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Abstract Glutamate is the major excitatory neurotransmitter
in the mammalian central nervous system. After release from
presynaptic nerve terminals, glutamate is quickly removed
from the synaptic cleft by a family of five glutamate trans-
porters, the so-called excitatory amino acid transporters
(EAAT1–5). EAATs are prototypic members of the growing
number of dual-function transport proteins: they are not only
glutamate transporters, but also anion channels. Whereas the
mechanisms underlying secondary active glutamate transport
are well understood at the functional and at the structural level,
mechanisms and cellular roles of EAAT anion conduction
have remained elusive for many years. Recently, molecular
dynamics simulations combined with simulation-guided mu-
tagenesis and experimental analysis identified a novel anion-
conducting conformation, which accounts for all experimental
data on EAAT anion currents reported so far. We here review
recent findings on how EAATs accommodate a transporter
and a channel in one single protein.

Keywords Glutamate transport . Anion channel . Molecular
dynamics simulation . Computational electrophysiology

Introduction

Ion movement across biological membranes is mediated and
precisely controlled by membrane proteins commonly classi-
fied into ion channels, transporters, and pumps. These three

classes of transport proteins mediate structurally and thermo-
dynamically distinct transport processes. Ion channels exhibit
an aqueous conduction pathway, which allows passive ionic
diffusion across the membrane. Diffusion through ion chan-
nels is fast and plays—among many other cellular tasks—an
important role in electrical signaling of excitable cells.
Channels can only mediate passive ion movement; i.e., ions
can only move along electrical or chemical gradients. The
generation of such gradients requires proteins that transport
ions against their electrochemical gradients. In ion pumps, the
required energy is provided by the hydrolysis of ATP, whereas
secondary active transporters thermodynamically couple the
energetic upward movement of one substrate to the downward
flow of other substrates along their electrochemical gradients
[9, 10, 30]. Transmembrane ion movement by transporters
and pumps is based on conformational changes of the pro-
teins, and transport rates are usually at least an order of mag-
nitude smaller than for ion channels.

For decades, channels and transporters have been treated as
separate entities. However, there are multiple transporters that
can also function as channels [13, 36]. One of the first exam-
ples in which such dual function was fully appreciated is a
class of glutamate transporters belonging to the solute carrier 1
family, the excitatory amino acid transporters (EAATs). In glia
or in neurons, EAATs mediate the re-uptake of synaptically
released glutamate via the coupled co-transport of three Na+,
one H+, and one glutamate, in counter-transport to one K+.
This transport process is electrogenic, but very slow, and re-
sults in only small transport currents in cells expressing such
transporters. In 1995, studies on oocytes heterologously ex-
pressing EAATs [16, 74] and on native salamander photore-
ceptors [53] demonstrated that these transporters also function
as anion-selective channels.

We here review recent progress in understanding this novel
class of anion-selective channels. Surprisingly, members of
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another class of glutamate transporters, vesicular glutamate
transporters, were also proposed to function as anion channels
[59]. While being involved in similar physiological processes,
the two protein families are not related, and we would like to
refer interested readers to Shigeo Takamori’s review on these
transporters in our special issue.

Slips, leaks, or channels?

Many transporters mediate transport processes that deviate
from stoichiometrically coupled co-transport [13, 43, 44]. To
account for such behavior, three terms have been mainly used:
slips, leaks, and transporter-associated ion channels.
Although the discussion about these terms is semantic, they
are related with different concepts underlying ion fluxes. We
will shortly introduce how we would use these terms and why
we believe that—in the case of EAATs—only the term anion
channel is appropriate.

Secondary active transporters might perform transport cy-
cles that deviate from the normal transport stoichiometry [48],
and in extreme cases, coupled symporters or antiporters may
transport one substrate uncoupled from the movement of other
substrates across the membrane. Although there exists no de-
scription of such processes at the structural level, uncoupled
substrate movement might arise from imperfect coordination
of certain conformational changes of the transporter, permit-
ting ion slippage through an occluded intermediate state.
Slippage can only occur for ions that are transport substrates.
To describe crossing of ions that are usually not transported in
the regular mode of function of transporters, some researchers
employ the term leak. This expression implies diffusion
through variable, non-optimized pathways, for example by
transient openings of leak pathways during conformational
changes of the transporter proteins. Slips and leaks designate
defective states of a transporter, rather than an evolutionarily
optimized transport function.

The notions of slips and leaks do not apply to EAAT anion
conduction. Anions pass through EAATs along a defined,
aqueous conduction pathway [32, 40, 68] that is perfectly
selective [46, 75] and precisely gated [5, 25, 41, 51, 58, 61,
62]. EAAT anion channels exhibit unitary current amplitudes,
which are small but in the range of specialized anion channels
[60]. The EAAT anion conductance is evolutionarily pre-
served in all EAAT glutamate transporters that have been
studied so far [16, 56, 74], and there is increasing evidence
that EAAT anion channels fulfill important physiological
functions [73, 77, 78]. All these results demonstrate that
EAAT glutamate transporters can operate as anion channels,
making EAAT anion channels another example for the vari-
ability that nature has created in the field of anion-selective
channels [49].

EAATanion channel gating is tightly coupled
to the glutamate transport cycle

Figure 1a depicts a representative whole-cell patch-clamp re-
cording from a mammalian cell expressing rat EAAT4. The
use of NO3

− as main permeant anion increases EAAT4 anion
currents to levels that greatly exceed the small background
currents of these cells. Since electrogenic glutamate trans-
port—but not the glutamate-induced activation of the anion
conductance—requires K+-bound re-translocation of the
transporter, substitution of intracellular K+ by Na+ specifically
abolishes glutamate uptake currents. Taken together, these two
maneuvers permit recording anion currents in isolation.
EAAT4 anion currents are small in the absence of glutamate
or aspartate and are greatly increased by addition of transport
substrates such as glutamate or aspartate. Transport substrates
do not only increase the whole-cell amplitude, but alsomodify
the time and voltage dependence of EAATanion currents [41,
45, 68, 69].

Such experimental results [32, 35, 41, 45], together with
analyses of time-dependent changes in EAAT anion currents
upon fast application of transport substrates [5, 17, 20, 50,
65–67], demonstrated a tight coupling between the glutamate
transport cycle and the EAAT anion currents. The interplay
between glutamate transport and anion channel activation be-
comes particularly evident in experiments performed to phar-
macologically separate these two transport functions.
Blockers of glutamate transport prevent progression of the
uptake cycle and thus interfere with opening of anion channels
[1, 28, 53]. Removal of transport substrates, such as in exper-
iments recording anion currents in the absence of intracellular
K+ (Figs. 1 and 2), modifies voltage- and time-dependent
gating of EAAT anion channels [35].

For many years, EAAT anion currents have been described
with kinetic schemes which are based on the glutamate trans-
port cycle and in which certain states are either assumed to be
anion conducting by themselves or to be linked with open
anion channel states. In order to account for glutamate-,
Na+-, and K+-dependent changes in macroscopic EAATanion
currents, the different states of the glutamate uptake cycle
need to exhibit different unitary current amplitudes in the first
case [65]. However, experimental evidence argues against the
existence of separate states with multiple distinct unitary con-
ductances [32, 39, 40]. Anion channel opening therefore
needs to be represented by additional states branching from
the glutamate uptake cycle all with the same conductance [32,
41, 50]. The notion of a distinct conformational gating transi-
tion, which opens or forms the anion conduction pathway, is
further corroborated by the finding that EAAT anion channel
activation is delayed by a Na+-independent and electrogenic
reaction of the glutamate transport cycle [20, 50, 76].

Kinetic models that consider the states of the glutamate
uptake cycle as closed channels and additionally feature
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branching pathways to open channel states (Fig. 1b) qualita-
tively reproduce the voltage dependence of EAAT anion and
transport currents with surprising accuracy (Fig. 1c). Such
models were developed before structural information about
anion conduction was available. Our current understanding
that open EAATanion channels are associated with conforma-
tions that are intermediate to inward- and outward-facing
states of the transporter (see below) will require novel kinetic
schemes.

Isoform-specific variation in EAATanion conduction

There are five different EAAT isoforms expressed in the mam-
malian brain as well as in certain absorptive epithelia [12].
EAAT1 and EAAT2 are predominantly expressed in glia,
whereas EAAT3, EAAT4, and EAAT5 are neuronal glutamate
transporters. EAAT3 is furthermore responsible for glutamate
and aspartate reabsorption in the renal proximal tubule [4].
The distinct EAAT isoforms differ in the extent to which they
function as glutamate transporter or as anion channel. In one
of the first descriptions of EAAT functions, Wadiche and col-
leagues compared human EAAT1, EAAT2, and EAAT3 het-
erologously expressed in Xenopus oocytes [74]. They mea-
sured glutamate-elicited currents at different holding poten-
tials and observed pronounced isoform-specific differences
in the reversal potentials between these currents. Whereas
EAAT2 currents reversed at positive potentials close to values
expected for secondary active glutamate transport, reversal
potentials of EAAT1 and EAAT3 currents were much more
negative in standard external solutions and changed upon

altering the external Cl− concentration [74]. These results were
interpreted by assuming that distinct EAAT isoforms differ in
individual transport rates and/or unitary anion current ampli-
tudes. Experiments with EAAT4 and EAAT5, also expressed
in Xenopus oocytes, revealed that these transporters predom-
inantly function as anion channels [3, 16]. During evolution,
certain EAAT glutamate transporters obviously specialized
into isoforms that mainly operate as glutamate uptake carriers
(EAAT1, EAAT2, EAAT3) and others that represent
glutamate-gated anion channels (EAAT4, EAAT5).

We now know that these differences in glutamate transport
efficacy are mainly due to isoform-specific variations of rate
constants within the glutamate uptake cycle [17, 47, 60]. Due
to the tight linkage of anion channel opening to the uptake
cycle, these differences result in distinct time and voltage de-
pendences of EAAT1 to EAAT5 anion currents (Fig. 2) [47].

Functional properties of EAAT anion channels

The observation of EAAT anion currents that are not stoichio-
metrically coupled to secondary active glutamate transport
does not provide information about the anion transport mech-
anism. Possible mechanism included channel-like anion per-
meation or carrier-mediated anion transport. A quantitative
parameter that distinguishes channel- from carrier-mediated
ion fluxes is a large unitary current amplitude [24].

Initial approaches to determine single EAATanion channel
current amplitudes through noise analysis resulted in large
differences between individual studies. Larsson and col-
leagues [33] demonstrated that power spectra of glutamate

Fig. 1 The time, voltage, and substrate dependence of EAAT anion
currents reveals a tight coupling between anion channel gating and the
glutamate transport cycle. a Representative whole-cell anion current
responses of a cell expressing rat EAAT4 to voltage steps between
−170 and +180 mV in the absence or presence of saturating
concentrations of L-glutamate or L-aspartate. Symmetric NaNO3

concentrations were used for the pipette and the bath. b Kinetic state

diagram of EAAT glutamate transport and anion channel gating. Anion-
conducting states are illustrated as branching channel states (Ch). c
Simulated EAAT4 anion current traces upon voltage steps under the
same conditions as in a. The current traces were calculated by solving
the differential equations defined by b as described in [41].
Figure partially reprinted from [41] with permission
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transporter-associated current fluctuations measured by
whole-cell patch-clamp recordings on tiger salamander cones
obey Lorentzian functions [33]. This result indicated that these
currents generate noise by the random opening and closing
events of individual channels and that current fluctuations
can be used to estimate the current amplitude and the opening
frequency of such underlying individual events. Non-
stationary noise analysis based on modifying anion channel
open probabilities through changes in external [Glu−] revealed
a unitary conductance of 0.7 pS at symmetric [Cl−] and an
absolute open probability above 0.5 [33]. These single-
channel amplitudes are too high to be accounted for by
carrier-mediated transport, and these data thus establish
channel-like anion conduction by EAAT glutamate
transporters.

After this first determination of single channel amplitudes,
two studies appeared that reported very different estimates of
this parameter. Noise analysis on human EAAT1 in excised
patches from injected oocytes [75] resulted in currents that
were three orders of magnitude smaller than those determined
on salamander cones, i.e., single-channel conductances be-
tween 0.63 and 1.0 fS. There are significant differences in
experimental conditions between these two studies; however,
they cannot fully account for such pronounced divergence in
apparent unitary conductance. One potential explanation is
that low expression levels resulted in very small current noise
that cannot be correctly separated from background noise.
This notion is underlined by power spectra of the induced
currents that did not conform to Lorentzian functions.
Palmer and colleagues performed noise analysis on bipolar
cell terminals and obtained a single channel conductance of
13.3 pS together with a maximum absolute open probability
of 1 with symmetric chloride [52]. In these experiments, glu-
tamate transporter-associated anion currents were elicited by
electrical synapse stimulation, and currents and variances
measured before this stimulus were subtracted as background
values. Since a significant fraction of EAAT anion channels is
already active prior to synaptic activation, this procedure
might have underestimated EAAT anion currents and vari-
ances and thus overestimated unitary current amplitudes.

Our group compared the unitary conductance of all mam-
malian EAATs, ranging from EAAT1 [78] to EAAT5 [60], in
transiently transfected HEK293T cells. Non-stationary or sta-
tionary noise analysis employing voltage-dependent alter-
ations of EAAT anion currents [32, 39, 40, 45, 68] robustly
provided unitary conductances around 1 pS. There were slight
isoform-specific variations in unitary current amplitudes, with
EAAT5 having the highest [60] and EAAT4 the lowest single
channel amplitude [40]. The most effective glutamate trans-
porters EAAT2 and EAAT3 exhibit anion channels with inter-
mediate unitary conductances [60, 68]. These data demon-
strate that the differences in macroscopic anion current ampli-
tudes between EAAT1, EAAT2, EAAT3, EAAT4, and
EAAT5 are not caused by large variations in single-channel
conduction rates.

In addition to the amplitudes of individual current events,
noise analysis is also often used to determine the fraction of
time that the transporters assume an open anion channel, i.e.,
the absolute open probability of the anion channel. In the
majority of non-stationary noise analyses on EAAT anion
channels, absolute open probabilities above 0.5 were deter-
mined [32, 33, 45, 68, 78], suggesting that transporters dwell
most of the time in anion conducting states. However, whereas
non-stationary noise analysis is known to reliably provide
unitary current amplitudes, this method potentially underesti-
mates the number of channels, resulting in incorrectly high
absolute open probabilities. Fast transitions between different
protein conformations, which are typical for ion transporters,

Fig. 2 Isoform-specific differences in EAAT transport properties result
in distinct time and voltage dependences of anion currents. a–e
Representative current responses of HEK293T cells expressing
hEAAT1, hEAAT2, hEAAT3, rEAAT4, or mEAAT5 to voltage steps
between −150 and +150 mV. Cells were dialyzed with NaNO3-based
pipette solutions and externally perfused with NaNO3-based solution
containing 0.5 mM L-glutamate. Figure partially reprinted from [41, 60]
with permission
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might result in semi-equilibria between these states. These
reactions will thus underrate the number of channels un-
der study and produce incorrectly high absolute open
probabilities [2].

To test the accuracy of the absolute open probability
determination by noise analysis, we applied an alternative
method that is based on the comparison of glutamate up-
take current and macroscopic anion current amplitudes.
Figure 3 shows an example of this analysis for EAAT2.
In the absence of permeant anions, glutamate-induced
whole-cell currents from cells expressing EAAT2 are en-
tirely mediated by electrogenic glutamate transport. Since
individual transport rates are known for EAAT2 (54.3 s−1,
corresponding to a transport current of 1.74·10−17 A, at
−88 mV [51]), the whole-cell uptake current can be used
to determine the number of EAAT2 subunits in the surface
membrane of the cell under observation. Glutamate up-
take currents are pronouncedly inward rectifying such that
measuring the current amplitude at positive potentials, af-
ter applying a NaNO3-based solution at the external side,
specifically yields the anion current component mediated
by this number of EAAT2 transporters. This value togeth-
er with the corresponding unitary current amplitude
(21.5 fA at +70 mV [60]) provides an absolute open prob-
ability in the range of 0.002. A comparison of transport

rates and anion current/uptake current ratios of the distinct
mammalian EAATs suggests that absolute open probabil-
ities of the other EAAT anion channels were in the same
range. Thus, while being very useful in the determination
of EAAT unitary conductances, noise analysis dramatical-
ly overestimates the probability of EAAT anion channel
opening.

All EAATanion channels exhibit a lyotropic or Hofmeister
selectivity sequence [3, 32, 45, 74, 75]. Substitution of the
main physiological anion Cl− by NO3

−, I−, ClO4
−, or SCN−

results in significant alterations of macroscopic anion currents.
Such selectivity sequences indicate that the major determinant
of anion selectivity and conduction is the energetic cost for
anion dehydration, rather than the energy released by the as-
sociation of the dehydrated anion to binding sites within the
anion conduction pathway [79]. Wadiche and Kavanaugh
employed anion substitution experiments to estimate the min-
imum pore diameter pore to about 5 Å [75].

Taken together, these data demonstrate that EAAT anion
channels exhibit unitary current conductances in the low
picosiemens range and absolute open probabilities in the
sub-per mill range. Functional properties support the notion
of the EAAT anion conduction pathway being a rather wide
pore, with mostly hydrophobic side chains interacting with the
permeating anions.

Fig. 3 Comparing glutamate uptake currents with anion currents
demonstrates very small absolute open probabilities of EAAT anion
channels. Representative current responses of a HEK293T cell
expressing hEAAT2 to consecutive voltage steps to +70 and −70 mV.

The cell was dialyzed with a potassium gluconate (KGluc)-based pipette
solution and then externally perfused with NaGluc-based solution with or
without L-glutamate and finally with a NaNO3-based solution containing
0.5 mM L-glutamate
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Structural basis of EAAT glutamate transport

In recent years, crystal structures of two prokaryotic members of
the EAAT family, GltPh [7, 54, 71, 72, 80] and GltTk [29], in
various functional states provided insights into EAAT glutamate
transport at atomic resolution. EAAT/Glt transporters were
shown to assemble as bowl-shaped trimers with each subunit
containing eight transmembrane domains (TM) and two hairpin
loops (HP) that control access of transport substrate to its bind-
ing site from both sides of the membrane [18, 23, 27, 80].
Transport is initiated by association of aspartate/glutamate to
an outward-facing conformation (OFC) with open external hair-
pin HP2 [22, 27]. Its closure after amino acid association en-
hances the tightness of binding, resulting in an induced fit mech-
anism of substrate binding [15, 21]. Subsequently, the transport-
er translocates into an inward-facing conformation (IFC) via a
large-scale (∼18 Å) rotational–translational movement of the
substrate-harboring transport domain relative to the static
trimerization domain. This elevator-like movement was simul-
taneously suggested by the theoretical analysis of internal struc-
tural symmetry found in the GltPh monomer [11] and by com-
paring crystal structures of GltPh in the OFC [7] and the IFC
[54]. Recently, all-atom MD simulations, solely relying on the
OFC and IFC structures, sampled a possible OFC–IFC transi-
tion path [40, 64]. These MD simulations [40] were able to
reproduce the recently crystallized intermediate GltPh structure
[71] within 1.3 Å RMSD and confirmed the above-described
elevator-like substrate translocation. Opening of the internal
HP1 allows release of the substrate into the cytoplasm [23],
and subsequent HP1 closure and retranslocation complete the
transport cycle. In marked contrast, none of the X-ray structures
captured a transporter in its anion-conducting conformation or
permitted the identification of anion density within the protein.

Early attempts to define pore-forming residues
of EAAT anion channels

Vandenberg and colleagues were the first to systematically
employ site-directed mutagenesis, functional analysis, and
chemical modification to identify side chains that alter chlo-
ride permeation [8, 26, 57]. They demonstrated that mutations
in the second transmembrane domain (TM2) affect relative
anion permeabilities and/or the magnitude of whole-cell anion
currents and that some of these residues are accessible to hy-
drophilic cysteine-reactive methanethiolsulphonates [57].
Later, additional mutations in TM 5 and 7 [26] and in HP1
and TM7 [8] were reported to affect the substrate-activated
anion conductance. In all these studies, effects on relative
anion permeability and on macroscopic current amplitudes
were chosen as parameters reporting on alterations of the an-
ion conduction pathway.

Testing the effects of side chain substitutions on relative
cation permeability has been extremely successful in identify-
ing the molecular basis of K+, Na+, and Ca2+ selectivity in
voltage- and ligand-gated cation channels [42]. The unique
mechanisms of EAAT anion conduction and channel gating
render this approach much more complicated for this class of
transport proteins. Since channel opening is only possible
from certain transporter conformations, mutations that do not
directly modify the anion conduction pathway, but affect the
transport cycle, will indirectly alter the channel’s open proba-
bility as well [5, 40, 50]. Hence, macroscopic current ampli-
tudes in mutants do not necessarily report on changes in uni-
tary conductance. Furthermore, the anion conduction pathway
is dynamically formed by EAATs during normal operation,
and long-range effects by residues that influence these confor-
mational changes also need to be taken into account. The
lyotropic selectivity sequence of EAAT anion channels indi-
cates that anion selectivity is mainly determined by the dehy-
dration energy. Many mutations therefore rather affect relative
anion selectivities by modifying the pore geometry than by
altering the interaction of the permeating anion with the par-
ticular side chain.

Our group re-analyzed one of the mutations with the most
pronounced effects on anion conduction in an earlier study
[57] in the background of another transporter, rat EAAT4.
This mutation, D117A EAAT4, affects not only relative anion
permeabilities, but also the unitary current amplitude [32], a
parameter that is often believed to reliably report on changes
in pore-forming residues. However, since D117A removes a
negative charge and decreases the single channel amplitude, a
close contact of permeating anions with the Asp117 side chain
seems unlikely, suggesting indirect effects of this mutation on
the EAAT4 anion conduction pathway. In a subsequent

�Fig. 4 Structural basis of EAATanion conduction. a–c Illustration of the
substrate-bound part of the glutamate uptake cycle. For clarity, GltPh
monomers are shown in cartoon representation in side view; the
perspective is from the center of the trimeric protein (yellow,
trimerization domain; blue, transport domain except HPs; orange and
cyan, HP1 and HP2, respectively; red spheres, aspartate; blue spheres,
Na+ ions; R276 is shown as sticks). An elevator-like substrate transport
mechanism becomes obvious by comparison of the transport domains
[OFC outward-facing conformation (PDB 2NWX), ICcen centrally
located translocation intermediate [40], IFC inward-facing
conformation (PDB 3KBC)]. d, e Lateral movement of the transport
domain in ICcen leads to the channel conformation (ChC) with an
aqueous anion conduction pathway. d Superposition of IC and ChC in
top view (blue, transport domain in ICcen; lime, transport domain in the
anion-conducting ChC). e Illustration of the observed anion permeation
pathway (red mesh, Cl− density at σ=0.2). f Simulated Cl− and I−

permeation events through the ChC GltPh anion pore at +800 or
−900 mV (dashed lines). g, h Pore profile of anion hydration numbers
and pore diameter (g) and Poisson–Boltzmann energies (h) for Na+ and
Cl− of WT or R276S GltPh and for WT GltPh after removal of aspartate
and Na1/2+ (in ChC). Hydration numbers are integrals of Cl−/hydrogen
radial distribution functions to the first minimum. Figure partially
reprinted from [40] with permission from Elsevier
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voltage clamp fluorometry study, the homologous mutation
was shown to modify translocation of EAAT3 [25], thereby
illustrating an intimate relationship between substrate translo-
cation and the conformational changes required for or preced-
ing anion channel opening [58, 61].

These studies demonstrated that mutations can cause major
functional alterations of the EAAT anion conduction pathway

by modifying the translocation of glutamate and that struc-
ture–function analysis alone is insufficient to identify pore-
forming residues in EAATs. We therefore decided to employ
molecular simulations to resolve the anion-conducting confor-
mation in GltPh and to guide electrophysiological and bio-
chemical experiments to verify that such conformations are
responsible for anion conduction in EAATs.
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Molecular dynamics simulations resolve
an anion-conducting conformation and identify
the mechanisms of anion selectivity and conduction

We employed all-atom MD simulations of GltPh [27, 63] in
presence of a transmembrane voltage in order to directly sim-
ulate Cl− permeation [40]. We found that neither the substrate-
bound outward- nor the inward-facing structures were con-
ductive to anions even at high voltages ranging from +
800 mV up to 1.6 V. Since experimental evidence suggested
that substrate translocation intermediates might be anion con-
ductive [25, 58, 61], we simulated the outward–inward tran-
sition of GltPh. However, none of the intermediate conforma-
tions during translocation encompasses molecular voids or
tunnels connecting the external and internal side with the di-
mensions required to account for the experimentally observed
anion conduction properties (>5 Å as reported by [75];
Fig. 4a–c).

From several of these Btranslocation intermediates,^ fully
reversible conformational changes were observed within 60 to
hundreds of nanoseconds in the presence of membrane volt-
age (Fig. 4d). Lateral movement of the mobile substrate trans-
port domain and subsequent water influx formed an anion
pore at the interface between the transport and trimerization
domain, close to the tip of HP1. Analysis of the chloride
permeation events in these simulations defined an hourglass-
shaped aqueous anion conduction pathway (Fig. 4e).
Simulations with different salts such as NaCl or NaI
reproduced perfect anion over cation selectivity and the pref-
erence of I– over Cl− known for EAAT anion channels
(Fig. 4f). Transport substrates such as aspartate were
impermeant, and simulated anion permeation rates were con-
sistent with experimental EAAT unitary anion current ampli-
tudes. Lastly, this mechanism permits formation of anion per-
meation pathways in each of the three subunits of functional
transporters, thus accounting for the experimentally demon-
strated co-localization of glutamate translocation and anion
currents within individual subunits [19, 31, 34]. The simulated
anion channel accounts for all experimental data on the
EAAT/GltPh anion conduction and also for water permeation
through these proteins [37, 38, 70].

The hydrated anion conduction pathway has a minimum
diameter about 5.6 Å and is almost perpendicular to the mem-
brane with large cavities on the extracellular and intracellular
entrance (Fig. 4e, g). Most side chains lining the pore center
are hydrophobic, with the exception of one positively charged
arginine R276 that protrudes from the tip of HP1 into the Cl−

density. R276 is the major determinant of the positive electro-
static potential within the anion pore, and its removal results in
a loss of anion-over-cation selectivity in our simulations
(Fig. 4h) and experiments [6, 40, 55]. This residue is not
conserved in the primary sequence of EAATs; however, in

mammalian EAATs, there is an arginine at the position corre-
sponding to M395 in TM8 of GltPh that projects its side chain
to the same location in the anion conduction pathway and
fulfills the same functional role. In general, residues that pro-
ject into the GltPh conduction pathway are rather well con-
served across the EAAT family, suggesting that the same con-
duction path accounts for mammalian EAAT anion conduc-
tion. Simulated ion permeation was similar for transporters
with bound Na+/aspartate or without transport substrate, in
agreement with the indistinguishable unitary conductances
of EAAT4 anion channels in the presence and in the absence
of glutamate [32].

A large in silico mutagenesis screen of all pore-forming
mutants revealed that the anion conductance was rather robust
against individual changes of most side chains. MD simulations
identified several mutations that either increase or decrease Cl−

currents. Surprisingly, three mutations were found that also
allowed Na+ permeation, thus converting the anion pore to a
non-selective anion/cation channel. In patch-clamp recordings
of homologous mutations in EAAT2 and EAAT4, we observed
changes in single-channel conductance or Cl−/Na+ selectivity
that were comparable to those in the GltPh simulations.

The anion conduction pathway resolved by the MD simu-
lations was tested by fluorescence spectroscopy experiments
on single-tryptophan mutants in GltPh (Fig. 5a). Tryptophan
fluorescence is collisionally quenched by iodide anions, and
fluorescence spectroscopy thus permits testing which residues
come in close contact to permeating anions (Fig. 5b).
Locations close to the simulated conduction pathway showed
a significant decrease in tryptophan fluorescence upon appli-
cation of I−, whereas regions apart from the simulated anion
pore were not accessible to I− in these experiments. A recent
single-molecule study demonstrated a significant increase in
the occupation of intermediate confirmations by GltPh upon
substrate application which can also correspond to open anion
channel conformations [14]. The macroscopically observed
activation of the anion conductance upon substrate may thus
be directly related to an increased population of translocation
intermediates, which in turn allow for anion pore opening.
Taken together, these data demonstrate that EAATs/GltPh can
assume this anion-conducting conformation under experimen-
tal conditions and that anion permeation through this class of
glutamate transporters occurs along the conserved anion con-
duction pathway identified by MD simulations.

The anion conduction pathway resolved by MD simula-
tions differs from earlier suggestions on the basis of mutagen-
esis studies that hypothesized residues mainly positioned in
TM7 and the carboxy-terminal limb of HP1 and centered
around S65 (GltPh numbering) to form an aqueous cavity dur-
ing substrate translocation [8]. While these residues are acces-
sible to water in MD simulation, they are not reached by
anions (Fig. 5) [40]. Due to their location near the transport/
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trimerization domain interface, modifications of these residues
most likely affect the conformational changes underlying
channel opening, i.e., the lateral movement of the transport
domain and hydration of the anion pathway along the tip of
HP1. As explained above, the degree of pore hydration is
important since the lyotropic anion selectivity depends on
differences in dehydration energy, and the discrimination be-
tween anions can be altered if the pore hydration is changed.

Summary and outlook

EAATs combine two thermodynamically and structurally
distinct transport functions in a single protein. In recent years,
detailed information about the molecular and structural basis
of EAAT glutamate transport and anion conduction has been
obtained by crystallographic, spectroscopic, and electrophys-
iological studies as well as molecular dynamics simulations. It
is well established that EAAT/Glt transporters isomerize from
outward- to inward-facing conformation via an elevator-like
motion of the transport domain to deliver glutamate from the
extracellular space to the cytoplasm. EAAT anion channel
opening occurs via lateral movement of the transport domain
from intermediate conformations reached during this substrate

translocation. The resulting anion conduction pathway is
structurally and functionally conserved among the EAAT
isoforms. Anion-over-cation selectivity is ensured by a single
positively charged arginine protruding into a pathway, which
gets reversibly filled by water molecules concomitant with
anion channel opening.

The anion channel gating mechanism requires that the two
EAAT transport functions are mutually exclusive: at a certain
time point, an individual EAAT transporter is either transporting
glutamate or conducting anions. Since glutamate transport is
only possible if the anion channel is closed, EAATs have to
dwell only a small fraction of time in the anion-conducting
mode to permit effective glutamate transport.

Whereas the functional and structural basis of anion per-
meation is now well understood, we are still beginning to
appreciate the cellular roles of EAAT anion channels. Recent
progress in understanding EAAT anion conduction at the
structural level and the identification of mutations that signif-
icantly alter the function of EAAT anion channels will help
designing new experiments to study cellular roles of these
channels. These future studies will hopefully clarify the bio-
logical impact of combining chloride channels and neuro-
transmitter transporters in this fascinating class of membrane
transport proteins.

Fig. 5 Iodide fluorescence quenching reports on spatial proximity to the
anion conduction pathway. a Localization of single GltPh tryptophan
insertions with side chains color-coded according to the ratio of the
fluorescence intensity in the absence of I− (F0) by the corresponding
values at [I−]=350 mM. The red mesh represents the Cl− permeation
path from the simulations (Fig. 4e). b Iodide-dependent changes of

representative fluorescence spectra of WT, V51W, and S65W GltPh.
The inset provides the concentration dependence of V51W fluorescence
lifetimes and intensities in a Stern–Volmer plot, indicating a collisional
quenching mechanism. Figure reprinted from [40] with permission from
Elsevier
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