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Abstract The steady-state and pre-steady-state Kinetics of
glutamate transport by the neuronal glutamate transporter
EAACI1 were determined under conditions of outward glutamate
transport and compared to those found for the inward transport
mode. In both transport modes, the glutamate-induced current is
composed of two components, the coupled transport current and
the uncoupled anion current, and inhibited by a specific non-
transportable inhibitor. Furthermore, the glutamate-independent
leak current is observed in both transport modes. Upon a
glutamate concentration jump outward transport currents show a
distinct transient phase that deactivates within 15 ms. The results
demonstrate that the general properties of EAAC1 are
symmetric, but the rates of substrate transport and anion flux
are asymmetric with respect to the orientation of the substrate
binding site in the membrane. Therefore, the EAAC1 anion
conductance differs from normal ligand-gated ion channels in
that it can be activated by glutamate and Na* from both sides of
the membrane. © 2001 Federation of European Biochemical
Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

In the mammalian brain, L-glutamate is the major excita-
tory neurotransmitter [1]. It is responsible for chemical signal
transmission at the synapse and leads in high concentrations
to excitotoxicity [2]. Glutamate is removed from the synapse
by active uptake mediated by high affinity plasma membrane
glutamate transporters. In order to maintain a 10°-fold con-
centration gradient of glutamate across the membrane, the
uptake of one glutamate molecule is coupled to the co-trans-
port of three sodium ions, one proton and the countertran-
sport of one potassium ion [3]. In addition to their transporter
function, glutamate transporters are associated with an anion
conductance [4-7], which shows glutamate-dependent and glu-
tamate-independent components, but strictly requires the
presence of Na™ [5,8.9].

Under pathophysiological conditions, such as energy depri-
vation or ischemia, glutamate transporters catalyze the efflux
of glutamate from the cytosol of glial and neuronal cells into
the synaptic cleft [10,11], although the affinity for glutamate
on the intracellular side is 40-fold lower compared to the
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extracellular side [12]. However, apart from the apparent af-
finity of EAACI for glutamate not much is known about the
thermodynamic and kinetic properties of glutamate transport-
ers in the outward transport mode. Therefore, we focused in
this work on the investigation of the neuronal glutamate
transporter subtype EAACI1 (excitatory amino acid carrier
1) under outward transport conditions and compared the re-
sults to those obtained for the inward transport mode in order
to test whether EAAC1 operates symmetrically. Some of the
important questions that are addressed here are: (i) Do non-
transportable inhibitors bind to the intracellular side of
EAACI1? (i) Can the glutamate-induced and the leak anion
conductance be activated by applying substrates to the intra-
cellular side of EAAC1? (iii) Is it possible to detect pre-
steady-state transient currents in the outward transport
mode? To answer these questions we used a combined ap-
proach of current recording from EAACI1 expressing cells
together with a rapid chemical kinetic technique to apply glu-
tamate to the intracellular side of EAAC1 within 100 ps
[8,12].

2. Materials and methods

2.1. Expression and electrophysiological recording

Rat EAACI c¢cDNA [13] was used for transient transfection of sub-
confluent human embryonic kidney cell (HEK293, ATCC No. CGL
1573) cultures with the calcium phosphate-mediated transfection
method [14] as described [8]. Electrophysiological recordings were
performed 24 h after transfection for 3 days with an Adams and
List EPC7 amplifier under voltage-clamp conditions in the inside-
out and whole-cell current recording configuration [15]. The typical
resistance of the recording electrode was 300400 kQ (patch) or
2-3 MQ (whole cell). Recording solutions: pipet solutions (in mM)
130 KSCN or KCl, 2 MgCl,, 10 TEACI, 10 EGTA and 10 HEPES
(pH 7.4/KOH); bath solutions (in mM) 140 NaCl or NaSCN,
2 MgCl,, 2 CaCl,, 30 HEPES (pH 7.4/NaOH). The blocker pL-
threo-f-benzyloxyaspartate (TBOA) was obtained from Tocris (Bris-
tol, UK). All the experiments were performed at room temperature
and repeated at least five times with at least two different patches/cells.
The error bars represent the error of a single measurement
(mean+S.D.).

2.2. Laser-pulse photolysis and solution exchange

Solution exchange was performed by means of a quartz tube (open-
ing 350 um) positioned at a distance of =0.5 mm from the cell. The
flow velocity of the solutions emerging from the opening of the tube
was approx. 5-10 cm/s. Laser-pulse photolysis experiments were per-
formed as described previously [16]. aCNB-caged glutamate (Molec-
ular Probes) in concentrations of <6 mM or free glutamate were
applied to the cells and photolysis of the caged glutamate was initi-
ated with a light flash (500-840 mJ/cm?2, 340 nm, 15 ns, excimer laser
pumped dye laser, Lambda Physik, Gottingen, Germany). The light
was coupled to a quartz fiber (diameter 365 um) that was positioned
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in front of the cell at a distance of 300 um. The released glutamate
concentration was estimated by comparison of the steady-state cur-
rent with that generated by rapid perfusion of the same cell or patch
with 0.1 mM or 5 mM glutamate [17].

Data were recorded using the pClamp6 software (Axon Instru-
ments, Foster City, CA, USA), digitized with a sampling rate of
1 kHz (solution exchange) or 25 kHz (laser-pulse photolysis) and
low pass-filtered at 250 Hz or 3 kHz, respectively.

3. Results and discussion

Electrophysiological experiments on EAACI in the inward
transport mode revealed three individual EAACI-associated
currents: the Na'/K*t-coupled glutamate transport current
I Glu™ K the glutamate-induced uncoupled anion current
1 dant‘gmc and the glutamate-independent leak anion current
Linionic [8,18]. All three EAACI1-associated currents can be in-
hibited by the competitive blocker TBOA [8]. The experiments
described below compare these different current components
of glutamate transporters in the inward transport mode with
those found in the outward transport mode.

3.1. Symmetry of glutamate-induced transport and
anion currents

First, we determined the relationship between the glutamate
transport current IGu e and the glutamate-induced anion
current IaGnlluOmc for EAACI in the inward transport mode.
Whole-cell current recordings on HEKgaac) cells were per-
formed with a chloride-based pipet solution (intracellular).
The application of a saturating concentration of glutamate
(125 uM) in a chloride-based bath solution (extracellular)
leads to an inward current as shown in Fig. 1A. Under these
conditions and with 0 mV transmembrane potential only
ISL“J/IU is observed, which is associated with the movement
of two positive charges into the cell. In contrast, the applica-
tion of glutamate in a SCN™-based bath solution on the same
cell resulted in a current in the opposite direction (Fig. 1A).
Since EAACI is quite permeable for SCN™ Nd, /K is now
superimposed by the glutamate-induced anion current /¢! o nics
which is outwardly directed (SCN™ influx). The ratio between
I%{/w and IAGHI[”onlc is 1:(3.7%20.7) (Fig. 1C). This result dem-
onstrates that approximately eight SCN™ ions move across
the membrane in one EAACI transport cycle, under these
conditions. The same experiment was repeated on inside-out
patches for EAACI in the outward transport mode (Fig. 1B).
Here, the application of a saturating concentration of gluta-
mate [12] leads to a positive transport current IS;L /K since
the outward transport of glutamate is associated with the
movement of positive charge from the intracellular to the
extracellular side. After replacing intracellular CI™ with
SCN™ the glutamate-induced current was inwardly directed,
showing that outward movement of SCN™ generates a current
in the opposite direction compared to the glutamate transport
current. For EAACI in the outward transport mode the ratio
between IS;L/IU and 7S . is 1:(1.45%0.1) (Fig. 1C). These
findings directly demonstrate that (i) the glutamate-dependent
anion conductance can be evoked by application of glutamate
to the intracellular side of EAACI, as was previously pro-
posed for glial glutamate transporters in Miiller cells [19]
and is shown schematically in Fig. 3B, and (ii) in the outward
transport mode the anion current contributes to the gluta-
mate-induced signal to a smaller extent compared to
EAACI in the inward transport mode.
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Fig. 1. A: Whole-cell current recordings of an EAACI expressing
HEK?293 cell upon rapid application of 125 uM glutamate (indi-
cated by the bar) preincubated in a NaSCN-based (upper trace) or
NaCl-based (lower trace) bath solution (KCl-based pipet solution,
0 mV transmembrane potential). Leak currents were subtracted.
B: Same conditions as in A on an inside-out HEKgaac) patch with
the application of 5 mM glutamate. The lower trace (NaSCN-based
bath solution) was low-pass filtered at 40 Hz. C: Relative magni-
tude of IS and INd‘/K, for EAACI in the inward and the out-

anionic
ward transport mode (n =4-6).

3.2. EAACI is inhibited by TBOA in the outward transport
mode

We then asked the question whether the glutamate-induced
current of EAACI in the outward transport mode can be
blocked by the competitive inhibitor TBOA, as reported for
EAACI in the inward transport mode [8,20]. To test this, a
nearly half-saturating concentration (0.2 mM) of glutamate
[12] was applied to inside-out excised membrane patches.
The additional application of TBOA resulted in an inhibition
of the glutamate-induced current with an apparent K; value
for TBOA of 150+20 uM (Fig. 2A). Thus (i) TBOA is a
blocker on the intracellular side of EAACI and (ii) the intra-
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Fig. 2. A: Determination of the apparent K; value for TBOA in the
presence of 0.2 mM glutamate and a holding potential of 0 mV on
inside-out HEKgaac) patches. The data were fitted with the func-
tion I=Kj/(K;+[TBOA]), with K;=0.15£0.02 mM (solid line).
B: Inside-out patch recording from a HEKgaac) cell upon applica-
tion of 5 mM glutamate (upper trace) or | mM TBOA (lower
trace). The transmembrane potential was set to 0 mV, KSCN-based
pipet solution. C: Relative magnitudes of glutamate-induced and
TBOA-induced whole-cell currents (inward transport) or inside-out
patch currents (outward transport) (n=2-5).

cellular binding site of TBOA has an approx. 100-200-fold
lower affinity than the one located on the extracellular side
of EAACI. A qualitatively similar effect was found previously
for the binding of glutamate to EAACI by comparing its
apparent dissociation constant in the inward and outward
transport mode [12].

3.3. Glutamate-independent anion conductance
For EAACI in the inward transport mode it was shown
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that TBOA inhibits the glutamate-independent leak anion
current Iynionic [8,9]. Under these conditions the application
of TBOA to the extracellular side of EAACI in the presence
of intracellular SCN™ and the absence of glutamate leads to
an outward current, caused by inhibiting the continuous efflux
of SCN™ (Lanionic). The same experiment was repeated for
EAACI in the outward transport mode by applying TBOA
from the intracellular side and with SCN™ on the extracellular
side (pipet solution). As shown in Fig. 2B, a small but signifi-
cant inward current was detected (n =2). The amplitude of the
TBOA-induced current showed no difference when either
I mM or 2 mM TBOA was applied, indicating that these
concentrations are saturating the TBOA binding site on
EAACI. The ratio between the glutamate-induced current
(5 mM) and the TBOA-induced current was 1:(0.05%0.01)
for EAAC1 in the outward transport mode and
1:(0.21£0.05) for EAACI in the inward transport mode
(Fig. 2C). These results demonstrate that (i) Injonic can be
carried by EAACI under conditions that favor outward trans-
port (see Fig. 3B) and (ii) the leak anion conducting state in
the absence of glutamate seems to be less populated under
outward transport than under inward transport conditions,
similar to our findings for the glutamate-dependent compo-
nent of the anion conductance.

3.4. Time-resolved measurements on EAACI in the outward
transport mode

The onset of the current of EAACI evoked by rapid solu-
tion exchange in the inside-out patch configuration is rela-
tively slow with rise times in the 100 ms-to-second range,
even when applying supersaturating concentrations of gluta-
mate, as shown in Fig. 2B. This is caused most likely by the
fact that the patch membrane is invaginated into the pipet.
Thus the Q shape of the inside-out patches reduces the high
time resolution [21], which can be achieved with outside-out
patches as demonstrated by Otis and Kavanaugh [18]. With
the laser-pulse photolysis technique and using oCNB-caged
glutamate as an inert photolabile glutamate precursor [8,12]
it was possible to circumvent this problem. Upon a glutamate
concentration jump to 1.5-1.8 mM a transient current com-
ponent preceding the stationary current was resolved, as
shown in Fig. 3A. The observed time constants are 0.5+0.1
ms for the current rise and 4.4+ 1.0 ms (n=2) for the current
decay in the presence of extracellular SCN™ (the current re-
flects a sum of SL“:/K_ and 7S . ). In addition, we observed
a slow component of the current decay, but since the ampli-
tude of this second phase was small (= 12% of the total cur-
rent) it was not evaluated quantitatively. Similar transient
currents were observed in the inward transport mode with
time constants in the presence of SCN™ in the range of
0.8+0.1 ms for the current rise and 9.4£0.9 ms (n=10) for
the current decay (Fig. 3). Thus the time constants determined
for EAACI in the outward transport mode are about half of
the time constants for EAACI in the inward transport mode
and resemble more the kinetics of the coupled transport com-
ponent current measured in the absence of SCN™ [8]. This
difference may be due to the fact that in the outward trans-
port mode the transport current contributes to a larger extent
to the glutamate-induced current than in the inward transport
mode (Fig. 1C). The observation of a pre-steady-state transi-
ent current suggests in both the outward and the inward
transport mode the existence of short-lived transporter reac-
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Fig. 3. A: Laser-pulse photolysis experiments on EAACI in the out-
ward transport mode (inside-out patch) and in the inward transport
mode (whole-cell current recording) with a KSCN-based pipet solu-
tion, NaCl-based bath solution and a transmembrane potential of
0 mV. The current traces were fitted with the following function:
I=1) exp(—t/Tgecay)+ 12 exp(—1/Tiise)+Iss. The parameters for outward
transport were: 6 mM caged glutamate~1.8 mM free glutamate,
Tise =0.410.1 ms and Tgecay =4.8£0.1 ms; inward transport: 1 mM
caged glutamate=150 uM free glutamate, 7 =0.9%0.1 ms and
Tdecay = 9.5£0.1 ms. B: Hypothetical mechanism for the glutamate-
independent leak anion conductance and the glutamate-induced
anion conductance for EAACI in the glutamate inward and out-
ward transport mode. The exact number of bound sodium ions re-
quired for activating the anion conducting modes is not precisely
known [9] and is, therefore, not specified in the mechanism shown
here.

tion intermediates. These transiently populated intermediates
precede steady-state turnover of EAACI.

3.5. Conclusions

We reported here that EAACI, under conditions of out-
ward transport, displays all three EAACl-associated current
components: the glutamate transport current I%‘f/w and
both anion conducting activities Ignlili);\ic and Iionic, @S was
previously shown for EAACI in the inward transport mode
[8,18]. Thus, the general mechanism of operation of EAACI is
symmetric with respect to the plane of the membrane, as
illustrated in Fig. 3B. These findings suggest that the behavior
of the glutamate-gated anion conductance of EAACI is more
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reversible transporter-like than ligand-gated ion channel-like,
since the latter channels are typically asymmetrically ligand-
gated from only one side of the membrane. The fact that
TBOA blocks both the glutamate-induced and the gluta-
mate-independent currents implies that TBOA, which is a
potent blocker of inward glutamate transport [22], also inter-
acts with the glutamate binding site on the intracellular side of
EAACI. Thus the geometry and specificity of the glutamate
binding site exposed to the cytosol appears to be quite similar
to that exposed to the extracellular side. This finding is con-
sistent with typical alternating access models of secondary
transport, in which the same binding site for the organic sub-
strate and co-transported ions can be exposed to either side of
the membrane, depending on the conformation of the trans-
porter. The thermodynamic apparent constants of substrate
and inhibitor binding as well as the kinetic constants for
pre-steady-state reaction steps, however, are asymmetric.
For example the 40-fold change in affinity of EAACI for
binding of glutamate to its intracellular site is mainly caused
by changes of equilibrium constants of other reactions under
steady-state conditions, such as proton binding to EAACI
[12]. A similar mechanism may hold for the affinity shift
found for TBOA. This asymmetry may also be responsible
for the lower population of the glutamate-dependent and glu-
tamate-independent anion conducting states and the change in
pre-steady-state kinetics of EAAC1 under outward transport
conditions. Finally, it is important to note that the results
presented here suggest that it will be possible to develop phar-
macologically active compounds that act on the intracellular
glutamate binding site of EAACI to prevent efflux of excito-
toxic glutamate under conditions of energy deprivation and,
thus, to alleviate the nerve damaging effects associated with it.
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