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Background: The cation binding sites of brain glutamate transporters are not yet identified.
Results:Mutation of a conserved asparagine residue changed cation selectivity and apparent substrate affinity.
Conclusion: This residue plays a crucial role in the ion-coupling mechanism of glutamate transporters.
Significance: The proposed direct coupling of the cation and solute fluxes may be relevant for other ion-coupled transporters.

Transporters of the major excitatory neurotransmitter gluta-
mate play a crucial role in glutamatergic neurotransmission by
removing their substrate from the synaptic cleft. The transport
mechanism involves co-transport of glutamic acid with three
Na� ions followedby countertransport of oneK� ion. Structural
work on the archeal homologue GltPh indicates a role of a con-
served asparagine in substrate binding. According to a recent
proposal, this residue may also participate in a novel Na� bind-
ing site. In this study, we characterize mutants of this residue
from the neuronal transporter EAAC1, Asn-451. None of the
mutants, except forN451S, were able to exhibit transport. How-
ever, the Km of this mutant for L-aspartate was increased �30-
fold. Remarkably, the increase for D-aspartate and L-glutamate
was 250- and 400-fold, respectively. Moreover, the cation spec-
ificity of N451S was altered because sodium but not lithium
could support transport. A similar change in cation specificity
was observed with a mutant of a conserved threonine residue,
T370S, also implicated to participate in the novel Na� site
together with the bound substrate. In further contrast to the
wild type transporter, only L-aspartate was able to activate the
uncoupled anion conductance by N451S, but with an almost
1000-fold reduction in apparent affinity. Our results not only
provide experimental support for theNa� site but also suggest a
distinct orientation of the substrate in the binding pocket dur-
ing the activation of the anion conductance.

Glutamate is the major excitatory neurotransmitter in the
brain. Glutamate transporters move the transmitter from the
synapse into the cells surrounding the synapse and thereby ter-
minate the synaptic actions of this neurotransmitter. Gluta-

mate transport is an electrogenic process (1–3), which consists
of two half-cycles (4–6): (i) cotransport of the neurotransmit-
ter with sodium and hydrogen ions (1, 7) and (ii) countertrans-
port of potassium (1, 4). The stoichiometry is three sodium
ions, one proton, and one potassium ion per transported gluta-
matemolecule (8, 9). Glutamate transportersmediate two types
of substrate-induced steady-state current: an inward-rectifying
or “coupled” current, reflecting electrogenic ion-coupled gluta-
mate translocation and an “uncoupled” sodium-dependent
current, which is carried by chloride ions and further activated
by the substrates of the transporter (10–12). Non-transport-
able substrate analogues, expected to “lock” the transporter in
an outward-facing conformation when applied from the exter-
nal side, are not only competitive inhibitors of the coupled cur-
rent and of the substrate-induced uncoupled anion current but
also inhibit the basal sodium-dependent anion conductance
(13, 14).
The publication of the first high-resolution crystal structure

of a glutamate transporter homologue, GltPh, from the archeon
Pyrococcus horikoshii represented a landmark for the field of
glutamate transporters (15). The structure shows a trimer with
a permeation pathway through each of the monomers, indicat-
ing that themonomer is the functional unit. This is also the case
for the eukaryotic glutamate transporters (16–19). The mem-
brane topology of the monomer (15) is quite unusual but is in
excellent agreement with the topology inferred from biochem-
ical studies (20–22). The monomer contains eight transmem-
brane domains (TMs)3 and two oppositely oriented re-entrant
loops, one between domains 6 and 7 (HP1) and the other
between domains 7 and 8 (HP2). TMs 1–6 form the outer shell
of the transporter monomer whereas TMs 7 and 8 and the two
reentrant loops participate in the formation of the binding
pocket of GltPh (15, 23). Importantly, many of the amino acid
residues of the transporter, inferred to be important in the
interaction with sodium (24, 25), potassium (6, 26), and gluta-
mate (27, 28) are facing toward the binding pocket. Recent
studies indicate that glutamate translocation occurs by an “ele-
vator-like” mechanism (29, 30) where the transport domain,
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which includes HP1 and HP2 and TMs 3, 6, 7, and 8, moves
relative to the fixed trimerization domain (31).
Because of the limited resolution of the GltPh structure, Tl�

ions, which exhibit a robust anomalous scattering signal, have
been used in an attempt to visualize the sodium sites in this
homologue (23), which also uses three Na� ions per trans-
ported substratemolecule (32). TwoTl� sites, proposed to rep-
resent Na� sites, were identified. However, in contrast to Na�,
Tl� could not support transport (23). Nevertheless, functional
evidence supports the role of one of the Tl� sites (Na1) as a
sodium binding site (33). In the absence of high-resolution
structural data, suggestions for additional sodium binding sites
have been searched by using a combination of computational
and functional studies (34–36). Based on computational stud-
ies, theNa3 sitewas proposed to be formedby the side-chains of
conserved threonine and asparagine residues, from TMs 7 and
8, respectively aswell as by carboxyl oxygens of the acidic amino
acid substrate (35). This proposal is attractive because it could
explain the observation that the apparent affinity for different
transported acidic amino acids depends on the nature of the
cotransported cation (37).
However, although the analyzed mutants of the conserved

asparagine (Asn-451 in the neuronal transporter EAAC1) could
bind Na�, they were transport-deficient (35). Thus, a possible
role of the substrate in cation coordination at theNa3 site could
not be probed. Here we report on an Asn-451 mutant, N451S,
with significant transport activity. This transport has an altered
selectivity not only for the cation but also for the substrate. Our
data provide experimental support for the involvement of the
substrate in the predictedNa3 site, providing an important clue
for the coupling between cation and substrate fluxes.Moreover,
the new data suggest a distinct orientation of the substrate in
the binding pocket during the activation of the anion
conductance.

EXPERIMENTAL PROCEDURES

Generation and Subcloning ofMutants—TheC-terminal his-
tidine-tagged versions of rabbit EAAC1 (EAAC1-WT) (38, 39)
in the vector pBluescript SK� (Stratagene) was used as a parent
for site-directed mutagenesis (40, 41). This was followed by
subcloning of the mutations into His-tagged EAAC1, residing
in the oocyte expression vector pOG2 (39), using the unique
restriction enzymes NsiI and StuI. The subcloned DNA frag-
ments were sequenced between these unique restriction sites.
cRNA Transcription, Injection, and Oocyte Preparation—For

expression of wild type and mutant transporters, their cDNA
constructs residing in the oocyte expression vector were linear-
ized with SacI. Capped run-off cRNA transcripts were made
from the transporter constructs using mMESSAGE-mMA-
CHINE (Ambion). The transporter constructs were either
EAAC1-WT (39) or the indicated mutants. The cRNAs were
injected into Xenopus laevis oocytes, which were prepared as
described (25), and transporter currents were measured 2–3
days post-injection, as described in the next paragraph.
Oocyte Electrophysiology—Oocytes were placed in the

recording chamber, penetrated with two agarose-cushioned
micropipettes (1%/2 M KCl, resistance varied between 1 and 3
megaohms), voltage clamped using GeneClamp 500 (Axon

Instruments) and digitized using Digidata 1322 (Axon Instru-
ments both controlled by the pClamp9.0 suite (Axon Instru-
ments). Voltage jumping was performed using a conventional
two-electrode voltage clamp as described previously (25). The
standard buffer, termedND96, was composed of 96mMNaCl, 2
mM KCl, 1.8 mM CaCl2, 1 mMMgCl2, 5 mMNa-HEPES, pH 7.5.
In sodium titration experiments,NaClwas replaced by equimo-
lar concentrations of choline Cl. The composition of other per-
fusion solutions is indicated in the Fig. legends. Offset voltages
in chloride substitution experiments were avoided by use of an
agarose bridge (1%/2 M KCl) that connected the recording
chamber to the Ag/AgCl ground electrode.
Data Analysis—All current-voltage relations represent

steady-state substrate- elicited net currents ((Ibuffer�substrate) �
(Ibuffer)) and were analyzed by Clampfit (version 8.2 or 9.0,
Axon instruments). Because of the variability in expression
level within and between different oocyte batches, the data have
been normalized as indicated in the figure legends. Kinetic
parameters were determined by non-linear fitting to the gener-
alized Hill equation using the built-in functions of Origin (ver-
sion 6.1, Microcal). For determination of apparent affinity for
substrate, the current observed at saturating substrate concen-
trations (Imax) andK0.5 were allowed to vary and the value of nH
was fixed at 1. Because of the voltage dependence of Imax, we
defined the kinetic parameters at �100 mV, except for Fig. 7,
where the parameters were determined at �40 mV.
Cell Surface Biotinylation—To evaluate expression of the

mutant transporters, biotinylation was done as described pre-
viously (36). Briefly, five oocytes expressingwild type ormutant
EAAC1, were treated with 1.5 mg/ml of sulfosuccinimidyl-2-
(biotinamide)ethyl-1,3-dithiopropionate (Pierce) dissolved in
ND96. After solubilization of the membrane proteins with Tri-
ton X-100 and treatment with streptavidin beads, the biotiny-
lated proteins were eluted with a final volume of 70 �l of SDS-
PAGE sample buffer and analyzed by Western blotting. The
blots were probed with an affinity purified antibody directed
against rabbit EAAT3 (generously provided by N. C. Danbolt,
University of Oslo; anti-C491 (Ab,371 (42)).

RESULTS

Transport and Surface Expression of Asn-451 Mutants—To
test the role of the conserved asparagine residue, located at
position 451 in EAAC1 in the transport mechanism, we meas-
ured the L-aspartate-induced transport currents in oocytes
expressing the Asn-451mutants in the presence of 96mMNa�.
No measurable currents were seen with the alanine, cysteine,
aspartate, and glutamine replacement mutants, even when
L-aspartate was applied at 20 mM, a super-saturating concen-
tration (Fig. 1A). However, at this concentration, the N451S
mutant exhibited currents of a magnitude of �60% of those by
EAAC1-WT (Fig. 1A). These currents were not observed in the
absence of sodium (replacement by choline; data not shown).
The loss of activity of the N451A/N451C/N451D/N451Q
mutants is not due to decreased steady-state levels of the
mutant transporters on the plasma membrane because the
intensity of the bands in the biotinylated fraction of these
mutants is similar to that of EAAC1-WTorN451S, as shown by
surface biotinylation (Fig. 1B).
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Substrate Specificity and Cation Selectivity of N451S—Be-
cause theGltPh counterpart of Asn-451, Asn-401, directly coor-
dinates the �-carboxylate group of L-aspartate (23), the voltage
dependence of the currents induced by 20 mM of each of the
substrates L-aspartate, D-aspartate, and L-glutamate was deter-
mined. In contrast to EAAC1-WT, where similar currents were
elicited by each of these substrates (Fig. 2A), in the N451S
mutant, larger currents were elicited by L-aspartate than by the
twoother substrates at all voltages (Fig. 2B). The substrate spec-
ificity of these measurements is illustrated by the fact that no
currents were induced by GABA, which is not a substrate for
the glutamate transporters (Fig. 2B).
The apparent substrate affinity of N451S for L-glutamate and

D-aspartate was reducedmuchmore dramatically than for L-as-
partate (Fig. 3). The Km values for the former two substrates
were 3900 � 424 and 2580 � 82 �M, respectively, as compared
with L-aspartate with a Km of 308 � 49 �M (n � 3) (Fig. 3).
Nevertheless, also in the case of L-aspartate, there was a severe
drop in apparent affinity becauseKm values of�10 �M for each
of the three substrates were found for EAAC1-WT (37).
Because of the high substrate concentration used in the exper-
iments depicted in Fig. 2, each of the three substrates was sat-
urating. The GltPh counterpart of Thr-370, Thr-314, directly
coordinates the �-carboxylate group of L-aspartate, rather than
the �-carboxylate group coordinated by GltPh-N401 (23). The

only substitution mutant at position 370, which retains trans-
port currents, is T370S (25). The currents induced by 5 mM of
L-aspartate were also larger than those by L-glutamate or by
D-aspartate (Fig. 2C).
In lithium-containing medium, significant L-aspartate-in-

duced currents were observed by EAAC1-WT, albeit of smaller
magnitude than in sodium (Fig. 4A). Also, L-glutamate and
D-aspartate induced significant currents in oocytes expressing
EAAC1-WT in lithium-containing media (Fig. 4A). We reported
that the T370Smutant has an altered cation selectivity of radioac-
tive transport andof the transport currents induced by L-aspartate
(25). Incontrast toEAAC1-WT, theseactivitieswerenot seenwith

FIGURE 1. Transport currents and surface expression of Asn-451 mutants.
A, oocytes expressing WT-EAAC1 or Asn-451 mutants were voltage clamped
and gravity perfused with ND96 recording solution with and without 20 mM

L-aspartate. The current in the absence of 20 mM L-aspartate was subtracted
from that in its presence (I) and plotted against the holding potential (Vhold).
The substrate-induced currents in oocytes expressing the mutants were nor-
malized to currents at �100 mV measured in oocytes expressing EAAC1- WT
from the same batch at the same day (Imax). The values shown are mean � S.E.
from three different batches. The currents at �100 mV induced by 20 mM

L-aspartate ranged from �332 to �713 nA in the WT-EAAC1, from �1 to �34
nA in N451A, from 0 to �7 nA in N451C, from �5 to �40 nA in N451D, from
�5 to �28 nA in N451Q and from �176 to �501 nA in N451S. B, Xenopus
oocytes expressing EAAC1-WT and the indicated mutants were labeled and
processed as described under “Experimental Procedures.” The biotinylated
samples are shown. The left lane shows a sample from non-injected oocytes.
Marker proteins were run on the same gel, and their positions (in kDa) are
indicated. The data are representative of three separate experiments. FIGURE 2. Voltage dependence of the substrate-induced steady-state

currents by EAAC1-WT, N451S, and T370S. Steady-state currents induced
by L-aspartate (squares), L-glutamate (circles), D-aspartate (triangles), or GABA
(inverted triangles) are shown for EAAC1-WT (A), N451S (B), and T370S (C),
using the substrates at 1, 20, and 5 mM, respectively were plotted against the
holding potential (Vhold). The substrate-induced steady-state currents were
obtained and analyzed as described in the legend to Fig. 1A and normalized
to the current induced by L-aspartate at �100 mV (IL-Asp). This voltage was
used because the inward transport currents increase with the magnitude of
the interior negative potential and voltages, which are more negative than
�100 mV, were not always tolerated by the oocytes. Similar results were
obtained at other membrane potentials more negative than �25 mV (the
approximate reversal potential for chloride; not shown). The data are the
means � S.E. of at least four repeats. The magnitude of the currents induced
by L-aspartate, L-glutamate, and D-aspartate at �100 mV ranged from �171
to �471 nA, �185 to �512 nA, and from �202 to �312 nA, respectively, for
EAAC1-WT. For N451S, the corresponding values were from �85 to �223 nA,
�58 to �172 nA, and from �52 to �169 nA, and for T370S from �224 to
�410 nA, �142 to �195 nA, and �146 to �231 nA.
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the mutant in lithium (25). As can be seen in Fig. 4B, not only
L-aspartate, but also D-aspartate and L-glutamate, were incapable
of inducinganycurrents in thepresenceof lithium.Also in thecase
of theN451Smutant, none of the substrates induced any currents
in the presence of this cation (Fig. 4C).
Sodium Concentration Dependence of Substrate-induced

Currents—To examine whether the mutation has changed the
affinity of the transporter for sodium in addition to the change
in selectivity, we measured the sodium concentration depend-
ence of currents induced by 20 mM of each of the substrates at
�100 mV (Fig. 5). For EAAC1-WT, the concentration of
sodium to obtain half-maximal activation of the currents was
similar for all the substrates (22.8 � 2.4, 26.8 � 3.3, and 23.7 �
2.6 mM for L-aspartate, L-glutamate, and D-aspartate, respec-
tively (Fig. 5A)).
In the case of N451S, the apparent affinity for sodium was

much lower than that of EAAC1-WT. In contrast to EAAC1-
WT, no saturation was observed at 96 mM Na� (Fig. 5C). The
sodium concentration dependence of the transport currents by
N451S appeared dependent on the nature of the substrate and

FIGURE 3. Concentration dependence of substrate-induced currents
mediated by N451S. Steady-state currents induced by 10 mM of L-aspartate
(squares), L-glutamate (circles), or D-aspartate (triangles) were obtained with
oocytes expressing N451S. The currents were measured in ND96 at �100 mV.
Substrate-induced currents were normalized separately for each substrate,
and usually oocytes with higher expression levels were used for L-glutamate
and D-aspartate than those used for L-aspartate. The data are the means � S.E.
of three repeats. The magnitude of the currents induced by L-aspartate, L-glu-
tamate, and D-aspartate ranged from �132 to �460 nA, �108 to �366 nA,
and �168 to �429 nA, respectively.

FIGURE 4. Cation dependence of substrate-induced steady-state currents
mediated by EAAC1-WT (A), T370S (B), and N451S (C) transporters. The
net currents in sodium induced by L-aspartate (squares) and in lithium (96 mM

LiCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM Tris-HEPES, pH 7.5) by L-aspar-
tate (circles), L-glutamate (triangles), and D-aspartate (inverted triangles)
ranged between the following values, respectively: A, �251 to �580 nA, �79
to �224 nA, �115 to �273 nA, and �26 to �99 nA; B, �224 to �410 nA, �7
to �41 nA, 0 to �3 nA, and 0 to �2 nA; C, �194 to �407 nA, �3 to �14 nA,
�1 to �7 nA, and 0 to �10 nA. All currents are normalized to those
induced by L-aspartate in sodium at �100 mV. For WT-EAAC1 and N451S,
the concentration of the substrates was 20 and 5 mM for T370S. Data are
mean � S.E. (n � 3).

FIGURE 5. Sodium concentration dependence of currents induced by sub-
strates of EAAC1. Steady-state currents induced by 20 mM of the substrates
at �100 mV mediated by oocytes expressing EAAC1-WT (A), T370S (B), and
N451S (C), were recorded at the indicated sodium concentrations (choline
substitution). The currents are normalized separately for each substrate at 96
mM sodium (I/Imax). The currents induced by L-aspartate, L-glutamate, and
D-aspartate, respectively ranged from: A, �45 to �297 nA, �58 to �357 nA,
�33 to �305 nA; B, �134 to �380 nA, �80 to �541 nA, �88 to �640 nA;
C, �92 to �581 nA, �111 to �344 nA, and �83 to �497 nA. The data are the
means � S.E. of at least three repeats.
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half of the current measured at 96mMwas observed at�40, 55,
and 65 mM for L-aspartate, D-aspartate, and L-glutamate,
respectively (Fig. 5C). However, even at 20mM, D-aspartate and
in particular L-glutamate are not saturating at 48 and 32 mM

sodium any longer, in contrast to L-aspartate (data not shown).
Thus, it is only possible to draw conclusions on the apparent
sodium affinity in the case of L-aspartate. Clearly, the apparent
affinity of N451S for sodium is reduced markedly in the pres-
ence of this substrate.
It has already been shown that T370S also has a decreased

apparent affinity for sodiumwhen the currents induced by L-as-
partate are measured (25). Because of the differential effect of
the substrates on the apparent affinity of sodium inN451S (Fig.
5C), it was important to determine whether this is also the case
for T370S. The data shown in Fig. 5B demonstrate that the
apparent sodium affinity of this mutant with the other two sub-
strates was decreased as well, and no saturation by sodium was
obtained for any of the three substrates.
Effects of N451S Mutation on Anion Conductance—Because

the substrates not only induce the stoichiometric transport cur-
rents but also augment the “uncoupled” anion conductance (3,
10, 11), we investigated whether the decreased apparent sub-
strate affinity of N451S is also seen when the anion conduct-
ance is monitored. To achieve this, 48 mM NaSCN was used to
iso-osmotically replace half of the 96 mM NaCl. The conduct-
ance of thiocyanate is �70-fold higher than that of chloride
(43), and under these conditions, the substrate-induced cur-
rents are dominated by the anion conductance, especially at
positive potentials. The outward currents at positive potentials
reflect the entry of thiocyanate into the oocytes. In oocytes
expressing EAAC1-WT, the three substrates induced similar
currents in the presence of thiocyanate (Fig. 6A). In contrast, in
the case of N451S, only L-aspartate induced robust currents at
positive potentials (Fig. 6B). The corresponding currents
induced by D-aspartate were diminished dramatically, and
L-glutamate did not induce any currents in oocytes expressing
N451S at positive potentials (Fig. 6B). The specificity of the
substrate is illustrated by the fact that both with EAAC1-WT
and N451S, GABA, also used at 20 mM, had only very small
effects, if any (Fig. 6, A and B). The fact the blocker D,L-threo-
�-benzyloxyaspartate, used at 600 �M, suppressed the anion
conductance both in EAAC1-WT and in N451S (Fig. 6, A and
B), indicates that the anion conductance per se is not altered in
the mutant but merely its modulation by substrates.
Because of the results documented in Fig. 6B, the apparent

substrate affinity of the induced anion conductance for N451S
at �40 mV could only be determined for L-aspartate and the
concentration giving a half-maximal effect was found to be
2.8 � 0.4 mM (n � 3) (Fig. 7A), almost 10-fold higher than that
of the coupled current (Fig. 3). However, with EAAC1-WT, the
apparent affinity for the three substrates was similar to that of
the coupled current, namely 3.2 � 0.1, 4.3 � 0.3 and 11.5 � 1.2
�M (n � 3) for L-aspartate, D-aspartate, and L-glutamate,
respectively (Fig. 7C). In the case of T370S, there was only a
small differential effect on the voltage dependence of the cur-
rents induced by the substrates in the presence of thiocyanate
(supplemental Fig. 1). Nevertheless, the apparent affinity for
the substrates by T370S also was reduced markedly. The sub-

strate concentrations giving a half maximal effect were 108 �
17, 317 � 14 and 1437 � 135 �M for L-aspartate, D-aspartate,
and L-glutamate, respectively (Fig. 7B).

DISCUSSION

Except for substitution by serine, Asn-451 of the neuronal
glutamate transporter EAAC1 is functionally irreplaceable (Fig.
1). Our finding that N451S exhibits transport activity enabled
us to provide evidence that Asn-451 also controls substrate
selectivity (Figs. 2, 3, 6, and 7), in addition to cation selectivity
(Fig. 4). Such a change in cation selectivity, with L-aspartate as
substrate, was shown originally for T370S (25). However, with
N451Q, which was defective in transport, a decrease in the
apparent affinity for both sodium and lithium was observed
when the ability of these cations to induce conformational
changes was monitored (35). In the case of EAAC1-WT, L-as-
partate, L-glutamate, and D-aspartate exhibit similar Km and
Imax values (Fig. 2A) (37). The Imax of N451S for L-aspartate was
somewhat higher than that of the other two substrates (Fig. 2B).
However, the apparent affinity for the acidic amino acid sub-
strates was decreased dramatically both in the absence or pres-
ence of thiocyanate (Figs. 3 and 7, respectively). This is in har-
mony with the observation that the �-carboxylate group of
L-aspartate directly interacts with the corresponding asparagine
residue (Asn-401) in GltPh (23).Moreover, the apparent substrate
affinity of N451S is not reduced to the same extent for each of the
substrates: the interaction with D-aspartate and L-glutamate is
more dramatically affected than with L-aspartate (Figs. 3 and 7).
Apparently, the perturbation of the binding pocket differentially
impairs the interactions of the three substrates.

FIGURE 6. Anion conductance by WT and N451S transporters. Currents
induced by 20 mm of L-aspartate (squares), L-glutamate (circles), D-aspartate
(triangles), and GABA (inverted triangles) or suppressed by 600 �M D,L-threo-
�-benzyloxyaspartate (diamonds), respectively, under conditions where half
of the NaCl was replaced by an equimolar concentration of NaSCN are shown
in oocytes expressing either WT-EAAC1 (A) or N451S (B). The currents in the
absence of substrate/blocker were subtracted from those in its presence, nor-
malized to the current induced by L-aspartate at �100 mV (IL-Asp) and plotted
against the holding potential (Vhold). The currents by L-aspartate, L-glutamate,
D-aspartate, GABA, and D,L-threo-�-benzyloxyaspartate ranged from: A, �227
to �852 nA, �396 to �973 nA, �251 to �879 nA, �16 to �134 nA, and �151
to � 306 nA; and B, �86 to �512 nA, �120 to �328 nA, �126 to �559 nA,
0 to �5 nA, and �24 to �93 nA, respectively. Data shown are mean � S.E. of
four to five oocytes.
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We found that the most conservative substitutions of Asn-
451, N451D, and N451Q, were deficient in transport (Fig. 1),
and a similar observation for N451Q was made in another
recent study (35). The lack of activity of the N451D mutant is
probably due to the repulsion between the introduced negative
charge and that of the �-carboxylate group of the substrate.
Moreover, because the N451D mutation replaces the amide
nitrogen by an oxygen atom, hydrogen bond formation is
impaired. In the case of the N451Q mutation, the length of the
side chain is increased, and this could be detrimental for the
interaction of the amide group and the �-carboxylate group of
the substrate. Because Asn-451, together with Thr-370, has
been implicated in the interaction with the “third” Na�, either
directly and/or indirectly via the substrate (35), it is also possi-
ble that the lack of activity of N451Qmay be due to an impaired
Na� coordination. We reasoned that substitution of the aspar-
agine by a shorter residue, which still has hydrogen bonding
potential, may fulfill the requirements for transport. Indeed the
N451Smutant exhibits significant transport (Fig. 1). In contrast

to N451Q, which is only capable to perform sodium-induced
conformational changes but cannot interact with the substrate
(35), the N451Smutant represents a tool to probe the proposed
role of the substrate at the Na3 site.
According to the current kinetic models of the glutamate

transport cycle, two Na� bind before the acidic amino acid
substrate followed by the binding of the third cation (44, 45).
The finding that the apparent affinity for different transported
amino acids depends on the nature of the co-transported cation
(37), suggested the possibility that the substratemay participate
directly in the coordination of the “third” Na� (or Li�) in a
similarway as has been shown for LeuT (46). The proposedNa3
site (35) is in perfect harmony with this idea. We found that in
contrast to EAAC1-WT (Fig. 4A), Li� cannot support transport
by N451S and only Na� can do so (Fig. 4C). This change in
cation selectivity of substrate transport is consistent with the
proposedNa3 site, although this does not rule out explanations
involving long range effects of the mutation on a distant cation
site. Nevertheless, it is striking that whenThr-370, which is also
proposed to participate in the Na3 site, is mutated to serine a
similar change in cation selectivity is observed ((25) and Fig.
4B)).
In addition to the changed cation selectivity of N451S, also

the apparent Na� affinity of this mutant was decreased relative
to EAAC1-WT (Fig. 5), at least when L-aspartate was the sub-
strate. The apparent substrate affinity of T370S (25) is impacted
less severely than that of N451S (Fig. 7), presumably because
the T370S mutation is more conservative than the mutation of
Asn-451 to serine. Therefore it is likely that the differential shift
in the apparent affinity for Na� with the three substrates seen
with N451S (Fig. 5C), is not observed with T370S (Fig. 5B).
Despite this, the conservative T370S mutation nevertheless
changes the cation selectivity of transport (Fig. 4B) (25).
All three substrates were able to activate the uncoupled

anion conductance of EAAC1-WT (Fig. 6A), but in the case of
N451S, only L-aspartate could do so at the testable concentra-
tions (Fig. 6B). In contrast to the 30-fold reduction in apparent
affinity for L-aspartate by N451S in the presence of chloride
(Fig. 3), an almost 1000-fold reduction in apparent affinity was
seenmonitoring the activation of the anion conductance (Fig. 7,
A and C). It is possible that L-glutamate and D-aspartate are
capable of stimulating the anion conductance. However, their
apparent affinity is so low that it is not possible to detect it at
usable concentrations. In the case of the more conservative
T370S mutation, the apparent substrate affinities were also
reduced, but to a lesser extent than with N451S (Fig. 7B). The
results suggest that the interaction of the substrate with the
binding pocket during the activation of the uncoupled anion
conductance, is different from that required during coupled
transport. The distinct cation specificity of the anion conduct-
ance in EAAC1-WT (25) and the properties of mutants, where
transportable substrates become inhibitors of the anion con-
ductance (28, 47), are consistent with the idea of such a differ-
ential interaction.

Acknowledgment—We thankNiels C.Danbolt for the affinity purified
antibody against EAAC1.

FIGURE 7. Concentration dependence of substrate induced anion con-
ductance of EAAC1-WT, T370S, and N451S. Shown are steady-state cur-
rents by N451S (A), T370S (B), or EAAC1-WT (C) at �40 mV in a medium con-
taining 48 mM SCN� and 48 mM Cl�, induced by either L-aspartate (squares),
L-glutamate (circles), or D-aspartate (triangles), respectively, were measured.
Substrate-induced currents were normalized to the L-aspartate currents at
�40 mV. The currents (in nA) ranged from: A, �314 to �645, �17 to �29, and
�10 to�105; B, �209 to �777, �104 to �522, and �239 to �627; C, �736 to
1719, �372 to �1036, and �301 to �952. The data are the means � S.E. of
three repeats. Note the different scales on the abscissa for the three panels.
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