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Glutamate transporters are integral membrane proteins that catalyse the concentrative uptake of glutamate from the synapse to
intracellular spaces by harnessing pre-existing ion gradients. In the central nervous system glutamate transporters are essential
for normal development and function, and are implicated in stroke, epilepsy and neurodegenerative diseases. Here we present the
crystal structure of a eukaryotic glutamate transporter homologue from Pyrococcus horikoshii. The transporter is a bowl-shaped
trimer with a solvent-filled extracellular basin extending halfway across the membrane bilayer. At the bottom of the basin are three
independent binding sites, each cradled by two helical hairpins, reaching from opposite sides of the membrane. We propose that
transport of glutamate is achieved by movements of the hairpins that allow alternating access to either side of the membrane.

The chemical synapse is a central site for communication between
neurons in the human brain. At chemical synapses an action
potential promotes the release of neurotransmitter, increasing the
concentration of transmitter 10°~10*-fold in the synaptic cleft. The
neurotransmitter opens ligand-gated ion channels, resulting in
depolarization of the postsynaptic neuron and generation of
a postsynaptic receptor potential. At many synapses, integral
membrane transport proteins clear the transmitter from the synap-
tic cleft, reducing the concentration of transmitter to basal level,
thereby readying the synapse for a subsequent cycle of activation'.

Glutamatergic synapses are the chemical synapses that mediate
the majority of fast excitatory neurotransmission®. Essential for
normal development and function, the glutamatergic synapse is a
linchpin for learning and memory, and dysfunction at these
synapses is implicated in a wide range of nervous system diseases
and injuries, including schizophrenia, depression and stroke’.
Rapid clearance of glutamate from the synapse by high-affinity,
sodium-dependent transporters is required for normal excitatory
neurotransmission and prevention of glutamate-induced excito-
toxicity™*’.

The high-affinity, sodium-dependent glutamate transporters are
members of a family of integral membrane transport proteins that
include five eukaryotic glutamate transporters, two eukaryotic
neutral amino acid transporters, and a large number of bacterial
amino acid and dicarboxylic acid transporters™®. Eukaryotic mem-
bers of this transporter family have an essential role in the nervous
system and they function in many other organs, including the heart,
kidney and intestine’. In prokaryotes, these transporters carry out
the concentrative uptake of metabolites across the membrane by the
co-transport of protons and/or sodium ions®. Physiological studies
have elaborated the ion stoichiometry of eukaryotic glutamate
transporters, showing that glutamate uptake is coupled to the
co-transport of three sodium ions and one proton, and to the
counter-transport of one potassium ion®. Notably, eukaryotic
glutamate transporters also possess a thermodynamically
uncoupled, glutamate-gated chloride conductance, illuminating
their dual roles as secondary transporters and ligand-gated ion
channels’.

Prokaryotic and eukaryotic glutamate and neutral amino acid
transporters possess significant amino acid sequence relationships
throughout their entire polypeptides® (Fig. 1). Residues in the
carboxy-terminal half of eukaryotic and prokaryotic transporters
are crucial for substrate binding, substrate transport and ion
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coupling (for recent reviews, see refs 10—-12), whereas residues in
the amino-terminal portion of the eukaryotic transporters are
implicated in the thermodynamically uncoupled chloride flux".
Determination of the transmembrane topology of glutamate trans-
porters has been fraught with uncertainty, and there are multiple
models, each possessing non-canonical elements of transmembrane
protein structure'*>°. Thus, despite the wealth of functional data on
glutamate transporters, there is no understanding of their three-
dimensional architecture or molecular transport mechanism.

Structure determination

To reveal the molecular architecture of glutamate transporters, and
to provide an atomic basis for a mechanism of substrate and ion
transport, we crystallized a glutamate transporter homologue from
P. horikoshii (Gltpp; Supplementary Table S1), which shares 37%
amino acid identity with human excitatory amino acid transporter
2 (hEAAT?2). In the course of our crystallization trials we found that
a multiple point mutant of Gltpy, in which seven His residues were
introduced into non-conserved sites on predicted loops (Gltp,7H),
was expressed at higher levels and crystallized more readily than the
wild-type protein (Fig. 1).

Crystals of Gltp,7H diffract to 3.2 A along ¢* and 3.8 A along a*
and belong to the space group P6; (Table 1). Initial phases
were obtained from a 6 A resolution multiwavelength anomalous
diffraction (MAD) experiment®' using a platinum derivative. Six
heavy atom sites, arranged as two sites per protomer, confirmed the
trimeric subunit stoichiometry of prokaryotic transporters* and
defined a three-fold axis of non-crystallographic symmetry (NCS).
The MAD phases were applied to a native data set and extended to
3.5A resolution using DM?. To assist in model building
we exploited the presence of 16 Met residues per protomer by
determining selenium sites from anomalous difference Fourier
maps of a selenomethionine derivative. In addition, we substituted
Met residues into six sites with ultimately each transmembrane
segment containing one or two Met residues (Fig. 1; see also
Supplementary Table S2). Iterative cycles of model building and
refinement were then carried out. The final model contains all
amino acid residues except for 11 N-terminal and 6 C-terminal
residues, and a number of disordered side chains modelled as Ala.

We also collected data from an isomorphous crystal of the wild-
type Gltpy, protein that diffracted to 4.1 A (Supplementary Table $2).
The phases from Gltp,,7H were applied to the Gltpy, data, followed by
density modification and crystallographic refinement. The partially
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refined structure and accompanying electron density maps did not
reveal any significant differences between Gltp,H7 and Gltpy,.

Trimer architecture

The Gltp,H7 trimer is bowl-shaped with a concave aqueous basin
facing the extracellular solution and a pointed base facing the
cytoplasm (Fig. 2). The three-fold NCS axis is perpendicular to
the membrane, and when viewed in this orientation the trimer has a
triangular shape with sides of ~80A. Viewed parallel to the
membrane, the trimer is ~65A in height, with the transmem-
brane-spanning portion of the transporter lying approximately in
the middle, thus indicating that the transporter protrudes about
15 A from each side of the membrane bilayer. The basin is as large as
50 A in diameter and 30 A in depth, and dips far into the membrane
plane. Because the extracellular basin is deep and its surface
hydrophilic, it allows aqueous, bulk solution to reach the midpoint
of the membrane bilayer (Fig. 2d).

There are prominent crevices between the subunits on the lipid-
exposed surface of the trimer (Fig. 2). Transmembrane 4 (TM4) is
located in this crevice and participates in intersubunit contacts.
TM1 and TM6 form an additional crevice on the lipid-exposed face
of each subunit. In electron density maps we see non-protein
density features in both crevices that may be bound lipid or
detergent molecules. These crevices allow lipid molecules to access
helical hairpins 1 and 2 (HP1, HP2), which are key functional
regions of the transporter, and may provide a structural basis for
understanding how lipids modulate the activity of bacterial and
eukaryotic transporters*>°,

Protomer structure

Gltp,7H protomers are shaped like pointed wedges where the wide
ends define the extracellular rim of the basin and the pointed
tips come together at the three-fold axis, forming the bottom of
the basin and, on the intracellular face, a cone-shaped structure.
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Figure 1 Sequence alignment of Gltp,, glutamate and neutral amino acid transporters.
a, Boxes above the alignment correspond to ae-helices and are colour-coded according to
Fig. 3. Dotted lines represent residues disordered in the crystal structure. Sequence
colouring highlights regions of high homology (blue), intersubunit contacts seen in the
crystal structure (green) and residues implicated in glutamate transport (red). Filled
symbols above the sequences mark residues involved in glutamate ~-carboxylate binding
(star), sodium binding (squares), potassium coupling (inverted triangles) and chloride
conductance (circles). Open symbols mark the histidine point mutants (circles), the
methionine mutants (triangles) and the double cysteine mutant (inverted triangles).
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Residues in eukaryotic transporters that form disulphide bonds when mutated to cysteines
are boxed and the bonds are indicated by dashed lines'*?°. Insertions in eukaryotic
transporters between helices 4b and 4c are not included and are marked by XXX; the
longer N and C termini of eukaryotic transporters are also not included. Amino acid
sequences are: P. horikoshii Gltp, (NP_143181), B. stearothermophilus Gltgs (P24943);
human EAAT1 (P43003); rat GLT-1 (P31596); human EAAT3 (AAH37310); human ASCT1
(NP_003029). The alignment was made using ClustalW®® and adjusted manually.

b, Schematic representation of Gltp,, transmembrane topology.
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Table 1 Diffraction data and refinement statistics

Data set Native Pt (peak) Pt (inflection) Pt (remote) Se (peak)

Data source BNL X25 BNL X6A BNL X6A BNL X6A BNL X25

Wavelength (A) 1.10 1.0721 1.0711 0.9918 0.9791

Cell (a xc) (A) 116 x 322.3 112.4 x 320 112.4 x 320 112.6 x 320.4 116.2 x 323.6

Resolution (A) 34-3.5 35-6 35-6 35-6 34-3.8

Completeness (%)* 99 (98) 97.8 (86.5) 98.4 (91.7) 99.2 (97.0) 95 (95)

Redundancy 6.7 (4.4) 3.5(1.6) 3.7 (2.4) 3.5(3.0) 5.5 (4.4)

Rmerge (%) 7.8 (84) 4.0 (42) 3.5(38) 4.0 (47) 9.7 (65)

Ilo 7.3(0.7) 35(2.0) 37 (2.3) 34 (2.2) 4.8 (1.4)

Unique reflections 30,587 11,109 11,116 11,271 21,550

Phasing

Reculis 0.645 0.76 0.77

Phasing powerf 1.96 1.40 1.37

Overall figure of merit 0.524

NCS correlation (%)§ 83.4

Refinement statistics Model geometry )

Resolution range (A) 10-3.5 r.m.s.d. (angle/bond) 1.65°0.012A

Ruworkll/Riree (%) 29.0/30.9

Number of reflections 27,199 Ramachandran plot

Completeness (%) 97.1 Favoured (%) 79.2

Number of atoms | 8,658 Allowed (%) 20.0

Average B-factor (A2%) 124.4 Generously allowed (%) 0.8
Disallowed (%) 0.0

*Values for the highest resolution shell are shown in parentheses and the shells are 3.7—3.5A, 6.2-6.0A and 4.0-3.8A for the native, Pt and Se data sets, respectively.
TRmerge = Zlln — < Ini > [/E(Ina), where Iy is the integrated intensity of the given reflection.

FPhasing power, £|Fyl|/Z|E|, was calculated using SHARP.

§Correlation between the electron density areas related by non-crystallographic symmetry.

IR work = (EIFo — Fcl)/EF,, where F, and F are observed and calculated structure factors.

9 Five per cent of data were excluded from the refinement to calculate Ryee.

Figure 2 Structure of Glt;;H7. a, Ribbon representation of the trimer, in which the trimer parallel to the membrane. d, Surface representation of the trimer sliced through the
protomers are red, blue and green, viewed from the extracellular side of the membrane.  centre of the basin. Polar and apolar residues are coloured cyan and white, respectively.
b, View of the trimer from the cytoplasm, showing the locations of crevice 1, between The boundaries of the lipid bilayer are indicated in ¢ and d, using the hydrophobic
subunits, and crevice 2, between transmembranes 1 and 6 of each subunit. ¢, View of the  residues on TM1 as a reference.
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Each protomer has eight primarily o-helical transmembrane seg-
ments (TMs 1-8) and two helical hairpins (HPs 1-2; Figs 1 and 3).
Transmembrane segments 1-6 form a distorted cylinder-shaped
motif—the N-terminal cylinder—whose outer surface mediates all
of the intersubunit contacts in the trimer. The C-terminal half of the
protein—TM7, TM8, HP1 and HP2, implicated in substrate trans-
port—is secured within the N-terminal cylinder, suggesting that
each subunit has an independent substrate transport pathway.
The fold of a Gltp,7H protomer is, to the best of our knowledge,
novel and is composed of a number of unusual elements of
secondary structure. In particular, TM2, TM3 and TMS5 are up to
49 residues in length and are tilted from the membrane normal by as

Figure 3 Fold of a Gltp,H7 protomer. a, Ribbon representation of the protomer viewed in
the plane of the membrane in which the transmembrane helices (1-8) and hairpins (HP1,
HP?2) are labelled and in different colours. The o-carbon atoms of Ser 279 (HP1) and

Gly 354 (HP2) are defined by yellow spheres, which are equivalent to Ala 364 and Ser 440
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much as 45°. The long, protease-sensitive and proline-rich ‘linker’
that connects TM3 and TM4 (refs 22, 27) arches from one side of the
N-terminal cylinder to the other, over the top of HP2 and TM7 and
TMB8, spans a distance of about 60 A, and makes only a few contacts
with other portions of the subunit. TM4 is composed of multiple
elements, has a corkscrew-like, helix-turn-helix-turn-helix
structure and forms key subunit—subunit contacts on the three-
fold axis.

The C-terminal portion of the protomer includes essential
elements of the transport machinery. Helical hairpin 1 (HP1) is a
helix-turn-helix structure that begins on the cytoplasmic surface of
the trimer and is buried within the N-terminal cylinder, reaching up

of GLT-1 (ref. 29). b, View of the protomer from the cytoplasm. ¢, Schematic
representation of the protomer fold. d, Slice of electron density from a 2F, — F. map,
contoured at 1o, overlaying a stick model of a protomer.
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to the bottom of the extracellular basin. A conserved serine-rich
motiflocated in the loop of HP1 tiles part of the basin bottom and is
partially exposed to the extracellular solution, in agreement with
previous chemical modification experiments'*'®'®. Passing through
the middle of the N-terminal cylinder is TM7, an unusual trans-
membrane structure with two helical segments, 7a and 7b, whose
helical axes are parallel but displaced by a conserved, three-residue
motif that forms a 3-bridge.

Helical hairpin 2 (HP2) is another key element of the transport
machinery and like HP1 it is composed of a helix-turn-helix motif.
However, the context of HP2 is different; it is situated almost
parallel to the membrane plane, with a large fraction of its surface
solvent-exposed and facing the extracellular basin. At the tip of HP2
there is a conserved proline (Pro 356 in Gltp,7H) in van der Waals
contact with the serine-rich motif at the tip of HP1. Connected to
HP2 is TM8, an amphipathic a-helical segment that runs through
the middle of the N-terminal cylinder and has been suggested to line
a portion of the substrate transport pathway?®.

HP1 and HP2, together with flanking regions from TM7 and
TMS, are structurally related and can be superimposed with a root
mean square deviation (r.m.s.d.) of 2.4 A (Supplementary Fig. S1),
even though HP1 and HP2 have no significant amino acid sequence
identity. Most importantly, the tips of HP1 and HP2 meet at the
bottom of the basin, about halfway across the membrane bilayer.
The apposition of HP1 and HP2 was foreshadowed by experiments
on the rat glutamate transporter GLT-1, in which Ala364 and
Ser 440 were changed to cysteine. This double cysteine mutant of
GLT-1 was active in glutamate transport only under reducing
conditions, suggesting that a disulphide bond formed between
residues 364 and 440 under oxidizing conditions™. In Gltp,7H the
residues equivalent to Ala 364 and Ser 440 of GLT-1 are Ser 279 and
Gly 354, respectively, they map to the tips of HP1 and HP2 and are
sufficiently close to form a disulphide bond (Fig. 3a; see also
Supplementary Fig. S1).

Subunit interface and oligomerization state

The Gltp,7H protomers share substantial intersubunit interfaces
with each subunit burying ~2,045A% in a trimerization motif
composed of TM2, TM4 and TM5. On the cytoplasmic face of
Gltp7H the C-terminal portion of TM4c and the N-terminal end of
TMS5 form a bundle crossing or a ‘smoke-hole’ (Figs 2b and 4a). On
the extracellular side of the transporter the TM4b helices define a
whorl around the symmetry axis (Fig. 2a) while TM2 cements
intersubunit contacts between TM4c/TM5 in one subunit and the
corkscrew/TM4c of its neighbour. Eukaryotic transporters have
insertions of 32-55 amino acids between TM4b and TM4c
(Fig. 1), which may be accommodated within the basin.

Viewed along the membrane normal TM4b, TM4c, TM5 and
TM2 form a distinct trimerization domain (Figs 2a, b and 4). At the
centre of the domain, around the three-fold axis, is a vestibule of
~400 A® (Fig. 2d). The residues lining the vestibule are hydrophobic
and even though there are positive electron density features in the
cavity, identification of the chemical composition of the bound
molecule(s) is not possible at this moderate resolution. There are
small portals into the vestibule, from both the basin and the
cytoplasmic smoke-hole, but the diameters of the openings are
only 2-3 A. Given its nonpolar character and limited access, the
vestibule is unlikely to serve as a permeation pathway for ions or
substrates.

To confirm our assignment of key subunit—subunit contacts, we
designed a double cysteine mutant (Ser 179 changed to Cys/Asp 185
changed to Cys, referred to hereafter as S179C/D185C) to form an
intersubunit disulphide bond linking subunits together (Fig. 4a).
The double cysteine mutant, when treated with copper phenanthro-
line, forms a 138-kDa trimer, as determined by mass spectrometry
(Fig. 4b). Because these two non-native cysteine residues readily
form a disulphide-linked trimer, our crystal structure is relevant to
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the oligomerization state of the transporter in a non-crystalline
environment.

To determine the subunit stoichiometry of eukaryotic transpor-
ters we expressed the human EAAT? transporter in HEK 293 cells as
a fusion with green fluorescent protein (hEAAT2-GFP). After
purification by size exclusion chromatography and glutaraldehyde
cross-linking, hEAAT2—-GFP forms a pattern of cross-linked species
that is consistent with a trimer (Fig. 4c). Therefore, on the basis of
the Gltp,7H structure, the conservation of residues in subunit
interfaces, the cross-linking of hEAAT2—-GFP and previous work
from this group® and others®, proteins in the prokaryotic and
eukaryotic glutamate transporter family are trimers.

Substrate-binding site

A telltale clue to the binding site for substrate along the transport
pathway comes from conspicuous non-protein electron density
near the interface between HP1 and HP2 (Fig. 5). This electron
density feature, approximately the size of a glutamate molecule,
cannot be modelled as a protein side chain, and after real
space three-fold averaging is greater than 6¢. Because we included
L-glutamate at all stages of purification and crystallization, it is
possible that the electron density is a glutamate molecule. However,
owing to the modest resolution of our diffraction data we cannot
unambiguously identify the molecule(s). We also have been unable
to elicit transport activity from Gltpy, using a number of methods,
suggesting that Gltp,, may require archaeal lipids or an elevated

b c
Cu(n)P (uM) Glutaraldehyde (mM)
u
— o ['e]
e 0 o o c - o
(=] — (=] o o o (=]
Trimer —

~uE

Monomer

Figure 4 Oligomerization state of prokaryotic and eukaryotic glutamate transporters.

a, Transmembrane segments 2, 4 and 5 form a trimerization domain and these three
segments are red, blue and green in each of the three subunits, viewed from the
cytoplasm. The yellow and orange spheres indicate the sulphur atoms in a model of the
Ser179 and Asp 185 double cysteine mutant. b, SDS-PAGE analysis of the GltpyH7
S$179C/D185C mutant, untreated and treated with copper phenanthroline. ¢, Western
blot of hEAAT2—GFP cross-linked with glutaraldehyde. Bands |, Il and Il correspond to
monomer, dimer and trimer.
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temperature for functional activity. Nevertheless, the presence of
this prominent electron density feature, combined with its provo-
cative location, is suggestive of a substrate-binding site in Gltp,H7.

The location of the substrate-binding site is noteworthy because
the amino acids that surround the site are conserved across
transporter homologues and are critical to functional activity

"+ N-terminal
" cylinder

Figure 5 Substrate-binding site is located between the tips of HP1 and HP2. a, b, Shown
are a, GltpyH7 trimer viewed from the extracellular space and b, two subunits viewed
parallel to the membrane plane with N-terminal cylinders represented by an o-carbon
trace and with HP1, TM7, HP2 and TM8 drawn as cylinders and coloured according to
Fig. 3. At the tips of HP1 and HP2 is the non-protein electron density (blue mesh) that
defines the substrate-binding site, from a three-fold averaged, F, — F. map contoured
at 40. ¢, A close-up view of the substrate-binding site, with residues implicated in
glutamate and ion binding shown in stick representation, together with the non-protein
electron density, contoured and coloured as in a and b.
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(Figs 1 and 5). The binding site, of which there is one per subunit,
is located below the basin, and is covered by the tip of HP2. In
eukaryotic transporters HP2 contains residues that are important
for sodium binding. In particular, Ser 440 and Ser 443 in GLI-1,
which are equivalent to Gly354 and Gly357 in Gltp,7H, are
important for sodium selectivity of the transporter®'. Gly 354 and
Gly 357 in Gltp,7H flank the tip of HP2 and are within 5 A of the
substrate-binding site.

Bounding the other sides of the binding site are the conserved
serine residues at the tip of HP1, the 3-bridge of TM7, and a polar
portion of TM8 (Fig. 5). In TM7 the NMDGT’ motif contributes to
the substrate-binding pocket: the side chains of Met311 and
Thr314 point towards the binding pocket while Asn310 and
Asp 312 point away from the binding pocket, interacting with
each other and with residues in TM3, TM6 and TM8. We suggest
that the interactions of Asn 310 and Asp 312 stabilize the 3-bridge
structure and the binding pocket. Emphasizing the importance of
the NMDGT motif, previous studies have shown that conservative
point mutants in this region are non-functional'*. In the Gltp,7H
structure, the conserved residues Asp 394, Arg397, Thr398 and
Asn401 are on the polar face of the amphipathic TM8 and are
positioned to form numerous interactions with the substrate-
binding site (Fig. 5; see also Supplementary Fig. S2).

In eukaryotic glutamate transporters the arginine equivalent
to 397 in Gltp,7H confers specificity to substrates with §- and ~-
carboxy groups, and mutation of the arginine to a neutral residue
results in a transporter that preferentially transports neutral amino
acids and that no longer counter-transports potassium®* (Fig. 1; see
also Supplementary S2). Two residues implicated in potassium
binding and counter-transport in eukaryotic transporters are in
contact with or close to Arg397. The first is Tyr317 (ref. 33), a
conserved residue in TM7, which is involved in a w-cation inter-
action with Arg397. The second residue is Gln 318, near Arg397,
which in eukaryotic transporters is a glutamate residue crucial to
potassium coupling®. In the Gltp,7H structure we see that Arg397
is poised to interact with the ~y-carboxy group of glutamate. Even
though we do not know precisely how Tyr 317 and Gln 318 couple
ion binding to substrate transport, the Gltp,H7 structure demon-
strates that residues involved in substrate and ion binding are close
in space.

Mechanism

The alternating access mechanism® is a simple model by which to
understand the activity of glutamate transporters. In this model an
intramembranous substrate-binding site is flanked by two gates that
allow alternating access of the substrate to either the extracellular or
intracellular solution. Here, we suggest the locations and structural
features of the gates, substrate-binding site and transport pathway
in the Gltp,H7 protein (Fig. 6).

Perhaps the most striking feature of the Gltp,H7 structure is the
aqueous basin that allows for substrates and ions to access binding
sites approximately halfway across the membrane, directly from
bulk solution. Substrate-binding sites are located ~5 A beneath the
basin bottom and are secured underneath the tips of HP2. We
suggest that HP2 comprises the extracellular gate. Directly under
the binding pocket are HP1, TM7a and the C-terminal part of TM8,
and we speculate that HP1 forms the intracellular gate because
movement of HP1 relative to TM7 and TM8 would open an
aqueous pathway from the substrate-binding site to the cytoplasm.
Accordingly, in the Bacillus stearothermophilus glutamate transpor-
ter, residues that map to one face of TM8 and the serine-rich region
of HP1 are accessible from intracellular solution'®*. Moreover, in
the Gltp,H7 structure there are small cavities along the HP1 and
TMS interface, suggesting that changes in the packing of the helices
are plausible.

We propose that the Gltp,7H structure represents a bound state
of the transporter with both gates closed. However, without
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Figure 6 Trimer architecture and mechanism of transport. Glutamate transporters have a
large aqueous basin at the bottom of which are located three substrate-binding sites.
Here, two of the three substrate-binding sites and transport pathways are shown. Access
to the substrate-binding site (shown in grey), from extracellular or intracellular solution, is
mediated by HP2 (red) or HP1 (yellow), respectively. a, HP2 is in an ‘open’ conformation,
providing access to the binding site from the extracellular basin. b, Bound state of the

structures of specific functional states, we can only speculate on the
conformational transitions that occur during transport. Neverthe-
less, biochemical experiments suggest that HP2 undergoes sub-
strate-dependent conformational changes. For example, the solvent
accessibilities of residues in HP2 and TM7 are modulated by
glutamate and sodium in eukaryotic transporters®®”. Furthermore,
fluorescence experiments on hEAAT3 demonstrate that the loop
connecting HP2 to TM8 undergoes changes in environment upon
glutamate and sodium binding®®. We therefore suggest that opening
of the extracellular gate involves movement of the HP2 ‘flipper),
perhaps allowing HP2 to pack against and stabilize the TM3-TM4
loop. Consistently, protease sensitivity of the TM3-TM4 loop in
GLT-1 is increased in the presence of sodium and glutamate”.

Even though HP1 and HP2 harbour a marked structural simi-
larity they are located in different protein contexts and therefore the
conformational changes they undergo during gating, as well as the
chemical cues that activate gating, are probably distinct. To open
the intracellular gate we suggest that HP1 moves vertically towards
the cytoplasm and laterally into crevice 2 (Figs 2b and 6c), thereby
creating a substrate transport pathway along the polar face of TM8
and rendering the serine-rich region of HP1 accessible to the
cytoplasm.

When the intracellular gate is open we suggest that HP2 moves
towards the centre of the trimer, occupying the space vacated by
the tip of HPI, thereby preventing the formation of an open
transmembrane pore. Indeed, movement of HP2 is consistent
with the observation that in human EAAT1 a cysteine introduced
into HP2 forms a disulphide bond with a cysteine in TM2 (ref. 13);
the equivalent residues in Gltp,H7 are separated by ~20 A. Indeed,
chemical modification of cysteines on the surface of HP2 arrests
transport but not substrate binding’™*', suggesting that HP2 may
participate in packing interactions different from those observed in
the crystal structure. Finally, the intracellular accessibility of the
Ala432 to Cys mutant in GLT-1, which provided the basis for a
proposed second re-entrant loop in glutamate transporters', is
inconsistent with the position of HP2 in the Gltp,H7 structure
because the equivalent residue, Ala 345, is located in the middle of
HP2a and not at the tip of HP2. We suggest that movement of HP2
towards the substrate-binding site could expose Ala345 to the
intracellular solution and ‘seal’ the transport pathway.

Discussion

The architecture of glutamate transporters is well suited for the
rapid binding of glutamate in synapses. The large aqueous basin
allows transmitter to diffuse, through bulk solution, to readily
accessible binding sites halfway across the membrane bilayer.
Once bound, rearrangements of the cytoplasmic HP1, and perhaps
additional elements of structure, open a pathway through each
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transporter observed in the Gltp,H7 structure, where access to the binding site is blocked
by HP1 and HP2. The substrate and co-transported ions are represented by the letter S.
¢, Movement of HP1 out of the protomer core, towards the cytoplasm and away from the
three-fold axis, opens a transport pathway from the substrate-binding site to the
cytoplasm.

subunit to the cytoplasm. Although the Gltp,H7 structure defines
the gates that allow alternating access of the binding site to either
side of the membrane, many important questions remain unan-
swered, including the location of ion binding sites, the molecular
mechanism coupling ion and substrate binding, the location of
the chloride permeation pathway and, most importantly, the
conformational changes that accompany each step in the transport
cycle. O

Methods

Protein preparation

Unlabelled Gltpy, and Gltp,H7 were expressed as Hisg fusion proteins, using the pBAD24
vector and Escherichia coli Top10 cells*, and both proteins were expressed and purified as
described previously®. Purified protein was dialysed against a crystallization buffer
containing (in mM): 10 HEPES, 25 NaCl, 25 KCl, 1 EDTA, 5 L-glutamate and 7 -decyl
maltoside. Selenomethionine-substituted proteins were expressed in LMG194 cells, and
purified in the presence of 2 mM B-mercaptoethanol. Selenium incorporation, as
determined by mass spectrometry, was >95%.

Crystallization

Hexagonal rod crystals were grown by vapour diffusion at 4 °C by mixing equal volumes of
protein (7-10 mgml ") and reservoir solution containing 14-18% PEG 1000, 100 mM
Li,SO4, 50 mM citric acid, 50 mM Na,HPO,. Prior to flash-cooling in liquid nitrogen,
crystals were cryo-protected using a reservoir solution adjusted to 30% PEG 1000 with 5%
glycerol. The platinum derivative was prepared by soaking crystals in a solution containing
50 mM K,Pt(NO,), for 6 h followed by a 1h back-soak.

Structure determination

Diffraction data sets were indexed, integrated and scaled using HKL2000 (ref. 43) and
CCP4 programs. For the Pt MAD data set, initial heavy atom sites were found using Solve**
and were refined with SHARP*. MAD phases to 8 Awere applied to the native data set and
gradually extended to 3.5 A using the three-fold averaging, solvent flattening and
histogram matching in DM*. An initial model was built using the program O* and
refinement was carried out using REFMAC* and CNS*® with tight three-fold NCS
restraints. To determine selenium atom positions in selenomethionine derivatives,
anomalous difference maps were calculated using density-modified phases. Because the
V231M mutant was non-isomorphous, the initial phases were obtained by molecular
replacement using AMoRe".

Cross-linking

The Gltp,7H double mutant, S179C/D185C, was expressed and purified as described
above, and either left untreated or treated with 1.5 uM of Cu(11) (1,10-phenantroline)s.
The samples were analysed by SDS—polyacrylamide gel electrophoresis (PAGE), and by
mass spectrometry, under non-reducing conditions.

From a stable HEK 293 cell line expressing hEAAT2—GFP-Hisg we determined that the
fusion construct was active in *H-glutamate uptake using standard procedures'*. For
cross-linking experiments, membranes were solubilized using $-dodecyl maltoside and
the transporter was partially purified by size exclusion chromatography. The GFP
fluorescent peak was subsequently cross-linked with glutaraldehyde at 25 °C for 30 min
and the reactions were quenched using 150 mM Tris-HCI, pH 7.5. The extent of cross-
linking was evaluated by western blotting using an anti-His antibody.
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