, expressed and had normal SERT
antagonist selectivity. In contrast, the EL4, ELS, and EL6 chimeras had dramatically
impaired transport (87). GAT EL4, ELS, and EL6 have been proposed to contribute to
the substrate binding site, based on work that swapped external sequences between vari-
ous GAT isoforms (88). Substitution of three residues from ELS5 of GAT-1 with the
aligned residues in GAT-2, 3, and 4 imparted to GAT-1 sensitivity to B-alanine inhibition
of GABA uptake, as seen with GAT-2, -3, and -4. Furthermore, Cao et al. used hSERT-
rSERT chimeras and point mutations to identify position 490955 and neighboring
residues in ELS as determinants of the difference in pH-dependence of transport-associ-
ated currents between the hSERT and rSERT (89). This region was inferred to participate
in the external gating of SERT. The mutation K448y ssE, in EL5 of GAT, was also shown
to confer pH sensitivity and alter substrate interactions of the transporter (90).

In the aforementioned SCAM study in TM3 of SERT, reaction of 11795 53C with
MTSET inactivated transport but not binding (25). Neither cocaine nor 5-HT protected
against reaction with MTSET. These observations suggest that Ile1795 53 is not associ-
ated with the binding site, but may be involved with some conformational event subse-
quent to substrate binding. Sodium enhanced the inactivation of Ile1795 53C, as well as
stimulated its reactivation by free cysteine, an effect that was enhanced by the presence
of 5-HT (61). These results suggest that because 5-HT can bind the inactivated



Structure—Function of Neurotransmitter Transporters 229

Ile1793 53, the transporter is locked in an outward-facing form, and that Ile1795 53 exists
in a part of the transporter that changes conformation upon binding of sodium and 5-
HT. In NET, MTSET inactivation of 11555 53C was enhanced by cocaine but slowed by
dopamine, presumably by transport-associated occlusion of 1553 53. Thus, this region
of the transporter has been proposed to form part of an extracellular gate, which is nor-
mally sequestered upon substrate translocation, and which is prevented from closing
upon cysteine modification.

Glul01, 55, at the intracellular end of TM2 in GAT, was inferred to be critical for the
conformational changes GAT undergoes during its transport cycle (97). Mutation of
Glul01, 55 to aspartate or other residues abolished transport despite unaltered surface
expression. The transient sodium currents observed in wild-type, thought to represent
sodium binding to the transporter and/or conformational changes in response to sodium
binding, were not observed in these mutants. Thus, a defect in the binding or unbinding
of sodium may result from mutation of Glu1015 ss.

8. CONCLUSIONS

The absence of a high-resolution structure of any transporter in the NT family
greatly complicates the interpretation of structure—function studies. The recent identifi-
cation of the bacterial and archaeal transporters and their potential suitability for direct
structural studies raises the exciting prospect of being able to test specific structural
hypotheses related to transport. In the meantime, the use of the numbering scheme
introduced here in a context of predicted structural properties should facilitate commu-
nication among researchers on different members of the transporter family as the
mechanistic details are being probed.
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Functional Mechanisms of G Protein-Coupled
Receptors in a Structural Context

Marta Filizola, Irache Visiers, Lucy Skrabanek,
Fabien Campagne, and Harel Weinstein

1. INTRODUCTION

The central role of G protein-coupled receptors (GPCRs) in most aspects of biologi-
cal signal transduction has made them the object of extensive studies for a long period
of time. These studies have revealed the key physiological roles of the many members
of this family, and the manifold functions they have in the central nervous system
(CNS) and the periphery (for recent reviews, see refs. [1,2]). Despite the abundance of
information available in the literature, however, many of the fundamental questions
regarding the molecular and structural requirements for GPCR function remain unan-
swered. A large number of reviews and compendia of results have been devoted to such
fundamental elements in the biological mechanisms of GPCR (3-9). For this reason,
we review here only some of the key aspects of recent progress in the development and
application of approaches aiming to elucidate functional mechanisms of GPCRs in a
detailed structural context. A central aim of our own collaborative studies of GPCRs is
to develop such a coherent structural context (e.g., see [5,10—15]) that can serve in the
interpretation, as well as the integration into a mechanistic understanding, of the abun-
dant data about these systems. For this reason, we focus here specifically on the follow-
ing three aspects of recent developments in the field: (1) the management of the
copious data accumulated from structure—function studies, including genomic informa-
tion; (2) some novel insights about intramolecular mechanisms triggering the activa-
tion of GPCRs; and (3) the recently characterized oligomerization of the receptors. The
concluding Perspective section points to the integration of the mechanistic insights at
the level of GPCR function with the growing understanding of signal-transduction
pathways in the cells.

2. MANAGING THE INFORMATION FROM STRUCTURE-FUNCTION
STUDIES: MUTATION DATABASES

Directed mutagenesis experiments play a central role in the study of functional and
structural features of GPCRs. Massive amounts of data from these extensive studies
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describing mutations, phenotypes, and inferences generalizable to various GPCR fami-
lies continue to accumulate at a very rapid pace (/6). These data are mostly recorded in
articles published in a large number of journals, making it challenging for investigators
to track mutations of a certain receptor family or of similar receptor families. To support
research efforts aimed at studying structure and function of GPCRs, a few groups have
developed electronic mutation databases. Early examples include MRS (7/7) and GRAP
(18). MRS was organized to facilitate structural studies, whereas GRAP also provided
quantitative pharmacological data for mutants and enhanced searching capabilities. Nei-
ther MRS nor GRAP are maintained any longer. TinyGRAP (79) was introduced in 1995
as a replacement to GRAP. This “tiny” version of GRAP allowed the curators to cope
with growing amounts of published mutant information. In contrast to GRAP, Tiny-
GRAP does not store quantitative pharmacological data, but instead records a number of
qualitative attributes that describe the experiments in which the mutant was used. Such
attributes include the type of pharmacological studies that were performed with the
mutant (e.g., agonist binding affinity measurements). With 10,500 mutants from 1,380
papers, TinyGRAP is the most prominent and useful source of GPCR mutant data.
Mutant data from TinyGRAP can be visualized in snake-like diagrams produced by the
Viseur program and the RbDe web service (20-22). (RbDe allows the construction of
custom diagrams, that show only specific mutations.) Such diagrams are conveniently
offered by GPCRDB and referenced by SWISS-PROT entries (23,24). Yet, at the time of
writing, new data have not been entered in TinyGRAP since April 2001, so researchers
should be cautious and check the time of the last update before relying on TinyGRAP to
find more recent mutation information. An update of TinyGRAP with new mutants is
planned (Edvardsen, . and Beukers, M.W., personal communication).

The difficulty in maintaining up-to-date databases is one of the challenges facing
researchers who are developing resources to manage GPCR mutation data. Most of the
data available in TinyGRAP has been entered by its curators, who have manually extracted
data from articles. Although TinyGRAP does not support direct submission of data, an
experiment has been conducted at GPCRDB to offer submission forms that make possible
the direct submission of mutation data to the database. Although the GPCRDB database is
a high-traffic web site (with peaks at 100,000 page visits per month), no visitor submitted
information about new mutants (Beukers, M.W. and Horn, F., personal communication).
The apparent complexity of the submission page may have discouraged submitters, sug-
gesting that future research in the development of Bioinformatics tools could focus on
ways to improve the ergonomics of submission tools. Clearly, other factors were at play as
well. For example, at the time that the experiment was conducted, journals and funding
agencies did not request mutation data to be deposited electronically into a database.

Other challenges exist, in addition to the curation, in the construction of mutation
databases for GPCRs (and other integral membrane proteins studied by a combination
of directed mutagenesis and pharmacological approaches). For instance, information
about putative genomic sequence variants in populations is becoming increasingly
available (e.g., HUGO [25], dbSNP [26]). It would therefore be very interesting to
have a way to link data about sequence variants, in the coding region of a GPCR, with
mutagenesis results.

In considering some of these challenges, we are developing the Arcadia database for
GPCRs and neurotransmitter transporters. Some of the main features of this new
resource are illustrated in Fig. 1, and described briefly below.
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Fig. 1. Ilustration of the major types of visualization available from the Arcadia database.
The features (snake-like diagram, alignment and mutant details) are superimposed on the home
page of the database.

2.1. Arcadia: Contents and Submissions

GPCR and transporter protein information from SWISS-PROT has been imported as
background data into the Arcadia database. This background information is used in
Arcadia to simplify mutant submissions (wild-type proteins are already in the database
and therefore do not have to be added by the user; residue positions of the mutations
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can be checked against the sequence), and to link to other databases. To further facili-
tate data submission, we have implemented two possible methods. Mutant data can be
entered into the database either via a wizard or by uploading an XML file. The wizard
is an interactive method that takes the user step-by-step through the submission
process, designed for investigators who will submit only a few mutants. The XML
upload method is useful for submitting large numbers of mutants more efficiently.

In addition to mutations at the protein level, users can also submit genomic variants
for specific entries. This is the first step to integrating sequence variations in the coding
sequence of GPCRs to their pharmacological effects. Although it would be possible to
import variation data from dbSNP directly, Small et al. recently reported 68% of false-
positives when trying to confirm putative, nonsynonymous sequence variants in 25
GPCRs (27). For this reason, only sequence variants that have been verified will be
included in Arcadia.

2.2. The Use and Query of the Arcadia Database

A number of useful features from previous databases have been incorporated in this
new tool. Thus, an interactive query retrieval system was implemented, to allow the
user to search for wild-type and mutant proteins using keywords from many different
data fields, such as keyword in protein name, protein family, or submitter. One of the
more interesting query features is the ability to search by mutated position (such as
specific positions in a transmembrane segment, e.g., TM3). The positions are identified
both by the absolute sequence numbering and by the generic numbering system
adopted for GPCRs. The “generic numbering system” for the positions in the GPCRs
makes it possible to refer, comparatively, to structurally cognate receptors, including a
structural template, e.g., rhodopsin (3). The numbering system described originally in
Ballesteros and Weinstein (/4) has been used in many publications and in databases
(17). Briefly, in this generic numbering scheme, two numbers (N1.N2) are assigned to
amino acid residues in TMs. N1 refers to the TM number. For N2, the numbering is rel-
ative to the most conserved residue in each TM, which is assigned 50; the other
residues in the TM are numbered in relation to this conserved residue, with numbers
decreasing towards the N-terminus and increasing toward the C-terminus. Thus, the
proline in TM6 of rhodopsin would appear as P6.50, or P6.50(267) where the number
in parentheses represents the sequence number in the individual receptor (rhodopsin, in
this case). Similarly, the conserved arginine in the ERY motif in TM3 of rhodopsin
would be R3.50(135), and the preceding glutamate would be E3.49(134).

Two-dimensional representations of the secondary structural elements of the pro-
teins (“snake-like diagrams” [20-22]) have been integrated into the Arcadia database.
Such diagrams provide a means of visualizing mutant data in the context of the
sequence and topology of the protein. For wild-type proteins, the snake-like diagrams
indicate all the positions that have been mutated in the protein; the mutant diagrams
highlight only positions affected in the mutant. Notably, mutated residues are hyper-
linked both in snake and in alignment views. Moreover, the views of alignments are
configurable: Arcadia makes it possible for users to input custom alignments, for
instance to view mutations in the context of different structural hypotheses. Arcadia
also supports the export of alignments in FASTA format.
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The data submitted to the Arcadia database will continue to be freely available, and
can be exported for download as an XML file. In this way, the data in this database can
be transferred to other systems or transformed and manipulated in a variety of ways by
the user.

In summary, the new database, Arcadia, is an information management system for
information from mutagenesis experiments. The features that set it apart from existing
databases include: (1) the ability to view mutations in the context of different align-
ments; (2) information management features supporting user submission of both wild-
type and mutant proteins, as well as user-defined alignments; (3) import and export of
data using XML; and 4) free availability of both source code and data.

Arcadia is available at http://icb.mssm.edu/crt/Arcadia/

3. A STRUCTURAL CONTEXT FOR THE ACTIVATION
MECHANISM OF GPCRS: INSIGHTS FROM
MODELING AND COMPUTATIONAL SIMULATIONS

In the absence of detailed structural information about GPCRs, much of the efforts
to interpret experimental results in a structural context has focused on creating molecu-
lar representations of these proteins that can incorporate directly and consistently the
many types of function-related information (for a recent review, see ref. [5]). In turn,
such molecular models serve as hypotheses-generators for experimental probing of
functional inferences, and are continuously refined by the data obtained from such
experiments. Listed below are some of the main advantages of such an iterative
approach, as illustrated in this chapter:

1. It provides increasingly reliable and useful three-dimensional (3D) model constructs of
specific members of the GPCR family (see below) for which complete structures are
not available from experiments.

2. It yields generalizable structural templates for cognate families of these proteins, and
identifies functionally important details about various subtypes (3,5,7).

3. The 3D molecular constructs can be developed and modified to address characteristics
of different states of the receptor molecules that relate to measurable functional charac-
teristics such as activation, levels of constitutive activity, desensitization, and so forth
(e.g., see refs. [5,7,9—13,28-35]).

4. The molecular models can be used in computational simulations of functional mecha-
nisms to generate and/or probe specific mechanistic hypotheses for structural changes
involved in the various states of the receptors, both wild-type and mutant constructs.
The structural context makes these hypotheses testable in collaborative experiments
designed to probe specific predictions and refine functional insights (for comprehen-
sive review, see ref. [5]).

Together, all the inferences from both computational modeling and simulation
(which can reveal novel aspects of the receptor mechanisms, based on the dynamic
properties of the proteins) serve as mechanistic working hypotheses for new and more
focused experiments. This mode of closely considered interactions and synergy
between computational developments and experimental probing of the receptor sys-
tems has become a sustained characteristic of current studies of structure—function
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relations of GPCRs (for some recent examples and reviews, see refs.
[5,8,11,29,36-39]).

3.1. Structural Motifs As Functional Microdomains

A key element in the development of a structure-based insight about the intramolec-
ular mechanisms of GPCR activation has been the proposal to parse the structure into
specific regions identified as Structural Motifs that act as (often conserved) Functional
Microdomains (the “SM/FM”). The general concept of parsing the structure of GPCRs
into identifiable SM/FM elements has been described in detail (e.g., see refs.
[10,13,40,41]), and has been reviewed recently (5,7,42) in the context of the new crys-
tal structure of rhodopsin (3,43,44). Especially noteworthy in this context is the confir-
mation by the crystal structure of rhodopsin of structural predictions from the models,
regarding some key SM/FM, and the corroboration of their functional properties
inferred from the structural context provided by the molecular models of GPCRs in the
rhodopsin-like family. This validation includes the following SM/FM:

 The predicted Arg-cage in TM3 [13] consisting of R3.50 interacting with D3.49 and
reinforced by interactions with residues in TM6—especially E6.30—that constrains the
receptor in the inactive form (see [5,7,12,29,32,45-48)]);

* The specific interaction between TM2 and TM7 that determines some functional proper-
ties of the GPCRs (for recent reviews see [5], and also [49-52]);

e The cluster of aromatic residues in TM6 composed of residues at positions
6.52/6.48/6.44 on a continuous face of the TM6 helix (53), and their mutual orientation
that appears to trigger activation (5,8,38), and

* The functional role of residue 7.53 in the conserved NPxxY motif in TM7 as a modula-
tor of receptor activation, based on an interaction with Hx8, the segment C-terminal to
TMT7 that is known to fold into a helical structure (10,54).

3.2. SM/FM in the Receptor Activation Trigger

Of the SM/FM identified in the structures of rhodopsin-like GPCRs, the cluster of
aromatic residues in TM6 appears to be the most directly related to the triggering of
GPCR activation by ligands. Thus, one of the components of this “aromatic cluster” in
most neurotransmitter GPCRs, the conserved F6.52, has been shown to be accessible in
the binding site (55) and has recently been suggested to serve as a sensor for the orien-
tation of the ligand in the binding pocket (/7). Through the interactions of a rhodopsin-
like GPCR ligand with this sensor (F6.52), the special structural properties of the
aromatic cluster (see refs. [5,53]) allow it to respond to ligand binding through steri-
cally determined conformational rearrangements of the three aromatic side chains, like
a “toggle switch,” to promote agonist-mediated receptor activation (for details of this
hypothesis, see [8,38,41]). The apparent role of the orientation of the ligand in the
binding pocket, in determining the measurable pharmacological response (e.g., full vs
partial agonist) emphasizes the importance of this interaction with the sensor and pro-
vides a structural context for the definition of drug efficacy (/7). Notably, in some
GPCRs (e.g., the muscarinic receptors), the role of the aromatic residue at position
6.52 seems to be subsumed by other residues that are more likely to engage in favor-
able interactions with the endogenous ligand, but preserve the steric properties that can
trigger the interrelated rearrangement of the cluster owing to steric interactions. Thus,
the recognition of the ligand by the 6.52 sensor has been suggested to give rise to a
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conformational change that is propagated into the aromatic cluster (5,56). The func-
tional implications of this conformational change are based on the involvement of the
conserved W6.48 center of the aromatic cluster in the activation of a GPCR. This
involvement was first proposed by Lin and Sakmar, based on the observation of a con-
formational change in the orientation of W6.48 in rhodopsin from an orientation “per-
pendicular” to the membrane in the inactive form, to a “parallel” orientation in
activated rhodopsin (57).

A mechanism by which binding of the ligand in the recognition pocket of a GPCR
can trigger the receptor response through interaction with this cluster of aromatic
residues was proposed earlier (56), and illustrated for the serotonin 5-HT2A receptor
(5-HT,,R). The dynamics of the local rearrangements in the structure of the aromatic
cluster that can be triggered by ligand binding in the pocket and interaction with the
F6.52 sensor, were probed with computational simulations in a 3D model of the sero-
tonin SHT,,R (5,56). A molecular dynamics (MD) simulation of the effect of 5-HT
binding to the receptor in the orientations described recently (/7), with an original
distance of 4.2 A from F6.52 as suggested in the literature (55,58), was carried out
utilizing the CHARMM program. Constraints were imposed to account for the effects
of the surrounding environment, and to reflect the information obtained from ex-
periment about the conformation of the activated form of a GPCR (e.g., see refs.
[5,33,38,39,41,52,59,60]). Consequently, the structural context of the simulations is a
model that accommodates the current information about the inactive form of the
receptor based on the rhodopsin template (3,43), as well as current data about the
active state. The latter involves the increase in distance between the cytoplasmic ends
of TM3 and TM6 upon activation, and the change in angle between W6.48 and the
plane of the membrane (see [5,52,57]). The separation between TM3 and TM6 is
achieved by imposing a NOE-type constraint (K = 1) on the distance between the
Calpha of R3.50 and the Calpha of residues at positions 6.31 (min 15.8 max 19.8 A),
6.32 (min 13.0, max 16.0 A), and 6.34 (min 16.8, max 20.8 A), in agreement with the
changes reported by Hubbell et al. (see refs. [52,59,60]). The extracellular end of
TM6 moves under initial constraints imposed on the position of the backbone of
residues F6.53 to F6.59 with a K = 1, and on the dihedral angles of residues 6.30 to
6.44, so that the dynamic changes in the distance will be owing only to changes in the
dihedral angles of the residues surrounding P6.50, and part of the aromatic cluster.
Similarly, the position of the Calpha atoms of helices 1 to 5 and 7 are restrained with
a force constant of 1. Note, however, that all the constraints imposed at the beginning
of the simulation are released in small steps until a constraint-free production run is
performed. The constraints are released in a total of seven steps, each followed by
50ps of equilibration. The total time spent in the heating (12ps) and subsequent equi-
libration steps is 350ps, followed by 1.5 nanoseconds of production run in the
absence of constraints.

The simulations yielded the comparative behavior identified in Fig. 2 showing the
angle between the indole plane of W6.48 and the plane of the membrane in the pres-
ence (Fig. 2A) and absence (Fig. 2B) of 5-HT interacting with F6.52 in the pocket. The
energetics of the interaction affect the probability of the change in angle, thus pointing
to the interaction between the aromatic moieties of F6.52 and SHT as a trigger for the
conformational change in the highly conserved W6.48 (56). Other types of simulations,
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Fig. 2. Results from the MD simulations showing the values of the angle between the indole

plane of W6.48 and the plane of the membrane in the presence (A) and absence (B) of the lig-
and, 5-HT, interacting with the F6.52 sensor in the binding pocket of the 5-HT2A receptor

model.

based on Monte Carlo approaches, showed recently the same type of involvement of
the aromatic cluster in the trigger of GPCR response to ligand binding (38,39).
Notably, only part of the aromatic cluster is conserved in rhodopsin where the “lig-
and” (retinal) is covalently attached to the receptor. Thus, the 6.52 position is not
needed to function as a ligand-sensor, as the conserved W6.48(265) is restrained in the



Structure and Function of GPCRs 243

“inactive” perpendicular position suggested from spectroscopy (57), by interaction
with the ring of retinal (see the crystal structure of the inactive form of rhodopsin
[3,43]). 1t is likely, therefore, that the rearrangement in TM6 of the neurotransmitter
receptor indicated from the simulations as being triggered by the interaction of the lig-
and with F6.52, is produced in rhodopsin by the conformational change of the retinal
after isomerization around the double bond (see ref. [38] for a different trigger of the
same motion, proposed for the cannabinoids receptor). This prediction for rhodopsin
should be verified in a structure of an activated form of the receptor, where W6.48
should appear to have “escaped” the constraint of the retinal and have the ring posi-
tioned in parallel to the membrane plane. The concerted conformational changes prop-
agated in this cluster of aromatic residues upon activation affects the kink produced in
TM6 by the conserved P6.50(267). The change can transmit the binding stimulus regis-
tered by the aromatic cluster further down the TM6 helix, towards the cytoplasmic side
of rhodopsin. This mechanism is likely to be conserved in the rhodopsin-like GPCRs.
The rearrangement of the aromatic cluster in response to ligand binding, and the
subsequent conformational change induced at the P6.50 kink, are the likely triggers of
the transition from the inactive form to the active state of the receptor (5). The full
dynamic rearrangement involves a series of TM helix movements described from
experiments (e.g., see Farrens et al. [59,61], Gether et al. (15,33), and (52) for a
review). These dynamic rearrangements take advantage of the special local flexibility
conferred to a helix by the proline kink (e.g., see Sansom and Weinstein [62]). The
dynamic mechanism involving the proline kink appears to be a generalized mechanism
in membrane proteins (see refs. [14,62-64]), and it is not surprising to find that an
absolutely conserved proline (P6.50) is likely to play a central role in the structural
rearrangement of rhodopsin-like GPCRs upon transition from the inactive to the acti-
vated state. The nature of the rearrangement that identifies key differences between the
structures of the active and inactive state models of these GPCRs (see above) are thus
likely to relate to the geometry of the proline kink at P6.50, because this residue is in a
special position relative to the aromatic cluster. The conserved proline is positioned
between the W6.48 that has been implicated in activation (55), and the “ligand sensor”
F6.52 [5,11]. Like the MD simulations described earlier, computational simulations of
using the Monte Carlo method have shown (38,39) that the side-chain conformation
and backbone angles of the aromatic cluster region in TM6 are dynamically interre-
lated, and that the rearrangements also determine the preferred size and geometry of
the kink produced by P6.50. Taken together, these findings point to a structure-based
hypothesis involving a direct link between the recognition of the ligand by the sensor
mechanism in the binding pocket, the reorientation of W6.48, and the change in the
properties of the proline kink (see ref. [65]) that reposition the cytoplasmic end of TM6
and affect its neighbors. The changes in the relative position of the cytoplasmic ends of
TM3 and TM6 observed experimentally (52,60,62) as well as computationally, require
rearrangements of the hydrogen bonding network and ionic interactions that involve
yet other SM/FM (most importantly, the arginine cage [13,41]). The role of this ionic
SM/FM has been extensively probed and evaluated in the recent literature (e.g., see
refs. [12,15,29,32,33,35,42,47,48,66]). The congruence of the findings from experi-
ments and molecular modeling makes it all the more evident that molecular models
must incorporate such structural rearrangements in representing the different states of
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GPCRs in order to serve as templates and aid in the analysis of ligand-receptor com-
plexes. Thus, the validated structural insights described earlier show that it is not
appropriate to utilize the crystal structure of the inactive form of rhodopsin as a univer-
sal template if the modeled functional details pertain to an activated (e.g., agonist-
bound) state of the GPCR.

4. THE OLIGOMERIZATION OF GPCRS

The possibility that functional mechanisms of GPCRs are constitutively regulated
by oligomerization immediately brings to the fore the types of mechanistic questions
that accompany most studies of protein interactions in biological systems. Among the
principal considerations are the following: (1) are the GPCR oligomers preformed
dimers (i.e., constitutive dimers) or dynamic structures promoted and/or modulated by
regulators and/or ligands? (2) Is the interface of receptor oligomerization an element in
the regulatory mechanism, or a fixed structural element? (3) Are there specific func-
tional consequences to the 3D arrangement adopted by GPCR oligomers? The experi-
mental exploration of these types of structure—function elements in the physiological
mechanisms of GPCRs is only beginning. Especially at this early stage, both the analy-
sis of results and the integration into mechanistic inferences can gain much from the
application of biophysical principles and insights obtained from other studies of pro-
tein interaction in biological systems.

Therefore, in reviewing here the current insights concerning GPCR oligomerization,
we emphasize the context provided by structural models of putative
ligand—-GPCR-GPCR complexes as a means to relate mechanistic hypotheses about
GPCR function, to the wealth of data about structure—function relationships for individ-
ual GPCRs. In the absence of structural data at the atomic level of detail, special atten-
tion is given to: (1) inferences from computational studies regarding the likely
oligomerization interfaces between TM helices of GPCRs; and (2) the possible 3D
arrangements of the TM domains of GPCR dimers. Future computational simulations of
these ligand—-GPCR-GPCR complexes in their interaction with G proteins and in the
presence of the correct environment are expected to provide a more complete characteri-
zation of the dynamic properties underlying the function of these complex biological
systems. The types of GPCR interface models presented here, together with results from
such simulations, will provide mechanistic working hypotheses for yet other experi-
ments directed to the identification of specific requirements for protein interactions
involved in GPCR function.

4.1. GPCR-Protein Interactions

Protein—protein interactions have often been recognized to play an essential role in
protein function. Like many other signaling proteins, GPCRs have also been demon-
strated to participate in such protein—protein interactions, the best known example being
the interaction of these receptors with heterodimeric G proteins. Specifically, this inter-
action has been suggested to be the consequence of allosterism in monomeric GPCRs
upon ligand activation (see above, and ref. [67] for a recent review). Ligand—GPCR
complexes have also been shown to modulate various signaling pathways via direct, G
protein-independent interactions with specific proteins (see refs. [67-71] for recent
reviews). Among these proteins are: (1) ion channels; (2) B-arrestin and the SRC family
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Table 1

Current Homo- and Hetero-Oligomers of GPCRs

Receptors Reference Receptors Reference

Class A MT;-MT, Melatonin (115)

A Adenosine (202) NY 1R neuropeptide Y (222)

A1 Adenosine-D; Dopamine (86) NY2R neuropeptide Y (222)

A Adenosine-Muscarinic mGluR; (203) NYS5R neuropeptide Y (222)

A Adenosine-P2Y | Purinergic (204) 6-Opioid (120,127)

A, Adenosine-D, Dopamine (205) n-Opioid (97)

AT/ Angiotensin II (94) K-Opioid (96)

AT1-AT, Angiotensin (206) 6-u Opioid (97,123)

AT Angiotensin-B2 Bradykinin  (94,207) 6-x Opioid (96)

B1-Adrenoceptor (114) (8,x)-opioid-PB,-Adrenoceptor (125)

B102,-Adrenoceptors (208) (8,1,%)-CCR5 (197)

,-Adrenoceptor (117,126,  sst,, Somatostatin (124)
127) ssts Somatostatin (106)

B1-B>-Adrenoceptor (114,209)  sst3 Somatostatin (124)

B2 Bradykinin (134) sst; Somatostatin (106)

CB1 cannabinoid (210) sstj-ssts Somatostatin (106)

CCR2 Chemokine (98,101) sstp,-sstzSomatostatin (124)

CCRS5 Chemokine (98,103) sstp, Somatostatin-p-Opioid (223)

CXCR4 Chemokine (104) ssts Somatostatin-D, Dopamine (95)

CCR2-CCRS5 Chemokine (98) Thyrotropin (87,116)

D; Dopamine (138,211) ' TRHR1-TRHR?2 thyrotropin (224)

D, Dopamine (74,92, V; Vasopressin (148)
118) Class B

D3 Dopamine (212) Gonadotropin-releasing hormone (129,225)

D,-D3 Dopamine (213) Ig hepta (135)

H, Histamine (214) Class C

H,4 Histamine (215) Extracellular calcium-sensing (121)

5-HT; Serotonin (216) GABA,(1) (226)

5-HT), Serotonin (144) GABA;(2) (226)

5-HT;-5-HT,, Serotonin (217) GABA(1)-GABA,(2) (79-81)

Luteinizing Hormone/hCGR (218,219)  Metabotropic mGluR (133)

M, Muscarinic Acetylcholine (85) Metabotropic mGluRs (119,147)

M3 Muscarinic Acetylcholine (122) T1R1-T1R3 amino-acid taste (227)

M,-M3 Muscarinic Acetylcholine (220,221) T1R2-T1R3 amino-acid taste (227,228)

MT, Melatonin (115) Class D

MT, Melatonin (115) Yeast a—factor receptor STE-2 (128,229)

of tyrosine kinases; (3) effector proteins containing PDZ domains; and (4) SH3-contain-
ing effector proteins (for recent reviews see refs. [1,2]). In light of these findings, the
recently demonstrated ability of GPCRs to form homo- or hetero-oligomers (see refs.
[68,69,72] for recent reviews) enriches the repertoire of GPCR-protein interactions,
most likely leading to yet more signaling possibilities for these membrane proteins.
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In the following paragraphs we summarize the current opinion on GPCR oligomer-
ization and provide the details of the accumulated experimental and computational data
on GPCR-GPCR interactions.

4.2. Understanding the Role of Oligomerization in GPCR Function

The increasingly recognized ability of GPCRs to aggregate into homomeric or com-
plexes takes the generic name of oligomerization. The smallest oligomer is the “dimer.”
However, the interchangeable use of the terms “dimer” and “oligomer” in many reports
on GPCR oligomerization has often confused the issue of the relevant oligomeric state,
if any, for a GPCR to become functionally effective. It is still unclear whether all
GPCRs can form high-order oligomers and how large they would be.

A variety of experimental approaches have produced evidence interpretable as
homo- and/or hetero-oligomers of GPCRs (Table 1). Although the physiological rele-
vance and/or functional significance of GPCR oligomerization remains to be eluci-
dated, tantalizing hypotheses have been put forth for the potential functional roles of
some of these homo- and hetero-oligomeric complexes of GPCRs. Specifically,
oligomerization has been implicated in the identification of types of receptors that have
been known only from their pharmacological properties, but not gene sequence (e.g.,
the 91, 82, ul, u2, x1, k2, and k3 opioid receptor subtypes [73]), as well as in various
processing and regulation procedures. Such procedures include: (1) chaperoning and
intracellular transport of receptors [74—81]; (2) signal amplification and cooperativity
[82-95]; and (3) the generation of novel pharmacological phenotypes that differ from
the properties of the constituent monomers (e.g, the 8- opioid [/96,97] and CCR2-
CCR5/98] receptor heterodimers).

Given the lingering uncertainties about the details of cellular signal transduction
involving GPCRs, the list of potential functional roles for GPCR homo- and hetero-
oligomers is quite long [69,72,99]. This only reinforces the need for an understanding
of the many central issues in GPCR homo- and hetero-oligomerization, preferably at a
detailed structural level that would make possible the incorporation of these phenom-
ena into physiologically relevant functional models for GPCRs. Clearly, a central issue
in this respect is the role of the ligand in GPCR oligomerization.

Numerous examples of both ligand-induced [98,100-111] and ligand-independent
(constitutive) oligomerization [79-81,86,94,96,97,106,112—130] have been reported in
the literature over the last few years. However, inferences from these studies have not
yet allowed a definitive conclusion about constitutive (i.e., GPCRs exist as stable pre-
formed dimers) or ligand-induced oligomerization.

4.3. Structural Features of GPCR Oligomerization

Exploration of the structural features of GPCR oligomerization is at its very begin-
ning. The experimental data collected thus far provide a general structural context for
both homo- and hetero-dimerization of GPCRs. In reviewing the structural elements
identified so far, we will pay special attention to: (1) GPCR regions implicated in
oligomerization; (2) the nature of the interaction between GPCR monomers; and (3)
suggested modes of association between GPCR monomers.
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4.3.1. GPCR Regions Implicated in Oligomerization

Extracellular, transmembrane (TM), and/or C-terminal regions have been suggested
to be involved in the oligomerization process of GPCRs.

The involvement of the extracellular domain in GPCR oligomerization has mostly
been reported for members of Class C, such as the extracellular calcium-sensing recep-
tor (/131) and the metabotropic glutamate receptor (/32,133). However, evidence for
the participation of the GPCR extracellular domain in oligomerization also exists for
members of Class A rhodopsin-like, Class B secretin-like, and Class D fungal
pheromone receptors, such as bradykinin B2 (734), Ig hepta (135), and the yeast alpha
factor receptor STE-2 (136), respectively. The high-resolution crystal structures of the
extracellular ligand-binding region of the metabotropic glutamate receptor mGluR1
(133) suggested a mechanism by which the N-terminus could mediate receptor dimer-
ization of this particular class of GPCRs. Specifically, three different crystal structures
of the extracellular ligand-binding region of mGluR1 were determined, in a complex
with glutamate and in two unliganded forms. All three different crystal structures
appeared as disulphide-linked homodimers, in the presence or absence of the ligand.
Examination of the conformations of the mGluR1 homodimer in the three crystal
forms, combined with modeling studies, confirmed the involvement of several con-
formers of the mGluR1 extracellular ligand-binding region. “Active” and “resting”
conformations were identified as the result of interdomain movement and relocation of
the dimer interface. Binding of glutamate to the extracellular domain of mGluR1 was
implicated in the selective stabilization of the activated domain conformations in equi-
librium with all other states. The interdomain movements in the dimer related to gluta-
mate binding were suggested to produce an allosteric effect on the TM or intracellular
regions of the mGluR1 receptor, leading to its activation (/33).

The GPCR C-terminal region, with or without a coiled-coil motif, has been impli-
cated in the heterodimerization process of GABA;(1)-GABA4(2) (78,80), as well as in
the homodimerization of &-opioid receptor (120). However, the possibility cannot be
ruled out that the indirect evidence for the involvement of the C-terminal domain
results from changes produced by the deletion of the C-terminal tail, that alters the con-
formation of the receptors and causes decreased interactions between transmembrane
helices and oligomer disruption.

Based on evidence from other membrane proteins for which more detailed structural
information has become available (/37), it is likely that the GPCR oligomerization
process involves not only the extracellular and/or C-terminal domains, but also their
TM regions. Indeed, GPCR dimer interfaces involving TM regions have been proposed
for several GPCR family members, such as [2-adrenergic (/17), D1 (138), and D2
(118) dopamine, adrenergic-muscarinic (139,140), CCK (141), and yeast alpha factor
receptors (/36). The presence of the glycophorin A dimerization motif
LXXXGXXXGXXXL (142) in the TM6 of P2-adrenergic receptors suggested the
involvement of this TM region in the receptor dimerization. Inhibition studies with a
synthetic peptide based on the amino acid sequence of the sixth TM domain of [32-
adrenergic receptor corroborated the hypothesis of dimeric interaction through TM6
for this GPCR family member. The use of synthetic peptides also allowed identification
of the sixth and seventh TM domains as possible dimerization interfaces in D2
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dopamine receptors (/18). On the other hand, a peptide based on the TM6 sequence of
D1 dopamine receptor did not affect the level of receptor dimers (/38), suggesting that
the dimerization interfaces of GPCRs may be subtype-specific. Very recently, fluores-
cence resonance energy transfer (FRET) and endocytosis assays of oligomerization in
vivo have implicated TM1 and TM2 in the dimerization of the yeast alpha factor recep-
tor (136).

4.3.2. The Nature of the Interaction between GPCR Monomers

Both covalent (disulfide) and noncovalent (hydrophobic) interactions have been
implicated in mediating the interaction between GPCR monomers.

The sensitivity of several GPCR homo-oligomers to reducing agents suggested the
involvement of disulfide bonds in the mechanism of dimerization. Evidence of
oligomeric dissociation by reducing agents has been reported for GPCR subtypes,
including metabotropic glutamate 1 (/43), metabotropic glutamate 5 (/79), calcium-
sensing (121,132), muscarinic M3 (122), 8-opioid (120), x-opioid (96), dopamine D1
(144), serotonin SHT (144), serotonin SHT, (144), and vasopressin V2 (77) recep-
tors. However, a resistance to dissociation has been observed even for these, as well as
other GPCRs (117,118,144), and recent evidence on calcium-sensing (/45) and
metabotropic glutamate receptors (/46,147) suggests that disulfide bonds are not nec-
essary for oligomerization of these proteins. Taken together, these experimental data
favor the view that noncovalent rather than covalent interactions may play an essential
role in the dimerization of GPCR monomers.

4.3.3. Suggested Modes of Association Between GPCR Monomers

An important question related to the functional role of the association of GPCRs in
the cell membrane relates to the manner in which the oligomers are formed: either as
interacting entities that retain their structural identity, or as interlaced units. Both
modes of association of the TM helices of GPCR monomers into dimers have been
proposed. One of them consists of simple 1:1 stoichiometric molecular complexes of
the GPCR monomers (contact dimers) (/48). The other one involves the exchange
between monomers of complementary TM domains, such as the N-terminal (TMs 1-5)
and C-terminal (TMs 6-7) regions (domain swapping) (/49-152).

Although domain-swapped association has been demonstrated for truncated and
mutant forms of adrenergic-muscarinic (1/39) and type 1 angiotensin II (/53) receptors,
more recent experimental evidence (74,136,140,141,148) suggests that this proposed
mechanism of dimerization may represent only a mechanism of functional rescue in
GPCRs. Accordingly, the fact that vasopressin V2 receptor mutants altered in the N-
terminal folding domain (TMs 1-5) cannot be rescued by co-expression of N-terminal
receptor fragments and mutated V2 receptors (/48) suggests that oligomers of this
receptor may form by contact rather than domain-swapping. Experiments with point
mutants and truncation mutants of D2DR containing TMs 1-5 or TMs 6-7 also sug-
gested that the mechanism of dimerization of GPCRs does not involve domain-
swapped association (74). Moreover, photoaffinity label experiments using a peptide
agonist of the cholecystokinin receptor showed binding of this peptide to two regions
(TM1 and TM7) of the same receptor (/41). The fact that this peptide did not link
covalently two different cholecystokinin receptors, but binds to only one monomer also
argues against the mechanism of domain swapping in the dimerization of GPCRs. The
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same conclusion emerges from mapping the proximities between the TM1 and TM7
domains of the M3 muscarinic acetylcholine receptor, using an in situ disulfide cross-
linking strategy [/40]. In fact, intramolecular cross-linking between the TM1 and TM7
domains of this GPCR did not change with ligand binding and, more importantly, it did
not produce dimers. Finally, a very recent study on the yeast alpha factor receptor (136)
also favors a dimer contact model over domain swapping because small receptor frag-
ments, including one consisting only of the N-terminus plus TM1, can self-associate,
unlike several receptor fragments that lack TM1.

The structural context of the interactions among GPCRs further supports the argu-
ment against domain swapping in the oligomerization of GPCRs. Based on the
accepted topology of rhodopsin-like GPCRs, the two-dimensional diffraction maps of
rhodopsin (154—-156) offer information about the mode of association of these proteins.
In these density maps, the TM domains are arranged in neighboring hydrophobic bun-
dles such that lateral intermolecular interactions seem to occur between them, as in
contact dimers rather than domain-swapped dimers. The recent atomic-force
microscopy map of rhodopsin molecules (/57), which shows closely packed dimers in
native membranes, also seems to support the hypothesis of contact dimers rather than
domain-swapped dimers.

Even with the contact dimer geometry as the most likely form of GPCR association,
the identity of the interface remains unknown. Yet, the nature and geometry of the
interface(s) will be essential for understanding the role and implications of GPCR
oligomerization in the functional mechanisms of the receptors. The use of computa-
tional methods combining modeling and Bioinformatics tools to identify the likely
oligomerization interfaces is therefore described below as a basis for complementing
and informing experimental explorations of GPCR dimerization.

4.4. Computational Methods for the Prediction of GPCR-GPCR Interactions

Although the character of interfaces in various known protein—protein complexes has
been analyzed in some detail (see refs. [158—160] for reviews), the lingering difficulties in
crystallizing functionally relevant complexes are holding back the identification of the
underlying protein interaction networks. This problem is particularly acute for the GPCRs
where structural information is scant even for the monomers. Consequently, analogy and
homology serve in the analysis of putative interaction modes of GPCRs.

Complementing a variety of experimental techniques, such as analysis of isolated
protein complexes by mass spectrometry (/61,162), protein microarrays (/63), and
automated yeast two-hybrid-based methods (164), several computational methods have
been developed in order to help identify protein interaction networks (see refs. [165]
and [166] for recent reviews). These computational methods can be divided into two
categories, depending on the availability of the 3D structures of the interacting proteins
in the complex. Specifically, if the structural information is available for the interacting
proteins in the complex, the general approaches are in the “docking methods” category
(166), used in an attempt to identify the protein interfaces. Unfortunately, the case in
which all interacting proteins in the complex have known 3D structures is unusual, and
even in this case, the accuracy of the predictions derived from computational tech-
niques for physical docking is limited (/67). On the other hand, several new computa-
tional methods based on sequence and genomic information have emerged to identify
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protein-protein interactions in the absence of complete structural information about the
interacting proteins in a complex. The main limitations and predictive power of these
methods that are based on sequence and genomic information, have been discussed in a
recent review (165).

Among the computational techniques for predicting protein-protein interactions, only
a few methods have been applied to GPCRs. For example, a data-mining approach based
on pattern discovery and membrane topology prediction was applied to GPCRs in an
attempt to identify patterns of amino acid residues in the cytoplasmic domains of these
receptors that are specific for coupling to a particular class of GPCRs (168). Co-evolu-
tionary analysis has recently been used to predict interactions between the GPCR/G-o
receptor families (/69). Predictions of residues of GPCRs that are responsible for G pro-
tein coupling were also proposed using correlated mutation analysis (CMA)-based tech-
niques (1/70—-175). Based on the principle that residues involved in a common function
tend to mutate together, the CMA has often been used to detect intramolecular
(176—178) and intermolecular (179, 180) contacts between protein residues.

In the particular case of GPCRs, the application of CMA techniques, including the
evolutionary trace method (/81-183), has been aimed at the prediction of putative
functionally important residues involved in GPCR—G protein interactions (170-175),
GPCR-GPCR interactions (151,152,175,184—-189), ligand—protein interactions
(23,190,191), as well as signal transduction (170,192,193).

4.4.1. The Prediction of Likely Interfaces of Oligomerization Between
TM Regions of GPCRs

To obtain a 3D model of a GPCR oligomerizing through the TM domains of the
monomers, the key predictive steps involve the identification of the TM interfaces. The
number of possibilities is extremely large, as even the model of a GPCR dimer would
present at least 49 (= 7 x 7) different alternative configurations for a heterodimer, and
at least 28 (= 7(7 + 1)/2) for a homodimer. These alternatives are independent, in prin-
ciple, because there is no evidence regarding the possibility that the homo- and hetero-
oligomerization interfaces between the TM regions of GPCRs coincide.

A combination of the structural information of GPCR monomers derived from
homology modeling, using the rhodopsin crystal structure (43) as a template, with
either correlated mutation or evolutionary trace analyses, has been used to obtain
insights that could reduce the number of different configurations in which TM bundles
can be packed next to each other to form homo- and/or hetero-oligomers of GPCRs
(151,152,175,184-189).

The earlier computational studies (151,152,175,184,185) considered both domain-
swapped and contact dimers as equally possible mechanisms of GPCR oligomeriza-
tion. In contrast, the later computational studies on GPCR oligomerization (/86—189)
take into account only the hypothesis of contact dimers, supported by the more recent
experimental evidence. For the prediction of heterodimer interfaces, the recent studies
use a modified CMA methodology, termed subtractive correlated mutation (SCM)
analysis (187,188). A similar method for the identification of physically interacting
protein pairs has recently been reported in the literature (/80).

Briefly, the SCM method first provides the complete list of intra- and intermolecular
pairs of interacting GPCR monomers by predicting correlated mutations from the mul-
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tiple sequence alignment of concatenated monomeric sequences from equal species.
Subsequently, the intramolecular pairs of correlated residues within each GPCR
monomer, which can be calculated using correlated mutation analysis of separated
multiple sequence alignments, are filtered out from this complete list of intra- and
intermolecular pairs. Finally, the remaining pairs of residues are evaluated based on
solvent accessibility values calculated from the atomic coordinates of the 3D structures
of each GPCR monomer. According to this criterion, the intermolecular pairs where
either one or both residues are considered completely or partially inaccessible to the
solvent (based on the structural template of the monomer) are eliminated from the list.
The remaining residues for each GPCR monomer are candidates for the heterodimer-
ization interface. Additional criteria for the strengthening of the predictive value of the
approach include considerations of “interaction neighborhoods” on the specific helix
face proposed as an interface.

Application of the SCM method to the opioid receptor subtypes (187,188) supported
the experimental evidence of subtype specificity in the process of heterodimerization
of these receptors (96). Although likely heterodimerization interfaces of the 8-y and d-
K opioid receptor complexes were predicted using the SCM method, the application of
this procedure to explore the putative interface between | and K opioid receptors
resulted in a null set for residues that indicates the absence of a predicted dimerization
interface. This result is in full agreement with previous experimental observations (96).

Although the evolutionary trace method applied to GPCRs (175,185) fails to detect
any residues responsible for the subtype-specific heterodimerization that has recently
been demonstrated for opioid (96), somatostatin (/06), and chemokine (98) receptors,
correlated mutation analysis had already been demonstrated to be able to identify useful
details of molecular specificity (/84). Thus, the molecular basis of specificity was
hypothesized to reside in outward (i.e., lipid) facing residues of TM5 and TM6 that
exhibited evolutionarily correlated mutations and differed between receptor subtypes
(184) in the case of dimerization. In the case of oligomers, the key interface between dif-
ferent subtypes was suggested to be the 2,3-interface (/52) rather than the 5,6-interface.

The hypothesis that oligomerization may have a specific functional role in GPCR
activity raises the possibility that various receptor subtypes may use different
oligomerization interfaces to exhibit functional selectivity. Therefore, using a combina-
tion of structural information and correlated mutation analysis, we have explored the
hypothesis that the oligomerization interfaces might vary among GPCRs. The first set
of GPCRs for which this analysis was carried out in detail included the rhodopsin-like
GPCR subtypes for which homodimerization has been demonstrated experimentally
(manuscript in preparation; see ref. [186]). The approach was validated using the struc-
tural information available from the electron-density maps of opsins in different
species. The results suggested that at least for this group of GPCRs, different dimeriza-
tion interfaces are involved in homodimerization of different GPCR subtypes.

4.4.2. Putative Configurations of GPCR Dimers
Correlated mutation analysis does not yield a precise and exhaustive enumeration of
all the interacting residues in a complex. Rather, tests have shown (/77) that the result

is a definition of the neighborhood of interacting regions. This makes the careful con-
struction of explicit 3D models of GPCR homodimers, using the information derived
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from correlated mutation analysis, all the more important in the effort to reveal addi-
tional loci of interaction between monomeric interfaces, and to eliminate false-posi-
tives among the predicted correlated mutations.

Models of the geometrically feasible configurations of GPCR dimers that incorpo-
rate the information derived from correlated mutation analysis satisfy a number of cri-
teria. These criteria represent working hypotheses about the nature of the dimers, and
are used in the construction of the models. The first criterion is that the orientation of
the 7TM interacting bundles of the GPCR dimer in the membrane is maintained as in
the original monomer template. Second, all combinations of the likely interfaces of
dimerization predicted by correlated mutation analysis are considered as equally possi-
ble. Finally, the 3D models of GPCR dimers maximize the number of interactions
between the predicted correlated residues on the appropriate lipid-facing surface of the
TMs in each monomer.

These criteria were applied to the construction of 3D molecular models of 9, W, and
K opioid receptor homodimers (/89). The most likely dimerization interfaces obtained
from the correlated mutation analysis yielded three equally possible 3D models (TM4-
TM4, TM4-TM5, and TM5-TMS5) for the d-opioid homodimer, but only one configura-
tion was possible for (-opioid (TM1-TM1) and k-opioid (TM5-TMS5) homodimers. By
listing the interface residues together with those at distances within a 5 A range
between the closest heavy atoms of the side chains of the energy minimized 3D models
of the 9, U, and x opioid receptor homodimers, explicit predictions are obtained for
testing with specific experiments designed to not only validate the structural predic-
tions but also to probe the functional implications of the dimerization mechanism of
the opioid receptor subtypes. The same approach is being used to build 3D molecular
models of other GPCR dimers that have been shown to exist by experiments, and to
guide pointed experiments designed to identify specific structural elements responsible
for dimerization and specificity. Mutant constructs based on inferences from such stud-
ies should be valuable in the elucidation of functional implications of the formation of
GPCR homodimers and heterodimers, and its physiological consequences.

5. PERSPECTIVE

As indicated in this chapter, there is a rich and constantly growing literature describ-
ing detailed studies of structure—function relations for GPCRs in the various classes.
This is a most powerful testimonial to the importance of these proteins for understand-
ing fundamental aspects of physiological processes based on signal transduction. It
also demonstrates the continued high interest in GPCRs as valuable targets for drug
design (for a recent review, see ref. [37]). The main characteristics that make GPCRs
so important in this respect are that: (1) they constitute mostly validated targets for
drug design, both pharmacologically and physiologically; (2) they are pharmacologi-
cally “complete,” in that ligands can be designed to elicit responses in the full spec-
trum, from antagonism to partial and full agonism; and (3) they offer a very high
“genomic leverage” for the designed ligands, given the large number of GPCRs in the
genome, the functional importance they have, and the structural similarity within the
classes of GPCRs. With the growing ability to relate the functional properties of the
GPCRs to specific structural elements, such as the SM/FM illustrated here, for their
ability to provide a defined structural context to the intramolecular mechanisms (e.g.,
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MAPK1,2

Fig. 3. Schematic representation of a signaling pathway for the 5-HT2A receptor, in which
activation by 5-HT leads to the regulation of expression of an immediate early gene, Zif268.

specific ligand recognition, response triggering, signal propagation to interaction with
G proteins), there is increasing confidence that new types of ligands can be discovered
in a structure-guided approach. Importantly, such approaches are expected to yield lig-
ands that can selectively address the different forms of the receptors, e.g., constitu-
tively active (for a review, see ref. [36]), or in the oligomeric forms discussed earlier
(for a review, see ref. [69]).

It is important to note, however, that the emerging view of GPCRs as interconnected
elements in signaling ensembles regulated by protein oligomerization (see refs.
[73,99,194,195] for recent reviews) raises the question of the mode of integration of
this mechanism in the pharmacological classification of drug action. If the relevant unit
defining the pharmacological characteristics is not the specific GPCR, then the classi-
cal elements of drug classification, definitions of selectivity, and measurements of effi-
cacy must be reconsidered (see ref. [69] for a recent review, and refs.
[125,128,144,148,175,189,196,197]). The conceptual difficulties that might be created
by this new perspective are perhaps mitigated by the promise for discovering new types
of functional modulation of receptor activity, and novel approaches to drug develop-
ment. In particular, such novel approaches are likely to emerge from the recognition
that the physiological consequences of the signal-transduction processes, in which the
GPCRs play a key role, depend on a series of intracellular interactions in the signal-
transduction pathways. Consequently, we and others have been developing new types
of Bioinformatics approaches to study the structure—function relations of GPCRs in a
context of their signaling pathways (an example for the 5-HT2A receptor is schemati-
cally illustrated in Fig. 3). Understanding signal flow from the cell surface to the
nucleus requires detailed knowledge of signaling events at the plasma membrane, cou-
pled with movement of the signal into the nucleus to regulate gene expression. Initial
models of such complex signaling pathways, in which the interactions shown schemat-
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ically in Fig. 3 are accounted for quantitatively, have been demonstrated (/98-201).
Application to GPCR signaling will allow us to determine refined approaches for the
realistic representation of signaling in dynamic compartments within the cell, and to
discover how the movement of signaling components between compartments regulates
the flow of the signal triggered by GPCR activation. Such models are likely to be
increasingly necessary for development of an understanding of how the multiple func-
tions of a cell are coordinated and regulated, and to realize the specific role of the
GPCRs in these functions.

Implementation of quantitative methods of computational modeling and simulation,
made possible by the combination of discrete molecular models and systems level sim-
ulations, should eventually enable an understanding of the regulation of cellular func-
tions by the ligands of GPCRs with various pharmacological profiles. These
approaches will utilize the new type of data collected from quantitative biochemical
approaches, as well as high-throughput genomic and proteomic methods. Based on
such data, the methods of Bioinformatics, molecular biophysics and modeling at
mesoscale and macroscopic levels will serve to attain a quantitative, heretofore
unachievable understanding of the mechanisms underlying systems behavior at the cel-
lular level, and its modulation by the actions of various agents acting on GPCRs.
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