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ABSTRACT. The glutamate transporters GitFrom Escherichia colend GltR, from Pyrococcus horikoshii

were overexpressed . coli and purified to homogeneity with a yield of-2 mg/L of culture. Single-
particle analysis and electron microscopy indicate that gzida trimer in detergent solution. Electron
microscopy of negatively stained GHftwo-dimensional crystals shows that the transporter is a trimer
also in the membrane. Gel filtration of GkFndicates a reversible equilibrium of two oligomeric states

in detergent solution that we identified as a trimer and hexamer by blue-native gel electrophoresis and
cross-linking. The purified transporters were fully active upon reconstitution into liposomes, as demonstrated
by the uptake of radioactively labeledaspartate ocr-glutamate.L.-Aspartate/-glutamate transport of
GltPg involves the cotransport of protons and depends only on pH, whereas, GdtBlyzes -glutamate
transport with a cotransport of Hor Na". L-Glutamate induces a fast transient current in GltP
proteoliposomes coupled to a solid supported membrane (SSM). We show that the electric signal depends
on the concentration of Neor H" outside the proteoliposomes and that Gltffoes not require Kinside

the proteoliposomes. In addition, the electrical currents are inhibited by TBOA and HIP-B. The half-
saturation concentration for activation of GitRjlutamate transporip ') is 194 uM.

Glutamate is the major excitatory neurotransmitter in the aspartate transport system, (ii) a sodium-dependent glutamate-
vertebrate central nervous system and is probably involvedspecific system (GItS), and (iii) a proton symport system
in most aspects of normal brain function, including cognition, for glutamate and aspartate (HfP(11—-15). GltPg. cata-
memory, and learninglj. The concentration of glutamate lyzes an electrogenic symport ofglutamate with at least
in the synaptic cleft is regulated by secondary transporters,two protons {6). Besides the glutamate transportersEof
of which five have so far been identified and clon@d-6). coli, only three more bacterial glutamate transport systems
One glutamate is taken up together with three Mams and have been functionally characterizeBagillus caldotenax
one H" in exchange for one K(7—9). In bacteria, glutamate  Bacillus subtilis andBacillus stearothermophil€16). An
serves as a source for carbon and nitrogen under nitrogen-exact determination of the uptake stoichiometry of bacterial
limiting conditions and is taken up by a cotransport of pro- glutamate transporters has not been reported since their
tons and/or sodium. However, wild-type strainsesfcheri- functional expression itxXenopus lagis oocytes might be
chia coli cannot grow with glutamate as the sole source of impossible.

carbon and nitrogen. This inability seems to result from their Prokaryotic and eukaryotic glutamate transporters are
low activity for glutamate uptake, and in fact, mutants that yjempers of the glutamate transporter family that also
have acquired higher glutamate uptake activity can grow on comprises neutral amino acid, amino acid, and dicarboxylic
glutamate £0). acid transporters. They possess major amino acid sequence
~ In E. coli, threeL-glutamate transport systems have been re|ationships and differ in their structure significantly from
identified: () a binding protein-dependent, glutamate/ other secondary transporters. For instance, the polypeptide
sequences oft. coli glutamate transporter GEP and
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structure indicated that it is a trimer. Trimeric assemblies 500 mM NaCl, 20 mM Tris-HCI (pH 7.9), 0.1% DDM or
were also reported for the glutamate transporter f®@m  0.4% DM, and 10% glycerol]. The protein was eluted in
caldotenaxandB. stearothermophilugl8) and may also be  buffer D [150 mM imidazole, 300 mM NacCl, 0.1% DDM
conserved in human glutamate transporté 20). or 0.2% DM, 10% glycerol, and 20 mM Tris-HCI (pH 7.9)].
Here we report the overexpression, purification, and Analytical gel filtration was performed atC on a SMART
functional and structural characterizatiorbfcoliglutamate ~ system (Amersham) using a Superose-6 column at a flow
transporter GltB, and P. horikoshii glutamate transporter ~ rate of 40uL/min.
GltPsr, Glutamate transport kinetics of GlRvere measured Reconstitution of Purified GItR and GItR- in Liposomes
using the solid-supported membrane (SSM) technique. Two-and Transport Assaykiposomes were prepared as described
dimensional (2D) crystals of the Glftransporter indicate ~ previously @9). E. coli polar lipids (Avanti) were used

that it is a trimer in the membrane. instead of the asolectin/brain polar lipid mixture; 50 mg of
lipids was suspended in 1 mL of dialysis buffer [120 mM
MATERIALS AND METHODS KP; (pH 7.4), 1% glycerol, 5 mM Tris-SQ(pH 7.4), 0.5
] ] ] . mM Na-EDTA, and 1 mM MgS@]. Reconstitution and
Cloning and Cell CultureGenomic DNA ofP. horikoshii uptake of fH]-L-aspartate (Amersham) GiH]-L-glutamate

was obtained frpm ATCC (catalpg no. 70086OD). The locus (Amersham) were assessed as described previdl@lyHor
symport protein (GIth), was amplified by polymerase chain | of influx solution containing 150 mM NaCl or 150 mM
reaction using rgcomblngnt Taq and Tgo polymerase. Theholine chloride, 10 mM KP(pH 7.4) or 10 mM KAc (pH
G_Ithhger_1e was inserted into the pET-28a plagrr_nd (Novagen)4_7), 1 uCi of [*H]-L-aspartate (29 Ci/mmol) orHi]-L-
with a His; tag fused to the N- and C-termini. The gene giytamate (42 Ci/mmol), and 28V valinomycin. Nitrocel-
encoding thee. coli proton/sodium symport protein (GKE lulose filters with a pore size of 0.48m were used.

was amplified by PCR using th. coli BL21(DE3) strain Transport Actiity Assay on a Solid-Supported Membrane
as a template, with forward and reverse primers deS|gned(SSM) The SSM, an octadecyl mercaptane monolayer
according to the published DNA sequence of the proIn ( covered with a diphytanoylphosphatidylcholine monolayer
22). The gene was cloned in a pET 20 vector with agHis 1y 5 gold electrode, was mounted in a flow-through cuvette.
tag fused to the C-terminus. The insert was sequenced (MWGpyqepliposomes were thawed, sonicated, and allowed to
Biotech) and found to be the same as the published base,qsorh to the SSM. A rapid solution exchange in the cuvette
sequence of the gltP gen21j except for a point mutation  5jj0wed the generation of substrate concentration jumps at
at position 895 which results ina Val298Ala mut_atlon. Both the SSM. The solution exchange protocol consisted of five
transporters were expressed in the C-43 strairotoli steps edt 1 s induration: (1) resting solution, (2) nonac-
(Avidis), following standard molecular biology protocols jyating solution, (3) activating solution (concentration jump),
(23). In the case of Gltk, 12 L of 2x YT medium was () nonactivating solution, and (5) resting solution. The
inoculated at 30C with an overnight culture, followed by regting solutions (1 and 5) contained 150 mM ¢ maintain
induction with 0.6 mM IPTG at an Olgof 0.9. Cells were 4 pigh K+ concentration in the liposomes. Activating and
harvested 23 h after induction at an Ofg of 1.6-1.9. In nonactivating solutions contained 150 mM-Nand no K,

the case of Gltk, 12 L of TB medium was inoculated with - ragpactively, to establish a Nand K+ gradient across the
an overnight culture, followed by induction with 1 MM IPTG  jisgsomal membrane. In addition, the activating solution

at an ORo of 1. Cells, growing at 30C, were harvested  contained 1 mM.-glutamate. The current generated by the
12 h after induction. glutamate transporter in response to a glutamate concentra-

Protein Purification.Cells were resuspended in homog- tion jump was recorded at the gold electrode via capacitive
enization buffer [10 mM Tris-HCI (pH 7.4), 10% glycerol, coupling. For details, see regst and 25.

150 mM KCI, 1 mM EDTA, and 1 mM PMSF] and broken Activating and nonactivating solutions contained 30 mM
by two passages through a cell disrupter (Constant SystemsHepes (pH 7.4) or 30 mM acetate (pH 4.7), 2 mM MgCl
operated at 1.5 kbar. Unbroken cells were removed at$500 0.3 mM CaC}, 0.1 mM dithiothreitol (DTT, 99.5%, Roth,
for 15 min followed by an ultracentrifugation at 150@00  Karlsruhe, Germany), salts (150 mM NaCl, 150 mM KCl,
for 90 min at 4°C to collect the membrane fraction. or 150 mM choline chloride), and-glutamic acid at various
Membranes were resuspended in homogenization buffer atconcentrations. The protein concentration in the proteolipo-
a protein concentration of 15 mg/mL and stored-80 °C; some suspension was).5 mg/mL. The lipid film-forming

12 mL of the membrane suspension (15 mg/mL) was solution contained diphytanoylphosphatidylcholine (PC, syn-
solubilized in 24 mL of buffer A [150 mM Tris-HCI (pH  thetic, Avanti Polar Lipids Inc., Pelham, AL) and octade-
7.5), 1.5% dodecyl maltoside (DDM) or decyl maltoside cylamine (60:1, w/iw, 98%, Riedel-de-Haen AG, Seelze-

(DM), 30% glycerol, and 10 mM imidazole] fd. h at 4°C Hannover, Germany) prepared at a concentration of 1.5%

on a shaker. Undissolved material was removed by centrifu-in n-decane 26). A 1 mM octadecylmercaptan (gmer-

gation at 100009 for 30 min at 4°C. captan, Aldrich, Steinheim, Germany) solution in ethanol was
Solubilized protein was mixed with 2 mL of Ri—NTA used for the incubation of the gold electrodes.

agarose beads (QIAGEN), equilibrated in buffer B [5 mM  Cross-Linking of Membrane Proteingrior to cross-
imidazole, 500 mM NacCl, 20 mM Tris-HCI (pH 7.9), and linking experiments, the protein was dialyzed against buffer
0.1% DDM or 0.4% DM], incubated fol h at 4°C under A [25 mM KP; (pH 7.4), 300 mM NacCl, 10% glycerol, and
continuous shaking, and, subsequently, poured into a column.0.1% DDM]. To 30ug of protein were added different cross-
The column was washed with 10 column volumes of buffer linkers. Disuccinimidyl suberate (DSS) (Sigma) was solu-
B and 20 column volumes of buffer C [30 mM imidazole, bilized in DMSO (dimethyl sulfoxide) and added to a final
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concentration of 1, 10, or 50 mM. For control, DMSO was

Raunser et al.

Selected image areas of 40004000 pixels were digitized

added alone. Glutaraldehyde (Agar Scientific, Stansted, U.K.) on a SCAI scanner (Zeiss) with a pixel size gim. Images

was added to a final concentration of 2.5 or 5 mM. After

were processed using the MRC image processing programs

the mixtures were incubated for 30 min at room temperature, (37, 38).

the reactions were quenched by addition of 200 mM Tris-
o RESULTS

HCI (pH 7.4). The cross-linked samples were then analyze
on a Coomassie-stained SBBAA gel.
Protein Concentration and Gel Electrophoresi¥he

Protein Purification. Several detergents were tested for
solubilization and purification, but only DDM or DM was

membrane protein concentration was determined by theefficient in keeping the protein stable, without aggregation

Bradford method 27) with bovine serum albumin as a
standard. For SDSPAGE, proteins were separated on a 10%
(w/v) polyacrylamide gel. After electrophoresis, the proteins
were stained with Coomassie Brilliant Blue. For blue-native
gel electrophoresis28, 29), linear 6 to 16.5% (w/v)

or loss of activity as determined by electron microscopy and
glutamate uptake measurements (data not shown). The
proteins were purified in a single step by?Ni-NTA affinity
chromatography. The isolated protein was pure as judged
by Coomassie-stained SBRAGE (Figure 1A,B). Both

polyacrylamide gradient separation gels were used with a GltPp, and GltR. appeared as strong distinct bands-@5

5% stacking gel overlay. Gel dimensions were 180 mm

kDa. The apparent molecular mass of both proteins is

160 mmx 1 mm. Protein samples were supplemented with different from their calculated molecular masses of 45 and
a 10-fold concentrated loading dye [5% Coomassie Brilliant 47 kDa, respectively, which is the case for many membrane

Blue, 500 mM 6-aminaxcaproic acid, and 100 mM Bis-
Tris (pH 7.0)].

Single-Particle Analysis.Single-particle analysis was
conducted as described previousl@). Protein was diluted
to a final concentration of 0.01 mg/mL and applied onto

glow-discharged 400-mesh copper grids coated with a thin

proteins (9, 39). We obtained typically +2 mg of pure
protein fran 1 L of culture. As determined by electron
microscopy, GltB. was stable for-1 week, whereas GItR
was stable for up to 4 weeks af@, without aggregation or
proteolysis (data not shown).

When the detergent-solubilized, purified proteins were

carbon film. The specimens were negatively stained with subjected to gel filtration chromatography (Figure 1C), a
1.5% uranyl acetate. Electron micrographs were recordedmain peak (retention volume of 1.55 mL) with a smaller

under low-dose conditions on a Philips CM120 electron

shoulder at a higher molecular mass (retention volume of

microscope at an accelerating voltage of 100 kV and 1.36 mL) was observed for GItR GltPsy, eluted from the

calibrated magnification of 58600 the defocus of the
images ranged from 1.0 togm. Micrographs selected for

column as a single peak with a retention volume of 1.57
mL. The GltRntransporter also appeared to be monodisperse

image processing were digitized using a SCAI scanner at higher protein concentrations (data not shown). The

(ZEISS) with a final pixel size of &m.

Single particles were selected manually using WB8),(
and the images were processed using SPIDB®. (The
selected particles were windowed into 8080 pixel boxes
and normalized31). The images were centered, and a first
reference was obtained by a reference-free alignn&t (

column was calibrated with soluble proteins with known
Stokes radii. By these standards, the Stokes radius ofGItP
was~59 A and that of GItE. ~60 A for the main peak and
~76 A for the shoulder.

GltPg. Oligomeric States in a Detergent Solutidrhe gel
filtration profile of GltP:. was further investigated. We found

All the particles were then aligned to this new reference using that the height of the GItR shoulder depended on the pro-
simultaneous translational/rotational algorithms based ontein concentration, with more of the higher molecular

cross correlations of two-dimensional Radon transfor33s (

mass appearing at higher protein concentrations (Figure

34). The aligned particles were classified using pattern 1D). Concentrating the transporter did not result in aggre-

recognition by a neuronal network algorith@5f of XMIPP

gates that would elute at the void volume. Dilution of sam-

(36) using a field of 7x 7 nodes. Several nodes were selected ples with higher protein concentrations resulted in a shift to
and used as references in multireference alignments. Thea lower molecular mass (Figure 2E). However, the shift
aligned particles were assigned to the reference for which from the higher to the lower molecular mass was slow and

they exhibited the highest cross-correlation coefficient.

complete after only 1 day. This indicated a reversible equi-

Neuronal network analyses and multireference alignmentslibrium between at least two forms of GiPthat differed
were done several times until the particles in a class in size, which was shifted to a higher molecular mass at

converged to a homogeneous shape.

Two-Dimensional Crystallization, Electron Microscopy,
and Image ProcessingCrystallization was performed by
detergent dialysis. Solubilized proteirr1 mg/mL protein
in 0.1% (w/v) DDM] was added to detergent-solubiliZed
coli polar lipids (Avanti) in DM at lipid:protein ratios of
0.25-1.0 (w/w). Samples (100L) were first incubated for
1 day at 22°C and were then dialyzed for 7 days against 20
mM Tris-HCI (pH 7.5), 100 mM NacCl, 10% glycerol, and 3
mM NaN; at 30°C.

Crystals were negatively stained with 1.5% (w/v) uranyl

higher protein concentrations. Furthermore, the gel filtra-
tion profile depended on the type of detergent used (Figure
1E). The gel filtration profile did not change significantly
after storage for 1 week at€ (data not shown), indicating
that the higher oligomeric forms of GKkPwere stable in
solution.

When the purified protein was solubilized in DDM, the
shoulder at the higher molecular mass became more promi-
nent compared to that of GPsolubilized in DM. GItR.
solubilized even at low protein concentrations in FOS-choline
12 or GEo resulted in a shift toward the higher molecular

acetate. Electron micrographs were recorded under low-dosemass.

conditions on a Philips CM12 microscope at a magnification
of 45000«.

Since we found two forms of GltRof different sizes that
could correspond to two different oligomeric states, we used
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Ficure 1: SDS-PAGE of purified GItR. and GltRy. GltP:. (A) and GltR, (B) were eluted from a NiNTA column, analyzed by SDS
PAGE, and stained with Coomassie Brilliant Blue. (C) Superose-6 gel filtration ofGitRI GItR, in DM. The proteins solubilized in

DM were eluted from a NiNTA column and further purified with a Superose-6 column on a SMART systeni@t #he absorption was
normalized to the highest peak. Retention volumes of standard proteins of known Stokes radius are indicated: TG, thyroglobulin (86 A);
FT, ferritin (63 A); and CA, catalase (52 A). (D) Analytical gel filtration of Gitfon a Superose-6 column. Different concentrations of
purified GltR. in DDM were analyzed: 6+ --—), 2 (---), 0.2 ¢ — —), and 0.02 mg/mL-). The absorption was normalized to the
main peak. (E) Analytical gel filtration profile of 0.2 mg/mL GiPsolubilized in FOS-choline12 (thick solid line). Eluted protein at a
retention volume of 1.12 mL from the first run was rerun after 30 min (- - -) and after 1-day ). This was repeated for eluted protein

at a retention volume of 1.25 mL after 30 mirr & — ) and after 1 day-{). The protein was diluted-5—6-fold after the first run. The
absorption was normalized to the main peak. (F) Purified &kBlubilized in different detergents was analyzed on a Superose-6 column
at a concentration of 0.2 mg/mL: (1) DM, (2) DDM, (3) FOS-choline 12, and (4E& The absorption was normalized to the highest
peak.

blue-native gel electrophoresis and cross-linking to determine particles were selected from six electron micrographs (Figure
the size of the observed GKfoligomers. 3) and subjected to several steps of alignment and classifica-
Blue-native gel electrophoresis of Gitfindicated a band  tion. GltR., particles appeared to be homogeneous, and all
of ~220 and~440 kDa using soluble protein markers as particles aligned to a single class (Figure 3 inset) that
standards (Figure 2A, lane 1). Using a factor of 1.8 to €xhibited three clear densities arranged in a triangle, with
compensate for the larger apparent mass of membranean edge length 0f90 A.
proteins on blue-native gelgl@), the apparent molecular 2D crystallization trials were carried out for both trans-
masses of the 440 and 220 kDa bands correspond roughlyporters. Both proteins could be easily reconstituted into
to a hexamer (280 kDa) and trimer (140 kDa), respectively. liposomes at high protein density over a wide pH range as
Titration with SDS resulted in partial dissociation of the judged by freeze-fracture and electron microscopy (data not
oligomeric assembly, evident in a ladderlike pattern of three shown). GItR, formed crystalline sheets that typically
bands ¢-200,~130, and~60 kDa) (Figure 2A, lane 2). The  grew out of tightly clustered proteoliposomes and tended
reduction in apparent molecular mass can be explained byto form multilayered stacks. An optimal LPR for crystal-
the negative charge of SDS and by partial denaturation thatlization was found at~0.7 (w/v) at pH 7.5. The crystals
makes proteins run faster in the gel. This clearly identified exhibited a hexagonal lattice (Figure 4A,B) and had 3-fold
the 220 kDa band as the GiRrimer. symmetry P3) as indicated by ALLSPACEA(). A projec-
Cross-linking of the purified GItR complex resulted in  tion map at 25 A was calculated wif8 symmetry applied
only trimers as the biggest oligomers when cross-linkers with (Figure 4C). The unit cell of the 2D crystals was as follows:
short spacer arms (glutaraldehyde, 7.2 A) were used (Figurea = b = 95 A andy = 12¢°. Calculated from the projection
2B, lanes 5 and 6). Treatment with cross-linkers with longer map, the dimensions of a GItP monomer were as follows:
spacer arms (DSS, 11.4 A) resulted in hexamers as the~31 A x ~46 A. The diameter of the GItP trimer was
strongest band at higher molecular masses (Figure 2B, lanes~90 A
2-4). Reconstituted GItR and GlItRs, Exhibit Highly Specific
GltPpn Forms Trimers in the Membrane and in Detergent Aspartate/Glutamate Uptakd.o prove the full activity of
Solution. A GItPpy, trimer was found in detergent solution both GItP transporters after recombinant expression and
using single-particle analysis and electron microscopy; 2588 purification, they were reconstituted into preformdcoli
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Ficure 2: (A) Blue-native gel electrophoresis. Ten micrograms

of purified GItR. transporter was mixed with sample buffer and
separated on a blue-native gel (lanes 1 and 2). SDS (0.1%) was
added to the sample prior to loading to achieve a partial dissociation
of the GItR.. complex (lane 2). (B) Cross-linking of GKP Protein
purified in DDM was incubated with DSS or glutaraldehyde in
varying amounts for 30 min at room temperature, and the reaction
was quenched with 200 mM Tris-HCI (pH 7.4). The cross-linked
products were resolved on a 10% polyacrylami@®S gel and
detected by Coomassie staining: lane 1, protein without cross- ~
linker; lanes 2-4, 1, 10, and 50 mM DSS, respectlvely and lanes -
5 and 6, 2.5 and 5 mM glutaraldehyde, respectively. The bands Fgure 4: 2D crystalllzatlon of GItI,':’f1 (A) 2D crystal lattice of a
corresponding to oligmers are denoted with red arrows for cross- single membrane stained with 1.5% uranyl acetate and (B) its power
linking with glutaraldehyde and with black arrows for cross-linking  spectrum. The scale bar is 100 nm. (C) Projection density map of
with DSS. negatively stained GItR crystals at 25 A resolutio3 symmetry

and an isotropic temperature facter400 A2) were applied.

C

no proton gradient was created on the membrane prior to
uptake. A Na gradient did not catalyze-aspartate uptake
(data not shown). Thus, the reconstituted ltiPansporter

was fully functional and exhibited a highly specific aspartate
transport that is driven by a proton gradient. The amount of
transported aspartate depended on the proton concentration
(Figure 5B). The lower the pH in the uptake buffer, the more
aspartate was transported. Without a proton gradient (pH 7.4)
or with an inverse gradient (pk7.4), no transport was
catalyzed.

For GltR, [°*H]-L-glutamate transport was assessed using
either a Na or a H" gradient at steady state (Figure 5D).
Both Na" and H catalyzed glutamate transport over the
membrane, whereas no glutamate was transported without a
gradient. As for GItB, the uptake was blocked by the
FicUrRe 3: Single-particle analysis of GlgR Electron micrographs  nontransportable inhibitor @4R)-4-methyl glutamate. We
D e ek st e e o e TE35Ured the rate of time-dependen gutamate uptake of
two-dim’ensionzfl average of the proteins. The scale bar in they%setGItPPh' applying a Na gradient as the driving fc_;rce (Figure
represents 10 nm. 5C). The aspartate transport reached saturation after 250 s.

Without a Na gradient, no transport was observed.
polar lipid vesicles, and their specific activity was measured We conclude that Gl reconstituted irk. coliliposomes
by uptake of H]-L-aspartate or®H]-L-glutamate (Figure 5).  indeed functions as a specific glutamate transporter and is
Studies with membrane vesicles frdi coli cells have driven by a proton and/or Nagradient.

shown that GltE. transports -aspartate or-glutamate across Glutamate Induced Electrical Signals Generated by &GltP
the membrane with the symport of at least two protons; a Proteoliposomes Coupled to a Solid-Supported Membrane
Na" gradient did not catalyze the transport at aib)( (SSM) To investigate the transport kinetics of Gitih more

Therefore, we assessed the time-dependent aspartate uptaldetail, we coupled proteoliposomes to a SSM. GJtP
of GltPe. with a pH gradient as the driving force (Figure proteoliposomes and SSM form a capacity-coupled system

5A). that enables measurements of transient currents in response
The aspartate transport reached saturation after 400 s andio rapid concentration jumps of GKPsubstrates. Figure 6A
was blocked by the nontransportable inhibitoSdR)-4- (top trace) shows a typical current induced & 2 mM

methyl glutamate. After the addition of the ionophore concentration jump of-glutamate in the presence of 150
monensin, which allows a N#&H™ exchange across a mM NaCl. Na was presenl s before, during, and after the
membrane and breaks down a proton gradient, no aspartate-glutamate concentration jump so that sufficient time was
uptake was recorded. The same result was obtained whergiven for Na to bind to the enzyme before the signal was
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FiIGURE 5: [*H]-L-Aspartate transport of purified and reconstituted glt® GltPsr, (A) Purified GItR:c was reconstituted in liposomes, and

the transport ofJH]-L-aspartate was dependent on time and measured using a pH gradient as the driving force: pH 4.7 outside and pH 7.4
inside ©). As a control, the experiments were performed with 280 (2S5 4R)-4-methyl glutamate (SYM) as the inhibitary, with the
Na*/H™ ionophore monensin®), or without a pH gradient [pH 7.4 outside and insidg]( (B) [®H]-L-Aspartate transport of purified and
reconstituted GItE. at different pHs at steady state. The pH inside the liposomes for all measurements was pH 7.4. The uptike of [
L-aspartate was stopped after 10 min. (C) Purified &ltRas reconstituted in liposomes, and the time-dependent transpoittlet |
glutamate was assessed using d Neadient to provide the driving force (150 mM NacCl in the influx solution). As a control, the experiments
were performed without a Negradient (150 mM choline chloride®). (D) [3H]-L-Glutamate transport of purified and reconstituted GJtP

was assessed, with a Ngradient or a pH gradient providing the driving force (pH 4.7 outside and pH inside 7.4) at steady state. The
uptake was stopped after 10 min: (1) 150 mM NacCl at pH 7.4, (2) 150 mM NaCl angi38YM as the inhibitor, (3) 150 mM choline
chloride at pH 4.7, and (4) 150 mM choline chloride at pH 7.4.

(=]

recorded. At this stage of the preparation, the proteolipo- the presence of the alkali metal/texchanging ionophore
somes were preloaded with 120 mM fiffer. In addition, nigericin (10uM) for 30 min and then measured in‘Kree
the SSM with adsorbed proteoliposomes was preincubatedsolutions, omitting the K-containing resting solution. Al-
with 150 mM KCI in the resting solution before the ternatively, proteoliposomes were prepared infiee 120
experiment (30 min) and between experiments (Min), to mM NaR buffer and measured in a 150 mM NaCl-containing
ensure that the liposomes remain loaded with KCI during solution. No difference was observed with or without K
the experiment. Therefore, during the glutamate concentration(data not shown). This demonstrated that neither an outward
jump, an inward N& gradient and an outwardKgradient K+ gradi-
of 150 mM were present simultaneously. ent nor indeed any Kions at all are required for the observed

The resulting electrical current was biphasic, characterized transient charge displacement. Although nd l§eadient was
by a fast negative transient current followed by a slow applied in these experiments, we measured a transient charge
positive phase. A biexponential fit yielded a time constant displacement. This proves that Naut no Na gradient was
of ~8 ms for the decay of the negative component and for necessary for pre steady-state glutamate uptake.
the positive component of70 ms. This indicates a rapid In many cases, Nacoupled transporters can use protons
movement of a negative charge, followed by a slower as an alternative substrate. Therefore, measurements were
movement of a positive charge into the liposomes (or of a performed at neutral pH (7.4) and at acidic pH (4.7). This
positive charge followed by a negative charge in the opposite comparison is shown in Figure 6D. While at pH 7.4 in the
direction). A similar glutamate concentration jump (2 mM) absence of Nain the SSM bathing solution only a small
performed with activating solutions containing either 150 artifact was obtained, the same experiment at pH 4.7
mM KCI (Figure 6D, pH 7.4, bottom trace) or 150 mM produced signals also in the absence of Ndote that the
choline chloride (Figure 6A, bottom trace) instead of NaCl measurements of Figure 6D were recorded using the same
yielded only a minor artifact. sample which allows direct comparison of the current

Also, the requirement of K inside the liposomes was amplitudes at pH 4.7 and 7.4.
tested. The proteoliposomes adsorbed to the SSM were To confirm that the observed electrical signal is due to
incubated in K-free solution containing 150 mM NaCl in  the transport activity of Gltf, we tested specific inhibitors

of glutamate transparA 1 mM L-glutamate concentration
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Ficure 6: (A) Electrical signals generated by GitRafter different solution exchange protocols. In addition to the salts given below,
resting, activating, and nonactivating solutions contained 30 mM HEPES (pH 7.4), 2 mM,Mg&mM CacC}, and 0.1 mM dithiothreitol.

All the data shown in the figure were recorded on the same sample. At the beginning of the trace, the nonactivating solution was replaced
with the activating solution. The top trace is for the resting solution which contains 150 mM KCI, the nonactivating solution which contains
150 mM NaCl, and the activating solution which contains 150 mM NaCl, and 2 mM.gistamate. The bottom trace is for the resting
solution which contains 150 mM KCI, the nonactivating solution which contains 150 mM KCI, and the activating solution which contains
150 mM KCl and 2 mM Tris=-glutamate. (B) Inhibition of the transient electrical signal by TBOA and HIP-B. In addition to the inhibitor

and the salts given below, resting, activating, and nonactivating solutions contained 30 mM HEPES (pH 7.4), 2 mM aga\1 CaC},

and 0.1 mM dithiothreitol. The resting solution contained 150 mM KCI, the nonactivating solution 150 mM NacCl, and the activating
solution 150 mM NaCl and 1 mM Tris-glutamate. The top trace is the corresponding control signal recorded after washing out the
inhibitor. (C) L-Glutamate concentration dependence of the peak current of the transient electrical signal after a glutamate concentration
jump. Conditions: resting solution which contains 150 mM KCI, nonactivating solution which contains 150 mM NaCl, and activating
solution which contains 150 mM NaCl and Trsglutamate as indicated in the figure. The solid line is a fit to the data with a hyperbolic
function. (D) Comparison of the transient electrical signal at pH 7.4 and 4.7. In addition to the salts given below, resting, activating, and
nonactivating solutions contained 30 mM HEPES (pH 7.4) or 30 mM acetate (pH 4.7), 2 mM,Md@3hM CaC}, and 0.1 mM dithiothreitol.

The top traces (150 mM Na are for the resting solution which contains 150 mM KCI, the nonactivating solution which contains 150 mM
NaCl, and the activating solution which contains 150 mM NaCl and 1 mM (Fgiitamate. The bottom traces (150 mM XKare for the

resting solution which contains 150 mM KCI, the nonactivating solution which contains 150 mM KCI, and the activating solution which
contains 150 mM KCI and 1 mM Tris-glutamate.

jump was performed in the absence (top trace) and presencé®ISCUSSION
(bottom trace) of the inhibitors (Figure 6B). Indeed, a
significant reversible reduction of the glutamate-induced
current was observed with 100 TBOA (threo3-benzyl-
oxyaspartic acid) and HIP-B (3-hydroxy-4,5,6,6a-tetrahydro-
3aH-pyrolo[3,44d]isoxazole-6-carboxylic acid), two inhibitors
of eukaryotic Na-dependent excitatory amino acid trans-

porters 42, 43). crystals (7). The negatively stained single particles showed
Glutamate Concentration Dependence of GjtBlutamate  a large~45 A stain-filled central cavity. This corresponds
Transport To determine the half-saturation concentration for most likely to the 50 A wide and 30 A deep basin observed
GltPe, glutamate transport activatioi{s2"), we imposed in the X-ray structureX7). As the individual monomers in
L-glutamate concentration jumps of varying amplitudes and a glutamate transporter trimer function independerts),(

We used different methods to determine the oligomeric
state of prokaryotic glutamate transporters glthd GltR;,
in detergent solution and in the membrane.
Single-particle analysis indicated that Glifs a stable
trimer in detergent solution, consistent with other biochemical
results (8, 20). GltPeyis trimeric in three-dimensional (3D)

recorded the peak currents)((Figure 6C). Four different

this basin, which allows the aqueous solution to reach the

measurements were normalized to the average values obmidpoint of the membrane bilayer, is the most likely

tained at glutamate concentrations betweepNiCand 2 mM

explanation for a trimerization of the transporter. In addition,

and averaged. The signal amplitude increased with ana trimer may be more stable in the membrane than mono-

increasing glutamate concentration. A fit with the hyperbolic
function I, = 1;"c/(c + Ko (c is the L-glutamate
concentration) yielded a half-saturation concentratiGg“?)

of 194 uM.

mers.

We used 2D crystallization to show the transporter’s low-
resolution projection structure and its oligomeric state in the
membrane. 2D crystallization has an advantage over 3D
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crystallization in that the detergent-solubilized membrane also been found for the glutamate transporters frBm
protein is reconstituted in a lipid bilayer, which is very similar stearothermophiluandB. caldotenax16). However, these
to its native environment. We obtained 2D crystals of @JtP  transporters lost their coupling Naelectivity when they
with a 3-fold symmetry that showed unambiguously that the were expressed i&. coli, and glutamate transport was no
transporter also forms stable trimers in the membrane. Thelonger stimulated by a Nacotransport. By comparison,

dimensions of the Gl monomer in 2D crystals (31 A glutamate transport in eukaryotes is more complex; e.g.,

46 A) were very similar to those in 3D crystal$7). As GLT-1-catalyzed glutamate transport involves cotransport of

with the single particles, we also observed a 45 A cavity three sodium ions, a proton, and one glutamate in exchange
formed by the trimeric assembly of monomers. for a potassium ion7, 8).

GltPep, eluted from a calibrated Superose-6 column as a  Adsorption of proteoliposomes to a solid-supported mem-
single peak like its homologue GHEER which exhibited brane (SSM) allows the investigation of charge transport in
besides the main peak an additional higher-molecular massproteins that are not amenable to conventional electrophysi-
shoulder. Judging from the molecular masses of the solubleology, such as bacterial transporters. This technique is
protein standards, and without considering different protein particularly suited to monitoring rapid pre-steady-state charge
shapes and different amounts of detergent or lipid bound to displacements while stationary transport activity is difficult
the proteins, the peaks would correspond to a molecular masgo assess2b). It is, therefore, an excellent complement to
of ~360 kDa for GltR,and~380 and~620 kDa for GItR.. the transport measurements described above. A fast transient
Because of the unknown amount of bound detergent or lipid, current corresponding to the translocation of negative charge
gel filtration is not a suitable method for determining into GIltP-, proteoliposomes coupled to the SSM was
accurately the oligomeric state of a membrane protein. observed after a-glutamate concentration jump. This signal
However, since GltR was shown to be a trimer in detergent was strictly dependent on the presence of [datside but
solution and since both homologous transporters eluted atdid not require an inward-directed Ngradient or any K
the same point, it is likely that the GKP peak also inside the liposomes. This is consistent with our observations
corresponds to a trimer. That the GltRrimer is the most on the melibiose transporter and other transport protdis)s (
abundant oligomeric form in detergent solution was also which also do not require an ion gradient in pre-steady-state
supported by our blue-native gel electrophoresis results andexperiments. Nacan be replaced with Has demonstrated
cross-linking with glutaraldehyde. by experiments at acidic pH 4.7 in the absence of Na

Furthermore, the results of the blue-native gel electro- result which is in agreement with the uptake studies presented
phoresis as well as cross-linking with DSS proved the above. In addition, the-glutamate-induced charge translo-
existence of a GItR hexamer as the only higher oligomer cation could be inhibited by specific inhibitors of glutamate
in detergent solution. The second oligomeric Gitform, transporters TBOA and HIP-B. There is, therefore, no doubt
appearing as a shoulder at a higher molecular mass in gelthat the electrical signal is correlated to the transport activity
filtration, corresponds therefore most likely to a hexamer. of GltPpy.

The observed reversible trimehexamer equilibrium de- The affinity of the transporter for-glutamate of~200
pended on the protein concentration and on the type of uM, as determined from the transient currents, is considerably
detergent used. These results are consistent with data obtaineldwer than the literature values for other glutamate transport-
with eukaryotic glutamate transporter GLT-19f and are ers of only a few micromolarl@). One reason may be that
comparable with reports on the solubilized protein translo- our value corresponds to the cytoplasmic glutamate binding
cation complex SecYEG, where a detergent-mediated changesite (note that we have no information about the orientation
in the oligomeric state was found?%). of GltPsy in the liposomal membrane). Also, the fact that

GltPsy is a trimer in the membrane and in detergent our data are pre-steady-state data rather than steady-state data
solution. Since GItR, as a protein from a thermophilic may be important. In pre-steady-state data, the early steps
organism is more stable in solution than s coli homo- rather than the rate-limiting reaction determine the kinetics.
logue, the observed GItP hexamer might be due to This may yield apparent affinities different from those of
aggregation caused by the detergent. However, if this weresteady-state data. Another reason for the observed low
the case, we would expect a ladderlike pattern of aggregatesaffinity may be the difference between the operation tem-
of increasing size on the blue-native gels. Moreover, since perature of GItB, in vivo (~95 °C) and the temperature at
we observed a reversible equilibrium between the trimer and which the experiments were carried ott242 °C).
hexamer, we can exclude the possibility that the hexamer The electrical signals indicate that during or immediately
represents just the first step in nonspecific aggregation. Thefollowing glutamate binding negative charge is displaced into
trimer—hexamer equilibrium of GItR might also be a reason  the liposomes in a rapid process exceeding the time resolution
the protein did not crystallize. of the technique 15 ms). This is followed by a slower

Both transporters were fully active upon reconstitution into reaction 70 ms) displacing positive charge into the
liposomes, as shown by uptake of radioactively labeled liposome. A tentative explanation for the biphasic signal
L-aspartate or-glutamate. Glutamate transport by GIP  could be the translocation of the glutamate anion (fast
depended on only a proton gradient. This is consistent with negative transient of the electrical signak- 8 ms) followed
transport studies oi. coli membrane vesiclesl) but in by the uptake of N& (positive phase;t ~ 70 ms).
contrast to studies by Gendreau et al., who assessed-a Na Alternatively, substrate binding and/or transport could induce
dependent glutamate uptake of purified and reconstitutedan electrogenic conformational transition in the protein
GltPec (20). displacing negative and/or positive charge. Electrogenic

GltPqrrcatalyzed glutamate transport required cotransport conformational transitions have indeed been found in-Na
of protons or Na. A Na"—H*—L-glutamate symport has coupled cotransporterd®), and conformational transitions
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upon substrate binding have been demonstrated in glutamate17. Yernool, D., Boudker, O., Jin, Y., and Gouaux, E. (2004) Structure
transporters47).

In summary, our results show that GitFs indeed a
glutamate transporter that is more similar in its transport
mechanism to its eukaryotic homologues than gltP
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