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ABSTRACT Excitatory amino acid transporters (EAATS) control the glutamate concentration in the synaptic cleft by glial and
neuronal glutamate uptake. Uphill glutamate transport is achieved by the co-/countertransport of Na* and other ions down their
concentration gradients. Glutamate transporters also display an anion conductance that is activated by the binding of Na* and
glutamate but is not thermodynamically coupled to the transport process. Of the five known glutamate transporter subtypes, the
retina-specific subtype EAATS5 has the largest conductance relative to glutamate uptake activity. Our results suggest that EAAT5
behaves as a slow-gated anion channel with little glutamate transport activity. At steady state, EAAT5 was activated by gluta-
mate, with a K,,= 61 + 11 uM. Binding of Na™ to the empty transporter is associated with a K., = 229 + 37 mM, and binding to
the glutamate-bound form is associated with a K, = 76 = 40 mM. Using laser-pulse photolysis of caged glutamate, we deter-
mined the pre-steady-state kinetics of the glutamate-induced anion current of EAATS5. This was characterized by two exponen-
tial components with time constants of 30 = 1 ms and 200 + 15 ms, which is an order of magnitude slower than those observed
in other glutamate transporters. A voltage-jump analysis of the anion currents indicates that the slow activation behavior is
caused by two slow, rate-limiting steps in the transport cycle, Na™ binding to the empty transporter, and translocation of the fully
loaded transporter. We propose a kinetic transport scheme that includes these two slow steps and can account for the experi-
mentally observed data. Overall, our results suggest that EAAT5 may not act as a classical high-capacity glutamate transporter

in the retina; rather, it may function as a slow-gated glutamate receptor and/or glutamate buffering system.

INTRODUCTION

Excitatory amino acid transporters (EAATs) 1-5 are
secondary-active transporters that contribute to the regula-
tion of the glutamate concentration in the synapse. Glutamate
transporters use the free energy stored in the transmembrane
concentration gradients of the cotransported Na®™ and K"
ions to maintain an up to 10°-fold glutamate concentration
gradient across the cell membrane. Glutamate transport is
coupled to the movement of three Na™ ions and one H,
and, in an independent step, the countertransport of one K"
ion. Therefore, two positive charges move into the cell for
each transported glutamate molecule, generating a steady-
state transport current. In addition to this transport current,
glutamate transporters also catalyze a thermodynamically
uncoupled anion conductance (1). This conductance may
not absolutely require the presence of extracellular Na™*
(2), but it is of much higher magnitude in the presence of
both Na™ and glutamate. For EAAT3, it has been shown
that the anion conductance reports on transitions in the trans-
port cycle (3,4). Therefore, investigators proposed that the
anion conductance is kinetically linked to glutamate trans-
port (3,5,6). Out of the five known glutamate transporter
subtypes, EAAT4 and EAATS are thought to have the most
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prominent anion conductance relative to their transport
capacity, representing >95% of the observed steady-state
currents (7,8). In the absence of permeable anions, glutamate
uptake can still take place, but the anion conductance cannot
be observed (9,10).

The subtypes EAAT1 and EAAT?2 are mostly expressed in
glia cells, whereas EAATs 3-5 are neuronal. EAATS was
first cloned by Arriza and co-workers (11) and has been
identified in bipolar cone and rod photoreceptor terminals,
as well as in axon terminals of rod bipolar cells (12,13). It
was also found in salamander Miiller cells and neurons,
and, more recently, in the brain of zebrafish (14). It has
been hypothesized that the large EAATS glutamate-gated
anion conductance can serve to regulate neuronal excit-
ability by clamping the membrane potential at an optimal
level. According to this hypothesis, the transporter acts as
a glutamate receptor that mediates a fast inhibitory feedback
regulation of the release of glutamate via activation of this
conductance, resulting in hyperpolarization of synaptic
membranes (15-18). However, although the transporters
EAAT1-4 have been functionally characterized in signifi-
cant detail, with EAAT4 showing different properties from
the EAATs 1-3 (4,19,20), the functional properties of the
retinal subtype EAATS are not known.

By studying the mechanism of glutamate transport/anion
conductance activation by EAATS, we may be able to obtain
a better understanding of the function of this transporter and
its importance for neuronal excitability in the retina. For this
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purpose, we expressed EAATS in HEK293 cells and per-
formed whole-cell current recordings coupled with laser
photolysis of 4-methoxy-7-nitroindolinyl (MNI)-glutamate.
In addition, we conducted voltage-jump experiments. The
results show that EAATS and the other glutamate transporter
subtypes share a similar mechanism, but EAATS has very
different transport kinetics and a lower affinity for glutamate
compared with the other subtypes. Furthermore, pre-steady-
state kinetics with glutamate concentration jumps showed
that the turnover rate of this transporter is at least an order
of magnitude lower than that of the other subtypes. The
voltage-jump experiments showed that the voltage depen-
dence of the anion current does not display the same
behavior as EAAC1 (EAAT3) or EAAT4. Our results
suggest that EAATS behaves as a slow-gated, glutamate-
dependent anion channel with little glutamate uptake
activity. It also has the potential to control glutamate
concentration by buffering at the visual synapse.

MATERIALS AND METHODS
Cell culture and molecular biology

HEK293 cells (No. CRL 1573; American Type Culture Collection) were
cultured as described previously (21). The cell cultures were transiently
transfected with EAATS5 cDNA (Origene, Rockville, MD) inserted into
a pBK-CMV-expression plasmid (Agilent Technologies, Santa Clara, CA)
with the use of a Fugene HD transfection reagent according to the protocol
supplied by the manufacturer (Roche, Indianapolis, IN), and 24-48 h after
transfection the cells were used for electrophysiological measurements.
Immunocytochemistry is described in the Supporting Material.

Whole-cell current recording

Glutamate-induced currents were measured in the whole-cell current-
recording configuration as described in the Supporting Material.

Laser-pulse photolysis and rapid solution
exchange

Laser-pulse photolysis experiments were performed as previously
described (4). In brief, glutamate or 4-methoxy-7-nitroindolinyl (MNI)-
caged glutamate (TOCRIS) was applied to the bath solution surrounding
the cells. Photolysis of caged glutamate was initiated with a light flash
(355 nm Nd:YAG laser, Minilite series; Continuum, Santa Clara, CA)
that was delivered to the cell with an optical fiber (350 um diameter). Laser
energies were varied in the range of 50-570 mJ/cm? with neutral density
filters. To estimate the concentration of photolytically released glutamate,
we calibrated the yield from the photolysis of 1 mM MNI-glutamate to
~200 uM liberated glutamate (20%) for the highest laser energy used
(550 wJ) at the end of the fiber that photolyzes the caged glutamate applied
to the cell, as determined by comparing the laser-induced signal with that
obtained by applying a standard concentration of glutamate, and the known
dose response curve. With the application of neutral density filters, the laser
energy was attenuated, resulting in lower percentage of release. This proce-
dure is described in detail elsewhere (21).

The data were low-pass-filtered at 1-20 kHz, digitized with a sampling
rate of 5-50 kHz, and recorded with the use of pClamp8 software (Molec-
ular Devices, Sunnyvale, CA).
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Data analysis and modeling

We analyzed the data using Origin software (OriginLab, Northampton,
MA) as described in detail elsewhere (19).

To further interpret our data, we performed simulations using Berkeley
Madonna software (www.berkeleymadonna.com) and numerically inte-
grating the differential equations pertaining to the simplified mechanisms
in Scheme 1. The details of the modeling can be found in the Supporting
Material.

RESULTS

Transport activity and glutamate-dependent
anion conductance

Functional characterization of the EAATS glutamate trans-
porter subtype was performed after transient expression in
HEK?293 cells. None of the polymerase chain reaction,
immunocytochemical, immunoblot, or electrophysiological
analyses indicated the expression of endogenous EAATSs
1-5 in HEK?293 cells. A colocalization analysis (Fig. 1 A)
of AcGFP-coupled-EAATS and the cell surface label, Alexa
Fluor 546 WGA, confirmed 60% plasma membrane locali-
zation of EAATS in HEK?293 cells. An immunoblot analysis
(Fig. 1 B) demonstrated heterologous expression of EAATS
with a similar electrophoretic mobility as determined for the
native EAATS (13). Membrane vesicles prepared from
HEK?293 cells expressing EAATS5 mediated Na™*-dependent
glutamate uptake (Fig. 1 C). Uptake was linear within the
first minute, with a rate of 7.8 * 0.4 pmol/(mg/min). It is
difficult to compare these uptake rates with previous results
from EAATs 1-3 in the HEK293 expression system (19);
however, they are roughly two orders of magnitude lower.
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SCHEME 1 Simplified kinetic schemes used in the modeling of EAATS
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FIGURE 1 Heterologous protein expression and
functional characterization of EAATS. (A) AcGFP-
EAATS expressing cells (green), counterstained
with TRITC wheat germ agglutinin (red) exhibit
63% * 6% membrane localization of EAATS
(yellow, n = 5). (B) Immunoblot analysis reveals
the typical broad electrophoretic mobility of
EAATs (lane 1: nontransfected; lane 2: EAACI-
transfected; and lane 3: EAATS-transfected cells).
Molecular mass markers (lane MW) are indicated
in kDa. (C) EAATS expression (solid squares)
significantly increases L-[°H]-glutamate uptake in
HEK293 cells (nontransfected HEK293, solid
circles), which is in the same range as that mea-
sured for EAAT4 (19).
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We performed whole-cell current-recording experiments
to characterize the steady-state properties of EAATS tran-
siently expressed in HEK293 cells. When methanesulfonate
(Mes™) was used as the sole anion, no currents were
observed in response to glutamate up to 1 mM (0 =+
3 pA). This suggests that EAATS turnover is too slow and/
or expression levels in the membrane are too low to generate
a measurable transport current. Therefore, we used the
glutamate-induced anion conductance in the forward trans-
port mode to obtain information about the glutamate trans-
port process. The observations that SCN™ is a highly
permeable ion in EAATS, and EAATS currents are mainly
carried by anions are in agreement with previous work
(11,17), and we used this anion conductance as a tool to
characterize the functional properties of this transporter.

In the presence of potassium thiocyanate (KSCN) inside
the pipette, we observed an inward current (—80 =+
25 pA, n = 5; Fig. 2 A) due to the outward movement of
SCN™ ions (see “Voltage dependence of the anion conduc-
tance” below), and this current was dependent on the
concentration of glutamate. The apparent K, for glutamate
in the presence of 140 mM Na™ is 61 + 11 uM, with a Hill
coefficient of n = 0.6 * 0.1 (Fig. 2 A). This result is in
agreement with values previously measured in oocytes

(11,22). These data suggest that EAATS has a significantly
lower affinity for glutamate than the other glutamate trans-
porter subtypes (3,5,19,21).

No significant currents were observed under more-physi-
ological conditions, i.e., in the presence of 140 mM extra-
cellular chloride and 30 mM KCI/110 mM KMes in the
intracellular solution (Ic;” = 11 = 9 pA, n = 5, at
0 mV). This result is expected if the permeability ratio
Psen/Pci = 70 (e.g., as in EAAT1 (3)). With an average
SCN -carried current of —80 pA, the chloride current would
be expected to be negligible.

Apparent Na™ affinity

In all other glutamate transporter subtypes of the solute
carrier 1 (SLC1) family (EAATs 3-5), a leak anion conduc-
tance was observed (reviewed in Grewer and Rauen (23)).
Likewise, for EAATS, in addition to the glutamate-depen-
dent anion current, we observed a leak anion current in
the absence of glutamate (11). This leak anion conductance
is inhibited by TBOA (22), resulting in an outward current
in the presence of intracellular anions. For EAATS, this inhi-
bition is dependent on the [TBOA], with an apparent K; of
04 = 0.1 uM and n = 1.1 = 0.3 (Fig. 2 B) in the same
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FIGURE 2 (A) Left: Typical anion current induced by the application of
60 uM glutamate. Right: Comparison of average responses to 100 uM
glutamate application of nontransfected control cells and cells transfected
with EAATS WT. Middle: Glutamate concentration dependence of
EAATS anion whole-cell currents. The currents were normalized to the
current at 1 mM glutamate. The data were fitted to the Hill equation with
an apparent K= 61 = 11 uM, n = 0.6 £ 0.1. (B) TBOA inhibition of
the leak anion current of EAATS, yielding K; = 0.4 = 0.1 uM. The trans-
membrane potential in A and B was 0 mV. Anion currents were recorded in
the presence of intracellular KSCN.

range as that of the other glutamate transporter subtypes
(22,24).

The activation of the leak anion conductance requires the
presence of extracellular Na* (Fig. S1 A). To determine the
apparent affinity of Na™ binding to the empty transporter,
we measured the [Na™] dependence of the leak anion
current in the absence of glutamate (Fig. S1 A). A small
current observed in nontransfected cells due to endogenous
conductances (—8 pA for [Na™] = 20 mM to —28pA, for
[Na'] = 300 mM) was subtracted from the total current to
yield the EAATS-specific leak current. The data were fitted
to the Hill equation with an apparent K, = 229 * 37 mM
and a Hill coefficient of n = 1.6 = 0.2. This K,,-value is
slightly higher than (but on the same order of magnitude
as) that observed in the other transporter subtypes (19,25).

We studied binding of Na™ to the glutamate-loaded trans-
porter in isolation by using a saturating glutamate concentra-
tion (10 mM) as described previously (4). The experiments
were performed in the forward transport mode with 140 mM
KSCN in the pipette solution, yielding a K, = 76 = 38 mM
(Fig. S1), which is in the same range as the values obtained
for the other transporter subtypes of this family (19,25).

Time dependence of glutamate-induced
anion currents

The time course of EAATS anion currents was determined
in the forward transport mode (KSCN inside the pipette)
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after a glutamate concentration jump induced by laser-pulse
photolysis of MNI-glutamate. In contrast to other trans-
porter subtypes (4,19), the resulting current did not show
an overshoot component; instead, it exhibited a slow rise
to reach a steady-state level after ~2 s (Fig. 3 A). The rise
of the current exhibited two phases and was best fit with
a two-exponential function, except at low concentrations
of glutamate, at which only one exponential component
was observed (Fig. 3, A-D). The fast phase of the current
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FIGURE 3 Photolysis of MNI-glutamate rapidly activates currents in
EAATS. Photolysis of 1 mM MNI glutamate results in activation of an
inwardly directed anion current (KSCN is present in the pipette solution).
The concentration of glutamate photolyzed can be controlled by the appli-
cation of neutral density filters. (A) Current resulting from the release of
51 uM glutamate (black), 18 uM glutamate (gray), and release of 11 uM
glutamate (light gray). The experiments were done at V = 0 mV. For gluta-
mate concentrations > 60 uM, for which the traces show two exponential
components, the ratio of the components was Al/A2.,) = 1.91 =
0.17. (B) Simulated currents for the same concentrations, according to
the model and parameters in Scheme 1. (C and D) Dependence of
EAATS pre-steady-state anion currents on the glutamate concentration.
(C) Dependence of the rate constant 1/7, on the glutamate concentration.
The solid and open squares correspond to the rate constants for the high
concentrations (where the fit had two phases) and low concentrations
(only one phase) of glutamate, respectively. (D) Time constant, 7y, for
the high glutamate concentration current releases.
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FIGURE 4 (A) Left trace: Simulation of the voltage dependence of anion
current traces in the forward transport mode. The simulation was done by
numerical integration of the pertinent differential equations, according to
the mechanism in Scheme 1. The right panel illustrates the voltage jump
protocol used to measure the current traces shown in B. (B and C)
Voltage-jump-induced current relaxations in EAATS, in forward mode,
with SCN -inside (KSCN) in the pipette solution. The protocol starts at
0 mV, has a jump to +60 mV, and then jumps to —90 mV and finally to
0 mV, as depicted in A. The purpose of the initial jump is to increase the
amplitude of the observed currents. (B) Typical signals obtained through
subtraction of current traces were recorded as indicated at the bottom of
each picture: (left) subtraction of the traces with glutamate from the traces
recorded in the presence of TBOA, (center) subtraction of the traces in the
absence of glutamate (extracellular 140 mM sodium chloride solution; see
Materials and Methods) from the traces with TBOA, and (right) subtraction
of the traces in the presence of glutamate (sodium solution as in center)
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rise was dependent on the glutamate concentration, with an
increasing rate at higher glutamate concentrations. The rate
constant associated with the slow phase, 7, =200 = 15 ms,
was found to be independent of glutamate concentration.
The time constants associated with these currents are one
order of magnitude slower than those observed for the other
glutamate transporter subtypes. These results indicate that
a comparatively slow step in the transport cycle limits the
overall turnover rate as well as the speed of anion current
activation. The time course of the current decay after gluta-
mate removal is shown in Fig. S4.

Voltage-jump-induced pre-steady-state currents

As an alternative to obtaining pre-steady-state kinetic data,
we perturbed the steady state by applying step changes in
the membrane potential, and then measured the current
relaxations to the new steady state (Fig. 4 A and Fig. S2
A). The experiments were performed either with SCN™ in
the pipette solution or SCN™ in the externally applied solu-
tions. With SCN™ inside, the voltage protocol consisted of
a prepulse to +60 mV followed by a voltage step to the final
voltage, ranging from —90 mV to +60 mV. The prepulse
was used to obtain a larger change in anion channel open
probability due to the larger AV. With SCN™ outside, the
protocol was reversed, with a prepulse voltage of —90 mV
instead of 460 mV.

Representative results of the voltage-jump experiments in
the presence of extracellular glutamate are shown in Fig. 4 B
(left panel). When SCN™ was on the inside, jumps to a more
negative membrane potential resulted in an instantaneous
increase in the inward current due to the increase of the elec-
trical driving force for anion outflow. The time constant of
this process was ~200 *= 100 us, in the same range as
that observed for charging the membrane (26). The voltage
dependence of the instantaneous phase of the current relax-
ation is consistent with this interpretation (Fig. 4 C). After
this instantaneous phase, we observed a slow rising phase
of the inward current, most likely due to a slow increase
of the open probability of the anion channel at more

from the traces in the absence of glutamate. The Glut-Na traces were
included to enable comparison with the large amount of data available
for glutamate transporters in this mode. (C) Voltage dependence of 7 (initial,
black) and Iss (steady-state, red) currents for each of the plots. The currents
are normalized to the observed steady-state current at —90 mV, for each of
the conditions. The stars denote significance. The glutamate concentration
was 60 uM (close to the K,-value) and the TBOA concentration was
100 uM (saturating). (D) Voltage dependence of the additional relaxation
component of the anion current, due to a slow relaxation to a new steady
state with different open probability, 7-values for the voltage induced
increase in conductance (relaxation) to a new steady state, with
SCN -inside in the pipette solution (as in B and C). For comparison, the
1/7-value obtained using a glutamate concentration jump in the laser
photolysis experiments, under the same experimental conditions, is plotted
as the red data point.
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negative membrane potentials. At 0 mV, the time constant of
this phase was 265 ms, which is comparable to the time
constant observed in the concentration jump experiments
(the voltage dependence is shown in Fig. 4 C).

‘When the membrane potential was stepped from —90 mV
back to 0 mV, we observed a fast phase of the current deac-
tivation, indicative of the reduced driving force for SCN™
outflow, followed by a slow decay to a new steady-state
level. This decay was fitted best with two exponentials: a
slow component with a time constant of 31 *+ 29 ms, and
a fast component with a time constant of 0.9 *+ 0.8 ms.
This slow decay is caused by a slow, time-dependent reduc-
tion of the anion channel open probability back to its steady-
state level at 0 mV.

As shown in Fig. 2 B, EAATS also catalyzes an anion leak
current that is activated by Na' in the absence of glutamate
and is inhibitable by TBOA. The leak current is associated
with a biphasic time dependence in response to voltage jumps
(Fig. 4 B, middle panel), with a fast, instantaneous phase
(change in the driving force for SCN™ outflow) and a slow
relaxation to a new steady state (7 = 18 = 5 ms; — 90 mV
and 72 * 40 ms; O mV). This relaxation is indicative of an
increase in the open probability of the anion channel with
increasing negative transmembrane potential.

Binding of Na™ ions to the glutamate-free form of other
glutamate transporter subtypes was shown to be voltage-
dependent, with negative membrane potentials favoring
the Na*-bound state (19,27).This raises the possibility that
the slow, voltage-dependent current relaxation is caused
by Na™ binding/unbinding from the EAATS transporter. In
other subtypes, these binding/unbinding events were associ-
ated with a transient charge movement induced by voltage
jumps. When EAATS5-expressing cells were subjected to
voltage jumps in the absence of permeant anions, no tran-
sient currents were observed (I = 0 = 26 pA). Therefore,
either Na™ binding is not electrogenic in EAATS or, more
likely, it is too slow to be observed as a measurable current.
Because the time constant of the EAATS Na™ binding event
is expected to be in the 40 ms range (at 0 mV), which is 100
times larger than the time constant of this event in EAAC1
(4,21), the EAATS5 peak transient current amplitude per
transporter is expected to be 100 times smaller than that
observed in EAACI. Therefore, the resulting current is ex-
pected to be at or below the detection limit of our patch-
clamp apparatus.

The presence of permeant anions can potentially affect
the transport properties, as previously suggested for
EAAT4 (19). To test this possibility for EAATS, we per-
formed a voltage-jump analysis after reversing the SCN™~
gradient (SCN™ only present in the extracellular solution
(Fig. S2 B), with CI™ inside). As expected for SCN™ inflow,
anion currents were outwardly directed at all membrane
potentials (Fig. S2 C) and increased with increasing
membrane potential. The leak anion currents (absence of
glutamate) showed the time dependence expected from the
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SCN™-inside experiments, with a slow increase in anion
channel open probability with increasingly negative trans-
membrane potential (Fig. 4 B, middle panel). However,
for the glutamate-induced anion current, the slow phase of
the anion current present in SCN -inside conditions
(Fig. 4 B) was not observed in SCN -outside conditions
(Fig. S2). This result indicates that the kinetics of anion
current activation by glutamate depend on the direction of
the [SCN ] gradient across the membrane, suggesting that
the anion has other roles than just passively reporting on
transitions in the transport cycle. The time constants associ-
ated with these voltage-jump-induced relaxation currents
are voltage-dependent (Fig. 4 D and Fig. S2 D), with the
relaxation being accelerated by negative transmembrane
potentials. For SCN™ inside, a single-exponential fit of the
traces yielded time constants between 7 = 17 (for V =
—90 mV) and 330 ms (for V=0 mV). These time constants
are on the order of magnitude of the time constants
measured after a rapid glutamate concentration jump (per-
formed at 0 mV; red square in Fig. 4 D).

To test whether the slow phase of the anion current acti-
vation is only caused by slow Na™ binding, which precedes
glutamate binding, we performed experiments in the homo-
exchange mode (Fig. S3). The aim of these experiments
was to restrict the transporter to transitions associated
with translocation only, although the low affinity for the
extracellular Na™ binding step after glutamate binding pre-
vented us from fully saturating this Na™ binding site. Under
these conditions, the slow rising phase of the anion current
was reduced in amplitude but still present (Fig. S3), suggest-
ing that processes associated with translocation and/or Na™
binding to the glutamate-bound form of EAATS are also
slow (1 = 88 £ 61 ms, V= —60 mV).

DISCUSSION

The glutamate transporter family consists of five members
(EAATSs 1-5), and three of these (EAATSs 1-3) were previ-
ously found to have similar functional properties (4,6,27).
In contrast, it was proposed that EAAT4 and EAATS5 behave
differently because they have a much higher anion conduc-
tance, relative to their transport activity, than the other
subtypes (3,11,16,19,27). It is also known that EAAT4
has a much slower transport rate than EAAT3 (19). The
main new (to our knowledge) finding of this study is that
these functional and kinetic properties are even more
different for EAATS. Currents carried by this transporter
are carried predominantly by the anion conductance, and
the activation of this current is more than an order of magni-
tude slower than it is for all the other transporters of this
family (3-6,19,21). Furthermore, the apparent K,-value
for glutamate interaction with EAATS is higher than for
the other EAATS, but the apparent Na* affinity is similar.
Finally, the voltage dependence of the anion conductance
is different, with a time-dependent increase of the channel



Functional Properties of EAAT5

open probability and/or conductance at increasingly nega-
tive membrane potentials. Below, we discuss some possible
reasons for its slow activation kinetics by using modeling to
aid interpretation of the experimental results.

EAATS has a lower affinity for glutamate

The apparent affinity of this transporter for glutamate, K,,, =
61 uM, is lower than that observed for all of the other
subtypes. The apparent affinity of EAATS for glutamate is
eightfold lower than that of EAAT3 (K,, = 8 uM (21))
and 100-fold lower than that of EAAT4 (K, = 0.6 uM
(19)). It is also lower than that of EAAT1 (K,, = 7 uM)
and EAAT2 (K, = 12 uM). Our simulations suggest that
the main cause of the reduced apparent affinity is an
increase in the unbinding rate of glutamate. Overall, the
glutamate affinity data suggest that EAATS is not optimized
for tight binding of glutamate, and may have a different
binding microenvironment for the substrate than the other
subtypes. However, the apparent affinity of EAATS would
make it well suited as a buffering system for glutamate at
the rod bipolar cell synapse, in which the glutamate concen-
tration is in the 20-200 uM range (28).

The apparent affinity of EAATS for Na™ is not signifi-
cantly different from that of the other glutamate transporters
of this family. The binding of Na™ to the empty transporter,
in the absence of glutamate, is of low apparent affinity
(Km = 230 mM). This suggests that only ~38% of the trans-
porters are immediately available for glutamate binding and
translocation at physiological conditions. For 62% of the
transporters, glutamate binding must await additional Na™*
binding, which we propose to be slow (see below).

Pre-steady-state kinetic properties of EAAT5

Current responses to rapid glutamate concentration jumps
reflect early transitions in the transport cycle. Fig. 3 indi-
cates that the activation of the majority of the anion current
in EAATS in the forward transport mode is slow. It is at least
an order of magnitude slower than is observed for the other
glutamate transporter subtypes (4,19). We fitted the current
rise with two exponentials (see Results and Fig. 3). The slow
process (17) is independent of the concentration of gluta-
mate. The fast process (7,) is dependent on the glutamate
concentration, with the relaxation rate constant 1/7, leveling
off at a high concentration of glutamate. If 1/7, were asso-
ciated with glutamate binding, one would expect the 1/7;
versus [glutamate] relationship to be linear, which is not
consistent with the experimental data. Therefore, glutamate
binding is a fast process and is not rate-limiting for anion
current activation, at least at high glutamate concentrations.
Our simulations of the experimental data are consistent with
a bimolecular rate constant of glutamate association with
EAATS5 of 1 x 10" M~! sfl, in the same range as that
reported for other glutamate transporter subtypes.
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The fact that 1/7, saturates at high [glutamate] suggests
that rapid glutamate binding is followed by a slower step,
possibly a conformational change, that becomes indepen-
dent of [glutamate] once all binding sites are saturated.
One possibility is that the fast phase of the anion current
rise is caused by Na' binding to the glutamate-bound
form of EAATS, in analogy to what has been proposed for
EAACI1 (4). A second possibility is that it is associated
with the translocation step. However, this second scenario
is unlikely, for the following reason: The experiments
were conducted under forward transport conditions, in
which glutamate and Na™ are expected to dissociate rapidly
and irreversibly after translocation. Because the glutamate
transporter anion conductance is associated with the translo-
cation but not the relocation branch of the transport cycle,
the translocation rate constant should be associated with
a decaying phase of the anion current, but not a rising phase.
Since no overshoot, decaying component of the anion
current was observed, glutamate translocation cannot
account for the fast phase of the current rise.

‘We propose that the rate constant of the [glutamate]-inde-
pendent, slow step of the anion current rise is dominated by
a slow step that precedes glutamate binding to its transporter
binding site. This analysis is consistent with the simulation
results and can be quantified by Eq. S1. A step that precedes
glutamate binding is Na™ binding to the empty transporter,
and/or the conformation change(s) associated with it. This
assignment is in agreement with the results from the
voltage-jump analysis, which display a slow, voltage-depen-
dent current change with a time constant similar to that
observed in the glutamate-concentration-jump experiment.
Furthermore, no Na+—dependent transient currents in
response to voltage jumps were observed in EAATS, sug-
gesting that the Na™-dependent steps of the empty trans-
porter are too slow to generate a detectable current.

For EAAT3, it has been demonstrated that the binding of
Na* induces a conformational change (26,29), although this
conformational change of EAAT?3 is much faster than that of
EAATS and is associated with transient transport currents.
This different behavior of the two transporters may be due
to different transport domain interactions in EAATS
(compared with the other subtypes) that make this confor-
mational change slow. At present, we cannot determine
which residue(s) are involved. A chimera approach might
be helpful to address this issue.

Voltage dependence of the anion conductance

For the glutamate transporter EAAT3, the probability of
occupying the anion conducting state(s) is virtually volt-
age-independent (4), i.e., after voltage jumps, the magnitude
of the current is affected only by changes in the driving force
for the anion, and not by changes in the channel open prob-
ability and/or single-channel conductance. In contrast, the
anion conductance of EAAT4 was found to be strongly
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dependent on the transmembrane potential, and inhibited by
negative membrane potentials (19). For EAATS, we also
find a strong voltage dependence of the probability of occu-
pying the anion conducting state(s), with a behavior oppo-
site to that of EAAT4. The EAATS5 anion conductance is
not inhibited, but is activated by negative membrane
potentials.

This voltage-dependent behavior of EAATS can be inter-
preted as follows: As the membrane potential is changed to a
more negative voltage, the probability of populating anion-
conducting states increases, because it encounters a more
favorable conformation for populating an anion-conducting
state; alternatively, the unitary conductance for the anion
current may be increased at more negative membrane poten-
tials. These two possibilities can potentially be distin-
guished by a noise analysis approach, as previously
described for glutamate transporters in native cells (30).
Results from a previous noise analysis of glutamate trans-
porter chloride currents in photoreceptors (cones and rods,
presumably expressing EAATS) suggest that glutamate
activates a channel with a single-channel conductance of
0.5-0.7 pS (30). In EAAT1 patches, the noise induced by
glutamate was much smaller (3). The results were inter-
preted as indicating that the conductance of EAATS is
much larger than that of EAATI1, or the open times for
EAAT1 are smaller (3). On the basis of the results presented,
however, we cannot be certain that the transporters observed
in the rods and cones are indeed EAATS, since GLT1 is also
expressed in these tissues (13,17,31-33). More recently,
Torres-Salazar and Fahlke (34), also using noise analysis,
determined the unitary anion conductance and absolute
open probabilities for EAAT3 and EAAT4, and demon-
strated that they are similar despite the much higher macro-
scopic anion conductance present in EAAT4. In our hands,
noise levels in EAATS-expressing cells were similar in the
absence and presence of glutamate, which prevented us
from performing a detailed noise analysis. However, this
finding is not surprising given that the presumably slow
gating of the EAATS anion conductance generates low-
frequency changes of current levels that cannot be recorded
as specific noise without interference from low-frequency,
unspecific noise components resulting from whole-cell
instability.

Together, these findings suggest that the EAATS anion
conductance is significantly voltage-dependent, indicating
the existence of a voltage sensor controlling channel
activity. The voltage-sensing process is most likely related
to electrogenic steps in the transport cycle, in which a net
positive charge is transferred into the cell. Although the
coupling stoichiometry of EAATS has not been determined,
there is no reason to believe that it is different from that of
the other glutamate transporter subtypes. Our experiments
directly demonstrate the coupling of glutamate gating of
the anion channel to at least two Na' ions. Binding of
Na® to the empty (glutamate-free) transporter, and/or
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conformational changes of that transporter, could be respon-
sible for voltage sensing. Consistent with this hypothesis,
the rate of anion conductance activation in the absence of
glutamate increases with more negative transmembrane
potential (Fig. 4 D and Fig. S2 D). This behavior is expected
if Na* binding is electrogenic, as for the other glutamate
transporter subtypes (3,4,19,27), such that a negative trans-
membrane potential will favor the Na™-bound state.

Anion conductance and the transport rate

The transport rates and the magnitude of the anion conduc-
tance seem to be inversely correlated for the glutamate
transporter family (19,34). Using noise analysis, Torres-Sal-
azar and Fahlke (34) demonstrated that unitary anion
channel amplitudes were comparable for the EAATSs
included in their study (EAAT3 and EAAT4). Therefore,
although the anion-conducting properties of these trans-
porters are conserved within the family, the differences in
anion currents seem to be directly and inversely related to
the actual rate of glutamate transport. In other words, the
electrophysiological behavior of transporters with low
transport rates, such as EAAT4 and EAATS, appears to be
dominated by their anion conductance, whereas for trans-
porters with higher transport rates (EAATs 1-3), the trans-
port current becomes more important.

For EAATS, the current caused by the anion conductance
was the only current we were able to observe experimen-
tally. We were not able to measure transport currents for
this transporter, probably because it has a low turnover
rate. According to our simulations, for EAATS5 at steady
state, a transport current of ~—1 pA at 0 mV and not more
than —15 pA at —90 mV would be expected. This is at about
the limit of detectability of currents in the whole-cell
recording configuration. This result is in agreement with a
previous study by Arriza and colleagues (11), who showed
that EAATS currents in Xenopus oocytes were abolished
after dialysis with nonpermeant anions. Therefore, the
lack of EAATS5-coupled transport current is not restricted
to the HEK293 expression system.

Our analysis of anion current kinetics under conditions
of asymmetric anion concentration gradients across the
membrane revealed a distinct kinetic behavior depending
on whether the anion was present on the intra- or extracel-
lular side of the membrane. This result suggests not only
that the anion conductance passively reports on transitions
in the transport cycle, but also that anion binding may
actively alter the rate constants of these transitions. This
finding is in contrast to results reported for EAAT3, in
which the rates for individual reaction steps of the cycle
were the same in the absence and presence of permeable
anions (4,23). Therefore, the EAATS anion conductance,
in contrast to EAAT3, displays gating-permeation cou-
pling, in analogy to other Cl~ channels, such as the
CLCs (35,36).
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Mechanism of transport by EAAT5

Simplified mechanisms of glutamate transport by EAATS are
shown in Scheme 1 and discussed in detail in the Supporting
Material. The kinetic parameters used for modeling are also
included in Scheme 1. The models account very well for the
experimental data, as shown in Figs. 3 B and 4 A. For the
purposes of modeling, we only include one Na™ ion binding
before and one after the glutamate binds, but the stoichiom-
etry of this transporter may include three Na™ ions. The
most recent evidence (2) indicates that two Na™ ions bind
before glutamate, creating a high-affinity binding site for
glutamate on the transporter, and substrate binding enables
the last Na™ ion to bind. The fully loaded transporter can
then proceed to a full cycle. For the sake of simplicity, we
exclude the proton-binding step(s) from our model. In the
absence of any other information, we assume that EAATS
has the same stoichiometry (11) and general mechanism
but different kinetics compared with the other glutamate
transporter subtypes. We propose that two reaction steps
are responsible for the very slow anion current activation
kinetics of this transporter: 1), the slow first Na*-binding
step or a slow conformational change related to this step;
and 2), the glutamate/NaJr translocation step. The fact that
the slow component of the current relaxation is reduced in
amplitude but is still present when the experiments are per-
formed in exchange mode, when the Na*-binding step(s) to
the empty transporter and the glutamate-binding site are satu-
rated (see Fig. S3), further supports the notion that a slow first
Na*t binding step is partially responsible for the slower
kinetics of this transporter.

Physiological significance

In mammals, EAATS is retina-specific. In addition to
EAATS, GLASTI/EAATI, different splice variants of
GLT1/EAAT2 (GLT1a, GLT1c, and GLT1v), and EAAC1/
EAAT3 are expressed in the retina (33,37-39). There is no
expression of EAAT4 in the retina. Although GLAST1/
EAAT1 is localized in glial Miiller cells, EAATS, the
GLT1/EAAT?2 isoforms, and EAAC1/EAAT3 are neuronal.
Presynaptic localization has been demonstrated for
EAATS and GLTlc in both cone and rod photoreceptor
terminals (13,17,33). In cone and rod bipolar cells,
EAATS is again presynaptically localized (13,17). GLTl1c
is not expressed in bipolar cells; however, GLT1v is local-
ized in these cells primarily postsynaptically, and GLT1a
appears to be presynaptically expressed in them (37).
Hasegawa et al. (28) indicated that presynaptic EAATS in
rod photoreceptors play a major role in removing tonically
released glutamate from the synaptic cleft, whereas EAATSs
in Miiller cells and postsynaptic neurons make a negligible
contribution, suggesting a predominant role for EAATS in
glutamate reuptake at the rod photoreceptor-to-rod bipolar
cell synapse. However, this would require EAATS to have
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high-capacity glutamate uptake properties. Further on in
the vertical signaling pathway in presynaptic rod bipolar
terminals, Veruki et al. (40) and Wersinger et al. (17)
demonstrated a presynaptic transporter-associated anion
current (EAATS) that suppresses further transmitter release
by hyperpolarization or shunting inhibition of presynaptic
axon terminals. However, this proposed inhibitory receptor
function requires a high-capacity charge movement by the
EAATS5-mediated anion current.

Here, we report that heterologously expressed EAATS
has a low uptake capacity, with an estimated turnover rate
of <1 s~ '. From this turnover rate and our current recording
data, we can estimate an upper limit of the density of
EAATS in the cell membrane as 3000 ,umfz, assuming an
average cell surface area of 1000 um2 (41). This density
is at least a factor 3 lower than that estimated by Hasegawa
et al. (28). Although this reduced expression density in 293
cells compared with the visual synapse can account for our
inability to measure transport current, it cannot explain the
rapid transporter kinetics observed by Veruki et al. (40),
which may point to a presynaptic rod bipolar transporter
other than EAATS. However, because GLT1 isoforms are
also expressed in bipolar cells, they may account for the
rapidly gated anion current signals seen by those authors.

Our EAATS results suggest that a maximum transport
rate/surface area of 2,400 ,u.m_2 s~! can be supported, in
contrast to the simulations of Hasegawa et al. (28)
(370,000 um~2 s~'). Even if heterologously expressed
EAATS could be inserted at a threefold higher density,
approaching that of other glutamate transporter subtypes,
this transport rate cannot account for the high-capacity
uptake suggested by Hasegawa et al. (28). To account for
these discrepancies, we cannot exclude the possibility that
differential cellular environments modulate individual
EAATS5 functions, such as the high glutamate uptake
capacity in rod photoreceptors and the high-capacity charge
movement in bipolar cells versus the low-capacity uptake
and insignificant chloride current in heterologously ex-
pressed EAATS. The unambiguous assignment of the molec-
ular identity of the glutamate transporters under observation
in previous studies (17,28,40) is therefore of critical impor-
tance to resolve these issues. Overall, therefore, our data
suggest that EAATS does not function like a classical
high-capacity glutamate transporter, but instead serves as
a slow-gated glutamate receptor or a buffer system for toni-
cally released glutamate at the rod bipolar cell synapse.

SUPPORTING MATERIAL
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