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Background: Neutralizing a conserved aspartate between TM2 and TM3 affects gating of EAAT anion channels.

Results: Voltage clamp fluorometry demonstrates that the analogous mutation alters EAAT3 substrate translocation.
Conclusion: Altered substrate translocation is sufficient to explain anion channel gating in D83A EAATS3.

Significance: Dissection of transport and anion channel gating defines an intimate relationship between transporter translo-

cation and anion channel opening.

Excitatory amino acid transporters (EAATs) terminate gluta-
matergic synaptic transmission by removing glutamate from the
synaptic cleft into neuronal and glial cells. EAATSs are not only
secondary active glutamate transporters but also function as
anion channels. Gating of EAAT anion channels is tightly cou-
pled to transitions within the glutamate uptake cycle, resulting
in Na*- and glutamate-dependent anion currents. A point
mutation neutralizing a conserved aspartic acid within the
intracellular loop close to the end of transmembrane domain 2
was recently shown to modify the substrate dependence of
EAAT anion currents. To distinguish whether this mutation
affects transitions within the uptake cycle or directly modifies
the opening/closing of the anion channel, we used voltage clamp
fluorometry. Using three different sites for fluorophore attach-
ment, V120C, M205C, and A430C, we observed time-, voltage-,
and substrate-dependent alterations of EAAT3 fluorescence
intensities. The voltage and substrate dependence of fluores-
cence intensities can be described by a 15-state model of the
transport cycle in which several states are connected to branch-
ing anion channel states. D83A-mediated changes of fluores-
cence intensities, anion currents, and secondary active trans-
port can be explained by exclusive modifications of substrate
translocation rates. In contrast, sole modification of anion chan-
nel opening and closing is insufficient to account for all experi-
mental data. We conclude that D83A has direct effects on the
glutamate transport cycle and that these effects result in
changed anion channel function.

Excitatory amino acid transporters (EAATSs)? are secondary
active transporters that mediate the stoichiometrically coupled
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transport of one glutamate, three sodium ions, and one proton
while one potassium ion is countertransported (1, 2). They are
necessary for termination of glutamatergic synaptic transmis-
sion and for maintenance of low resting glutamate levels (3-5).
There are five different mammalian EAATs with distinct phys-
iological roles. Genetic removal of mouse EAAT?2 results in
pronounced hyperexcitability and neurodegeneration (6), dem-
onstrating the crucial role of this isoform for glutamate homeo-
stasis in the central nervous system. Mouse models that lack
other EAATSs exhibit much milder phenotypes with certain
impairment of motor coordination, behavioral abnormalities,
or age-dependent neurodegeneration (7-10). EAAT3 is not
only expressed in the central nervous tissue but also mediates
glutamate and aspartate reabsorption in the renal proximal
tubule (8). Naturally occurring mutations in the gene encoding
EAATS3 cause human dicarboxylic aminoaciduria (11).

EAATSs are not only glutamate transporters but also conduct
a pore-mediated anion current (12—15). EAAT anion currents
have been postulated to be involved in the regulation of cell
excitability (16, 17), but so far, the physiological importance of
this transport function is not sufficiently understood. Cur-
rently, EAAT anion currents are thought to be conducted
through an anion pathway that is opened and closed in
response to conformational changes underlying glutamate
transport (18, 19). However, how this anion pore is formed and
how opening and closing occur are unclear. In a systematic
screen for mutations affecting EAAT1 anion channel function,
D112A was found to abolish the glutamate dependence of
EAAT1 anion currents (20). The corresponding mutation
D117A was later shown to change unitary anion current ampli-
tudes and relative anion selectivities of EAAT4 anion channels
(19), suggesting close proximity of this residue to the EAAT4
anion conduction pathway. In addition to modifying EAAT1
anion currents, D112A reduces EAAT1 glutamate uptake rates
by 40%.

So far, anion permeation through EAATs was thought not to
affect glutamate transport (13). A mutation that changes anion
conduction and coupled glutamate transport thus promises
insights into the interdependence of the two EAAT transport
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functions, and thus, we decided to further study this mutation
using voltage clamp fluorometry. Voltage clamp fluorometry
combines electrophysiological and fluorescence measurements
and has been used to monitor conformational changes in
diverse transport proteins (21-23). We inserted the homolo-
gous mutation D83A into EAAT3 and applied voltage clamp
fluorometry to separate the effects on coupled transport and on
anion channel function. EAATS3 has already been studied using
voltage clamp fluorometry, permitting detection of conforma-
tional rearrangements during coupled transport (23-26).
Moreover, EAAT3 effectively transports glutamate (12, 27),
thus permitting additional direct insights into the effects of
neutralizing Asp-83 on coupled transport.

We found that D83A changes the time, substrate, and voltage
dependence of EAAT3 fluorescence signals. Moreover, similar
to earlier data on D112A EAATI1 and D117A EAAT4, D83A
enlarged EAAT3 anion currents in the absence of glutamate but
reduced glutamate-sensitive current amplitudes. It reduced
coupled transport by about 50%. The data on fluorescence
amplitudes and transport function can be described by a kinetic
scheme in which only transitions within the uptake cycle are
modified by the mutation, whereas the likelihood of anion
channel opening was not changed in mutant transporters.

EXPERIMENTAL PROCEDURES

Expression of WT and Mutant hEAAT3 Transporters in
Xenopus laevis Oocytes—Point mutations were introduced into
pTLN2-hEAAT3 (28, 29) (kindly provided by Dr. Matthias
Hediger (University of Bern, Switzerland)) using the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA). Capped
cRNA was synthesized from Mlul-/Nhel-linearized pTLN2-
hEAAT3 through use of mMESSAGE mMACHINE Kits
(Ambion, Austin, TX). Collagenase-treated, defolliculated
stage IV-V oocytes were microinjected with 10 ng of RNA
(Nanoliter 2000, World Precision Instruments, Sarasota, FL)
and incubated at 18 °C in ND96 (96 mm NaCl, 2 mm KCl, 1.8 mMm
CaCl,, 1 mm MgCl,, 5 mm Hepes, pH 7.6 supplemented with 2.5
mM sodium pyruvate and 50 pg/ml gentamycin sulfate). Exper-
iments were performed 3-7 days after injection.

Electrophysiology—Currents were recorded through two-
electrode voltage clamp using a CA-1B amplifier (Dagan Corp.,
Minneapolis, MN) and digitized at 5 kHz using an ITC-18 com-
puter interface in combination with Patchmaster (HEKA Elek-
tronik, Lambrecht, Germany) (30). Experiments were per-
formed under constant perfusion using a PF-8 eight-channel
perfusion system (Abimek-Zech Electronic, Gottingen, Ger-
many) with Ringer’s solution (98.5 mm choline-Cl or NaCl/
NO,/gluconate, 1.8 mm CaCl,/gluconate, and 1 mm MgCl,/
gluconate, 5 mm Hepes, pH 7.5, £1 mwM glutamate). Oocytes
were held at 0 mV for at least 2 s between voltage steps.

Voltage Clamp Fluorometry—For fluorescence experi-
ments, oocytes were labeled for 2—3 h with a 10 um concen-
tration of the fluorescent maleimide probe, Alexa Fluor 546
(Invitrogen). A short arc mercury lamp (HBO 103W/2,
Osram, Miinchen, Germany) combined with a Uniblitz shut-
ter (VS25S2ZMORI1-24 shutter, VCM-D1 shutter driver,
Uniblitz, Vincent Assoc., Rochester, NY) was used as a light
source. Fluorescence was monitored under voltage clamp by
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a photodiode (PIN020-A, AMS Technologies AG, Martin-
sried, Germany) and a rhodamine filter cube (HQ535/50x,
Q565LP, HQ610/75m, Chroma Technology Corp., Bellows
Falls, VT) attached to an inverted fluorescence microscope
(IX71, Olympus, Hamburg, Germany). Fluorescence signals
were amplified with a DLPCA-200 amplifier (Femto Messtech-
nik, Berlin, Germany) and low pass-filtered at 2 kHz (LPF-8, low
pass Bessel filter, Warner Instruments, Hamden, CT). Repre-
sentative fluorescence recordings were obtained by averaging
10 consecutive measurements.

Data Analysis—Electrophysiological and fluorescence data
were analyzed with a combination of Patchmaster (HEKA Elek-
tronik), pClampl0 (Molecular Devices, Sunnyvale, CA),
MATLAB (The MathWorks, Natick, MA), and SigmaPlot (Jan-
del Scientific, San Rafael, CA). For statistical evaluations, Stu-
dent’s ¢ test and paired ¢ test with p =< 0.05 (*) as the level of
significance were used (p = 0.01 (**) and p = 0.001 (***)). The
data are given as means * S.E.

Kinetic Modeling—Voltage and substrate dependence of
EAAT3 fluorescence was simulated by solving differential
equations at steady state according to a previously developed
15-state model of EAAT?2 extended by channel states branching
from the uptake cycle (19, 23, 31). Rate constants of the uptake
cycle were adopted from earlier work on cysteine-substituted
EAATS3 (23). Anion channel open probabilities were estimated
by optimizing the model against cysteine-substituted WT
steady-state fluorescence data using the genetic algorithm as
implemented in MATLAB (The MathWorks). The overall
fluorescence was calculated as the sum of the products of rela-
tive fluorescence and probability of occupation for every state.
This model was then adapted to D83A EAATS3 either by mod-
ifying translocation rates (reactions 8, 15, and 17) or anion
channel open probabilities. In all cases, detailed balance was
preserved, and fitting parameters were simultaneously opti-
mized against experimentally determined relative glutamate
uptake and anion current amplitudes. For kinetic modeling, we
assumed the following intracellular concentrations: [Na*] = 10
mM, [K™] = 70 mwm, [glutamate] = 12 mm, pH = 7.3 (1). Extra-
cellular concentrations were set to experimental conditions.

RESULTS

Time, Substrate, and Voltage Dependence of EAAT-associ-
ated Currents and Fluorescence Signals—To permit site-di-
rected fluorescence labeling of EAAT3, we introduced single
cysteines into human EAAT3 and expressed WT and cysteine-
substituted transporters in Xenopus oocytes (Fig. 1). We chose
three reporter mutations localized in different parts of the
transporter, V120C (3-4 loop), M205C (TM4c), and A430C
(7-8 loop) (Fig. 1A), to observe fluorescence changes due to
conformational changes in more than one protein region.
M205C and A430C have already been used in earlier studies
(23, 25), whereas V120C has not been reported to date. Because
the fluorophore attachment site, Cys-120, is localized nearby an
accessible endogenous cysteine, we additionally mutated Cys-
158 to serine in all our constructs to prevent possible modifica-
tions by fluorophore application.

For each reporter mutation, the time course of fluorescence
labeling was tested to define incubation times sufficient for
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FIGURE 1. Reporter mutations do not affect the function of EAAT3 asso-
ciated currents. A, localization of the fluorescence reporter mutations
V120G, M205C, and A430C on the transmembrane topology model of EAAT3.
The trimerization domain is shown in gray, and the transport domain and the
hairpins are in black. B, representative current traces recorded from X. laevis
oocytes expressing WT,V120C, M205C, or A430C EAAT3. C, averaged absolute
current amplitudes at =100 mV (top) and averaged uptake current ampli-
tudes at —100 mV (bottom) calculated by the difference of measurements in
sodium gluconate with and without glutamate. n.s., not significantly differ-
ent,p > 0.05; ***, p = 0.001. Data are given as means = S.E.;n = 7.Int, internal;
Ext, external; glu, glutamate.

maximum labeling (supplemental Fig. 1). V120C, M205C, and
A430C EAATS3-injected oocytes exhibited higher levels of
fluorescence intensities than uninjected oocytes or oocytes
expressing C158S EAAT3 (data not shown). Moreover, oocytes
expressing V120C, M205C, or A430C EAATS3 displayed fluo-
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rescence changes upon voltage or substrate alterations (supple-
mental Fig. 2) that were absent in uninjected oocytes or those
expressing C158S EAATS3, indicating that cysteine-substituted
EAATS3 is specifically labeled with the fluorescent dye.

To test whether cysteine insertions change glutamate trans-
port or anion conduction, we studied WT and cysteine-substi-
tuted EAAT3 currents using two-electrode voltage clamp (Fig.
1B). Application of glutamate resulted in a pronounced
increase of current amplitudes at negative as well as at positive
voltages. In the absence as well as in the presence of glutamate,
current amplitudes in oocytes expressing V120C, M205C, or
A430C EAATS3 were not statistically different from those of
WT EAATS3, illustrating comparable expression levels. EAAT3
currents consist of two components, glutamate uptake currents
due to electrogenic transport and EAAT3-associated anion
currents. Glutamate uptake current can be separated from
anion currents after substituting permeant anions with imper-
meant gluconate and measured as the difference of currents in
the presence and in the absence of glutamate (2, 13, 33). Gluta-
mate uptake is strongly voltage-dependent and decreases to
values around zero at positive potentials (2). Thus, currents at
positive voltages predominantly represent anion currents. The
use of NO; as the main external anion results in EAAT3 cur-
rents that are significantly larger than endogenous currents of
uninjected oocytes and permit accurate measurements of
EAATS3 anion currents (Fig. 1B) (33). For all tested constructs,
glutamate uptake currents and anion currents at saturating glu-
tamate concentrations were not statistically different from WT
values, illustrating that none of the cysteine substitutions mod-
ify functional properties of EAAT3 (23, 25) (Fig. 1, B and C).

Fig. 2 shows representative fluorescence recordings from
V120C, M205C, or A430C EAAT3 in the absence (fop) or in the
presence (bottom) of 1 mm L-glutamate. Oocytes were held at 0
mV, and voltage steps between —150 mV and +150 mV were
applied in 50-mV intervals. In the absence of glutamate, hyper-
polarizing voltage steps caused a slow reduction of V120C
EAATS3 fluorescence that could be fit with a monoexponential
function (7_;50 vy = 46.7 = 4.3 ms, n = 3) (Fig. 2A4). M205C
and A430C EAAT3 exhibited fluorescence amplitudes that, in
the absence of glutamate, increased upon membrane depolar-
ization and decreased upon hyperpolarization (Fig. 2, B and C).
The time course of these voltage-dependent changes was sig-
nificantly faster than for V120C (T205c, —150/+150 mv) = 43 =
0.4/7.1 % 0.9 M8, 1 = 3; Tauz0c, —150/+ 150 mv) = 10.5 = 0.6/8 *
1.2 ms, n = 3). For M205C EAAT3, the initial rise upon mem-
brane depolarization was followed by a much slower decay
(Fig. 2).

Application of glutamate increased fluorescence intensities
of V120C EAAT3 and decreased these values for M205C and
A430C EAAT3. Glutamate modified the voltage dependences
of fluorescence signals for all cysteine-substituted EAAT3 con-
structs (Fig. 2). Application of L-glutamate accelerated the time
course of fluorescence change (7150 pyv) = 16 = 0.5 ms, n = 3)
and modified its voltage dependence for V120C EAATS3 (Fig.
2A). For M205C and A430C EAAT3 (Fig. 2, B and C), fluores-
cence showed the lowest intensity around 0 mV and increased
upon positive as well as negative membrane potentials. In the
presence of glutamate, fluorescence increased on a slow time
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FIGURE 2. Voltage- and substrate-dependent conformational changes of
EAATS3. Representative fluorescence traces (left column) recorded from X. lae-
vis oocytes expressing V120C (A), M205C (B), and A430C EAAT3 (C) and aver-
aged voltage dependence of late (arrow) relative fluorescence changes (right
column) in the presence of different substrates are shown. Fluorescence sig-
nals were measured in NaCl Ringer’s solution during 200-ms voltage steps
between +150 and —150 mV. Fluorescence amplitudes were normalized to
the fluorescence generated at +150 mV in NaCl solution. Measurements in
NaCl at voltages above 0 mV are shownin red, 0 mVisin dark red, and negative
voltages in the absence of 1 mm glutamate are shown in light gray and in the
presence of T mm glutamate are shown in black. Fluorescence data from at
least six oocytes are reported as means = S.E. F, fluorescence; glu, glutamate.

course upon depolarization as well as upon hyperpolarization
(Tov0sC, +150 mv) = 872 & 3.2ms, 11 = 3 T(auzoc, +150 mv) —
59.2 = 4.2 ms, n = 2).

EAAT-mediated glutamate transport is based on a series of
substrate association steps and related conformational
changes. Three Na™ ions, one H", and one glutamate associate
with the outward facing transporter with an open extracellular
gate (hairpin 2 (HP2)). After closure of HP2 and movement of
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the translocation domain to the inside (34), Na*, H™, and glu-
tamate are released by opening of the intracellular gate (hairpin
1 (HP1)), and the uptake cycle is completed by retranslocation
after association of K™ or Na™. Modlification of the uptake cycle
by removal of certain substrates or application of EAAT-spe-
cific blockers allows testing of the specificity of the observed
signals. For all constructs, substitution of Na™ by choline™
abolished the voltage dependence of fluorescence signals and
changed the fluorescence intensity (Fig. 2). A specific blocker of
EAAT transporters, DL-threo-benzyloxyaspartate (35, 36),
inhibited fluorescence changes in the absence and in the pres-
ence of glutamate by about 90%, supporting the notion that
fluorescence changes are due to conformational rearrange-
ments in the glutamate transporter (supplemental Fig. 2).

EAAT4 anion channel gating depends on anion concentra-
tions on both membrane sites (19, 33). To test whether EAAT3
fluorescence intensities undergo anion-dependent alterations,
we studied all cysteine-substituted EAAT3 constructs after
substitution of the external anion by gluconate. Chloride
removal did not change the intensity or voltage dependence of
fluorescence signals (supplemental Fig. 3, A—C). We conclude
that fluorescence changes of fluorophores added to V120C,
M205C, and A430C report on conformational changes within
the EAAT3 uptake cycle that require external Na* but do not
depend on the anion composition.

Voltage Clamp Fluorometry Reveals Additional Slow Confor-
mational Changes—In addition to the initial rise upon depolar-
ization, fluorescence intensities of M205C EAATS3 exhibited
voltage-dependent changes with a very slow time course. Fig. 3
shows such current and fluorescence recordings of M205C
EAATS3 on an extended time scale. In the absence of glutamate,
a depolarizing voltage step to +50 mV caused a very slow fluo-
rescence decay (T ;50 mvy = 6.7 = 1.2's, n = 6). This process is
not due to bleaching because we observed slow fluorescence
recovery upon return to the holding potential of 0 mV (Fig. 34).
Application of glutamate shifted the voltage dependence of
these slow processes so that relaxation of these signals was
observed upon voltage steps to —100 mV (7_9 vy = 4.0 *
1.2's,n = 11) (Fig. 3A).

These fluorescence changes are too slow to represent transi-
tions within the uptake cycle. However, we did not observe slow
fluorescence changes in the absence of transport substrates or
in the presence of DL-threo-benzyloxyaspartate (supplemental
Fig. 2), suggesting that the slow fluorescence signal also reflects
conformational changes coupled to the uptake cycle. A possible
explanation might be a conformational change occurring from
certain states of the uptake cycle. Such a kinetic scheme pre-
dicts that occupation of this novel state will prevent progress of
the uptake cycle and thus result in concomitant slow alterations
of transport rates. We tested for slow voltage-dependent
changes of glutamate transport rates by studying glutamate
uptake currents after prepulses to positive voltages. These
experiments were performed in external gluconate after incu-
bation of oocytes in Cl™ -free solution (13). For various pulse
protocols, we did not observe any time- or voltage-dependent
changes in transport current amplitudes (Fig. 3B). These data
indicate that slow fluorescence changes cannot be represented
as transitions branching from the uptake cycle.
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FIGURE 3. Slow conformational changes in EAAT3. A, representative cur-
rent and fluorescence traces recorded from X. laevis oocytes expressing
M205C EAAT3 in response to long voltage steps to +50 mV in the absence of
glutamate (light gray; top) or to —100 mV in the presence of glutamate (black;
bottom) and the recovery back to the holding potential of 0 mV. B, current
responses to voltage steps to +60 mV of increasing durations followed by
fixed test steps to —120 mVin the absence of glutamate (light gray; top) and in
the presence of glutamate (black; middle). Averaged current amplitudes (bot-
tom) are given as means = S.E; n = 4. glu, glutamate; NaGluc, sodium
gluconate.

D83A Modifies EAAT3 Glutamate Transport, Anion Cur-
rents, and Fluorescence Amplitudes—We next inserted the
D83A mutation into each cysteine-substituted EAAT3 con-
struct and studied the functional effects of this mutation using
voltage clamp analysis. Asp-83 is localized between TM2 and
TM3 and is highly conserved among mammalian EAATs (Fig.
4A). Because homologous mutations in EAAT1 (20) and
EAAT4 (19) alter glutamate transport and anion conduction,
D83A might allow insights into how conformational changes
underlying coupled transport open and close the anion
channel.

At positive membrane potentials in the absence of glutamate,
D83A EAAT3 currents were statistically larger than WT or cys-
teine-substituted EAAT3 currents (Fig. 4, Band C) (WT (3.7 =
0.2 nA) compared with V120C,D83A (7.7 = 0.3 nA), p < 0.001;
compared with M205C,D83A (6.1 = 0.5 pA), p = 0.006; and
compared with A430C,D83A (9.5 = 0.5 wA), p < 0.001; n > 10).
The glutamate-induced current increase was less pronounced
in D83A EAAT3 than in WT EAAT3 (Fig. 4C, top). This is due
to virtually glutamate-independent anion current amplitudes
(Fig. 4C, middle). Moreover, D83A reduced uptake current
amplitudes to values between 30 and 50% for all reporter muta-
tions (Fig. 4C, bottom).

Voltage clamp fluorometry revealed D83A-induced
changes in the voltage and substrate sensitivity of the fluo-
rescence signals for each fluorophore attachment site (Fig.
5). V120C,D83A and A430C,D83A EAATS3 fluorescence sig-
nals increased during depolarization and decrease during
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hyperpolarization (Fig. 5, A and C). However, D83A modi-
fied the time course of hyperpolarization-induced fluores-
cence decreases ((T(yvi20c,ps3a, —150 mv) — 18.2 £ 2.6 ms,
1= 25 T(A430C,D83A, —150/+150 mv) — 12.7 £ 2.6/11.5 = 2.8 ms,
n = 4). The voltage dependence of M205C EAAT3 fluores-
cence was dramatically altered by D83A. Without external glu-
tamate, D83A EAAT3 fluorescence amplitudes displayed min-
imum levels around +50 mV and increased with depolarization
and hyperpolarization to nearly the same intensity as in
sodium-free conditions (Fig. 5B). Furthermore, the maximum
change of fluorescence intensity by applying different mem-
brane potentials was less pronounced than for M205C EAAT3
(5% instead of 10%).

Glutamate decreased the fluorescence intensity of
V120C,D83A and M205C,D83A EAAT3 and modified their
voltage dependences (Fig. 5, A and B). Whereas fluorescence
signals of V120C,D83A and M205C,D83A EAATS3 require
external Na®, A430C,D83A EAAT3 voltage-dependent fluo-
rescence changes seemed to be less substrate-dependent (Fig.
5C). Removal of external permeant anions did not affect the
intensity or the voltage dependence of fluorescence signals of
D83A EAAT3 (supplemental Fig. 3, D—F), similar to our results
on EAATS3 with an aspartate at position 83.

Kinetic Modeling Reveals Changes in Glutamate Uptake
Cycle in D83A EAAT3—Glutamate transport by EAATSs can be
described with a kinetic scheme that encompasses subsequent
substrate association/dissociation and translocation steps
between inward and outward facing conformations (14, 31, 37)
(Fig. 6). Anion channel gating is tightly coupled to these transi-
tions and can be represented by adding branching open anion
channel states (19, 38, 39). Because the transport cycle can only
proceed from closed channel states (19, 38), opening of EAAT
anion channels prevents progression of the uptake cycle.
Changes in the distribution between open and closed anion
channel states will therefore affect the uptake cycle.

D83A could alter EAAT3 function by directly modifying sub-
strate association/dissociation or transporter translocation
rates. Alternatively, D83A might modify apparent transitions
within the uptake cycle by changing anion channel opening and
closing transitions. To distinguish between the two possibili-
ties, sole modification of transitions within the uptake cycle or
modification by changed anion channel open probabilities, we
modeled voltage-dependent fluorescence data from WT and
D83A EAAT3 with a kinetic model that is based on a scheme
developed to describe EAATS3 fluorescence data (23).

We modified this model by increasing the number of differ-
ent fluorescence levels for each fluorescently labeled trans-
porter from three to four. The four fluorescence levels of our
kinetic scheme correspond to four structurally distinct confor-
mations (Fig. 6). The empty transporter resides in an outward
facing state with HP2 open and the substrate binding sites
exposed to the extracellular space (Fo,.,: ToK and To). Glu-
tamate uptake is initiated by association of three Na™ ions, one
H*, and one glutamate. Association of these substrates causes
closure of HP2 (Fo i qeq: ToNal, ToNa2, ToNa2G, ToNa2H,
ToNa2GH, and ToNa3GH), and a large piston-like movement
of the “translocation domain” results in the inward facing con-
formation (Fi, . qeq: TiNa3GH, TiNa2GH, TiNa2G, TiNa2,
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FIGURE 4. D83A changes substrate dependence of EAAT3 current ampli-
tudes. A, localization of the mutation D83A in the transmembrane topology
model. The trimerization domain is shown in gray, and the transport domain
is shown in black. The amino acid sequence alignment of Glt,;, and EAAT1-5
shows the TM2-TM3 region. Asp-83 of EAAT3 is highlighted in black. B, repre-
sentative current traces recorded from X. laevis oocytes expressing
V120C,D83A, M205C,D83A, or A430C,D83A EAAT3. C, averaged absolute cur-
rent amplitudes at =100 mV with and without glutamate (top), averaged
relative glutamate-induced current increase at +100 mV (middle) calculated
by division of the current in the presence of glutamate by the current in the
absence of glutamate, and averaged uptake current amplitudes at —100 mV
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FIGURE 5. Voltage- and substrate-dependent conformational changes of
D83A EAAT3. Representative fluorescence traces (left column) recorded from
X. laevis oocytes expressing V120C,D83A (A), M205C,D83A (B), and
A430C,D83A EAAT3 (C) and averaged voltage dependence of late (arrow)
relative fluorescence changes (right column) in the presence of different sub-
strates are shown. Fluorescence signals were measured in NaCl Ringer’s solu-
tion during 200-ms voltage steps between + 150 and —150 mV. Fluorescence
amplitudes were normalized to the fluorescence generated at +150 mV in
NaCl solution. Measurementsin NaCl at voltages above 0 mV are shown in red,
0 mV is shown in dark red, and negative voltages in the absence of 1 mm
glutamate are shown in light gray and in the presence of 1 mm glutamate are
shown in black. Fluorescence data from at least six oocytes are reported as
means * S.E. F, fluorescence; glu, glutamate.

and TiNal) (26). Opening of HP1 is followed by substrate
release and exposure of the binding sites to the intracellular
solution (Fi,.,: Tiand TiK) (23). Retranslocation after associ-
ation of internal K™ completes the uptake cycle. The gating of
EAAT anion channels can be represented by adding branching

open channel states from the uptake cycle (Fig. 6, A and B) (19,

(bottom) calculated by the difference of currents in sodium gluconate with
and without glutamate from oocytes expressing WT or mutant EAAT3. n.s.,
not significantly different, p > 0.05; *, p =< 0.05; **, p =< 0.01; ***, p < 0.001.
Data are given as means *= S.E; n = 10. Int, internal; Ext, external; glu,
glutamate.
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the fluorescence data. B, schematic transport mechanism. Shown is a single
protomer. The isomerization between the outward and inward facing
occluded states occurs upon movement of the whole transport domain (dark
gray) relative to the trimerization domain (light gray). The inward facing open
state has not been structurally characterized and is hypothetical (modified
from Reyes et al. (34).

38). Anion channel opening and closing are assumed to be
fast compared with transitions in the uptake cycle, and
therefore, we only used probabilities of anion channel open-
ing from a particular state. These state-specific open proba-
bilities are ratios of the number of transporters in one trans-
porter state with an open anion channel to the total number
of transporters in this particular state with either an open or
a closed channel.

To obtain a kinetic scheme describing fluorescence values,
anion currents, and uptake currents for WT EAAT3, we used
the same rate constants of the uptake cycle as determined in
earlier work on cysteine-substituted EAAT3 (23). We deter-
mined anion channel open probabilities by fitting the model to
the experimentally observed fluorescence of V120C, M205C,
and A430C EAATS3. The parameters were constrained to cor-
rectly describe experimentally determined relative glutamate-
induced current amplitudes at +100 mV and to preserve
detailed balance (Fig. 7G). The so-obtained fitting parameters
(Tables 1, 2, and 3) demonstrated a good agreement of the sim-
ulated and observed fluorescence-voltage relationship under
different substrate conditions (Fig. 7, A-C). However, they pre-
dicted a transport rate of about four transported glutamates per
second at —100 mV (Fig. 7H), which is lower than in previously
published data relating to EAAT1, -2, or -3 (27, 40). We did not
succeed in modifying fit parameters to increase transport rates.
All attempts impaired the compatibility with the experimen-
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tally observed voltage dependence of fluorescence. Because
unitary transport currents are extremely difficult to measure
directly, we accepted this deviation between published and pre-
dicted results and only used the relative decrease of glutamate
uptake currents by D83A in the optimization procedure.

We then modified the thus established kinetic model to
account for the fluorescence signals and transport properties of
D83A EAATS3. We initially tested whether modifying reactions
in certain parts of the uptake cycle can qualitatively account for
the observed D83A-mediated changes in fluorescence. There
were two processes that resulted in such alterations, changes in
anion channel open probability and changes in translocation
rates.

We first optimized all anion channel opening/closing reac-
tions simultaneously against fluorescence intensities for all
three reporter mutations combined with D83A. Glutamate-in-
duced increases of anion current amplitudes at +100 mV, rel-
ative glutamate uptake currents at —100 mV, and detailed bal-
ance were again used as constraints. During optimization of
opening and closing rates of anion channels, global fitting
yielded a set of parameters that well reproduced the fluores-
cence-voltage relationship of D83A EAAT3 under different
ionic conditions. However, these changes always predicted
reduction of glutamate transport rates to negligible values.
Therefore, we evaluated whether alterations of translocation
rates within the uptake cycle can account for D83A fluores-
cence and function. In these fitting procedures, only the three
translocation reactions were adjusted. The fitting procedure
revealed altered translocation rates of the K*-bound (reaction
15), the Na™ -bound (reaction 17), and the Na™ - and glutamate-
bound transporter (reaction 8). Whereas inward translocation
from ToNa3GH to TiNa3GH was promoted, D83A stimulated
the outward translocation for the two other processes (Tables
1-3). These alterations resulted in predicted fluorescence data
that resemble experimental data on D83A EAAT3 (Fig. 7, D-F,
and Tables 1-3).

The kinetic model permits the prediction of the steady-state
probability that the transporter resides in a given state of the
transport cycle. We next calculated the residence probability of
each state of the uptake cycle under steady-state conditions for
the cysteine-substituted WT (Fig. 71) or D83A EAAT3 (Fig. 7)).
In the presence as well as in the absence of glutamate, D83A
EAAT3 was predicted to reside with higher likelihood in the
inward facing conformation than cysteine-substituted EAATS3.

DISCUSSION

Here, we studied the functional consequences of neutralizing
a conserved aspartate at position 83 in EAAT3. Homologous
mutations have already been studied in EAAT1 and EAAT4
(19, 20) and were reported to result in dramatic alterations of
EAAT anion channel opening and closing for both isoforms.
Investigating the effects of this point mutation on conforma-
tional changes promised insights into the interaction of trans-
porter and anion channel function of EAAT glutamate
transporters.

In our experiments, transporter proteins were labeled with
fluorophores, and fluorescence intensities were measured upon
changes in membrane voltages or in substrate concentrations
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FIGURE 7. Simulated voltage- and substrate-dependent conformational changes, open probabilities and transport currents of cysteine-substituted
and D83A EAAT3. A-f, averaged voltage dependence of measured late fluorescence changes (fluorescence-voltage relationship) (circles) and simulated
fluorescence changes (solid lines) in the absence (gray) or in the presence of 1 mm glutamate (black). Fluorescence amplitudes were normalized to the
fluorescence generated at +150 mV in NaCl solution. G and H, simulated open probabilities (G) at +100 mV of cysteine-substituted WT and D83A EAAT3
without (gray) and in the presence of glutamate (black) and simulated transport currents (H) at —100 mV from the data given in Tables 1 and 3. e, elementary
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(22,41). We used three different cysteine substitutions, V120C,
M205C, and A430C, for these experiments. Labeling of cys-
teine-substituted EAAT3 was specific because the same proce-
dures on oocytes expressing EAAT3 that lack cysteines for fluo-
rophore attachment resulted in background fluorescence levels
(supplemental Figs. 1 and 2). For each reporter mutant, voltage
steps caused changes in fluorescence amplitudes that were
modified by concentrations of transporter substrates, such as
Na™ and glutamate (Fig. 2). Moreover, application of DL-threo-
benzyloxyaspartate abolished our observed fluorescence
changes (supplemental Fig. 2). Because DL-threo-benzyloxyas-
partate is known to lock EAATSs into an outward facing confor-
mation with HP2 open (35) and thus to prevent substrate bind-
ing and subsequent voltage-dependent conformational

JUNE 8, 2012+VOLUME 287 +NUMBER 24

changes, this result further supports the notion that fluores-
cence signals arise from conformational changes of the EAAT3
transporter.

Because EAATs are dual function proteins, the observed
fluorescence changes might report on transitions within the
uptake cycle or on anion channel opening and closing. We
found that the voltage and substrate dependence of EAAT3
fluorescence signals can be well described by a kinetic model
that is based on the glutamate transport cycle and in which
opening and closing transitions of anion channels are voltage-
independent (Fig. 6) (5, 23, 34). Moreover, fluorescence is mod-
ified by transport substrates that affect the transport cycle but
do not directly affect the anion channel opening and closing
(42). Taken together, these results indicate that the observed
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TABLE 1
Parameters of EAAT3 model

Rate constants of the transport process and channel opening/closing at —70 mV are shown. Electrogenic reactions are defined by z8 values, which correspond to the product
of the charge and the fraction of the electric field the charge is moved across the membrane. Clockwise transitions in the model scheme are denoted as “forward reactions.”

Changed parameters for D83A

Reaction Forward Backward z8 Forward Backward

1 1.00-10* M 's7! 2.50-10% s~ * 0.20

2 1.00-10* M~ ! 71 2.50-10%s! 0.20

3 6.80-10° M ! ’1 3.00:10%s™* —0.40

4 6.00-10'* M = s ! 7.00-10%s~*

5 6.00-10"" M~ ! 71 7.00:10%s ! 0.40

6 6.80-10° M ! ’1 3.00:10%s™*

7 1.00-10* M~ ! " 1.00-10%s 7! 0.55

8 5.50-10%s ! 5.00-10° 571 1.00-10° s~ ! 6595 !

9 8.00:10%s™* 4.00-10* M 0.45

10 6.00:10° s~ * 9.00:10'° m = s !

11 3.00:10%s™ ! 4.00:10° M~ ! 71

12 5.00:10%s™* 2.00:10° M~ * ’1

13 4.00-10%s7* 1.00-10° M~ * ’1 0.20

14 1.00-10° M~ ts7! 1.00-10%s7!

15 505! 5.00s ! 0.40 1314557 ! 1.00-10°s*

16 8.00:10%s™* 1.00-10* M *s7!

17 0.80s! 1.00-1072 71 0.11s7! 19.19s57 1
TABLE 2

Fluorescence intensities used for simulations of cysteine-substituted wild type and mutant EAAT3 fluorescence-voltage relationships
Fluorescence intensities of fluorescence states FOypen oceluded and Fi . occtudea Of Cysteine-substituted and D83A EAAT3 used to simulate the overall fluorescence-voltage

relationship were normalized to the fluorescence intensity of Fo,

open*

Fluorescence
state V120C M205C A430C V120C,D83A M205C,DS3A A430C,D83A
FO, e 1.00 1.00 1.00 1.00 1.00 1.00
FOpcetuded 0.98 0.89 0.96 0.97 0.92 0.96
Fiyetuded 1.32 0.29 0.79 0.98 0.88 0.97
Fi 0.52 2.44 1.25 0.97 0.88 0.93
TABLE 3 larization after application of glutamate (Fig. 3). The time

State-specific probabilities for channel opening used in kinetic mod-
eling of cysteine-substituted wild type and mutant EAAT3

Anion channel state

branching from Open probability
ToNal 0.722
ToNa2 9.999-107°
ToNa2G 9.999-10°°
ToNa2H 9.999-10°
ToNa2GH 1.321-107*
ToNa3GH 0.988
TiNa3GH 0.826
TiNa2GH 0.713
TiNa2G 1.275:10*
TiNa2 1.008-10*
TiNal 0.765
TiK 1.357-10*

fluorescence changes are not directly linked to opening and
closing of the anion channel.

Time courses of fluorescence changes are therefore expected
to reflect rate constants of transitions between individual states
of the uptake cycle. However, we observed different kinetics but
very similar voltage dependences of fluorescence changes of
M205C and A430C (Fig. 2, B and C). The time dependences of
fluorescence amplitudes obviously depend not only on global
conformational changes of the EAAT proteins but also on addi-
tional region-specific changes of the environment. We there-
fore did not use the time dependence of fluorescence ampli-
tudes to deduce information about rate constants within the
uptake cycle.

For M205C EAAT3, we observed very slow changes in the
fluorescence amplitude upon depolarizing voltage steps in the
absence of external glutamate and upon membrane hyperpo-
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dependence of this process can be well described with a single
time constant of around 7 s without glutamate and around 4 s in
the presence of the substrate. Turnover rates of individual
EAATS3 proteins have been determined to be well above 10/s
(27), and such slow time constants thus indicate a conforma-
tional change outside the transport cycle. Because ultraslow
fluorescence changes are voltage-dependent (Fig. 34) and
because glutamate modifies this voltage dependence, one might
speculate about the existence of a branching connection from
one of the states of the uptake cycle. After entering such a
branching state, the transport cycle is interrupted and can only
resume after having left this particular long lasting state. We
tested the existence of such a branching connection by meas-
uring time-dependent changes in glutamate transport currents.
The existence of long lasting branching states requires that glu-
tamate transport rates are changed with the same time constant
as the fluorescence signal. However, we did not observe any
time- or voltage-dependent changes in the glutamate-depen-
dent current, indicating that there are no branching connec-
tions from one of the uptake cycle states of the transporter (Fig.
3). Slow fluorescence changes are thus due to conformational
changes that occur in certain states of EAAT3 but do not inter-
fere with the uptake cycle. At present, we can only speculate
about the molecular basis and functional consequences of this
finding. A possible explanation of these slow processes might be
large collective motions as recently reported by Jiang et al. (43).
An alternative assumption is that these very slow fluorescence
changes correspond to a slow gating process within the EAAT
anion channel. This gating process has been initially described
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in EAAT4 where slow changes in the anion to cation selectivity
occur upon membrane depolarization. We also observed simi-
lar processes for EAAT3,? and the time and voltage depen-
dences of these gating processes resemble the observed slow
changes of the fluorescence signals (17).

Due to the slow changes of fluorescence amplitudes, it was
impossible to obtain and interpret steady-state fluorescence
values. We therefore determined fluorescence values at the end
of a 200-ms pulse. After this time period, all processes within
the uptake cycle will have reached steady-state conditions.
Moreover, the additional slow processes that occur outside the
uptake cycle and thus should not contribute to the measured
fluorescence values will not have caused major alterations of
the fluorescence levels.

We recently performed a detailed analysis of the effects of
D117A on EAAT4 anion currents (19). Noise analysis demon-
strated reduced unitary current amplitudes of D117A EAAT4
anion channels, and reversal potential measurements under
bionic conditions indicated altered anion selectivity. These
functional alterations supported direct modification of the
EAAT4 anion conduction pathway by D117A. We reasoned
that Asp-117 is in close proximity to the anion conduction
pathway and that D117A alters anion channel open probabili-
ties by directly modifying opening and closing transitions. We
optimized rate constants in the kinetic scheme that is closely
similar to the one shown in Fig. 6 against experimentally deter-
mined absolute open probabilities for WT and D117A EAAT4
at different voltages. This procedure revealed that the effect of
D117A on EAAT4 gating can be well reproduced by exclusive
modification of anion channel open probabilities.

We now studied the effects of the homologous mutation on
EAATS3 using voltage clamp fluorometry. The use of EAAT3
permits direct measurements of glutamate uptake currents,
and this parameter turned out to be crucial for our interpreta-
tion of the effects of D83A. Cysteine-substituted EAAT3 fluo-
rescence, glutamate transport, and anion currents can be well
represented by a kinetic scheme that is based on a model devel-
oped in a recent voltage clamp fluorometry study (23). We opti-
mized this scheme by inserting anion channel states branching
from certain states of the glutamate transport cycle. For WT
EAATS3, rate constants within the uptake cycle were not mod-
ified. The glutamate transport cycle consists of many different
steps, and some of them are outside the temporal resolution of
our system. Moreover, the kinetic scheme encompasses too
many rate constants to be accurately determined in separation.
The resulting scheme is in good agreement with all our exper-
imental data on WT. However, there is one published feature of
EAATS3 for which the kinetic model fails to account. It is not
able to correctly predict the high transport rates of EAATS3 for
reverse transport at high external K* (44). Because our experi-
ments were performed in the absence of external K*, we
accepted this limitation of the kinetic scheme.

The effects of D83A on fluorescence and anion current could
be explained by modifying anion channel gating. However,
these alterations predicted a reduction of the glutamate uptake

3 D. Torres-Salazar, unpublished observation.
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rates to very low values and are thus in disagreement with
experimental data (Fig. 4). Only by modification of transloca-
tion rates in the uptake cycle were we able to accurately
describe all existing data, glutamate transport, anion currents,
and fluorescence data. Our data thus indicate that D83A mod-
ifies translocation rates. These changes in translocation are
supported by available crystal structures that place the homol-
ogous residue of Asp-83/Asp-117 to the TM2-TM3 loop
between the trimerization and transport domains. By altering
the hinge function of this region (19, 34, 45), D83A/D117A
might affect the isomerization between inward and outward
facing conformations.

The different outcome of the two studies on EAAT3 and
EAAT4 is most likely not due to isoform-specific differences in
anion channel function but rather caused by the separate exper-
imental approaches. Anion channel properties are very well
conserved between EAAT3 and EAAT4 with closely similar
unitary conductance, selectivity, and open probabilities (33).
EAAT4 differs from EAAT3 in very low glutamate transport
rates (27). Changes in translocation processes might have less
influence on anion channel gating in EAAT4 than in EAATS3.
D83A is thus expected to exert effects on EAAT3 anion chan-
nels similar to those of D117A on EAAT4 anion channels. We
conclude that D83A/D117A modifies substrate translocation
and anion channel opening as well as anion conduction by
EAAT3/EAAT4.

At present, the molecular basis of anion conduction in EAAT
glutamate transporters is insufficiently understood. So far, only
one point mutation, D117A, has been shown to modify unitary
anion conduction rates in the outward (35) as well as in the
inward facing conformation (34). Ser-74, the Glt;, residue
homologous to Asp-83/Asp-117, projects into surrounding lip-
ids rather than into possible conduction pathways. Moreover,
D117A reduces unitary current amplitudes of EAAT4 anion
channels by removing a negative charge. These two findings
argue against a direct effect of D83A/D117A on anion conduc-
tion. A possible scenario that accounts for the effects of D83A
on substrate translocation in EAAT3 and of D117A on anion
conduction in EAAT4 is that anion channel formation is closely
related to translocation. One might speculate that the anion
pore opens upon moving the translocation domain between
outward to inward facing conformations. Indeed, a recently
reported high resolution structure of an intermediate confor-
mation of Gltp,, revealed an aqueous conduction pathway that
might permit permeation of anions (32). By altering the trans-
location trajectory, D83A/D117A could not only affect sub-
strate translocation and anion channel opening/closing but also
the anion conduction pathway itself.
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