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Abstract Excitatory amino acid transporter 1 (EAATI)
plays an important role in restricting the neurotoxicity of
glutamate. Previous structure—function studies have pro-
vided evidence that reentrant helical hairpin loop (HP) 1
has predominant function during the transport cycle. The
proposed internal gate HP1 is packed against transmem-
brane domain (TM) 2 and TMS5 in its closed state, and two
residues located in TM2 and HP2 of EAATI are in close
proximity. However, the spatial relationship between TM2
and HP1 during the transport cycle remains unknown. In
this study, we used chemical cross-linking of introduced
cysteine pair (V96C and S366C) in a cysteine-less version
of EAATI to assess the proximity of TM2 and HP1. Here,
we show that inhibition of transport by copper(II)(1,10-
phenanthroline); (CuPh) and cadmium ion (Cd*") were
observed in the V96C/S366C mutant. Glutamate or potas-
sium significantly protected against the inhibition of
transport activity of V96C/S366C by CuPh, while TBOA
potentiated the inhibition of transport activity of V96C/
S366C by CuPh. We also checked the kinetic parameters of
VI96C/S366C treated with or without CuPh in the presence
of NaCl, NaCl + r-glutamate, NaCl + TBOA, and KClI,
respectively. The sensitivity of V96C and S366C to
membrane-impermeable  sulfhydryl reagent MTSET
[(2-trimethylammonium)  methanethiosulfonate] was
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attenuated by glutamate or potassium. TBOA had no effect
on the sensitivity of V96C and S366C to MTSET. These
data suggest that the spatial relationship between Val-96 of
TM2 and Ser-366 of HP1 is altered in the transport cycle.
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Abbreviations

EAAT1 Excitatory amino acid transporter 1

HP Hairpin loop

™ Transmembrane domain

CuPh Copper(II)(1,10-phenanthroline)s

TBOA  b,L-Threo-B-benzyloxyaspartate

MTSET (2-Trimethylammonium)-methanethiosulfonate
Introduction

Excitatory amino acid transporters (EAATS) play important
roles in terminating excitatory neurotransmission by taking
up extracellular glutamate. Glutamate transporters are the
members of solute carrier family 1 (SLCI1), which also
includes two Na'-dependent neutral amino acid transport-
ers (Arriza et al. 1993; Utsunomiya-Tate et al. 1996). At
present, five plasma membrane glutamate transporter sub-
types (EAAT1-EAATS) have been identified in humans
(Arriza et al. 1994, 1997; Fairman et al. 1995; Kanai and
Hediger 1992; Pines et al. 1992; Storck et al. 1992).

The crystal structure of a prokaryotic Gltp, from Pyro-
coccus horikoshii, homologue to the eukaryotic glutamate
transporters, reveals that Gltp, consists of three uniform
subunits, with each protomer containing eight transmem-
brane domain (TM) 1-8 and two highly conserved
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reentrant helical hairpin loops (HP1 and HP2) (Yernool
et al. 2004). It has been indicated that HP2 forms the
external gate of the transporter, while HP1 has been
assumed to form the internal gate of the transporter
(Brocke et al. 2002; Yernool et al. 2004; Boudker et al.
2007; Reyes et al. 2009; Crisman et al. 2009). Glutamate
transports co-transport three sodium ions and one proton,
and counter-transport one potassium ion for each molecule
of glutamate (Brew and Attwell 1987; Kanner and
Bendahan 1982; Kavanaugh et al. 1997; Levy et al. 1998;
Pines and Kanner 1990; Wadiche et al. 1995; Zerangue and
Kavanaugh 1996).

Previous evidence has supported that HP1 and TM2 have
different roles during the transport cycle. As the proposed
internal gate of transporter, the inward movement of HP1
relative to TM7 and TMS results in the opening of an
aqueous pathway from the substrate-binding site to the
cytoplasm (Yernool et al. 2004), and the residues in HP1 are
relevant to the translocation pore during the transport pro-
cess (Grunewald and Kanner 2000; Slotboom et al. 1999).
HP1 and HP2 together with TM7 and TMS form the binding
pocket of Gltpy, (Yernool et al. 2004). In addition, glutamate
transporters and their homologue Gltp, also mediate
uncoupled anion conductance (Ryan and Vandenberg 2002;

(a)

Ryan and Mindell 2007), and TM2 plays a key role in
forming the chloride channel (Ryan et al. 2004). A mem-
brane-associated domain involving in transport cycle was
reported in close proximity to the extracellular area of TM2
(Ryan et al. 2004), and TM2 is highly conserved between
transporter subtypes. These studies provide information that
besides mediating chloride conductance and forming the
unchanged trimeric interface, TM2 has an “insightful” role
in the transport process through proximity to other domain
of glutamate transporter (Groeneveld and Slotboom 2007,
Ryan et al. 2004). Residues Q93 of TM2 and V452 of HP2
in EAAT1 form a spontaneous disulfide bond and are close
in space (Ryan et al. 2004). The equivalent residues of Q93
and V452 in EAAT3 (K64 of TM2 and V420 of HP2) are
also in close proximity in the inward-facing conformation
of EAAT3 (Crisman et al. 2009).

However, the spatial relationship between residues of
TM2 and HPI in EAATI during the transport cycle
remains unknown. The aim of this study was to assess the
proximity of residues in TM2 and HP1 in the cysteine-less
version of EAATI. In this study, we engineered pair of
cysteine residues (V96C/S366C) into TM2 and HPI1
(Fig. 1), and we used two types of functional assays to
infer the proximity of the engineered cysteine pair. The
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Fig. 1 Membrane topology model of EAATI (a), and sequence
alignment of TM2 and HP1 of Gltp, and EAATI (b). The membrane
topology of EAAT1 shown is based on the structure of Gltp,. The
black dots show the approximate locations of the following cysteine

substitutions: V96C and S366C (a). TM helices 1-8 and two reentrant
hairpin loops (HP1 and HP2) are labeled (a). Regions of high
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double mutant was subjected to conditions of oxidative
cross-linking in the presence and absence of transporter
ligands. We measured the reactivity of mutants V96C and
S366C to the membrane-impermeable sulthydryl reagent
[(2-trimethylammonium) methanethiosulfonate] (MTSET)
in the presence of substrates, inhibitors, sodium, and
potassium, respectively. We provide evidence that the
spatial relationship between TM2 and HP1 is altered during
the transport cycle.

Materials and methods
Generation and subcloning of mutants

Site-directed mutagenesis was performed by using single-
strand uracil-containing DNA derived from the cysteine-
less EAAT1 (CL-EAAT1) in the vector pBluescript SK (-)
(Stratagene) as described previously (Kunkel et al. 1987;
Kleinberger-Doron and Kanner 1994). EAAT1/GLAST
(glutamate/aspartate transporter) cDNA used in this work
was from Rattus norvegicus. Following yielding the sense
strand, another primer was designed to be antisense of the
uracil-containing  single-stranded DNA. Restriction
enzymes EcoRI and BsrGI or BsrGI and Sacl were used to
subclone the mutations into the CL-EAATI construct.
Subcloned DNAs were sequenced in both directions
between these unique sites.

Cell growth and expression

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal calf
serum, 200 U/ml penicillin, 200 pg/ml streptomycin, and
2 mM glutamine. HeLa cells plated on 24-well plates were
infected with the recombinant vaccinia/T7 virus VIF as
described previously (Fuerst et al. 1986), 30 min later, then
transfected with cDNA encoding CL-EAAT1 or mutant
transporter, using the transfection reagent DOTAP as
described previously (Keynan et al. 1992). Cells were
incubated at 37 °C until transport assay.

Transport

HeLa cells were grown in 24-well plates for glutamate
uptake assays. After 16-20 h transfection, the culture
medium was aspirated and washed twice with the choline
solution (150 mM choline chloride, 5 mM KP;, pH 7.4,
0.5 mM MgSO,, and 0.3 mM CaCl,). Each well was then
incubated with 200 pl sodium solution (150 mM NaCl,
5 mM KP;, pH 7.4, 0.5 mM MgSO,, and 0.3 mM CaCl,)
supplemented with 0.4 pCi (0.15 puM) of p-[*H]-aspartate,
and incubated for 10 min at room temperature, and the

reaction was stopped by adding the ice-cold sodium solu-
tion twice. To dissolve the cells, 1 % SDS was added to the
culture holes and the radioactivity was assessed by liquid
scintillation counting.

Inhibition studies with sulthydryl reagent and oxidizing
agent

For inhibition studies, HeLLa cells were washed once with
choline solution. Each well was then incubated for 5 min at
room temperature with 200 pl of the preincubation medium
supplemented with MTSET or copper(I1)(1,10-phenanthro-
line); (CuPh) (the different compositions of preincubation
medium and the concentrations of MTSET and CuPh are
indicated in the figure legends). Cells were washed twice
with choline solution. Then the transporter-mediated uptake
was assayed as described above. Our preliminary experi-
ments revealed the optimized concentrations of MTSET and
CuPh according to the mutants in different experiments.
Each experiment was performed at least three times.

Kinetics

HeLa cells were transfected with the CL-EAATI1 and
V96C/S366C, and then they were preincubated for 5 min
with or without of 250 uM CuPh in the presence of NaCl,
NaCl + L-glutamate, NaCl + TBOA, and KCI, respec-
tively. Subsequently, the cells were washed. Transport was
measured with 100 nM D—[3H]-aspartate in final unlabeled
D-aspartate concentrations of 1, 5, 10, 50, 100, 250, 500,
and 1,000 uM for 10 min at room temperature. K., and
Vimax Were calculated by nonlinear fitting to the generalized
Hill equation using built-in functions of Origin 6.1 (Mic-
rocal). K, is expressed in UM, and V. is expressed as a
percent of that of CL-EAAT1 untreated with CuPh in the
presence of NaCl.

Restoration of activity by dithiothreitol (DTT)

To confirm the formation of disulfide bond in application
of CuPh, we observed the restoration transport activity by
using DTT. CuPh-catalyzed cross-linking was performed
as described above, then the medium was aspirated, and the
cells were washed twice with 1 ml of the choline solution.
Cells were incubated with 20 mM DTT for 5 min. Subse-
quently, they were assayed for p-[*H]-aspartate transport as
described above.

Inhibition of transport by cadmium chloride (Cd*")
Hel a cells were washed once with choline solution. Each

well was incubated with the indicated concentration of
Cd>" in transport solution (150 mM NaCl, 5 mM KP;, pH
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7.4, 0.5 mM MgSQy,, and 0.3 mM CacCl,) with the tritium-
labeled substrate for 10 min at room temperature, and then,
they were assayed for p-[*H]-aspartate transport as
described above.

Results

Inhibition of activity in V96C/S366C by thiol cross-
linking and cadmium coordination

In order to eliminate the influence between induced and
endogenous cysteines, we substituted the endogenous
cysteines of EAAT1 with other amino acids. The back-
ground of the cysteine-less version of EAAT1 (CL-
EAAT1), which contains the C186S, C252A and C375G
substitutions, has ~70 % of the activity of wild type-
EAATI. Consequently, we used CL-EAATI to assess the
proximity of residues in TM2 and HP1. The double mutant
V96C/S366C exhibited 38.7 &= 4.2 % of the transport
activity of CL-EAAT1 (n = 3), and the single cysteine
mutants V96C and S366C showed 91.6 £ 3.4 and
45.2 + 4.8 %, respectively. To determine whether the
cysteine pair, V96C/S366C, was capable of forming a
disulfide bond, we expressed the mutant in HeLa cells and
then measured the accumulation of radiolabeled p-aspartate
in the presence of the cross-linking reagent CuPh. It
exhibited a dramatic decrease in the transport activity
following exposure to CuPh (Fig. 2a, b). We observed that
increasing concentrations of the cross-linking agent
(200-800 ptM) led to a greater reduction in aspartate
transport. In 200 pM CuPh, the activity of V96C/S366C
transporter was 58.4 + 4.3 % (Fig. 2a), and in 800 uM,
the activity was 27.8 £ 2.6 % of that of control (Fig. 2a).
The transport activity of VO6C/S366C exhibited ~27 % of
that of control (n = 3) after preincubation with 800 pM
CuPh (Fig. 2b), while the single cysteine mutants V96C
and S366C showed ~91 and ~93 %, respectively
(Fig. 2b). This inhibition was not seen in cells expressing
either CL-EAAT]1 or the single cysteine mutants V96C and
S366C (Fig. 2b), indicating that the inhibition of transport
by oxidative cross-linking required a cysteine at both
positions. The lack of inhibition by CuPh was also
observed in cells cotransfected with V96C and S366C
(Fig. 2b), which demonstrated that the inhibition by CuPh
was only observed when the cysteines at positions V96C
and S366C were present on the same polypeptide, but not
when the two cysteines resided on different polypeptides.
This suggests that the cysteines at positions V96C and
S366C come into close proximity within single subunits.
Following preincubation with 800 uM CuPh, the double
mutants were incubated with the reducing agent DTT to
reduce any disulfide bonds that may have formed between
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Fig. 2 Effect of CuPh on the activity of cysteine mutants. HeLa cells
were incubated with CuPh for 5 min, respectively. Cells were washed
twice with choline solution. Then they were assayed for p-[*H]-
aspartate transport. V96C/S366C mutants and CL-EAATI1 were
pretreated with 200, 300, 400, 800 uM CuPh, respectively (a). In the
case of V96C/S366C double cysteine mutant, single cysteine mutants
V96C and S366C, and cells cotransfected with V96C and S366C, they
were preincubated with 800 pM CuPh, respectively. Co-expression of
two single cysteine mutants in HeLa cells is marked by “co” (b). Data
are expressed as a percent of the uptake measured in the absence of
CuPh treatment and are the mean £ SE of three experiments done in
triplicate

the introduced cysteines. As expected, the transport activity
of VO96C/S366C inhibited by CuPh could be restored by a
subsequent incubation with 20 mM DTT. Following
treatment with 20 mM DTT, the V96C/S366C transporter
activity was reversed to 85.4 &+ 4.6 % (n = 3), where the
CL-EAAT]I activity was 94.3 &£ 3.7 %. Thus, the restora-
tion of activity by application of DTT confirms the for-
mation of a disulfide bond.

A complementary method used to determine proximity
of V96C and S366C is the formation of a high affinity
cadmium binding site in which a cadmium ion (Cd2+)
interacts with the cysteinyl side chains and the affinity of
the interaction is dramatically increased when the Cd*"
could be coordinated by two cysteines. Subsequent appli-
cation of 500 uM Cd*" had very little effect on the
aspartate uptake of single mutants V96C and S366C
(Fig. 3), while an inhibition of ~74 % of activity was
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Fig. 3 Effect of Cd*" on the activity of cysteine mutants. HeLa cells
expressing V96C/S366C double cysteine mutant, single cysteine
mutants V96C and S366C, and cells cotransfected with VO6C and
S$366C, which were all in the background of CL-EAAT1. Cells were
washed once with choline solution, then incubated with 500 uM
cadmium chloride in transport solution with the tritium-labeled
substrate for 10 min at room temperature, and were assayed for D-
[*H]-aspartate transport. Co-expression of two single cysteine mutants
in HeLa cells is marked by “co”. Data are expressed as a percent of
the uptake measured in the absence of cadmium chloride treatment
and are the mean £ SE of three experiments done in triplicate

observed on the V96C/S366C mutant (Fig. 3). Consistent
with the inhibition by CuPh (Fig. 2b), the inhibition by
Cd** was also only observed when the cysteine pairs were
introduced in the same polypeptide. This result further
suggests that the cysteines introduced at positions Val-96
and Ser-366 come in close proximity within the transporter
monomer. From these results, we predicted that Val-96 of
TM2 was indeed in close proximity to Ser-366 of HP1.

Effect of glutamate and TBOA on cross-linking
in double cysteine transporters

In the following experiments, we wanted to observe the
effect of external medium on the activity of the transporter.
There was little change in the transport activity when
sodium was replaced by choline in cells expressing V96C/
S366C (Fig. 4). When the external sodium was supple-
mented with glutamate or replaced by potassium, which
increases the proportion of transporters in the inward-fac-
ing conformation (Reyes et al. 2009; Shlaifer and Kanner
2007), a significant reduction in the degree of inhibition by
CuPh appeared (Fig. 4). This result indicates that the V96C
and S366C residues are far apart in the inward-facing state.
The protection by L-glutamate was not observed either in
the absence of sodium (choline replacement) (Fig. 4) or
substitution with GABA (Fig. 4), which is not the substrate
of EAATI. TBOA is assumed to bind at the same site on
the transporter as glutamate but not to undergo transloca-
tion, and it is expected to increase the proportion of
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Fig. 4 Transport activity of V96C/S366C cysteine mutants in the
effect of external medium by CuPh. HeLa cells expressing V96C/
S366C mutant were preincubated for 5 min in the presence and
absence of 250 uM CuPh. The indicated medium as follows, NaCl,
NaCl + 1 mM L-glutamate, ChCl + 1 mM L-glutamate,
NaCl + 1 mM GABA, NaCl + 20 uM TBOA, ChCI + 20 uM
TBOA, KCl, choline chloride. Then they were assayed for D—[3H]—
aspartate transport. Data are expressed as a percent of the uptake
measured in the absence of CuPh treatment and are the mean £ SE of
three experiments done in triplicate

outward-facing transporters (Boudker et al. 2007). In our
work, TBOA potentiated the inhibition of CuPh (Fig. 4).
When sodium was replaced by choline, TBOA had no
significant effect on this inhibition (Fig. 4).

To examine the effect of CuPh on the kinetic parameters
of the transporter for the substrate, the K,,, and V., values
were determined (Table 1). In the presence or absence of
CuPh under the various conditions, there was no significant
difference between the K, values for p-aspartate of V96C/
S366C and that of CL-EAAT1 (Table 1), but V96C/S366C
had significantly lower V... than that of CL-EAATI
(Table 1). For V96C/S366C mutant, as compared to the
treatment with CuPh in the presence of NaCl, the V.«
values got higher when it was treated with CuPh in the
presence of NaCl + L-glutamate or in the presence of KCI,
while the V.« value got lower when it was treated with
CuPh in the presence of NaCl + TBOA (Table 1).

Aqueous accessibility of the cysteines introduced
at positions 96 and 366

Changes in accessibility of the engineered cysteine resi-
dues, rather than in their distance, could result in the
modulation of CuPh inhibition effect. The introduced
cysteines (V96C or S366C) could react with MTSET via
their sulthydryl groups in an aqueous environment, thus
locks the conformation of transporter, and finally decreases
the activity of transporter. In this work, application of
MTSET inhibited the transport activity of V96C and
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Table 1 Kinetic parameters of CL-EAAT1 and V96C/S366C treated with or without CuPh

V;dnax Kyan CuPh
Vinax K

CL-EAATI

NaCl 100 54159 96.2 £ 7.6 563+ 72
V96C/S366C

NaCl 35.1 £ 6.8 58.7 £ 8.5 16.5 £ 4.3 60.9 + 9.1
NaCl + L-glu 419 £5.0 559 +72 25.6 £ 5.1 54.1 £ 4.7
NaCl + TBOA 404 £ 7.1 60.3 £ 4.5 10.7 £ 34 58.6 £ 6.4
KCl 447 £ 3.2 56.6 £ 6.4 272 £38 59.7 £ 83

* Ky and V. values were calculated for CL-EAATI and V96C/S366C treated with or without CuPh under the various conditions. K, is
expressed in UM, and V.« is expressed as a percent of that of CL-EAAT]1 untreated with CuPh in the presence of NaCl. Values represent the

mean * SE of three independent experiments done in triplicate

S366C mutants (Fig. 5a, b). Preincubation of V96C with
1.0 mM MTSET resulted in 20 % reduction in transporter
uptake (Fig. 5a), while preincubation of S366C with
0.1 mM MTSET resulted in nearly 60 % reduction in
transporter uptake (Fig. 5b). In the mutants V96C and
S366C, glutamate or potassium protected against the
inhibition by MTSET (Fig. 5a, b). However, TBOA
showed no effect on the V96C and S366C mutants in
application of MTSET (Fig. 5a, b).

Discussion

Glutamate transporters play important roles in terminating
excitatory neurotransmission. Recently, researchers have
indicated that, in addition to alleviating glutamate excito-
toxicity, glutamate transporters also protect the central
nervous system through antioxidant defenses (Had-Aisso-
uni 2012), and they also participate in regulating learning,
memory, and behavior (Pita-Almenar et al. 2012). So
malfunction of glutamate transporters may contribute to the
neurodegenerative diseases from different pathway, and the
study of glutamate transporters has extremely significance
in the medical field. Upregulation of glutamate transporters
has potent therapeutic effects in treating neurodegenerative
diseases, such as Parkinson’s disease, Alzheimer’s disease,
and Amyotrophic lateral sclerosis (Leung et al. 2012;
Morel et al. 2013).

In this work, we provide insight into the spatial rela-
tionship between V96 of TM2 and S366 of HP1 in EAAT1
during different transport phases. Here, we show that CuPh
and Cd*" could inhibit the transport activity of the V96C/
S366C cysteine mutants (Figs. 2, 3). We conclude that the
residues Val-96 and Ser-366 become so close and that in
the presence of CuPh, a disulfide bond is formed between
VI96C/S366C. Once the disulfide bond is formed, the
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Fig. 5 Transport activity of single cysteine V96C and S366C mutants
in the effect of the external medium by MTSET. HeLa cells
expressing the single cysteine mutants V96C (a) or S366C (b) were
preincubated for 5 min in the presence or absence of 1.0 (a) or 0.1
(b) mM MTSET. The indicated medium as follows, NaCl,
NaCl + 1 mM L-glutamate, NaCl + 20 uM TBOA, KCIl, choline
chloride. Then they were assayed for p-[°H]-aspartate transport. Data
are expressed as a percent of the uptake measured in the absence of
MTSET treatment and are the mean + SE of three experiments done
in triplicate
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structure of the transporter is locked in that state. More-
over, we found only 85.4 % of transport activity of V96C/
S366C variant was restored after reduction using DTT, due
to that CuPh could also result in copper-thiol bridges in
addition to disulfide bonds. However, the reduction in
transporter activity observed on cross-linking may be
resulted from directly inhibiting glutamate and sodium
binding or by obstructing the conformational changes
during the transport cycle. In the following experiments,
we observed the aqueous accessibility of the cysteines
introduced at position 96 or 366 via impermeant sulfhydryl
reagent MTSET.

Previous study reported that application of 10 mM
membrane-impermeable sulfhydryl reagent MTSES (2-sul-
fonatoethyl-methanethiosulfonate) for 5 min significantly
changed the L-glutamate-activated conductance of V96C
mutant and verified that residue Val-96 was accessible to the
aqueous environment in EAAT1 (Ryan et al. 2004). In our
experiment, we used | mM MTSET for 5 min and resulted
in 20 % reduction in uptake (Fig. 5a). We speculate the
difference possibly results from that TM2 forms part of the
chloride permeation pathway, and thus, this region appears
to be selective for anions over cations (Ryan et al. 2004).
Amara’s group found S366C at the C-terminal of domain 7
(later this domain was suggested forming HP1) in EAAT1
was highly reactive to MTSET (Seal et al. 2000). In addition,
several studies also indicated that consecutive and conserved
serine residues in HP1 were in an aqueous environment, and
these residues were accessible from both sides of the mem-
brane (Slotboom et al. 1999; Seal et al. 2000). Preincubation
of A364C in GLT-1 with 1 mM MTSET for 5 min inhibited

Substrate-binding

Fig. 6 The distances between V58 and S279 of Gltp, in different
transport phase. The distances between V58 and S279 of Gltp, in the
substrate-binding, outward-facing and inward-facing structures are

Outward-facing

more than 80 % of D—[BH]—aspartate transport (residue 364 of
the glutamate transporter GLT-1 is equivalent to residue 366
of EAAT1) (Grunewald and Kanner 2000). Furthermore,
Ser-366 locates on the top of HP1, with its apex facing the
extracellular. Our results also indicated that preincubation of
S366C with 0.1 mM MTSET resulted in inhibition of nearly
60 % uptake (Fig. 5b), which is consistent with the previous
results.

For the V96C/S366C cysteine mutants, when the
external sodium was supplemented with glutamate or
replaced by potassium, it showed protective effect on the
inhibition by CuPh (Fig. 4). In addition, glutamate or
potassium had a protective effect on the inhibition of
transport of single cysteine mutants V96C and S366C by
MTSET (Fig. 5a, b). From these results, we can conclude
that glutamate or potassium can cause a relative movement
between TM2 and HPI1. Because the trimeric interface
involving TMs 2, 4, and 5 is known to be unchanged during
transport (Groeneveld and Slotboom 2007), we assume that
this conformational change would most likely involve HP1.
Furthermore, in the inward-facing conformation of the
glutamate transporters, after binding to the substrate, the
protein core consisting of HP1, TM7, HP2, and TM8
moves inward relative to the rest of the transporter to form
a cytoplasm facing conformation (Crisman et al. 2009). So
in the inward-facing conformation, HP1 is far apart from
TM2 in the mammalian transporter.

TBOA increased the inhibition by CuPh (Fig. 4),
whereas it had no effect on the inhibition of transport of
V96C and S366C by MTSET (Fig. 5a, b). During the
transport cycle, the closure of HP1 induces the empty

Inward-facing

shown here. These residues correspond to V96 and S366 of EAATI,
respectively. These structures are viewed from the side with the dash
lines indicating the distances between the Co atoms of V58 and S279
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occluded state, followed by the opening of HP2. Moreover,
TBOA binding blocks transport by keeping HP2 in an open
conformation (Boudker et al. 2007). Thus, we speculate
that in the out-facing conformation of transporter, which is
induced by TBOA, the opening of HP2 causes HP1 move
downwards to TM2. In addition, during the transport cycle,
Val-96 and Ser-366 lie in the deep of transporter, and thus,
TBOA has no obvious effect on the inhibition by MTSET.

After exposure to CuPh, the K, values of V96C/S366C
had no change but the V.« values reduced (Table 1). The
Vmax Values of V96C/S366C increased when it was treated
with CuPh in the presence of NaCl + L-glutamate or KCl,
while the V., value decreased when it was treated with
CuPh in the presence of NaCl + TBOA, comparing with
the treatment of CuPh in the presence of NaCl (Table 1).
These data suggest that the reaction of V96C/S366C and
CuPh modifies transporters partly. The extent of modifi-
cation by CuPh got lower when replaced NaCl with
NaCl + r-glutamate or KCl, while it got higher when
replaced with NaCl + TBOA.

As the glutamate transporter homologue, Gltp, shares
about 37 % amino acid sequence identity with the EAATS,
and it seems to be a good model to study the structure and
function of EAATSs. V96 and S366 correspond to V58 and
S279 of Gltpy,, respectively (Fig. 1b). We measure the
distances of V58 and S279 of Gltp, in different transport
states of Gltp, and compare with the data in EAATI from
our work (Fig. 6). Where at this pair positions, the distance
is7.8 A apart in the substrate-bound state of Gltp, (PDB ID
1XFH) (Yernool et al. 2004) (Fig. 6), suggesting that V58
(V96 of EAAT1) and S279 (S366 of EAAT1) are in close
proximity in Gltp,. A marked reduction in the inhibition by
CuPh was observed when the external sodium was sup-
plemented with glutamate or replaced by potassium in our
results (Fig. 4), suggesting V96 and S366 are far apart in
the inward-facing state, which is consistent with situation
in the inward-facing state of Gltp, (PDB ID 3KBC), as the
distance is 19.3 A apart (Reyes et al. 2009) (Fig. 6). In our
work, cross-linking between V96 and S366 potentiated in
the presence of TBOA possibly results from the transporter
is locked in an open-to-out state where TM2 and HP1 are
closer to each other, while the distance between V58 and
S279 is 7.4 A in the outward-facing state of Gltp, (PDB ID
2NWW) (Boudker et al. 2007) (Fig. 6).

Hence, our results indicate that relevant movement
occurs between V96 of TM2 and S366 of HP1 during
different transport phases in the glutamate transporter
EAAT]I, and yet to better understand the proximity of HP1
and TM2 during the transport cycle, further structural and
functional studies are essential.
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