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Background: Reorientation of the binding sites of the glutamate transporter requires K� translocation.
Results: Single turnover K� translocation is associated with negative transmembrane charge movement.
Conclusion: The empty glutamate transporter carries an apparent charge of �1.23, overcompensating for the positive charge
of the translocated K� ion.
Significance:Charge compensationmay be a general strategy ofNa�-dependent transporters to overcome electrostatic barriers
of charge transport.

Forward glutamate transport by the excitatory amino acid
carrier EAAC1 is coupled to the inwardmovement of three Na�

and one proton and the subsequent outward movement of one
K� in a separate step. Based on indirect evidence, it was specu-
lated that the cation binding sites bear a negative charge. How-
ever, little is known about the electrostatics of the transport
process. Valences calculated using the Poisson-Boltzmann
equation indicate that negative charge is transferred across the
membrane when only one cation is bound. Consistently, tran-
sient currents were observed in response to voltage jumps when
K� was the only cation on both sides of themembrane. Further-
more, rapid extracellular K� application to EAAC1 under single
turnover conditions (K� inside) resulted in outward transient
current. We propose a charge compensation mechanism, in
which the C-terminal transport domain bears an overall nega-
tive charge of �1.23. Charge compensation, together with dis-
tribution of charge movement over many steps in the transport
cycle, as well as defocusing of the membrane electric field, may
be combined strategies used by Na�-coupled transporters to
avoid prohibitive activation barriers for charge translocation.

Glutamate transport by the members of the SLC1 family (1,
2), as well as secondary active transport by other solute carriers
(3), is thought to occur through an alternating access mecha-
nism (4). Such mechanisms assume that the transporter cycles
through at least twodiscrete conformational states, one of them
allowing access of substrate to its binding site from the extra-
cellular side and the other one allowing access from the cyto-
plasm. Glutamate and 3 Na� ions, when bound to the trans-
porter at the same time, initiate the conformational change(s)
associated with alternating accessibility. Based on recent crys-
tallographic and computational evidence, it was hypothesized

that alternating accessibility is mediated by sequential move-
ment of an external gate (reentrant loop 2 (5–7)) and an internal
gate (reentrant loop 1 (2, 8)).
In addition to the opening and closing of gates, glutamate

transport is thought to be associated with large scale, rigid body
conformational changes (9), one of them being the movement
of the C-terminal transport domain that leads to the transloca-
tion of glutamate along the bilayer normal (1, 2). This move-
ment has been described in terms of a hydrophobic interaction
mechanism, in which the trimerization domain provides an
unstructured, hydrophobic surface, along which the transport
domain can move inward and outward (2). Due to the large
number of potentially charged residues that are moved in the
transport process, it is likely that in addition to the hydrophobic
effect, electrostatics play an important role. Because the move-
ment of 3Na� ions across the hydrophobic barrier of themem-
brane is expected to be unfavorable, it has been suggested that
the positive charge of the cations is at least partially compen-
sated for by negative charge of the binding site(s) (10–12). Con-
sistent with this suggestion, several negatively charged amino
acid residues, which are highly conserved within the SLC1 fam-
ily and sensitive to mutation, are located in the C-terminal
transport domain (13–16).
K� also initiates alternating accessibility in a step separable

from Na�/glutamate movement (K� countertransport (10, 17,
18)). Based on indirect evidence from the voltage dependence
of steady-state glutamate-induced transport currents (10, 19),
as well as measurements on fluorescently labeled transporters
(11), it was speculated that the K� relocation step(s) is associ-
ated with net negative charge movement, despite the positive
charge of the transported K� ion. However, no direct experi-
mental evidence for the voltage dependence of the K� reloca-
tion step(s) has been obtained.
In this work, we have used a combination of experimental

and computational methods to test the charge compensation
hypothesis. Our results show that conformational changes
associated with K�-K� exchange proceed in at least two elec-
trogenic steps with net negative charge movement. Consis-
tently, computations of electrostatic energies demonstrate neg-
ative valence of the relocation step. K� binding depends on
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voltage only to a small extent. The results are consistent with a
multistep charge compensation mechanism, in which fast cat-
ion binding precedes electrogenic cation exchange through an
overall negatively charged transport domain.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, Whole-cell Current Recording,
and Site-directedMutagenesis—HEK293 cells (American Type
Culture Collection number CRL 1573) were cultured as
described previously (10, 12). The cell cultures were transiently
transfected with wild-type or mutant EAAC1 cDNA inserted
into a modified pBK-CMV expression plasmid (10) by using
FuGeneHD transfection reagent according to the protocol sup-
plied by the manufacturer (Roche Applied Science). One day
after transfection, the cells were used for electrophysiological
measurements. Glutamate-induced EAAC1 currents were
measured in the whole-cell current recording configuration.
Whole-cell currents were recorded with an EPC7 patch clamp
amplifier (ALA Scientific, Westbury, NY) under voltage clamp
conditions. The resistance of the recording electrode was 2–3
megaohms, as described previously (12).
In the whole-cell recordings performed at steady state, series

resistancewas not compensated for because of the small whole-
cell currents carried by EAAC1. However, series resistance
compensation of 60–80% as well as whole-cell capacitance
cancellationwere used in the whole-cell recording experiments
involving step changes of the membrane potential, in order to
accelerate the capacitive charging of themembrane in response
to the voltage jump. Typical time constants for membrane
charging under these conditions were 200–250 �s (20).
Ionic Conditions for K� Exchange Experiments—K�/Cs�

exchange was established by using symmetrical [K�] on both
sides of the membrane (140 mM) in the absence of Na� and
glutamate. The composition of the solutionswas as follows: 140
mM K/CsMes, 2 mM Mg(gluconate)2, 2 mM Ca(gluconate)2, 10
mM HEPES, pH 7.3 (extracellular), 140 mM K/CsMes, 2 mM

Mg(gluconate)2, 5 mM EGTA, 10 mM HEPES, pH 7.3 (intracel-
lular). To obtain the specific component of the currents, we
subtracted nonspecific currents in the presence of the compet-
itive inhibitor DL-threo-�-benzyloxyaspartate (TBOA)2 (21).
TBOA does not bind to EAAC1 in the absence of Na� and
may bind, but only weakly, in the presence of extracellular
K�. Therefore, TBOA binding was promoted by including a
small amount of Na� (2 mM in the presence of extracellular
K� and 5 mM in the presence of extracellular NMG�) in the
TBOA-containing solution, as described previously (22).
This small amount of Na� did not elicit nonspecific currents.
Under these ionic conditions, 200 �M TBOA is a supersatu-
rating concentration (about 100-fold Km), so the TBOA
binding site should be saturated at all voltages. The Km for
TBOA under these conditions has been experimentally
determined previously (22).
Ionic Conditions for Na�/Glutamate Exchange Experiments—

Glutamate/Na� exchange was established by using symmetri-
cal [Na�] � 140 mM and [glutamate] � 10 mM on both sides of

the membrane. Under these conditions, the internal and exter-
nal binding sites for Na� and glutamate should be saturated,
based on results from previous studies (12, 22). The composi-
tion of the solutions was as follows: 140 mM NaMes, 2 mM

Mg(gluconate)2, 2 mM Ca(gluconate)2, 10 mM HEPES, 10 mM

glutamate, pH 7.3 (extracellular), 140 mM NaMes, 2 mM Mg(g-
luconate)2, 5 mM EGTA, 10 mM HEPES, 10 mM glutamate, pH
7.3 (intracellular). Ionic conditions for forward and reverse
transport were as published previously (10).
For charge-voltage relationships, we used the Boltzmann

equation to fit the experimental data.

Q �
Qmax

1 � exp��zQF�V � V1/ 2�

RT � � Qoffset (Eq. 1)

Here,Qmax is themaximumchargemovement, andQoffset is the
holding potential-dependent offset of the charge movement,
V1⁄2 is the midpoint potential, and F is the Faraday constant. R
and T have their usual meaning, and zQ is the valence of the
charge movement, which is obtained from the fit.
Computation of the Valence of the Transport Domain—We

have used theAdaptive Poisson-Boltzmann Solver (APBS) (23),
together with the APBSmem Java routines (24) for the calcula-
tion of electrostatic energies of the glutamate transporter
embedded into an implicit membrane. In the presence of an
internalmembrane potential,V, the followingmodified version
of the linearized Poisson-Boltzmann equation is used, accord-
ing to the formalism first introduced by Roux (25).

�����r�����r��� � �2�r����r��

�
e4	

kbT �
�r�� �
�2V

4	
f�r��� (Eq. 2)

Here, � is the dielectric constant, which depends on the spatial
coordinate, � � e�/kbT, where � is the electrostatic potential,
e is the elementary charge, T is the temperature, and kb is the
Boltzmann constant.� is theDebye-Hückel screening constant,
and 
 is the charge density. f(r) is the Heaviside step function,
which is set to 1 in the intracellular solution and is 0 in the
membrane, protein, and extracellular solution. Details of the
method can be found in Ref. 24.
The total electrostatic energy, E, is then computed by sum-

ming up over the product of the local charge and the potential
(26),

E � ���r��
�r��dV (Eq. 3)

where dV is the volume element. To compute the valence,
membrane potentials of varying magnitude, V, are applied to
the internal side of the membrane, and the difference in total
electrostatic energy, �E, for two protein configurations (e.g.
inward and outward facing conformations) is calculated.When
plotting �E versus the membrane potential, the valence is
obtained from the slope (27). Energy contributions that do not
come frommovement of protein charges have been subtracted
in this approach, after calculating the electrostatic energy in the

2 The abbreviations used are: TBOA, DL-threo-�-benzyloxyaspartate; APBS,
Adaptive Poisson-Boltzmann Solver; PB, Poisson-Boltzmann.
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absence of protein charges. The details of the APBSmem setup
are described in the supplemental Methods.
The APBSmem approach was validated by using a model

system, in which a Na� ion was moved from the water phase
into a membrane of 30 Å thickness at a distance of 10 Å below
the membrane surface. As expected, the valence of this transi-
tion was 0.32.

RESULTS

K�-induced Relocation of the Transporter Is Associated with
Charge Movement—We first tested whether K�-dependent
reaction steps of EAAC1 are electrogenic, by locking the trans-
porter in the K� exchange mode (Fig. 1A, top). Step changes in
the membrane potential under K� exchange conditions (Fig.
1A) induced transient, TBOA-sensitive currents, which
decayed with two-exponential components (Fig. 1A). Little
voltage-induced charge movement was seen under the same
conditions in non-transfected cells (Fig. 1C). As expected, the
charge scales linearly with the expression level (n � 12 cells;
supplemental Fig. 1) and is virtually eliminated at low extracel-
lular [K�] (5 mM; supplemental Fig. 3). The transient currents
were capacitive in nature (Fig. 1, A and D). The charge move-
ment was voltage-dependent with an apparent valence of 0.41
(supplemental Methods and supplemental Fig. 1, B and C) and
with a [K�]-dependent midpoint potential (Fig. 1E). Together,
these results suggest that voltage jumps result in a redistribu-
tion of the electrogenic K� exchange equilibrium. This redis-
tribution consists of at least two steps, as indicated by the two
exponential components of the transient current decay (sup-
plemental Fig. 2). One component was fast in the microsecond
range (average � � 0.85 � 0.2 ms, n � 8), and the other was
about 15-fold slower (average � � 13 � 3 ms, n � 8).

Contribution of Electrostatics to Conformational Transitions—
To test the hypothesis of electrogenic K�-dependent reloca-
tion, we computed the valence of the K�-loaded transporter,
using the APBS routine (23), numerically solving the linearized
Poisson-Boltzmann (PB) equation for various transporter/im-
plicit membrane systems. The simulation setup is shown in Fig.
2A. The transporter structures were obtained by homology
modeling of the EAAT3 sequence based on theGltPh (aspartate
transporter from Pyrococcus horikoshii) template structures
(Protein Data Bank codes 2NWX and 3KBC (2, 8)). In addition,
we used a simplified model, in which only the conserved
charged residues were modeled in the absence of protein but
retained their correct orientations (Fig. 2B). A biasing potential
(Fig. 2, A, C, and D) applied to the intracellular side (24) allows
the determination of voltage drop within the transmembrane
domain in the absence of intrinsic charges of the protein (25).
As a first approximation, we neglected the dipole potential of
the membrane. Fig. 2, C and D, shows isopotential planes for
transporters, in which all subunits are outward facing (Fig. 2C)
and in which one subunit is inward facing (Fig. 2D; assuming
that the subunits transport glutamate independently (9, 28)).
Transition to the inward facing configuration results in an
altered distribution of isopotential planes, with the voltage drop
shifted toward the intracellular direction (Fig. 2E). Clearly, such
a shift in the interaction of the membrane electric field with the
transporter must result in a voltage dependence of the conforma-
tional transition if the transmembrane domain of the transporter
is charged. Interestingly, insertionof the transport protein into the
membrane leads to a defocusing of the transmembrane electric
field, as compared with the voltage drop for the membrane-only
system in the absence of protein (Fig. 2E).

FIGURE 1. K�-induced relocation is associated with charge movement. A, voltage jump procedure used to isolate EAAC1-specific transient currents
associated with K� exchange. The middle panel shows original current traces measured in response to a voltage jump (top panel) in the absence (�TBOA) and
presence (�TBOA) of 200 �M blocker TBOA (21). The bottom panel shows the EAAC1-specific, TBOA-sensitive component obtained by subtraction of the
�TBOA from the �TBOA trace. B and C, voltage dependence of TBOA-sensitive K� exchange currents (middle panel) and charge movement (Qoff (F),
off-response of slow phase obtained by calculating the time integral of the current). The solid line represents a fit to a Boltzmann equation with an apparent
valence of 0.41. E, control experiments from non-transfected cells. D, the charge movement of the off-response (Qoff) scales with that of the on-response (Qon).
The solid line has a slope of 1. E, [K�] dependence of the midpoint potential. Error bars, S.D.
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Several charged amino acid residues are conservedwithin the
C-terminal transport domain of the glutamate transporter fam-
ily, including five acidic amino acids and two potentially posi-
tively charged residues (Fig. 2, sequence inset). Conservative,
charge-neutralizing mutation of all of these residues results in
defects in glutamate transport (Fig. 2F). This result indicates
that these potentially charged residues may be important for
electrostatic charge compensation. Valences for the outward-
to-inward facing transition for all mutant transporters, as cal-
culated through PB analysis, are listed in supplemental Table 1.
As expected, charge-neutralizing mutations at positions that
move the largest distance within the membrane electric field
(Asp-443, Arg-444, and Arg-446), show the largest deviations
from the EAAC1(WT) valence.
The C-terminal Transport Domain of the Glutamate Trans-

porter Carries Net Negative Charge—Next, we computed the
theoretical valence associated with several transitions in the
transport cycle, by calculating the difference in total electro-
static energy, �E, of the transporter/membrane systems before
and after the structural change as a function of the membrane
potential, Vm (Fig. 3, A and B) (23). The slope of the �E versus
Vm relationship is representative of the valence of the charge
movement (24, 27). We first investigated what is believed to be
the major structural change associated with glutamate trans-

port from the outward facing to the inward facing conforma-
tion (1, 2) (Fig. 3C). The valence of the charge movement was
negative in the absence of any bound cations (z � �1.23) or in
the presence of only one bound cation (Cs�, z � �0.59, or K�,
Fig. 3A, top), with negative potential stabilizing the outward
facing configuration. The valence did not depend strongly on
the exact positioning of the cation (positioned in theGltPhNa1
site or in the substrate binding site, as suggested in Ref. 29). The
transporter became almost neutralized with two Na� ions
bound. In the presence of an additional third Na� ion and a
proton (protonation of Glu-373 (30)) and in the fully loaded
configuration (with glutamate), the valence of the chargemove-
ment reverted to a positive sign (z � �0.15; Fig. 3, A and B).
This result suggests that the negative charge of the transporter
binding sites and the bound glutamate partially compensates
for the positive charges of the three bound Na� ions and the
proton, consistent with several reports showing inward charge
movement of Na�/glutamate translocation (12, 19, 20). Conse-
quently, transient currents were observedwhen the transporter
was subjected to voltage jumps in the Na�/glutamate exchange
mode (Fig. 3D). In the exchange mode, charge movement is
caused mainly by the actual conformational transitions of the
transporter but to a lesser extent by cation/substrate binding or
unbinding.

FIGURE 2. Interaction of the transport domain with the transmembrane electric field. A, setup of the EAAC1/implicit membrane system. The voltage is
color-coded as follows: blue, 0 mV; red, �100 mV; white, �50 mV. B, a minimalistic charge/membrane/solvent system, in which only the seven conserved
charged residues were modeled. C and D, isopotential planes for transporters with three outward facing subunits (C) and two outward facing and one inward
facing subunit (D, black), calculated using the linearized PB equation (protein indicated in blue). The red planes show the superposition of isopotential planes
from C. E, Vm as a function of the z direction (perpendicular to the membrane plane) for outward facing conformation (black), inward facing conformation (blue),
and membrane only (20 Å wide; red). The potential was sampled at x and y coordinates at the center of the individual subunit (substrate binding site). F, average
steady-state transport currents (n 	 3) for EAAC1 with several conservative mutations (see sequence (bottom); forward transport mode, V � 0 mV). Error bars,
S.D.
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The apparent valence of the charge movement was 0.43 �
0.1. This valence is larger than the theoretical computed value
shown above for the fully loaded transporter (�0.15). There-
fore, it is possible that the negative charge of the binding sites is
overestimated because not all acidic side chains are deproto-
nated. Although previous pKa computations suggested that
Asp-454 is deprotonated at pH 7.4 (31), we computed the
valence with a protonated Asp-454. A z of �0.40 was found for
the fully loaded transporter. This value agrees well with the
experimentally observed valence (0.43; Fig. 3E), raising the pos-
sibility that Asp-454 is protonated in the fully loaded trans-
porter, consistent with its location deeply buried in the interior
of the protein.
Charge Movement Is Slowed by Cs� Substitution—If steps

associated with K� binding and/or relocation are electrogenic,
they should be sensitive to the nature of themonovalent cation.

It is known for other glutamate transporter subtypes that Cs�
can substitute for K�, but Cs� is transported at a lower rate
than K� (32, 33), although transport was also increased by Cs�
in one report (34). Consistent with this hypothesis, forward
transport currents (Fig. 4,A–C) aswell as reverse transport (Fig.
4, B and D) currents in EAAC1 were reduced about 2–2.5-fold
whenCs�was used instead of K� as the cation on the trans side
of themembrane. Therefore, we used Cs� substitution on both
sides of the membrane (Fig. 4E, inset) to obtain further infor-
mation on the voltage jump-induced charge movements. As
shown in Fig. 4E, transient current relaxations in the sole pres-
ence of Cs� in response to voltage jumps from �90 to 0 mV
transmembrane potentials were biphasic, as in K�, but dis-
played smaller peak amplitudes and slower relaxation kinetics.
Reduction of the peak current in Cs�, which resulted in a lower
signal/noise ratio (Fig. 4E), is expected because the same charge
is displaced over a longer time window. The fast phase of the
current decay was slowed about 4-fold with a relaxation time
constant of 3.3 � 1.5 ms (n � 6), whereas the slow phase was
about 1.6-fold slower with a time constant of 21 � 4 ms (aver-
ages shown in Fig. 4F). Relaxation rate constants in both Cs�
and K� were smaller than the rate constants associated with
equilibration of the Na�/glutamate translocation step(s) (glu-
tamate exchange mode), as shown in Fig. 4E. This result is con-
sistent with previous suggestions that K� relocation, but not
Na�/glutamate translocation, limits the overall turnover rate of
the glutamate transporter subtype EAAC1 (10).
Extracellular K� Binding Is Electrically Silent—A glutamate

transporter with the mutation E373Q was previously shown to
be defective in K�-dependent relocation (30, 35) while still
being able to bind extracellular potassium and catalyze Na�-
dependent glutamate translocation (30). As expected, step
changes of the membrane potential to EAAC1(E373Q) in the
Na�/glutamate exchange mode resulted in large transient
transport currents (Q� 320� 15 femtocoulombs, n� 5; Fig. 5,
A and C). In contrast, charge movement was virtually elimi-
nated in the K� exchange mode (Q � 22 � 3 femtocoulombs,
n � 5; Fig. 5, B and C). This result suggests that the voltage-de-
pendent charge movement observed in the K� exchange mode
is caused mainly by K� translocation but not by K� binding to
its binding site. Consistently, the apparent affinity of the trans-
porter for extracellular K� or Cs� in the reverse transport
mode was virtually independent of the transmembrane poten-
tial (supplemental Fig. 4, A–C).
We next performed PB calculations for K� binding to three

potential binding sites at positions suggested by previous
mutagenesis experiments (14, 29, 35). The valence associated
withmovement of K� into the substrate binding site (a binding
site suggested in Ref. 29) is �0.106 (Fig. 5D). In contrast, the
Asp-454 cation binding site (Na1 site in GltPh) is more deeply
buried in themembrane, resulting in a valence of K� binding of
�0.34 (Fig. 5, D–F). However, direct accessibility of this site to
a cation is unlikely because no aqueous pathway exists for an
ion to move into this site (31). To obtain an apo-like configura-
tion for the PB analysis, we performedmolecular dynamics sim-
ulations in the absence of any bound ions/substrates (supple-
mental Fig. 5). In agreement with previous reports (6, 7, 31),
reentrant loop 2 opens after several ns while, simultaneously,

FIGURE 3. The binding sites of the empty transporter carry negative
charge. A, principle of PB computations of the valence of outward facing-to-
inward facing transition of EAAC1 of the empty transporter (black) with Cs�

bound (red), three Na� and H� bound (green), and fully loaded (blue). B, com-
puted valence for the outward facing-to-inward facing transition of EAAC1
loaded with different numbers/types of cations and with and without sub-
strate. C, illustration of the starting and end state of the system (bound Cs� is
indicated in purple). Green, outward facing; turquoise, inward facing. D, TBOA-
sensitive transient currents in response to the voltage jump protocol (top) in
the Na�/glutamate exchange mode (inset). The external solution contained
140 mM Na� and 1 mM glutamate, and the internal solution contained 120 mM

Na� and 10 mM glutamate. E, voltage dependence of the charge movement
in EAAC1-expressing (black squares) and non-transfected (open squares) cells.
The red line represents a fit to the Boltzmann equation with an apparent
valence of 0.43. Error bars, S.D.
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water molecules start penetrating the transporter to form an
aqueous cavity leading to the Na1 site and the aspartate residue
in position 405 (analogous toAsp-454 in EAAC1; supplemental

Fig. 5B). Based on this apo-state, a valence for K� binding to the
Na1 site of �0.09 was calculated, consistent with an aqueous
access pathway for a cation. Finally, we analyzed cation binding

FIGURE 4. Cation dependence of the voltage-dependent relocation step(s) of the transporter. A, original traces for transport currents induced by 100 �M

glutamate in the presence of intracellular KMes (left) and CsMes (right). c (cation) � 140 mM, Vm � 0 mV. The extracellular solution contained 140 mM NaMes.
The data are from the same cell. The intracellular solution was changed from K� to Cs� through diffusion, by backfilling a KMes-dipped pipette with CsMes
solution. B, statistical analysis of data from seven different cells. The hashed bars represent data from the same cells as the K� control. C, current-voltage
relationship of inward transport currents with intracellular KMes (F) and CsMes (E). D, current-voltage relationship of outward transport currents in the
presence of 140 mM KMes (F) and CsMes (E). The intracellular solution contained 10 mM glutamate and 140 mM NaMes. The EAAC1-specific current component
was isolated by determining its sensitivity to 200 �M extracellular TBOA (a saturating concentration) in the presence of 2 mM Na�. E, off-response recorded after
stepping the membrane potential from �90 mV back to 0 mV in the Cs� exchange (black trace) and K� exchange modes (gray trace; 140 mM K� or Cs� on both
sides of the membrane). F, average relaxation rate constants obtained from fits of data, such as shown in E and Figs. 2D and 3B, to a sum of two exponentials.
Data obtained in the Na�/glutamate exchange mode are shown for comparison. Error bars, S.D.
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to a potential binding site at position Glu-373 (z � �0.005; Fig.
5E). Taken together, our experimental and computational
results suggest that the extent of voltage dependence of extra-
cellular K� binding is small.
Direct Evidence for a Charge Compensation Mechanism—

The results from voltage jump analysis do not answer questions
about the sign of the charge movement (i.e. is positive or nega-
tive charge moving within the membrane electric field?). To
answer this question, we performed a single turnover K�

exchange experiment (Fig. 6). Here, K� was initially only pres-
ent on the intracellular side, ensuring an outward facing K�

binding site. Subsequently, K� was rapidly applied to the extra-
cellular side. As expected, if rearrangement of the binding site is
associated with negative charge movement, application of 140
mM K� to the extracellular side was followed by a transient
outward current (Fig. 6A, left). To test whether the cell func-
tionally expressed glutamate transporters, 1 mM glutamate was
rapidly applied to the extracellular side, showing the well char-
acterized, rapidly decaying inward transient current followed
by a steady-state component (Fig. 6B), demonstrating that the
solution exchange procedure is fast enough to detect transient
currents. The decay rate of the transient currents is governed by
the time resolution of the solution exchange system (
50 ms).
Therefore, no quantitative rate information can be obtained in
this experiment. However, the experiment directly demon-
strates net negative charge of the K�-loaded transporter,

because inward movement of positive charge would be associ-
ated with inward transient current. No inward currents were
detected in any of the 12 cells observed.
The following control experiments were performed. 1)

TBOA virtually abolished the current (Fig. 6A,middle). 2) The
K�-induced response was absent in control cells (Fig. 6D). 3)
The application of Cs� resulted in much smaller amplitude of
the transient current, due to the lower relocation rate of the
Cs�-bound versus the K�-bound transporter (Fig. 6C). 4) The
charge moved in response to K� application is proportional to
expression levels (supplemental Fig. 6). 5) Transient outward
current precedes steady-state reverse transport current when K�

is applied to the extracellular side under reverse transport condi-
tions (supplemental Fig. 7,A–C). When glutamate was applied to
the same cell, inward transient current, but no steady-state com-
ponent, was observed (supplemental Fig. 7D). Together, these
control experiments show that the outward charge movement is
specifically caused by the glutamate transporter.
Upon removal of K�, formation of a transient inward current

would be expected, if the charge movement is capacitive. This
was seen in some but not all cells. The non-consistent nature of
observable inward current ismost likely caused by difficulties in
removing ions rapidly through solution exchange.
As shown previously by Wadiche et al. (36), transient cur-

rents are induced by voltage jumps in the presence of Na� but
in the absence of transporter turnover. To test the direction of

FIGURE 5. Results from EAAC1(E373Q) reveal that charge movements in the presence of K� and Cs� are not caused by cation binding. A and B, current
response after stepping the membrane potential in an EAAC1(E373Q)-expressing cell from �100 to 0 mV in the K� exchange (B) and Na�/glutamate exchange
modes (A); 140 mM K� or 140 mM Na�, 10 mM glutamate on both sides of the membrane. C, charge moved in experiments A and B at �100 mV from an average
of n � 5 cells. D, PB computations of the valence of K� binding to EAAC1(WT), as illustrated in F. E, computed valence for binding of K� to several different
potential binding sites (EAAC1(WT)). F, structural model used for the PB calculations of extracellular K� binding to the hypothetical binding site near the
Glu-373 side chain. The arrow indicates the binding event, and the yellow sphere represents the K� ion before and after binding. Error bars, S.D.

Charge Compensation in the Glutamate Transporter EAAC1

AUGUST 3, 2012 • VOLUME 287 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 26927

https://doi.org/10.1074/jbc.M112.364059
https://doi.org/10.1074/jbc.M112.364059
https://doi.org/10.1074/jbc.M112.364059


Na�-induced charge movement, we rapidly applied 140 mM

Na� to the extracellular side of EAAC1. As shown in supple-
mental Fig. 8, a transient inward current was observed (n � 3

cells). This result is consistent with previousmodels on electro-
genicNa� effects (36), showing differential and opposite effects
of K� and Na� interaction with the transporter.

FIGURE 6. Single turnover K� exchange is associated with the movement of negative charge. A, K� exchange currents in an EAAC1-expressing cell
induced by rapid extracellular solution exchange from NMG� to K�. The intracellular solution contained 120 mM KMes. The middle trace was recorded in the
presence of 200 �M TBOA (� 5 mM Na� to promote TBOA binding). The right, subtracted trace represents the TBOA-sensitive component of the current, which
is specific for EAAC1. B, rapid application of 1 mM glutamate to the same cell in the presence of 140 mM Na� induces inward transport current. C, comparison
of currents elicited by application of K� (black trace) or Cs� (gray trace with lower peak amplitude, 140 mM) EAAC1. D, response to K� in a non-transfected cell.
A–D were all recorded at 0 mV. E and F, simulated current responses in forward transport mode (E) and K�-K� exchange mode (F) according to the kinetic
scheme shown in G. Conditions of the simulation were chosen to match the experiments in B and C. The solution exchange time was 50 ms.
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To test the predictions of the single turnover K� exchange
experiments, we performed numerical simulations according
to the kinetic scheme shown in Fig. 6G. As shown in Fig. 6E, the
experimentally observed transient and steady-state inward cur-
rent induced by glutamate application is well represented by
these simulations. Using a valence of�0.8 for theK� relocation
step, the K�-induced current can also be reproduced well by
the simulations (Fig. 6F).

DISCUSSION

Themost important conclusion from this work is that trans-
port of glutamate and the co-transported Na� ions is based on
a charge compensation mechanism, in which intrinsic negative
charge of the transporter binding site partially compensates for
the three positive charges of the bound cations/substrate in the
fully loaded transporter in the translocation step, and overcom-
pensates for the single positive charge of the bound K� ion in
the relocation step of the empty transporter. Computationally
estimated valences of the transporter in various states are in
excellent agreement with this conclusion, independent of the
protonation state of the conserved amino acid side chain aspar-
tate 454,which is at present ambiguous. In contrast, extracellular
K� binding is most likely electrically silent because extracellular
waterpenetrates the cationpermeationchannel in the apo-stateof
the transporter. At present, our results do not allow us to draw
conclusions about the electrogenic nature of intracellular cation
binding, although it has been previously suggested that intracellu-
larNa� binding and/or conformational changes associatedwith it
cause transmembrane charge movement (22).
Structure function relationship studies on transport systems

have focused on ionizable amino acid residues in transmem-
brane domains with potential negative charge (37), including
several reports on glutamate transporters (14, 16, 35). In reports
from the Wright laboratory, it was proposed that the sodium-
glucose transporter, SGLT1, contains negative charge in its
sodium binding site(s), counterbalancing the two positive
charges of the co-transported Na� ions (38). Similar mecha-
nisms were proposed for the Na�/phosphate transporter (39).
For SGLT1, evidence was based on the fact that the Na�/glu-
cose translocation step(s) are associated with little charge
movement and that voltage jumps applied to the empty trans-
porter result in transient currents, which are sensitive to the
SGLT1 inhibitor phlorizin. Although such voltage jump exper-
iments, similar to the ones performed here, prove that the
empty transporter is charged, they do not provide evidence on
the sign of the charge. To demonstrate this point, we have per-
formed simulations of concentration jumps and voltage jumps
(supplemental Fig. 9).Whereas the [K�] jump (single turnover)
experiment allows a clear differentiation between inward and
outward charge movement in the presence of positive or nega-
tive charge of the transport domain (supplemental Fig. 9,A and
C), the voltage jump experiment shows only minor differences
in the kinetics of the transient current signals, but, as expected,
the sign of the current is the same in both cases (supplemental
Fig. 9, B and D). Thus, when analysis is based on voltage jump
data only, conclusions about the sign of the charge of the bind-
ing sites can only be obtained by indirect kinetic modeling or
site-directed mutagenesis of charged residues. The glutamate

transporter, therefore, represents a valuable model system
because, in contrast to many other secondary active transport-
ers, relocation of the empty transporter is not spontaneous but
rather triggered by K� binding (17). This functional property
allowed us to perform the single turnover K� exchange exper-
iments shown in Fig. 5, providing direct proof of negative
charge of the K�-loaded transport domain.

A noteworthy result from voltage jump analysis is that the
relaxation of the transient current is biphasic (supplemental
Fig. 2), suggesting that the underlyingmolecular processes con-
sist of at least two steps. The rate of decay of the slow step is
consistentwith rate constants previously estimated for the relo-
cation step (10). Furthermore, the apparent valence associated
with this chargemovement is consistent with the valence of the
inward facing to outward facing transition computed using the
PB formalism. Therefore, we propose that the slow component
of the chargemovement is caused by themajor conformational
reorientation of the transport domain within the membrane
(see Fig. 6 for a proposed kineticmechanism). The relaxation of
the slow phase is slower than the relaxation of transient cur-
rents in the glutamate/Na� homoexchange mode (Fig. 4F).
This result provides additional evidence that the K�-induced
relocation reaction is rate-limiting for the overall transport
cycle in the forward direction (10). TheCs� substitution exper-
iments are also consistent with this proposal. Althoughwe can-
not directly assign the fast relaxation phase of the transient
current to a distinct process in the transport cycle, it can be
speculated that it is caused by relaxation of the opening/closing
equilibrium of either the internal or the external gate of the
transport domain (Fig. 6). Although the gate-opening process is
less defined for the internal gate, both structural andmolecular
dynamics simulation evidence indicates that the external gate is
open in the apo-form of the transporter (6, 7). Therefore, it is
likely that this gate has to close first in the K�-bound state,
before the transport domain canmovewithin themembrane. In
contrast to the electrogenicity of these structural changes, our
molecular dynamics simulations and experiments with the
E373Qmutant transporter suggest that the K� binding process
is electrically almost silent. Our results are summarized and
illustrated in a kinetic mechanism for K�-induced relocation
shown in Fig. 7. In this mechanism, electroneutral binding of

FIGURE 7. A charge compensation mechanism for K� countertransport
accounts for the experimental and computational results. The red arrows
indicate potentially electrogenic reactions. The black arrows indicate electri-
cally silent processes. T, is the transporter, with the index i indicating inward
facing conformation and o indicating outward facing conformation.
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K� to the extra- or intracellular binding sites is followed by
potentially electrogenic closure of the reentrant loops, with
subsequent electrogenic movement of the negatively charged
transport domainwithin themembrane. It should be noted that
the electrical properties of the intracellular binding/gate clo-
sure reactions are speculative at this point.
Charge compensation mechanisms, such as the one postu-

lated here, may be a general feature of ion-coupled transport-
ers. This would suggest that the charge of transported cations
must be at least partially compensated for to allow efficient ion
translocation, which otherwise would have to overcome large
electrostatic barriers of inserting a significant amount of charge
into the low dielectric environment of the membrane. For
example, the Born energy for inserting one Na� ion fromwater
into the low dielectric membrane (� � 2) is 350 kJ/mol. Viewed
as an activation energy, such high values are prohibitive for
transport, considering that the translocation steps of the gluta-
mate transporter have activation energies no higher than 110
kJ/mol (20). Therefore, it can be hypothesized that Na�-cou-
pled transporters not only require compensation of the charge
of the Na� ion but also need to fine tune charge balance of the
charge-translocating and -relocating steps (e.g. by counter-
transporting K� in the case of the EAATs) to avoid paying this
electrostatic cost. In addition to charge compensation, the glu-
tamate transporters employ two other strategies to minimize
electrostatic barriers. 1) The electric field of the membrane is
defocused (Fig. 2E). This defocusing reduces the voltage
dependence of individual steps. 2) The charge movement is
distributed over many individual kinetic steps in the transport
cycle, as indicated in the mechanisms shown in Fig. 6. There-
fore, each individual step has less voltage dependence and a
reduced potential to be inhibited by unfavorable transmem-
brane potentials. Together, these three mechanisms may lead
to a relatively shallow voltage dependence of the transport rate,
which is found for the glutamate transporter, as well as for
many other secondary active transport proteins, for which
detailed electrophysiological data are available (a large list of
studied systems includes Refs. 10 and 38–40). Reducing the
voltage dependence of substrate transport is particularly
important for the glutamate transporter because of the large
number of positively charged cotransported ions (three Na�

and one H� (41)). If these charges were transported across the
membrane in a single step, transport would be strongly inhib-
ited upon depolarization.
In conclusion, our results provide direct evidence for a

charge compensation mechanism of the glutamate transport-
ers, with negative charge of the transport domain overcompen-
sating for the single positive charge of the countertransported
potassium ion but only partially compensating for the three
positive charges of translocated 3Na�/H�/glutamate�.
Together with defocusing of the membrane electric field and
distribution of charge movement over many weakly electro-
genic steps in the transport cycle, glutamate transporters
and possibly other Na�-coupled secondary active transport-
ers employ this mechanism to prevent paying a large electro-
static energetic penalty for movement of a substantial num-
ber of charges through the low dielectric environment of the
membrane.
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