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The Domain Interface of the Human Glutamate Transporter EAAT1
Mediates Chloride Permeation
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ABSTRACT The concentration of glutamate within the glutamatergic synapse is tightly regulated by the excitatory amino-acid
transporters (EAATS). In addition to their primary role of clearing extracellular glutamate, the EAATSs also possess a thermody-
namically uncoupled CI~ conductance. Several crystal structures of an archaeal EAAT homolog, Gltpy, at different stages of the
transport cycle have been solved. In a recent structure, an aqueous cavity located at the interface of the transport and trimeri-
zation domains has been identified. This cavity is lined by polar residues, several of which have been implicated in CI~ perme-
ation. We hypothesize that this cavity opens during the transport cycle to form the CI~ channel. Residues lining this cavity in
EAAT1, including Ser-366, Leu-369, Phe-373, Arg-388, Pro-392, and Thr-396, were mutated to small hydrophobic residues.
Wild-type and mutant transporters were expressed in Xenopus laevis oocytes and two-electrode voltage-clamp electrophysi-
ology, and radiolabeled substrate uptake was used to investigate function. Significant alterations in substrate-activated CI~
conductance were observed for several mutant transporters. These alterations support the hypothesis that this aqueous cavity
at the interface of the transport and trimerization domains is a partially formed CI~ channel, which opens to form a pore through
which CI™ ions pass. This study enhances our understanding as to how glutamate transporters function as both amino-acid

transporters and CI~ channels.

INTRODUCTION

Glutamate is the predominant excitatory neurotransmitter
within the central nervous system and is important in devel-
opment, memory, learning, and higher cognitive function
(1). The concentration of glutamate within the glutamatergic
synapse is tightly regulated by excitatory amino-acid trans-
porters (EAATSs). The transport of glutamate and aspartate
into glia and neurones via the EAATSs is coupled to the
cotransport of three Nat ions, one H" ion, and the counter-
transport of one K™ ion. This coupling results in a net influx
of two positive charges per transport cycle (Fig. 1 A) (2,3).
The EAATSs are particularly interesting because they func-
tion not only as glutamate transporters, but also as C1~ chan-
nels. This channel function requires the binding of substrate
and Na™ for activation, but is thermodynamically uncoupled
from substrate transport (4-6) and is mediated by molecular
determinants distinct from those involved in substrate trans-
port (7-9). In bipolar cells of the retina, CI~ permeation
through EAATS generates hyperpolarization, which in turn
prevents further glutamate release (10). In other cell types,
it has been postulated that C1™ fluxes through the EAATS
may play a role in ionic homeostasis (11).

In 2004, the first crystal structure of an archaeal EAAT
homolog, Gltpy, was determined (12). Gltpy, is a Na™-depen-
dant aspartate transporter from Pyrococcus horikoshii and
shares ~37% amino-acid identity with the EAATs (13). It
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too has an uncoupled Cl™ conductance, but is not coupled
to the cotransport of H" or the countertransport of K*
(Fig. 1 A) (14,15). Many residues that have been implicated
in substrate and ion binding and/or translocation in the
EAATS are conserved throughout the family (16-20). Gltpy,
exists as a trimer, where three identical protomers come
together to form an extracellular facing bowl-like structure
that sits within the cell membrane. Each protomer consists
of eight a-helical transmembrane domains (TMs 1-8) and
two helical hairpin loops (HP1 and HP2), which cradle the
substrate binding site, occluding it from both the intracel-
lular and extracellular spaces (Fig. 1 B). The protomer can
be divided into two functional domains: the trimerization
domain (TM1, TM2, TM4 and TMS5), which is responsible
for maintaining interactions between protomers; and the
transport domain (TM3, TM6, HP1, TM7, HP2, and
TMBS8), which contains the binding sites for aspartate and
Na™' ions (13,21). Each protomer has the ability to indepen-
dently transport substrate and support a Cl~ conductance
(15,22-24).

Since 2004, several crystal structures of Gltp,, at
different stages of the transport cycle, have been solved
(12,13,21,25). These structures demonstrate that transport
of aspartate via Gltpy,, and presumably the EAATS, involves
a large inward movement of the transport domain relative to
the trimerization domain (Fig. 1, C-E). However, what these
structures do not reveal is the location of the Cl™ channel,
which suggests that this channel is only transiently formed
during the transport cycle. Several residues within TM2,
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FIGURE 1

IFS

Transport stoichiometry of EAAT1 and Gltp,, and the putative glutamate transporter chloride channel. (A) Stoichiometry of ion-flux coupling

for EAAT1 and Gltpy,. (B) The structure of a single protomer of Gltpy, in the outward-facing state (OFS; PDB:2NWX). (Space-filling representation) Bound
aspartate; (purple spheres) two Na™ ions (the third Na™ ion is not shown). (Light brown) Trimerization domain; (light blue) transport domain; (yellow) HP1;
(red) HP2. (C-E) Close-up of the region surrounding Ser-103 (Ser-65 in Gltpy,; shown in green) in the OFS (PDB:2NWX), the intermediate outward-facing
state (IOFS; PDB:3V8G), and the IFS (PDB:3KBC). Residues investigated in this study are highlighted (dark blue) and labeled in panel D; TMS has been

removed for visual clarity. Figure was made using the software PYMOL (31).

TMS5, and TM7 have been demonstrated in previous studies
to be involved in EAAT-mediated ClI~ permeation (26-29).
The most interesting residue investigated to date is Ser-103.
In 2004, we proposed that this serine residue directly inter-
acts with permeating Cl™ ions and may form part of the
selectivity filter of the EAAT1 Cl™ channel (29). Addition-
ally, mutation of the equivalent residue in Gltp;, (Ser-65)
reduces CI~ permeation (15). A recent structure of Gltpy
captures one of the protomers in a novel state termed the
“intermediate outward facing state” (iOFS) (25). In this
structure, we can see that these previously identified resi-
dues, including Ser-103, line a cavity located at the interface
of the trimerization and transport domains (Fig. 1 D). This
cavity is predicted to be accessible to the aqueous milieu,
because cysteine residues in this region have been shown
to be accessible to charged sulfhydryl reactive reagents
(29). Also, molecular-dynamics simulations reveal that
water can permeate the iOFS structure between the transport
and trimerization domains in the vicinity of this cavity that
is lined by HP1 and TM7 (30). In this study, we identify six
residues in HP1 and TM7 that influence CI™ permeation
through EAAT1. We propose that this intracellular facing
cavity is a partially formed CI™ channel, and that during
transitions of the transport domain toward the cytoplasm
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upon substrate transport, this cavity opens to form a channel
through which CI™ ions permeate.

MATERIALS AND METHODS

Site-directed mutagenesis

EAAT1 cDNA was subcloned into the plasmid oocyte transcription vector.
Site-directed mutagenesis was performed with Velocity DNA polymerase
(Bioline, Sydney, Australia) and oligonucleotide primers synthesized by
Sigma Genosys (Sydney, Australia). The sequences of cDNA products
were confirmed by the Australian Genome Research Facility (Sydney,
Australia). Wild-type (WT) EAAT1 and mutant cDNAs were linearized
with Spel (New England Biolabs, Ipswich, MA) and transcribed to
cRNA by T7 RNA polymerase using the mMessage mMachine kit
(Ambion, Austin, TX).

Harvesting and preparing oocytes

All chemicals were purchased from Sigma Chemical (Sydney, Australia)
unless otherwise stated. Xenopus laevis frogs were obtained from NASCO
(Fort Atkinson, WI). Stage V oocytes were harvested from Xenopus laevis,
as previously described in Poulsen and Vandenberg (32) with all surgical
procedures in accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes. Defoliculated stage V oo-
cytes were injected with 4.6 ng of cRNA (Drummond Nanoject; Drummond
Scientific, Broomall, PA) and subsequently incubated at 16-18°C in



A Glutamate Transporter Anion Channel

standard frog Ringer’s solution (ND96: 96 mM NaCl, 2 mM KCI, 1 mM
MgCl,, 1.8 mM CaCl,, and 5 mM hemi-Na™-HEPES, pH 7.5) supple-
mented with 50 ug/mL gentamycin, 2.5 mM sodium pyruvate, 50 ug/mL
tetracyclin, and 0.5 mM theophylline.

Electrophysiology

Two-to-four days after injections, current recordings were made using the
two-electrode voltage-clamp technique with a Geneclamp 500 amplifier
(Axon Instruments, Foster City, CA) interfaced with a PowerLab 2/20
chart recorder (ADInstruments, Sydney, Australia) and a Digidata 1322A
(Axon Instruments) used in conjunction with LABCHART software
(ADInstruments).

Current-voltage relationships for substrate-elicited conductances were
determined by measuring substrate-elicited currents during 200-ms voltage
pulses from —30 mV to membrane potentials ranging from —100 to +60/
+80 mV at 10 mV steps. Background currents were eliminated by subtract-
ing currents in the absence of substrate from substrate-elicited currents at
corresponding membrane potentials. Current-voltage relationships were
also recorded in NOj -containing buffer (96 mM NaNO;, 2 mM KNO;,
1 mM Mg(NO3),+6H,0, 1.8 mM Ca(NOs),, and 5 mM hemi-Na"-HEPES,
pH 7.5) All recordings were made with a bath grounded via a 3 M KCl/agar
bridge linking to a 3 M KCl reservoir.

Substrate concentration responses were measured in ND96 and fitted by
least-squares as a function of current at —60 mV (/) to a derivation of the
Michaelis-Menten equation:

I/Imax = [S]/(K&S + [S]), (D

where I, is the maximal current, [S] is the substrate concentration, and
Ko s is the concentration of substrate required to produce the half-maximal
current.

Uptake of 3H—L—aspartate (PerkinElmer Life Sciences, Melbourne,
Australia) under voltage-clamp was measured in oocytes expressing WT
and mutant EAAT1 transporters. Oocytes were clamped at —100 mV and
incubated with 30 uM 3H-L-aspartate for 1 min, then washed for 3 min
with ND96. Oocytes were then removed from the bath and lysed with
1 M NaOH + SDS (1% w/v). After the addition of scintillant (Ultima
Gold; Packard, Prospect, CT), counting was performed using a Microbeta
TriLux scintillation counter (PerkinElmer Life Sciences).

Relative anion permeabilities (Px/Pc); X denoting Br—, I", or NO3 ),
were determined by measuring the reversal potentials (E..,; Eq. 2) of sub-
strate-elicited conductances in recording solution containing either 10 or
30 mM Na* salts of C1, Br™, I, or NO; ™ and either 86 or 66 mM Na*t
gluconate (to obtain 96 mM Na™), 2 mM K" gluconate, 1 mM Mg>"
gluconate, 1.8 mM Ca*" gluconate, and 5 mM hemi-Na"-HEPES. A quan-
tity of 1-mM permeant anion concentration was used to minimize anion
loading of oocytes, which, unchecked, could affect reversal potential
measurements. However, for some mutant transporters, reversal potential
measurements could not be obtained in 10-mM permeant anion, in which
case a permeant anion concentration of 30 mM was employed. Reversal
potential measurements were then substituted into the Goldman-Hodgkin-
Katz equation:

Ewy = (RT/zF)In(P,[X"]  /Pa[CI7]. ), )

in

with R being the gas constant, T"as the temperature in degrees Kelvin, z as
the charge of the anion, and F as the Faraday’s constant. We assumed
[C17];, = 41 mM (33) to calculate Px/Pc.

To examine the EAATI specific Na™-activated anion conductance,
the nontransportable blocker TBOA (DL-threo-3-benzyloxyaspartate;
Tocris, Bristol, UK), which blocks the Na™*-activated anion conductance,
was used. Steady-state currents were measured in the presence of
250 uM TBOA during 200-ms voltage pulses from —30 mV to membrane
potentials ranging from —100 to +60 mV at 10-mV steps and were sub-
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tracted from currents in the absence of TBOA at corresponding membrane
potentials.

Radiolabeled uptake

Uptake of *H-L-glutamate (PerkinElmer Life Sciences) into oocytes
expressing WT and mutant EAAT1 transporters was measured. Oocytes
were incubated in ND96 containing 10 uM *H-L-glutamate for 10 min.
Uptake was terminated by washing oocytes three times in ice-cold ND96
followed by lysis and counting, as previously described.

Data analysis

Analysis of kinetic data was conducted using GRAPHPAD PRISM 5.0
(GraphPad Software, La Jolla, CA). All values presented are the mean =+
SE of at least three cells. Analyses of variance were performed with a
Dunnett’s post-hoc test. The p-values < 0.05 were interpreted as statisti-
cally significant and are indicated in figures as *, p < 0.05; **, p < 0.01;
and ***, p < 0.001.

The coupled transport component of the aspartate-elicited conductance
presented in Fig. 2 A was modeled to an exponential function with an
e-fold change in rate per 41 mV (29) using

[ = —ke™V/4) A3)

where [ is the current at a given membrane potential (V) and k is a normal-
ization constant. The uncoupled CI~ component is assumed for simplicity
to be Ohmic and to reverse at —22 mV (5,33). The net aspartate-activated
conductance was then generated by the addition of these two components.

RESULTS
Mutagenesis

The aim of this study was to investigate the role of residues
in HP1 and TM7 in EAATI-mediated CI~ permeation.
These regions line an aqueous cavity located at the interface
of the transport and trimerization domains (Fig. 1 D). This
cavity is also lined by residues in TM2 and TMS that
have been shown to influence CI~ permeation through the
EAATSs and Gltpy, (15,26-29). Residues in HP1 (Ser-366,
Leu-369,and Phe-373) and TM7 (Arg-388, Pro-392, and
Thr-396) that line this cavity were mutated to hydrophobic
residues including alanine, valine, and leucine to probe their
involvement in EAAT1-mediated CI~ conduction. It is
notable that these residues are conserved among Gltpy,
EAATI, and other members of the glutamate transporter
family with the exception of Phe-373, which is a methionine
in Gltp, and ASCTI, and Arg-388, which is a serine in
Gltpy,

Transporter activity

To examine the effects of the mutations on glutamate
transporter function, *H-L-glutamate uptake by oocytes ex-
pressing WT and mutant EAAT 1 transporters was measured.
All mutant transporters exhibit *H-L-glutamate uptake
levels above background (0.8 = 0.2 fmol/oocyte/minute;
Table 1), indicating an ability for all to transport glutamate.

Biophysical Journal 107(3) 621-629
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TABLE 1 Substrate transport and electrophysiological properties of WT and mutant EAAT1 transporters
Kos (uM) Eey (mV) I at +60 mV (nA)
SH-L-glutamate uptake L-glutamate L-aspartate

(fmol/ oocyte/min) L-glutamate  L-aspartate Cl™ NO;~ ClI™ NO;~ L-glutamate L-aspartate
EAATI 113 =7 31 2 18 =3 24 = 1 -30 + 4 7*1 50 = 1 640 = 80 1100 = 100
S366A 112 £ 2 32 +4 34 +£5 18 =2 -31 =+ 1 7x2 -39 = I° 1100 + 80° 1500 += 10
S366V 77 = 3 16 =2 14 =2 14 =1 —44 + 2° 11 =1 —49 + 2 480 + 50 690 = 70
L369A 21 £ 1 ND ND ND ND ND ND ND ND
L369V 84 + 4 25 2 0+2 50 £ 7° —18 = 3° 33 £ 5° -36 £ 1° 700 = 100 1000 = 100
F373V 82 + 2 15 +£2 13 +£2 13 -35+x2 -8+ 1° =39 =*1° 1550 = 90° 1700 = 100
R388A 89 =1 25 +£3 8 +2 16 =2 =51 £ 1° 10 =1 =51 £ 1 2400 = 200° 2700 = 300°
R388L 82 2 12 =1 14 £2 22 £3 —50 + 3" 19 £3 —50 = 1 1600 + 300° 2000 + 300°
P392A 78 =7 8 =1 47 £ 0.6 59 £4°  —46 = 3° 11 =2 —66 * 2° 600 = 50 1340 = 70
P392V 85 +3 23 £3 20 £ 3 0=+ 3° =56 + 3° —13 £2° —60 £2° 4100 = 300° 6700 = 500°
T396A 90 = 2 27 £ 2 9+2 64 + 2° -8 £ 2° 58 + 3° -4 £ 1° 39 + 3° 67 £ 11°
T396V 73 £ 4 40 = 2 147 =04 44 =3° —18 = 2° 37 + 4° —38 = I° 190 = 14° 300 + 20°

3H-L-glutamate uptake was performed for 10 min with oocytes expressing WT and mutant EAAT1 transporters. Background (uninjected oocytes) *H-L-
glutamate uptake of 0.8 fmol/oocyte/min was subtracted from the data presented. Apparent substrate affinity (K 5) values were determined from concentra-
tion responses conducted at —60 mV. Reversal potentials (E..,) were obtained from 30 uM substrate-elicited currents in 96 mM C1™ - or NO; ~-based buffers.

Raw current (/) at +60 mV in NO3 ™ -containing buffer are shown for comparison. ND indicates that no electrophysiological data could be obtained.
“Data shown represents the mean = SE (n > 3) with p < 0.05 compared to WT EAATI.

®Data shown represents the mean = SE (n > 3) with p < 0.01 compared to WT EAATI.

“Data shown represents the mean = SE (n > 3) with p < 0.001 compared to WT EAATI.

H-L-glutamate uptake by the L369A mutant transporter
was ~19% of WT EAAT1 levels (Table 1). In addition, the
substrate-elicited currents of this transporter were below
the measurable range, and thus no electrophysiological anal-
ysis of this mutant transporter could be performed. For WT
EAAT1, the apparent affinities for L-glutamate and L-aspar-
tate are 31 = 2 uM and 18 * 3 uM, respectively (Table 1).
There was little or no change in apparent substrate affinities
for mutant transporters compared to WT EAAT1 (Table 1),
indicating that residues in this region are unlikely to be
directly involved in substrate binding and transport.

Alterations in anion conductance

When oocytes expressing WT EAAT1 are exposed to
L-glutamate or L-aspartate under physiological conditions,
a net current that is comprised of a coupled transport
component and an uncoupled C1~ component is generated
(Fig. 2 A). The coupled transport component is inwardly
directed at membrane potentials up to +60 mV, and for
L-aspartate can be fit to an exponential function with an
e-fold change in rate per 41 mV (29). On the other hand,
the uncoupled ClI~ component has a reversal potential
of ~—22 mV (4,5). Therefore, at negative membrane poten-
tials (e.g., —100 mV), the net current produced is a combi-
nation of both components, and at positive membrane
potentials, (e.g., +60 mV), the majority of current is due
to the uncoupled C1~ component. The reversal potential of
the net current will be determined by the relative propor-
tions of the two components. Because all of the mutant
transporters have comparable transport properties to that
of WT EAATI (Table 1), any changes in reversal potential
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or the current amplitude at +60 mV will reflect changes
in anion conductance properties.

Although CI™ is the physiological anion, a range of an-
ions can permeate through EAAT1 (6). NO; ™ is ~10 times
more permeant through this channel than CI™, and thus,
when extracellular C1™ is replaced with NO;~, the sub-
strate-elicited current at +60 mV is significantly larger
and the reversal potential is shifted to a membrane potential
that is more negative. For mutations that increase anion
conductance, the reversal potentials will be shifted to poten-
tials that are more negative and current amplitudes
at +60 mV will be greater when compared to WT
EAAT1. Conversely, for mutations that decrease the anion
conductance, reversal potentials will be shifted to potentials
that are more positive, with smaller current amplitudes
at +60 mV compared to WT EAAT1. We have measured
current-voltage relationships in both CI~ and NO; -con-
taining buffers to examine anion conductance properties.
Data presented in Fig. 2 B is normalized to the current
generated at —100 mV for each transporter. This normaliza-
tion procedure accounts for any variability in expression
levels of the different transporters, and allows us to measure
changes in the anion conductance as a proportion of the total
substrate-activated conductance.

Analysis of current-voltage relationships for mutant
transporters revealed several alterations in reversal potential
measurements and current amplitudes at +-60 mV compared
to WT EAAT1 (Table 1, Figs. 2 B and 3 A). For example, the
reversal potential of the substrate-elicited conductance for
T396A shifted to a more positive potential and the current
amplitude at +60 mV was reduced, indicating that this
mutation decreased EAAT1-mediated anion conduction.
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FIGURE 2 Substrate-activated current-voltage relationships for WT and
mutant EAAT1 transporters. (A) Schematic current-voltage relationship
showing the two components of the substrate-activated conductance of
EAAT1 expressed in oocytes. The net aspartate-activated conductance
(blue/solid line) is composed of the coupled transport component (green/
dotted line) and the uncoupled CI~ component (red/dashed line). See
Materials and Methods. (B) Current-voltage relationships for wild-type
EAAT1 and mutant transporters elicited by 30 uM L-aspartate in either
96 mM Cl -based buffer (solid squares) or 96 mM NO; -based buffer
(open squares). Currents were normalized (I,orm) to the substrate-elicited
current at —100 mV in CI™. (Arrows) Reversal potential of the substrate-
activated conductance in Cl -based buffer (blue/open arrow) and NO3z™ -
based buffer (red/solid arrows). Reversal potentials are also listed in
Table 1. Note that different scales are used for various mutant transporters.
Where error bars cannot be seen, they lie within the symbol. Data shown
represents the mean = SE (n > 3). To see this figure in color, go online.
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On the other hand, the reversal potential of the P392V
conductance was shifted to a membrane potential that was
more negative, and the current at +60 mV was increased,
demonstrating that this mutation increased anion conduc-
tion. Interestingly, for several mutant transporters, these
shifts in reversal potentials and changes in current ampli-
tudes at +60 mV were either anion-dependent and/or sub-
strate-dependent (Table 1, Figs. 2 B and 3 A). This data
suggests that these mutations affect the relative permeabil-
ities of CI™ and NO3 ™, and reveal that these mutations alter
the aspartate- and glutamate-activated channels differently,
highlighting the subtle differences in the properties of the
channel when it is activated by glutamate or aspartate (29).

Substrate transport via EAAT results in the net influx of
two positive charges per transport cycle (Fig. 1 A) (3). Any
additional charge transfer observed during transport is due
to the uncoupled anion conductance. We can measure the
amount of charge moving through the transporter by deter-
mining the charge/flux (C/F), where we monitor the current
(charge) generated during the application of *H-L-aspartate.
WT EAATI has a C/F ratio of 6.9 = 0.5 at —100 mV
measured in a C1~ buffer (Fig. 3 B). This means the number
of charges transferred per molecule of aspartate transported
is ~7 and thus ~9 C1™ ions exit the cell with every transport
cycle (as two positive charges enter per substrate transport
cycle). Among the various EAAT] mutant transporters
analyzed in this study, S366V, L369V, F373V, P392A, and
P392V demonstrated significant increases in C/F ratios
compared to WT EAAT1. Additionally, T396V presented
a reduced C/F ratio of 5.4 = 0.1 mV (Fig. 3 B). Although
this reduction is not statistically significant, it represents
approximately seven Cl™ ions exiting per transport cycle
as opposed to the nine observed in WT EAATI1. As we
have previously demonstrated these mutant transporters
have similar transport properties to WT EAAT1 (Table 1),
these changes in C/F ratios are indicative of a change in
the number of CI™ ions passing through the channel with
each transport cycle.

For most mutant transporters where there is an increase in
the C/F ratio there is also an increase in current at +60 mV
(e.g., S366V, L369V, P392A, and P392V; Fig. 3, A and B).
However, it should be noted that the relationship does not
always hold due to differences in experimental conditions
and properties of the mutant transporters. The C/F experi-
ment is conducted in a Cl~ buffer on cells that are
voltage-clamped at —100 mV. These conditions give us
the best opportunity to measure the uncoupled anion compo-
nent while still effectively measuring substrate transport. In
contrast, changes in the current measured at +60 mV in a
NO; -based buffer allow us to isolate changes in the
uncoupled anion component. In the cases of T396A,
T396V, R388A, and R388L, significant changes in current
at +60 mV were observed without corresponding changes
in the C/F ratio. On the other hand, F373V displays a signif-
icant increase in the C/F ratio but no change in the current

Biophysical Journal 107(3) 621-629
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FIGURE 3 Anion conductance properties of WT and mutant EAAT transporters. (A) Currents at +60 mV elicited by 30 uM L-aspartate were measured in
96 mM NO; ™ -based buffer and normalized to the substrate-elicited current at —100 mV in 96 mM NO; ™ -based buffer. (B) 30 uM 3H—L—aspartate in 96 mM
Cl ™ -based buffer was applied for 1 min to oocytes expressing WT and mutant transporters clamped at —100 mV. Charge transfer and *H-L-aspartate uptake
were measured and used to obtain a C/F ratio. (Dashed line) C/F ratio of 2, which is the charge transfer associated with coupled substrate transport; the
remainder results from the uncoupled Cl~ component. (C) Na*-activated anion currents blocked by 250 uM TBOA at +60 mV were measured in
96 mM NO; -based buffer and are shown as a percentage of the current elicited by 300 uM L-glutamate at +60 mV in 96 mM NO; -based buffer.
Data shown represents the mean + SE (n > 3) with * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to WT EAAT1.

at +60 mV. These differential results in the NO3; - or CI™ -
based buffers may be explained by changes in the relative
permeability of NO;~ compared to C1~ within these mutant
transporters or when compared to wild-type EAAT1 (Table
| and 2). In addition, the mutations may have changed the
voltage-dependence of the activation of the uncoupled anion
conductance, which could also contribute to the variability
observed in the different experimental conditions.

Relative anion permeabilities

The alterations in the C/F ratios, reversal potentials, and cur-
rent amplitudes at +60 mV described above indicate an
altered capacity for these mutant transporters to support
the anion conductance. To further probe the role of these
residues in anion conduction through EAATI1, we investi-
gated relative anion permeabilities. The minimum pore
diameter of the EAAT1 anion channel has been estimated
tobe 5 A and permits the permeation of a range of anions.
These anions have a permeability sequence of NO3~ >1" >
Br~ > Cl, where NO3™ is the most permeant anion (6).
Changes in the order or magnitude of this sequence as a
result of mutagenesis suggest changes in interactions be-
tween the anions and protein (29). When measuring the rela-
tive permeabilities of Br—, I, and NO3~ compared to that of
Cl™, we used L-aspartate as the substrate because the pro-
portion of current due to the anion conductance is greater
for L-aspartate than for L-glutamate, and thus yields
more-consistent data. Significant changes in the relative per-
meabilities of various anions were observed for several
mutant transporters (Table 2). For example, in R388A,
R388L, and P392A, the relative permeabilities for Br—, I,
and NO;3;~ were significantly increased compared to WT
EAAT1 (Table 2). Conversely, in T396A and T396V, the
relative permeabilities of Br—, I, and NO3;~ were signifi-
cantly decreased compared to WT EAAT1 (Table 2).
Because no changes in the order of the relative anion perme-
ability sequence were observed, we cannot confirm that
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these residues form part of the selectivity filter. However,
these results support the hypothesis that residues within
HP1 and TM7 are involved in anion permeation and/or
channel open time.

The Na*-activated anion conductance

In addition to the substrate-activated anion conductance, the
EAATS also permit a leak anion conductance. This leak re-
quires only Na™ binding to be activated and thus is referred
to as the Na'-activated anion conductance (6,11). In WT
EAATI, this Na™-activated anion conductance has a magni-
tude of 15 = 1% of the anion conductance activated by satu-
rating glutamate concentrations (Fig. 3 C). In oocytes

TABLE 2 Relative anion permeabilities of WT and mutant
EAAT1 transporters

Pg, /Pci” Py /Pc” Pnos /Pcr
EAATI 28 + 02 114 + 0.5 13.1 + 0.4
S366A 37 + 04 28 + 3¢ 27 + 2°
S366V 1.64 + 0.04° 85+ 0.5 125+ 38
L369A ND ND ND
L369V 40 = 0.7° 175 = 0.9 19 =1
F373V 2.8 + 0.1 137 + 0.7 183 + 0.7
R388A 7.05 = 0.09° 39 + 1° 38 + 2¢
R388L 476 + 0.05° 24.0 + 0.6° 25.0 + 0.9°
P392A 11.5 = 0.6° 74 + 5¢ 82 + 7°
P392V 251 = 0.07 92 + 0.5 11+ 1
T396A 1.20 + 0.05¢ 3.6 +02° 4.1 +03°
T396V 1.38 + 0.06° 40 + 0.2° 5.0 + 0.3

Reversal potentials (E..,) of 100 uM L-aspartate-elicited currents were ob-
tained in buffers containing either 10 mM or 30 mM permeant anion salts.
ND indicates that no electrophysiological data could be obtained. Relative
anion permeabilities were calculated using the Goldman-Hodgkin-Katz
equation (Eq. 2).

“Data shown represents the mean + SE (n > 3) with p < 0.05 compared to
WT EAATI.

"Data shown represents the mean = SE (n > 3) with p < 0.01 compared to
WT EAATI.

“Data shown represents the mean + SE (n > 3) with p < 0.001 compared
to WT EAATI.
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expressing some mutant transporters, we noticed that
whole-cell conductances in the absence of substrate were
considerably greater compared to WT EAAT1, indicating
that these mutations may also alter the nature of this
Na'-activated anion conductance. To investigate this
conductance, the EAAT1 competitive blocker, TBOA, was
employed. TBOA binds to the substrate-binding site
and traps the transporter in an open-to-out conformation
(13), and is known to block the Na*-activated anion conduc-
tance (29).

This provides a tool to isolate this conductance from other
conductances endogenous to the oocyte. In mutant trans-
porters where the side chain was smaller than that of the
native residue in WT EAAT1 (L369V, F373V, R388A,
R388L, P392A, and T396A), the amplitude of Na*-acti-
vated anion conductance was significantly increased
(Fig. 3 C). In some instances, the Na'-activated anion
conductance was even greater than or equal to the sub-
strate-activated anion conductance. On the other hand, in
mutant transporters where the side chain was similar in
size to that of the native residue in WT EAAT1 (S366A,
S366V, P392V, and T396V), no significant changes in
Na'-activated anion conductances were observed
(Fig. 3 C). These results suggest that the bulk of residues
within the cavity between the transport and trimerization
domains influence the amplitude of the Na*-activated anion
conductance.

DISCUSSION

Several crystal structures of Gltpy, at different stages of the
transport cycle have been solved (12,13,21,25). Although

CI- conducting
state
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these structures have provided a comprehensive understand-
ing of substrate transport by Gltp, and the EAATS, the struc-
tural basis for anion conductance via these transporters is yet
to be fully understood. Here we have used site-directed
mutagenesis to demonstrate that residues in HP1 and
TM7, which line a cavity at the interface of the transport
and trimerization domains of EAAT1, affect anion perme-
ation with little or no effect on glutamate transport proper-
ties. Given the strong sequence conservation of these
residues in this region among members of the glutamate
transporter family, it is likely that this domain interface
serves a similar role across all members of the family.
Although there are subtle changes in apparent substrate
affinities for some of the mutant transporters (Table 1)
that can result in shifts in reversal potential measurements
and current amplitudes at +60 mV, we see no correlation
between these measurements and the apparent substrate
affinities observed. In addition, changes in apparent sub-
strate affinity cannot account for the changes in relative
anion permeabilities observed (Table 2).

Previous studies by our group and others (15,26-29) have
identified residues involved in glutamate-transporter-medi-
ated anion permeation. When we map these residues, and
the believed-novel residues identified in this study, onto
the iOFS and inward-facing state (IFS) of Gltpy, (Fig. 4 A),
a hypothesis for anion channel formation emerges. As the
transport domain shuttles toward the cytoplasm during
transport, a structural state between the iOFS and the IFS
will arise where residues involved in anion permeation
will align (Fig. 4 A). Taken together with the high sequence
conservation of these residues and that this region has been
shown to line an anion-selective aqueous cavity in Gltp, and

Y 4

{Trimerisation ‘
| domain

cr

@ser103

FIGURE 4 The transport domain forms both the gate and pore of the glutamate transporter anion channel. (A) The proposed anion-conducting state arises
between the iOFS (PDB:3V8G) and the IFS (PDB:3KBC) of Gltp;, (colored as in Fig. 1). (Dark blue) Residues investigated in this study. (Green) Those
previously established to be involved in the EAAT-mediated anion conductance including GIn-93, Pro-98, Ser-102, Ser-103, Thr-106, Asp-112, Lys-114,
Asp-272, Lys-384, and Arg-385 (26-29). Serine 103 is labeled for reference. TMS5 is shown in partial transparency for visual clarity. Figure was made using
the software PYMOL (31). (B) We propose that the opening of the EAAT1 anion channel is associated with large conformational changes of the transport
domain (light blue) relative to the trimerization domain (/ight brown). Upon movement (indicated by the curved arrow) of the transport domain during sub-
strate translocation, the residues identified in this study (represented by the dark blue circles) line the anion channel pore, where they are involved in anion
permeation. The trimerization domain, which contains Ser-103 (green circle), remains static during the transport process.
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EAATI1 (25,29,30), we propose that residues in TM2, TMS,
HP1, and TM7 that line this domain interface contribute to
the formation of an anion channel during substrate transport.
A recent study by Shabaneh et al. (34) demonstrated that
cross-linking between introduced cysteines designed to
trap the transporter in the iOFS decreased glutamate trans-
port but still allowed activation of the anion conductance.
Because there is not an open pore through the protein in
the iOFS structure (25), we propose that some further move-
ment of the transport domain is required to activate the C1~
conductance, although the extent and exact nature of this
movement remains to be resolved (Fig. 4 A).

In comparison with traditional anion channels, the magni-
tude of C1™ conduction through EAAT]1 is relatively small;
from noise analysis it has been estimated to be ~1 fS (6). For
this reason, it is not possible to perform single-channel re-
cordings, even in the presence of the highly permeant anion
NO; ™. Without this tool, it is difficult to distinguish between
effects on channel gating and anion permeation as both
effects prevail as changes in anion conductance properties.
From the results obtained in this study, as well as other
mutagenesis, crystallographic, and molecular-dynamic
studies (12,13,15,21,25-29,35,36), we propose that the
mechanism of gating of the EAAT1 anion conductance
may be different from traditional channel gating, which
usually relies on the movement or rotation of a few residues
(Fig. 4 B). In this proposed mechanism, the anion channel
pore is located at the interface of the trimerization and trans-
port domains. The gating of this channel is associated with
large conformational changes of the transport domain initi-
ated during substrate translocation. This is supported by pre-
vious studies that have demonstrated a close relationship
between the activation kinetics of substrate translocation
and the uncoupled anion conductance (37,38). Because of
this large downward movement of the transport domain, it
is likely that the region forming the gate translates to form
part of the anion permeation pathway. For this reason,
when discussing effects of mutagenesis on gating and
permeation of the EAAT1 anion channel, use of the two
terms independently becomes somewhat redundant as the
two components may not be separate entities, but rather
inherently linked.

The relative anion permeability sequence of the Na™-acti-
vated anion conductance is I" > NO;~ > Br~ > CI,
whereas that of the substrate-activated anion conductances
is NO3~ > 1 > Br > Cl™ (29). This variance indicates
that substrate binding alters the interactions between anions
and the channel, and thus the channels for the two conduc-
tances are not identical. Until now it has been unclear
whether the Na™-activated anion channel is entirely distinct
from the substrate-activated channel, or if they are subtly
distinct conformations of the same channel (11). Here we
have identified a series of residues in HP1 and TM7 that
are involved in both Na*- and substrate-activated anion
permeation. So, although the permeation pathways for
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the two conductances are not identical, this observations
supports the hypothesis that both the Na™- and substrate-
activated anion conductances are mediated by distinct con-
formations of the same channel.

CONCLUSION

Mutagenesis, crystallographic, and MD studies are continu-
ously expanding our understanding of glutamate transporter
dynamics. In this report, we have identified a series of resi-
dues located in an intracellular facing cavity at the interface
between the transport and trimerization domains that are
involved in anion permeation. We propose a mechanism
for anion channel formation in which the downward move-
ment of the transport domain during substrate transport
allows this intracellular-facing cavity to open and form a
pore through which anions can permeate. This study pro-
vides greater clarity of the structural basis that enables
glutamate transporters to carry out their dual functions as
both amino-acid transporters and anion channels.
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