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Excitatory amino acid transporter (EAAT) glutamate trans-
porters function not only as secondary active glutamate trans-
porters but also as anion channels. Recently, a conserved aspar-
tic acid (Asp''?) within the intracellular loop near to the end of
transmembrane domain 2 was proposed as a major determinant
of substrate-dependent gating of the anion channel associated
with the glial glutamate transporter EAAT1. We studied the
corresponding mutation (D117A) in another EAAT isoform,
EAAT4, using heterologous expression in mammalian cells,
whole cell patch clamp, and noise analysis. In EAAT4, D117A
modifies unitary conductances, relative anion permeabilities, as
well as gating of associated anion channels. EAAT4 anion chan-
nel gating is characterized by two voltage-dependent gating pro-
cesses with inverse voltage dependence. In wild type EAAT4,
external L-glutamate modifies the voltage dependence as well
as the minimum open probabilities of both gates, resulting in
concentration-dependent changes of the number of open chan-
nels. Not only transport substrates but also anions affect wild
type EAAT4 channel gating. External anions increase the open
probability and slow down relaxation constants of one gating
process that is activated by depolarization. D117A abolishes the
anion and glutamate dependence of EAAT4 anion currents and
shifts the voltage dependence of EAAT4 anion channel activa-
tion by more than 200 mV to more positive potentials. D117A is
the first reported mutation that changes the unitary conduct-
ance of an EAAT anion channel. The finding that mutating a
pore-forming residue modifies gating illustrates the close link-
age between pore conformation and voltage- and substrate-de-
pendent gating in EAAT4 anion channels.

Glial and neuronal excitatory amino acid transporters
(EAATSs)? remove glutamate from the synaptic cleft to ensure
low resting glutamate levels and to prevent neuronal damage by
excessive glutamate receptor activation. EAATs are not only
secondary active glutamate transporters but also anion-selec-
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tive channels (1). For some EAAT isoforms, anion currents are
much smaller than electrogenic uptake currents. For other iso-
forms, anion currents represent the predominant transporter-
mediated current component (2-5). These differences suggest
that some EAATs might play physiological roles as substrate-
gated anion channels involved in the regulation of cellular
excitability, and others may play roles as glutamate transporters
(6,7).

Whereas key processes underlying glutamate transport have
been identified in recent years (8 —15), molecular determinants
of the EAAT anion conductance still need to be clarified. For
other transport proteins, studies that focused on the functional
consequences of single point mutations greatly improved our
understanding of basic mechanisms of operation (16 -18). We
took a similar approach on EAAT anion channels and focused
on a point mutation that was first reported by Vandenberg and
co-workers (19). Neutralizing a conserved aspartate between
TM2 and TM3 (D112A) abolished the substrate dependence of
EAAT1 anion currents, suggesting that aspartate 112 functions
as the gate of the EAAT1-associated anion channel.

We focused on the effects of the corresponding mutation on
a distinct EAAT isoform. EAAT4 exhibits a prominent anion
conductance that can be easily studied by voltage clamp analy-
sis in mammalian cells (5, 7, 20). Furthermore it differs in glu-
tamate transport and voltage-dependent gating of the associ-
ated anion channel from other EAAT isoforms (3, 5,21, 22). We
here demonstrate that EAAT4 anion channel gating is modified
not only by transport substrates but also by permeant anions.
D117A modifies the anion conduction process, the interaction
with anions, and gating of EAAT4 anion channels.

EXPERIMENTAL PROCEDURES

Heterologous Expression of WT and Mutant EAAT4 in
Mammalian Cells—pcDNA3.1(—) rEAAT4 was kindly pro-
vided by Dr. J. Rothstein (Johns Hopkins University, Baltimore,
MD). The D117A point mutation was introduced using the
QuikChange™ method and verified by restriction analysis and
DNA sequencing. Transient transfection of tsA201 cells was
performed using the Cay(PO,), technique as previously
described (5). To identify cells with a high probability of
expressing recombinant transporters, the cells were cotrans-
fected with a plasmid encoding the CD8 antigen and incubated
5 min before use with polystyrene microbeads precoated with
anti-CD8 antibodies (Dynabeads M-450 CD 8; Dynal, Great
Neck, NY). The CD8/EAAT4 cDNA ratio and incubation time
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after transfection was adjusted to ensure that almost every cell
with beads exhibited currents with the characteristic properties
shown in Fig. 1. For WT and D117A EAAT4, two independent
recombinants were examined and shown to exhibit indistin-
guishable functional properties.

Electrophysiology—Standard whole cell patch clamp record-
ings were performed using an Abimek WPC-100 (Abimek,
Gottingen, Germany) amplifier. Borosilicate pipettes were
pulled with resistances between 1.0 and 2.5 m{). If not otherwise
stated, the cells were clamped to 0 mV for at least 2 s between
two test sweeps. To reduce voltage errors, more than 80% of the
series resistance was compensated by an analog procedure, and
cells with current amplitudes of >12 nA were excluded from
analysis. The currents were filtered at 5 or 10 kHz and digitized
with a sampling rate of 50 kHz using a Digidata 1322A AD/DA
converter (Molecular Devices, Sunnyvale, CA). The majority of
our experiments were performed with symmetric NO5 as per-
meant anion to minimize alterations of the internal anion con-
centration during the experiments. Standard external solutions
contained 140 mMm NaNO,;, 4 mm KCl, 2 mm CaCl,, 1 mm
MgCl,, 5 mm HEPES, pH 7.4, and the standard internal solu-
tions contained 110 mm NaNO,, 2 mm MgCl,, 5 mm EGTA, 10
mM HEPES, pH 7.4. For all of the experiments, we used external
and/or internal agar salt bridges made from a plastic tube filled
with 3 M KCl in 1.0% agar to connect the Ag/AgCl electrode.
Offset potentials were determined at the end of each experi-
ment, and junction potentials were corrected using the JPCalc
software (Dr. P. Barry, University of South Wales, Sydney,
Australia).

Current-voltage relationships were constructed from instan-
taneous current amplitudes (/,,,,,) (determined through extrap-
olation of mono- or biexponential fits to the start of the voltage
step), isochronal current amplitudes (I,,,) (determined 2 ms
after voltage steps to certain test voltages), or steady-state cur-
rents (I,,) (measured after reaching steady-state conditions).
Relative open probabilities were calculated from instantaneous
tail current amplitudes at +135 or —135 mV after 200-ms steps
of variable voltages. The acquired activation curves were fit
with Boltzmann functions and normalized to the fitted maxi-
mum value at the same cell under saturating L-glutamate
concentrations.

Anion permeability sequences for WT EAAT4 and D117A
EAAT4 were obtained from measurements with the pipette
solution containing 110 mm NaCl, 2 mm MgCl,, 5 mm EGTA,
10 mm HEPES, pH 7.4, in the presence of saturating external
L-glutamate (100 um). Each cell was sequentially perfused with
an external solution in which NaNO; was equimolarly substi-
tuted with NaSCN, NaBr, or Na,SO,. Reversal potentials were
determined from resulting current-voltage relationships, and
permeability ratios were calculated from Equation 1.

_ ﬂ- PX[X_]O + PCI[CI_]D

S e

(Eq. 1)

Permeability ratios for divalent anions were calculated from
Equation 2.

RT 4PX[X27]O + Po[CI7],
S 2F Pa[CI7];

Erev = (Ea.2)
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Substrate dependences were tested by sequential perfusion
of cells with solutions containing different concentrations of
L-glutamate or with solutions in which variable amounts of
NaNO,; were equimolarly substituted with choline-NO;. To
study the effects of external anions on EAAT4 anion currents,
the cells were sequentially perfused with solutions containing
saturating substrate concentrations and different concentra-
tions of NOj;. In these experiments, NO; was replaced by
equimolar amounts of sodium gluconate.

Noise Analysis—The data were digitized at 50 kHz and fil-
tered with a low pass Butterworth filter with a cut-off frequency
of 10 kHz. Power spectrum analysis was performed on the
steady-state phase of 1-s-long pulses to different potentials
using Clampfit 10.0 (Molecular Devices) and fitted with a dou-
ble Lorentzian function,

R (OF
1+ (/)

5(0),

3 1+ (fIF,)

(Eq.3)

where S and fdenote the spectral density and the frequency, and
S(0) and f. are the amplitude and corner frequency of the cor-
responding Lorentzian term.

Unitary current amplitudes and absolute open probabilities
of WT EAAT4 and D117A EAAT4 were computed with an
adaptation of stationary noise analysis (22—24). After subtrac-
tion of the background noise (02) from the current variance

(02) this term can be referred to as follows.
0-55 - 0% (1 ] s
T—l( p=i—y (Eq.4)

Instantaneous current amplitudes (/) are proportional to
unitary current amplitudes at the same potential (02, — 02).

0'55_ O’S i s _ 1 _ s
lnseN — const [N

Iss'linst B linst (Eq‘ ?
Plotting the ratio of the current variance (02, — 07) and the
product of the instantaneous and steady-state current ampli-
tudes (I, "I,) versus the quotient of late current amplitudes by
instantaneous current amplitudes (I.[,.}) provides a linear
relationship. Unitary current amplitudes can be calculated as
product of the y axis intercept and the instantaneous current
amplitudes (1, -const '), and the slope of the linear regression
(N) gives an approximation of the absolute number of channels
(N). We additionally determined unitary current amplitudes
from the following,

(Eq.6)

using the slope factor rather than the y axis intercept.
Absolute open probabilities were determined using two
approaches. Absolute open probabilities equal ratios of macro-
scopic current amplitudes (/) by unitary current amplitudes (i)
and the number of channels (N) (p = I/N,). Additionally, abso-
lute open probabilities can be calculated from macroscopic cur-
rent amplitudes and the fitted x axis intercept from noise-cur-
rent (02, — op)/1, versus I oI} plots (see Fig. 2, C and D).

Current variances assume zero values when all anion channels
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are open, and the absolute open probability is therefore 1.
Absolute open probabilities can therefore be calculated from
II. ! after normalization to the x axis intercept.

Kinetic Modeling—Simulations of EAAT4 anion channel
open probabilities were performed by solving differential
equations on the basis of a modified FTEAAT2 model (25).
Several parameters of the model were estimated by fitting
model predictions to experimentally determined activation
curves. Fitting was done using a genetic algorithm for mini-
mization of squared errors in the MATLAB environment
(The MathWorks).

Homology Modeling—A homology model of the tertiary
structure of FEAAT4 was built with the SWISS-MODEL Work-
space by using the Protein Data Bank entries 2NWX (outward
facing conformation, Glt,,) and 3KBC (inward facing confor-
mation, Glt,,,) as template. The structures were visualized with
the ICM Browser Pro (Molsoft LLC) (26).

Data Analysis—The data were analyzed with a combination
of pClamp10 (Molecular Devices) and SigmaPlot (Jandel Scien-
tific, San Rafael, CA). For statistical evaluations, Student’s ¢ test
and paired ¢ test with p = 0.05 (*) as the level of significance
were used (p = 0.01 (**), p = 0.001 (***)). The data are given as
the means = S.E.

RESULTS

DI117A Modifies Time and Voltage Dependence of EAAT4
Anion Currents—We expressed WT and D117A EAAT4 heter-
ologously in tsA201 cells and measured ionic currents through
the whole cell patch clamp technique (Fig. 1). Internal dialysis
with Na™-based internal solutions and the use of NO; as main
internal and external anion resulted in EAAT4 anion currents
that are significantly larger than uptake currents and endoge-
nous currents and thus permitted measurements of EAAT4
anion currents in isolation (5).

WT EAAT4 currents rose instantaneously upon voltage
steps in the absence of L-glutamate. The instantaneous rise was
followed by current activation at negative voltages and by time-
dependent decreases of the current amplitudes at positive
potentials (Fig. 1A4). Neutralization of Asp''” causes profound
changes in the voltage dependence of EAAT4 anion channels
(Fig. 1B). Depolarizing voltage steps induce voltage-dependent
activation of D117A EAAT4 anion currents, whereas current
amplitudes are time-independent upon membrane hyperpolar-
ization. Without L-glutamate, depolarization-induced activa-
tion is followed by a slow inactivation.

Glutamate has different effects on WT and mutant EAAT4
anion currents. In the presence of glutamate, membrane hyper-
polarization induces current deactivation instead of current
activation (Fig. 1A). The glutamate-induced change in WT
EAAT4 anion channel gating results in different glutamate-de-
pendent increases of instantaneous (Fig. 1C) and late (Fig. 1E)
current amplitudes. For D117A EAAT4, glutamate increases
instantaneous and late current amplitudes only slightly at pos-
itive potentials (Fig. 1, D and F). At negative voltages, current
amplitudes are even decreased by L-glutamate (at —125 mV,
p = 0.001, n = 20). L.-Glutamate additionally impairs inactiva-
tion at positive potentials. We conclude that D117A modifies
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FIGURE 1. D117A modifies the time and voltage dependence of EAAT4-
mediated anion currents. A and B, representative current recordings from
cells expressing WT EAAT4 (A) or D117A EAAT4 (B). The experiments were
performed in the absence (top panels) and in the presence (bottom panels) of
saturating [L-glutamate] (under standard internal and external solutions).
C and E, current-voltage relationships of the instantaneous (/;, C) and the
steady-state current (I, E) of tsA201 cells expressing WT EAAT4 in the
absence (closed symbols) and in the presence (open symbols, each n = 5) of
saturating [L-glutamate]. D and F, current-voltage relationships of the instan-
taneous current (/,,, D) and the steady-state current (I, F) mediated by
D117A EAATA4. Background currents are given as current-voltage relation-
ships of untransfected tsA201 in the presence of saturating [L-glutamate] cells
by a simple line with error bars (n = 5).

substrate- and voltage-dependent gating of EAAT4 anion
channels.

Glutamate Increases EAAT4 Anion Currents by Modifying
Absolute Open Probabilities—To study the effects of D117A at
the level of individual proteins, we performed noise analyses on
WT and mutant EAAT4 (Fig. 2). We first determined power
spectra from macroscopic anion currents using fast Fourier
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FIGURE 2. D117A modifies unitary conductance and absolute open prob-
ability of EAAT4 anion channels. A and B, power density spectra of WT (A)
and D117A EAAT4 (B) from currentrecordings at —125 mV (WT) and +125 mV
(D117A) with 100 um L-glutamate. Fits with double Lorentzian functions are
given as solid lines, and background power density spectra of untransfected
tsA201 cells are given as filled circles. C and D, representative stationary noise
analyses for WT EAAT4 (C) and D117AEAAT4 (D). Eand F, voltage dependence
of unitary anion currents of WT (E) and D117A EAATA4 (F) derived from station-
ary noise analysis (n = 9/9). G and H, absolute open probabilities for WT (G)
and D117A EAAT4 (H). The open symbols give values determined in the pres-
ence of 100 um glutamate, and the filled symbols give values determined in its
absence.

transformation (27). For WT as well as for D117A EAAT4, the
acquired power spectra can be well fit with a sum of two Lorent-
zian components. Corner frequencies f, are predicted to reflect
macroscopic current relaxation time constants 7., by the rela-
tionf, = 1/(2mt,,). The acquired corner frequencies for WT (at
—125 mV: 1.2 Hz and 103.9 Hz) and D117A (at +125 mV: 1.8
Hz and 16.8 Hz) were in accordance with the relaxation time
constants of EAAT4 anion currents (WT, 7, = 2.6 £ 0.7 ms;
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T, =364 *3.6ms,n=8; DI117A: 7= 10.5 * 1.1 ms, n = 16).
Untransfected tsA201 cells showed lower current variances and
power spectra resembling 1/f noise under the same conditions
(Fig. 2, A and B). These results demonstrate that, for WT and
mutant EAAT4, anion current-associated noise arises from the
random opening and closing of individual channels and can be
used to determine amplitudes of the underlying single channel
opening.

We employed a variation of stationary noise analysis (22-24,
28). Steady-state current variances (o) and mean current
amplitudes () were measured at various voltages and gluta-
mate concentrations. The variances were divided by the corre-
sponding steady-state and instantaneous current amplitudes
determined at the same potential and [L-glutamate]. The
acquired ratios were then plotted versus the ratio of mean and
instantaneous current amplitudes (Fig. 2, C and D). This trans-
formation enables a calculation of the unitary pore properties
by a linear fit to the values obtained from measurements of the
current variances. The slope (—N ") of the fitted straight gives
the number of channels N, and the y axis intercept provides the
scaling factor (const™ '), representing the ratio of unitary cur-
rent and instantaneous current amplitudes. Linear fits provided
mean regression coefficients (+*) of 0.71 for EAAT4 WT and
0.84 for EAAT4 D117A, indicating strong linear correlation
between the data points. The relative errors of the slope factors
were on average *= 17% for WT and *+ 18% for D117A EAAT4,
respectively.

Multiplication of the thus acquired scaling factors with
instantaneous current amplitudes provided the voltage
dependence of unitary current amplitudes of WT and D117A
EAAT4 anion channels at various external glutamate concen-
trations (Fig. 2, E and F). For WT and mutant EAAT4, applica-
tion of glutamate modified neither the number of transporters
nor the unitary conductance. D117A decreases single channel
amplitudes of EAAT4 anion channels by ~40% (WT EAAT4:
1232 +11.5fAand D117AEAAT4:73.3 = 7.0fA,at +125mV,
n = 8/9). We compared these data with unitary conductances
calculated according to Equation 6 (WT EAAT4: 116.4 = 10.5
fA and D117A EAAT4: 74.5 = 9.2 fA, at +125 mV, n = 9/9).
Both calculations revealed similar results for WT and D117A
EAATA4.

Absolute open probabilities were calculated using two
approaches, i.e. from the number of transporters (N) and the
unitary conductance (i) (p = I/N,) (Fig. 2, G and H), as well as
from I /1, . after normalization to the x axis intercept in Fig. 2
(C and D; and data not shown). Both calculations provided
indistinguishable results. In the absence of L-glutamate, WT
EAAT4 assumed minimum open probabilities at 0 mV and
channel activation upon membrane hyperpolarization. Saturat-
ing glutamate concentrations increased absolute open proba-
bilities and altered their voltage dependence. At 100 um
L-glutamate, the voltage dependence of the absolute open prob-
ability of WT EAAT4 is a bell-shaped function with its maxi-
mum at ~0 mV (Fig. 2G). Before application of glutamate, the
open probability of D117A EAAT4 was at a minimum at ~0
mV and increased upon membrane depolarization or hyperpo-
larization. 100 um L-glutamate decreased the D117A steady-
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FIGURE 3. D117A modifies relative anion permeabilities of EAAT4 anion
channels. A and B, current-voltage relationships for WT (A) and D117A EAAT4
(B) at four different external anions (140 mm SCN~, NO3, Br—, SOZ7) in the
presence of 100 um L-glutamate. The cells were dialyzed with Cl-based inter-
nal solution. Cand D, relative current amplitudes at +125 mV (C) and perme-
abilities (D) for WT and D117A EAAT4.

state absolute open probabilities at negative voltages and ren-
dered them almost unaltered at positive voltages (Fig. 2H).

Anion Selectivity of WT and Mutant Channels—To test
whether D117A also affects the selectivity of EAAT4 anion
channels among different anions, WT and D117A EAAT4
anion currents were studied at asymmetric anion conditions.
The cells were held at —80 mV, dialyzed with a C1™ -based solu-
tion, and sequentially perfused with different external solu-
tions. Fig. 3 (A and B) shows current-voltage relationships for
WT and D117A EAAT4 for various external anions. D117A
altered relative conductivities for Br~ and NO; (Fig. 3C).
Another parameter that can be used to quantify alterations of
anion selectivity is the relative permeability ratio (29). We cal-
culated permeability ratios for WT and D117A EAAT4 from
reversal potentials under various external solutions using the
Goldman-Hodgkin-Katz equation. D117A significantly changed
the Py /Pc; permeability ratio (p = 0.001, n = 7) but left other
ratios unaffected (Fig. 3D).

Distinct Gating Processes in WT and Mutant EAAT4 Anion
Channels—W'T as well as D117A EAAT4 exhibit biphasic gat-
ing (Fig. 1) that likely arises from the existence of two gating
processes with different voltage dependence. In the following
we will refer to one specific process that is activated by depo-
larization as activation and to the other process with inverse
voltage-dependent gating as inactivation.

We took advantage of the different time courses to separate
the voltage dependences of these two gating processes. Sup-
plemental Fig. S1A4 illustrates the separation procedure for WT
EAAT4 at 100 uM L-glutamate. Open probabilities were deter-
mined by plotting instantaneous current amplitudes at a fixed
test step to —135 mV versus the preceding voltage. The
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acquired voltage dependence of relative open probabilities
resembles the voltage dependence of absolute open probabili-
ties obtained by noise analysis (Fig. 2G). After depolarizing pre-
pulses, steps to —135 mV result in initial current increases on a
fast time course to certain maximum amplitudes and consecu-
tive deactivation. The initial increase is due to recovery from
inactivation that has occurred during the preceding pulse.
Extrapolating current amplitudes to the beginning of the
inserted voltage steps using a monoexponential function allows
determination of the voltage dependence of the relative open
probabilities of the activation gate (supplemental Fig. S1,
A and C, red circles). Assuming that activation and inactivation
are independent, relative open probabilities of the inactivation
gate (green squares) were then calculated by dividing the chan-
nel activation curve (blue circles) by the relative open probabil-
ities of the activation gate (supplemental Fig. S1E, red circles).

A comparable separation of gating processes in D117A
EAAT4 revealed depolarization-induced activation and subse-
quent inactivation, however, with different voltage depen-
dences (supplemental Fig. S1, B, D, and F). We plotted instan-
taneous current amplitudes at +135 mV versus the preceding
potential to obtain the voltage dependence of the open proba-
bility (supplemental Fig. S1, B and D). Steps to +135 mV cause
activation of D117A EAAT4 anion channels, and the maximum
amplitude at this potential thus solely depends on the number
of channels that were not inactivated at the end of the prepulse.
Assuming that activation and inactivation occur independently
of each other, we divided open probabilities of channels by the
acquired inactivation curve to obtain the separated activation
curve (supplemental Fig. S1F). This analysis reveals a significant
shift of the activation curve by D117A. Because inactivation of
D117A is very slow, we were unable to perform this analysis
under conditions that allow determination of steady-state inac-
tivation curves.

Glutamate-dependent Changes in Voltage-dependent Gating—
We next determined open probabilities of WT and D117A
EAAT4 anion channels for various L-glutamate concentrations.
Because unitary current amplitudes are unaffected by the exter-
nal substrate concentration (Fig. 2, E and F), relative open prob-
abilities were calculated from instantaneous tail current ampli-
tudes after normalization to values obtained at saturating
glutamate concentrations. Whereas absolute open probabilities
of WT EAAT4 change significantly with [glutamate], there are
only minor effects of the external glutamate concentration on
mutant channels (Fig. 4, A and B).

Fig. 4 (C-F) shows separated activation (Fig. 4, C and D) and
inactivation (Fig. 4, E and F) curves for various glutamate con-
centrations. For WT EAAT4, activation curves were similar at 0
and 10 uM L-glutamate. At higher concentrations, there is a
substrate-dependent saturable shift of the activation curve to
more positive voltages (Fig. 4C). The voltage dependence of
steady-state activation did not reach the inflection point, pre-
cluding accurate fits with Boltzmann functions for all tested
glutamate concentrations. There is an additional glutamate-de-
pendent shift of the inactivation curve to more positive voltages
(Fig. 4E), resulting in a significantly decreased number of open
channels at voltages positive to —100 mV.
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FIGURE 4. Modulation of EAAT4 anion channel gating by L-glutamate.
A and B, voltage dependence of relative open probabilities at various [L-glu-
tamate] for WT (A) and D117A EAAT4 (B). C and D, voltage dependence of
relative open probabilities of the activation gate of WT (C) and D117A EAAT4
(D). E and F, voltage dependence of relative open probabilities of the inacti-
vation gate of WT (E) and D117A EAAT4 (F).

For D117A EAAT4, the activation curve is only slightly
affected by external [L-glutamate] (Fig. 4D). However, gluta-
mate removes inactivation in a concentration-dependent man-
ner (Fig. 4F).

Sodium Dependence of WT and Mutant EAAT4 Anion
Channels—Activity of EAAT anion channels critically depends
on external [Na*] (Fig. 5) (20, 30, 31). Removal of Na™ dramat-
ically decreases WT and mutant anion currents (Fig. 5, A and
D). However, the relative sodium-dependent steady-state
current amplitudes as well as the concentration dependence
of anion currents were different for WT and D117A EAAT4
(Fig. 5).

In the absence of glutamate at —125 mV, the sodium depen-
dence of WT EAAT4 can be described with a Hill function with
an apparent K, of 64.8 = 6.6 mm and a Hill coefficient of 2.1 =
0.3 (n = 4; Fig. 5B). At +125 mV, the K, was significantly larger,
precluding accurate determination under our conditions (Fig.
5B). Saturating [L-glutamate] (5 mm) decreased the apparent K,
values at positive (at +125mV: K, =10.9 £ 0.5 mm, n;; = 1.5 =
0.1 (n = 5)) as well as at negative potentials (at —120 mV: K, =
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39 £ 03 mMm, ny = 2.6 £ 0.1 mm, n = 5) (Fig. 5C). D117A
changes apparent dissociation constants, Hill coefficients, and
the voltage dependence of the anion current modification by
Na* (Fig. 5D). At negative voltages D117A EAAT4 was only
slightly activated by sodium in the absence of L-glutamate (Fig.
5, Dand E). At +125 mV, Na* increases D117A EAAT4 anion
currents witha K, =13.1 = 0.8 mmand n;; = 1.5 £ 0.3 (n = 7)
(Fig. 5E). At [L-glutamate] = 5 mMm, D117A EAAT4 anion cur-
rents were decreased at negative potentials and increased at
positive voltages (K, = 7.0 = 0.9 mm, n;; = 1.2 = 0.2 (n = 4))
(Fig. 5, D and F).

Anion Dependence of WT and Mutant EAAT4 Anion
Channels—The alteration of the unitary conductance of
EAAT4 anion channels (Fig. 2F) suggested that D117A might
affect gating via altered anion dependence (5). We therefore
studied WT and mutant EAAT4 anion channel gating at differ-
ent external [NO; ] in the presence of saturating [glutamate]
(Fig. 6).

Atan external nitrate concentration of 1 mm, WT anion cur-
rent deactivation at negative voltages is much more pro-
nounced than under standard conditions (Fig. 6A). In contrast,
varying external [NOj;] did not change the time and voltage
dependence of D117A anion currents (Fig. 6B). To study the
role of permeant anions in modifying anion channel gating, we
determined relative open probabilities as well as activation and
deactivation time constants in the presence of different exter-
nal [NO; ] (Fig. 6). In WT EAAT4, activation curves are shifted
to more positive potentials with decreasing [NO;] (Fig. 6C).
Deactivation time constants are increased in a concentration-
dependent manner (Fig. 6E). These results indicate that NO5
prevents closure of the activation gate. No anion dependence of
WT channel inactivation could be observed (data not shown).

D117A abolishes anion-dependent gating of EAAT4 anion
channels. Neither activation time constants nor voltage de-
pendence of activation of D117A EAAT4 was modified when
[NO; '] was changed between 10 and 140 mm (Fig. 6, D and F).
With external glutamate, D117A EAAT4 did not inactivate at
any tested [NO; ].

Gating of EAAT4 Anion Channels Is Not Exclusively Deter-
mined by Transitions within the Glutamate Uptake Cycle—All
kinetic models of glutamate transporters published so far are
based on a tight coupling between transitions in the glutamate
uptake cycle and opening and closing of the anion channel. In
these models, distinct open probabilities are attributed to cer-
tain states of the transport process (21, 25, 31). Modification of
the anion channel function might be caused either by altered
distribution of the transporter within the uptake cycle or by
changes of anion channel open probabilities assigned to the
different states.

We studied whether gating of WT and D117A EAAT4 anion
channel gating can be described by a modification of the most
complete existing kinetic model that was developed for EAAT2
(25) (Fig. 7A). Because glutamate uptake by EAAT4 is thought
to occur by the same molecular mechanism and stoichiometry
as in EAAT?2 (21) and because our analysis is based on steady-
state conditions, we decided to use the same uptake cycle rate
constants as for EAAT2 (25). To account for EAAT4-specific
channel gating, we attributed open probability values (p, to p,)
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FIGURE 5. Sodium dependences of WT and mutant EAAT4. A and D, representative current recordings of WT (A) and D117A (D) EAAT4 in the absence of
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dependence of late WT (B and C) and D117A EAAT4 anion currents (E and F), in the absence (B and E), or in the presence of external glutamate (Cand F).

to several states of the transport cycle (24). These parameters
were estimated for WT and D117A by fitting simulated open
probabilities to experimentally determined absolute open
probabilities at various voltages and [L-glutamate] (supple-
mental Table S1).

Initially, we assumed independence of the transport cycle
and the channel state (referred to as model 1; Fig. 7A) and thus
assigned open and closed channel state to various states of the
transport cycle. For WT EAAT4 this approach did not succeed
in defining parameters that correctly predict the experimen-
tally determined absolute open probabilities and their voltage
dependence. The model was only able to mimic certain aspects
of EAAT4 gating when measured open probabilities were
scaled down at least 5-fold for the fitting process. However,
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the model was able to reproduce the main features of D117A
gating, such as the shift of the voltage dependence of the
open probability to the right, absolute open probabilities,
and the glutamate dependence of the mutant transporters
(Figs. 2H and 7B). We conclude from this simulation that
WT EAAT4 anion channel gating is only partially deter-
mined by transitions within the uptake cycle.

Because the external anion concentration modifies gating of
WT EAATA4 (Fig. 6), we extended model 1 by adding open states
branching from the transport cycle (model 2; Fig. 7C). In this
scheme, the uptake cycle cannot proceed as long the channel is
open, resulting in a switch between transport and anion con-
duction mode. Such a modification gave almost perfect predic-
tions for absolute open probabilities in the presence and
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EAAT?2 and EAAT4 (Fig. 7D). Fur-
thermore, model 2 relates the gluta-
mate-induced reduction of channel
open probability at negative poten-
tials in D117A EAAT4 and the
altered response to sodium applica-
tion to the simple assumption of
changed open probability values
(p; to p,) in the D117A mutant
(supplemental Fig. S2).

DISCUSSION

EAATs function as coupled
transporters and also as anion chan-
nels. Differences in anion selectivity
among distinct EAAT isoforms (5),
mutagenesis studies (19, 32), and
reconstitution experiments with
purified bacterial homologs (33)
demonstrated that the anion con-
duction pathway is formed by the
EAAT protein itself. Bi-ionic rever-
sal potentials depend on the abso-
lute concentration of anions, indi-
cating that anion permeation occurs
through a multi-ion aqueous con-
duction pathway (5) and not by
alternating access-type transport
processes.

So far, the anion-selective pore of
EAAT anion channels has not been
identified. Moreover, the basic fea-
tures of EAAT4 anion channels
have been unclear for many years. In
a recent review, Vandenberg et al.
(34) distinguished two types of
EAAT-associated anion conduc-
tances. The so-called anion leak
conductance is active in the absence
of glutamate and depends on the
extracellular [Na*]. Application of
glutamate induces a substrate-acti-
vated anion conductance that dif-
fers from the leak current in relative
anion permeabilities (5, 19, 32). Two
alternative explanations for these
functional alterations were dis-
cussed (34), a single ion conduction
pathway that is functionally modi-
fied by substrates and a separate
substrate-dependent  conduction
pathway. Our results strongly sup-
port the first possibility. Glutamate
modifies neither the unitary con-
ductance nor the number of active

absence of glutamate in both WT and D117A except for some anion channels (Fig. 2). Moreover, leak and substrate-depen-
deviations in the glutamate dependence at negative voltages, dent conductances exhibit closely similar voltage-dependent
which might be due to differences in the substrate affinities in ~ gating (Fig. 1). Our finding that glutamate does not affect uni-
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D, simulated WT and D117A EAAT4 activation curves using model 2 shown in C.

tary current amplitudes shows evidence contrary to the recent
proposal that distinct states of the glutamate transport cycle
assume anion conducting states with different unitary conduc-
tances (12).

In the absence of glutamate, WT and D117A EAAT4 anion
channels exhibit comparable absolute open probabilities (Fig.
2). However, whereas glutamate increases WT EAAT4 anion
currents up to 4-fold, D117A EAAT4 anion currents are only
slightly augmented at positive potentials and even decreased at
negative voltages. In contrast to the virtual glutamate inde-
pendence of D117A EAAT4, mutant channels were activated
by increasing external [Na™] to a similar extent as WT. D117A
therefore does not affect anion current amplitudes by disabling
the anion channel gate as proposed for D112A EAAT1 (19) but
rather by modifying its opening and closing processes. In agree-
ment with this notion, D117A results in pronounced changes in
the voltage dependence of EAAT4 anion channel gating (Fig. 1).

D117A modifies various pore properties of EAAT4 anion
channels. Noise analysis reveals decreased unitary current
amplitudes by ~40% without changes in rectification. D117A is
thus the first reported mutation that modifies unitary conduc-
tances of the EAAT anion channel. In agreement with alter-
ation of pore properties, D117A EAAT4 anion channels exhibit
altered relative anion permeabilities. Relative permeabilities
and conductivities were decreased for NO; . Taken together,
these results indicate that Asp''” is in close spatial proximity to
the anion conduction pathway. However, the finding that neu-
tralizing a negative side chain decreases anion transport rates
suggests that permeating ions are not in contact with the Asp**”
side chain.

23684 JOURNAL OF BIOLOGICAL CHEMISTRY

Single channel amplitudes of WT and mutant EAAT4 are
below the resolution limit of single channel recordings and can
therefore only be studied by noise analysis. We used a modifi-
cation of stationary noise analysis that utilizes linear fits and
extrapolation to the y axis intercepts (22, 24) (Fig. 2, C and D).
Under certain conditions this approach requires extrapolation
over substantial relative current intervals. In this case extrapo-
lation might cause significant errors in y axis intercepts even for
moderate errors in slope factors. Several lines of evidence sup-
port the notion that we accurately determined unitary conduc-
tances and absolute open probabilities. Standard errors of uni-
tary current amplitudes are quite small. Moreover, unitary
current amplitudes determined by data extrapolation resemble
amplitudes determined using another mathematical approach.
Lastly, absolute open probabilities were determined with two
different approaches, and both approaches resulted in compa-
rable values.

D117A causes pronounced alterations of voltage-dependent
gating (Fig. 1). To describe these alterations in detail, WT and
mutant EAAT4 anion channel gating was analyzed under a
variety of conditions. WT anion channels exhibit two different
gating processes with inverse voltage dependence. Separation
of these two processes (supplemental Fig. S1) demonstrated
that one of these processes, depolarization-induced activation,
is affected by glutamate and by the external anions. Glutamate
shifts the activation curve to more positive potentials (Fig. 4),
whereas external anions modify EAAT4 activation in a way
reminiscent of the “foot-in-the-door” phenomenon of potas-
sium channels (35). High external [NO; ] increases the proba-
bility of the channel to be open and slows channel deactivation
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(Fig. 6, C and E). These findings demonstrate not only that the
EAAT4 anion channel is a substrate-gated channel with a tight
coupling of channel opening and closing to conformational
changes of the corresponding carrier domain but that opening
and closing are also modified by occupation of the anion chan-
nel pore.

Depolarizing voltage steps not only activate WT EAAT4
anion channels but promote another gating process that we
refer to as channel inactivation. Glutamate also modifies the
voltage dependence of WT inactivation by shifting the voltage
dependence of inactivation to more positive potentials (Fig. 4).
In contrast to EAAT4 anion channel activation, inactivation is
not affected by external anions.

D117A abolishes glutamate and anion modulation of chan-
nel activation. Moreover, it shifts the voltage dependence of
channel activation to more positive voltages (Fig. 4). In con-
trast, EAAT4 anion channel inactivation is only slightly altered
by this point mutation (Fig. 4).

D117A modifies the sodium dependence of EAAT4 anion
currents in the absence as well as in the presence of glutamate
(Fig. 5). Increased [Na™] reduced D117A EAAT4 currents at
negative potentials but augmented current amplitudes at posi-
tive voltages. In contrast, Na* activates WT EAAT4 anion
channels over the whole voltage range (Fig. 5) (25, 36). Because
glutamate-associated changes of anion currents are too insig-
nificant to be accurately determined, we were unable to quan-
tify binding of glutamate to D117A EAAT4.

There are several possible explanations for the joint effects of
D117A on anion conduction and on the substrate dependence
of anion currents. Asp''” could be in close proximity to the
anion conduction pathway as well as to the sodium-binding
sites. At present, high resolution structures exist for the archeal
transporter Glt,, in two conformations, one with substrate-
binding sites accessible to the external medium, in the outward
facing conformation (9), and another one in the inward facing
conformation (11). Comparison of the two conformations lead
to the definition of a “trimerization domain” (containing TM1,
TM2, TM4, and TM5) that is largely immobile and a “translo-
cation domain” undergoing substantial movements during the
glutamate transport process (11). The loop between TM2 and
TM3 marks the border between the two domains. During the
transitions between the outward and inward facing conforma-
tions, TM3 is shifted relative to TM2, resulting in an altered
orientation of TM2-TM3 loop. Asp''” is not conserved in
Glt,, (supplemental Fig. S3A). However, homology models of
EAAT4 to Glt,, structures predict a rotational movement of
Asp''”, as part of the TM2-TM3 loop, upon transition from
the outward to the inward-facing conformation (supplemental
Fig. S3B). One might speculate that D117A primarily affects
this transition and that changes in the uptake cycle are the basis
of the observed alterations in anion channel gating. Two lines of
evidence argue against such an explanation. In EAAT1, D112A
resulted only in minor alterations of glutamate uptake (19).
Moreover, D117A-induced alterations of EAAT4 anion chan-
nel gating cannot be simulated by varying the rate constants for
the glutamate translocation connecting inward and outward
facing conformation (data not shown).
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The distance between Na™ ions and Asp''” is between 16 A
in the inward and 24 A in the outward facing conformation
(supplemental Fig. S3B). This distance makes a direct effect on
Na™ binding unlikely. This notion is further supported by the
finding that D117A modifies Na* binding in the absence and in
the presence of glutamate (Fig. 5) and that neutralization of
negatively charged residue cannot increase the affinity of Na*-
binding sites by direct electrostatic interaction. Finally, Asp*'”
is conserved in Escherichia coli glutamate transporter, which
functions independently of Na™ (37).

Alternatively, D117A might cause global conformational
changes that affect secondary active transport and channel
function. The structural conservation of prokaryotic and
eukaryotic transporters together with the lack of an acidic res-
idue in Glt,,, at this position (9) argues against this possibility.

WT EAAT4 anion channel gating is only predicted by a
kinetic model in which anion channel opening locks the uptake
cycle in its current state (Fig. 7, C and D). In contrast, D117A
EAAT4 gating is well described by conventional models (Fig. 7,
A and B). We therefore postulate that D117A affects transitions
between transporter and channel function of EAAT4. These
changes modify EAAT4 anion channel gating and result in
altered apparent sodium dependence without a direct effect on
Na™-binding sites (supplemental Fig. S2).

Because permeant anions modify WT but not D117A
EAAT4 anion channel gating (Fig. 6), it is tempting to speculate
that binding of permeant anions might be necessary for this
transition in WT but not in mutant EAAT4. Transitions
between the two functional modes of EAATs have not been
experimentally demonstrated so far. Such a scenario, however,
predicts the existence of transporters with high transport rates
and low relative anion currents and others with low transport
rates and large relative anion currents (21, 22). Moreover, it
explains how external NO3 can reduce proton transport rates
of glutamate transporter in salamander retina glial cells (38)
without being cotransported (2).

In summary, we have studied the role of a pore-forming res-
idue for the function of EAAT4 anion channels. Our data sug-
gest an important role of anions in determining opening and
closing of EAAT anion channels. A neutralizing mutation in a
conserved aspartate (D117A) affects anion permeation and
binding and, via modifying its anion dependence, the opening
and closing transitions of EAAT anion channels.
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