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Glutamate is  the predominant  excitatorperspectives and also challenges many of the concepts of
neurotransmitter in the mammalian central nervous systéow transporters function.
and activates a wide range of ionotropic and metabotropic From a physiological point of view these questions
receptors to mediate a complex array of functions. Thgjude the following. To what extent does the chloride
extracellular glutamate concentration is tightly controlled tf3hannel function influence cell excitability and ion
a family of glutamate transporters (also termed excitatgfymeostasis, and can the chloride channel activity be
amino acid transporters, EAATs), which serve to maintainyganipulated under physiological or pathological conditions?
dynamic signalling system between neurones. The failuregpm the biochemical point of view they include another
down-regulation of EAAT function will lead to elevations inssye, as follows. What is the molecular basis for the dual
excessive stimulation of glutamate receptors which, éﬁdogenous agents differentially modulate the dual
prolonged, will result in excitotoxicity and cell death. Th?%nctions? A number of studies have addressed aspects of
processes are thought to underlie the pathogenesisirlse questions (e.g. refs 7-9). As yet, however, there is no
ischaemic brain damage following a stroke (1) and alg@ar understanding of how glutamate transporters allow
various neuro_degeneranve dl_sorders,. such as amyotropfiforide ions to permeate the transporter or what is the
lateral sclerosis (2) and Alzheimer’s disease (3). physical relationship between the transport process and the

Glutamate transporters and chloride channels chloride c_hannel. In this_ article, we shall briefly review thg
. rogress in understanding how glutamate transporters bind
Glutamate transporters are secondary active ransportyiSiamate and translocate it through the membrane, and how
These térians;_porteriru_tlhse a secondary energy source (in i jje jons permeate glutamate transporters. We then
case Na, K* a”d. ion gradients) to dr_lve the movement, asent some plausible models for the structural relationship
of a solute (in this case glutamate) against its concentraigiy, o ;) functions of this intriguing class of membrane
gradient with the number of co- and counter-transported i

o . . teins.
determining the concentrating capacity of the transporter. _ _
Glutamate transport is coupled to the co-transport of_‘B N&he glutamate translocation domain
ions, 1 H and the counter-transport of I"fon, which will Five different glutamate transporters have been
maintain a glutamate concentration gradient across the g@dntified and the human cDNAs are termed EAAT1-5 (5,
membrane of approximately 4¢4). Glutamate transporters1g  11), with rat homologues of EAAT1-3 also termed
can also function as ligand-gated chloride channels (6). TRIEAST1, GLT1 and EAAC1 respectively (12-14).
has raised many important issues from a range Pfpression of individual recombinant EAAT clones in

\

s
linkt‘,l‘ Fig. 1. Membrane topology
model for glutamate

/-j_ transporters.

In a consensus model, the N-
terminus of the EAATSs consist
of 6 alpha helical
1 2 3 4 S 6 7 8 transmembrane _domains_ (14
I]' 6). The C-terminal region
including two transmembrane
domains (7 and 8) forms the
pore and is involved in
substrate recognition and
U U interactions with co-
transported ions. Re-entrant
loops | and Il are indicated.
Schematic is adapted from

I ref. 15.
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Xenopusoocytes or HEK-293 cells generates glutamatesidues with substrate and cation bound are exposed
transporters that can mimic, to a large extent, tldternatively to the extra and intracellular milieu to catalyse the

pharmacological and electrophysiological properties tBnslocation process. Two serine residues S440 and S443
various native glutamate transporters (10). This suggests {{@&tT1 numbering) within the second re-entrant loop (Fitn

the basic functional units of the transporter are formed fr&jy are also important to both substrate specificity and

a single protein species. The amino acid sequences of gblkectivity for co-transported cations (18).

of residues identical between the various subtypes (1djoximity to one another, as demonstrated by formation of
Hydropathy plots of the amino acid sequences of the fiygyifide bonds between cysteine mutants at positions 364 in
glutamate transporters together with scanning cysteieentrant loop | and 440 in re-entrant loop Il (18). TMD7
mutagenesis and chemical modification studies usiggntains residues that bind the potassium ion, sodium ions
methanethiosulphonate derivatives (12-16), have been uggé protons (18) and that also appear to be accessible from

to predict the transmembrane topology of the transportgisih sides of the membrane. This implies that these residues
shown inFig. 1. The general consensus is that EAATgm part of the translocation machinery.

consist of &x-helical transmembrane domains (TMD) in the Finally, TMD8 is an amphipathic domain that contains
N-terminal half of the sequence. An alternate model has a(égidues that are crucial for substrate discrimination. R447

been proposed with a different assignment of TMD7 and ( 'éAAC1) is involved sequentially in both the recognition of

entrant Ioop | as well as re-entrant loop Il being assignedt S y-carboxyl group of substrates and in binding of
a linker r.eglon (1_6)' i ) potassium, enabling the coupling of their fluxes (18). Thus,
Despite the differences in assignment of transmembran@p7 and 8 together with the two re-entrant loops are
pore region accessible to an aqueous environment and thatdhiscipal binding sites for glutamate, Nak* and H and
region is involved in substrate recognition and co-transporiggtalyse their coordinated co- and counter-transport. Despite
transporter have identified a number of residues that @ig|ecular details of how substrates are transported across
involved with substrate and coupled ion recognition andfpfe membrane, these studies also serve to highlight a major
translocation. The first re-entrant loop (I filg. 1), located shortcoming of our understanding of the function of

between TMD6 and 7, contains a conserved series of sefiifamate transporters, namely, how these transporters could
and threonine residues. Two of the serine residues g€, function as chloride channels.

accessible from both the extracellular and cytoplasmic sides .

while the threonine residues are accessible only from th@€ chloride channel of glutamate transporters
cytoplasm (18). Accessibility from both sides of the membrane A number of recent studies suggest that it is possible to
implies an important role in the transport cycle, in which thoselectively manipulate the two functions by either mutations or
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Fig. 2. Schematic models for the transport and chloride channel functions of glutamate transporters.
For the sake of simplicity, only 1 Ngopen circles) has been depicted arfdafd K" ions have been omitted. Inward and outward

facing conformations have been presented to indicate that the chloride conductance may be activated when glutarhatee and Na
bound to either side of the transporters. See text for details. Model 1, ref. 6; model 2, ref. 19; model 3, ref. 20.
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through the actions of the endogenous modulator zinc. Thislt is interesting to note that a dual pore model has
suggests that a separate structural domain may form the chlagaeently been proposed for the facilitative glucose
channel. Three residues in the hydrophobic linker regitnansporter. It has been suggested that there is a main pore
between the second re-entrant loop and TMD8, namely, V48&t is responsible for glucose transport and a secondary
V449 (EAAT1) and 1421 (GLT1) were mutated to cysteine amqmbre, partially overlapping with the primary pore, which
maodified by sulthydryl reagents. These modified residues all@lfows the passive flux of water molecules through the
glutamate to bind to the transporter but do not allow transportransporter (21). In terms of glutamate transporters, we need
occur. However, the chloride channel function is unaffected (8).map the proximity of the molecular determinants for the
This suggests that the two functions are generated by disttaa functions, before we can begin to address this issue of
conformational states of the transporter. Conversely, additiorsofgle or dual pore for the two functions of glutamate
zinc to the glutamate transporter EAAT4 selectively inhibits thensporters.

chloride channel function with little or no effect on transpor*

This also suggests that there are likely to be independ/~
molecular determinants for the two functions. Our laboratc
has located the zinc-binding site on EAAT4 and demonstra
that it is located at the extracellular edge of TMD3, which
distinct from the glutamate translocation domain. We a
currently investigating the roles of transmembrane domains
the N-terminal half of the transporter to see if they are involv
in formation of the chloride channel. We have obtaine
preliminary data that suggests that TMD2 and 3 may form p
of the chloride channel.

A single pore or a dual pore model for EAAT
function?

A number of kinetic schemes for glutamate transpc
have been proposed, which differ in the order of substri
and ion binding steps and the rates of the various steps in
process (see e.g. refs 6, 17). A common theme that
emerged from these models is that activation of th
uncoupled chloride conductance may occur at a limitg
number of stages in the process. The uncoupled chlor
conductance may be activated by 3"ns bound to either
the external or internal surface of the transporter and )
extent of activation is further facilitated by subsequen
binding of glutamate at either surface. A number @flutamate transporters are pentamers in the
schematic models has also been developed to begen membrane
understand the physical basis of the dual functions o

glutamate transporters. We shall consider three of these\t is stage, glutamate transporters have not been
models, which are schematically presenteHiin 2 crystallised for structure determination but a crude picture

) . of the transporters has been obtained from freeze-fracture
The first model, proposed by Wadio#ial. (6), postulates gjaciron microscopy. The EAAT3 subtype of transporters

that sodium ions, bound within the pore of the channel aggho a5 1o form homopentameric oligomers in the cell
required fofr trznsport, dfon a Ch|0ﬂde-blndlng site. In g}%embrane (22). How then might such a structure fit in with
presence o S(f) ium an ghutamﬁlte, t er'ﬁan_gpor_ter may adqRbgnctional models for glutamate transporters? If a single
transient conformation that allows chloride Ions t0 pagsre model holds true, then two possibilities exist. First, the
through _the transporter. In this single pore model, glutam Entamer may form a single pore at the interface of the five
and sodium bound to the transporter serve as part of a chlog s in which both glutamate and chloride pass. Second,

selectivity filter and also gate for the chloride channel of the, -y sypunit within the pentamer contains a single pore in
transporter and the two processes are tightly linked4ge& \hich hoth glutamate and chloride pass and each subunit

model 1). Larssoet al. (19) have proposed a similar mode}y o1g function independently of each othefig, 3).
containing a single pore that may adopt various conformationg;,ever. if the dual pore model turns out to be the more
In contrast to the first model, the molecular determinants usible, then the issue is whether the two pores arise from
chloride permeation are separate to that of the transpaity, suBunit or whether they arise as a consequence of
process. In a third model, postulated by Sonders and A tamer formation. In this last scenario, each of the

_(20), glutamate and sodium bind to _the transporter and units may form a glutamate/N&*/H* translocation
induce conformational changes in the transmembrag@r
Hib

~

ﬁ:ig. 3. A schematic model for pentameric glutamate
transporters in the cell membrane.
See text for discussions of the various functignal
[(llnterpretations of the model.

)

; O . e and the interface of the five subunits may form the
domains, thus resulting in the opening of a second pore ride channel. Such a structural solution would explain
allowing chloride ions to pass. At this stage it is not possiblejq, large differences in chloride permeation between the
definitively rule out any of these models, but there are some, subtypes of the glutamate transporter family and
experimental observations that make model 1 less likely t gests how the chloride pore can be modified
the others. As mentioned above, if the chloride selectivity filtgy ependently of the structure of the glutamate pore
and gate for the channel were formed by the sodium boung . . .
within the pore of the transporter, then the two processesdea”y’ more experiments are required to elucidate the

should be tightly linked, yet this is clearly not the case. ~ Stuctural basis of the dual functions of glutamate
transporters. Elucidation of the structural basis for these
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properties will help resolve a number of fundament-!

questions about how transporters work. The chlori

channel function of transporters is an intriguing propel

which redefines our understanding of how transport

operate. At this stage we do not know whether the char

function is a necessary by-product of forming a power

and efficient transporter or whether it plays a tru

secondary function of maintaining levels of membra

excitability and cell homeostasis. The answer to tt

question may well turn out to be both dependent on

transporter subtype, the expression levels and cellt

location of the transporters. In general terms, transpo

proteins are involved in regulating many aspects of c

biology and also are the targets for a wide variety

therapeutic agents and drugs of abuse. As such, the idea:

models developed from understanding how these prote

work will impact on our understanding of a range of curre

issues in biochemistry, physiology and pharmacology.
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