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SUMMARY

Excitatory amino acid transporters (EAATs) are
essential for terminating glutamatergic synaptic
transmission. They are not only coupled glutamate/
Na+/H+/K+ transporters but also function as anion-
selective channels. EAAT anion channels regulate
neuronal excitability, and gain-of-function mutations
in these proteins result in ataxia and epilepsy. We
have combined molecular dynamics simulations
with fluorescence spectroscopy of the prokaryotic
homolog GltPh and patch-clamp recordings of
mammalian EAATs to determine how these trans-
porters conduct anions. Whereas outward- and
inward-facing GltPh conformations are nonconduc-
tive, lateral movement of the glutamate transport
domain from intermediate transporter conformations
results in formation of an anion-selective conduction
pathway. Fluorescence quenching of inserted tryp-
tophan residues indicated the entry of anions into
this pathway, and mutations of homologous pore-
forming residues had analogous effects on GltPh
simulations and EAAT2/EAAT4measurements of sin-
gle-channel currents and anion/cation selectivities.
These findings provide a mechanistic framework of
how neurotransmitter transporters can operate as
anion-selective and ligand-gated ion channels.

INTRODUCTION

Secondary active glutamate transport by excitatory amino acid

transporters (EAATs) (Kanner and Sharon, 1978) terminates

glutamatergic synaptic transmission and regulates glutamate

concentrations within the CNS. EAATs can also function as

anion-selective channels (Fairman et al., 1995; Wadiche and

Kavanaugh, 1998), with EAAT anion channels regulating cell

excitability and synaptic transmission (Picaud et al., 1995). Their

physiological relevance is emphasized by the recent discovery

that altered EAAT anion conduction is associated with episodic

ataxia and epilepsy (Winter et al., 2012).
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EAAT anion permeation occurs through a defined anion-selec-

tive conduction pathway (Kovermann et al., 2010), which is

opened and closed through conformational changes coupled

to transitions within the glutamate uptake cycle (Bergles et al.,

2002; Machtens et al., 2011a; Otis and Kavanaugh, 2000). The

channels are perfectly anion selective (Wadiche and Kavanaugh,

1998) and exhibit unitary current amplitudes, which are small but

of a similar size range to those of specialized anion channels

(Schneider et al., 2014). The five mammalian EAATs differ in their

relative glutamate transport rates and anion currents, resulting in

isoform-specific differentiation into efficient transporters associ-

ated with small macroscopic anion currents and low-capacity

transporters that predominantly conduct anions (Mim et al.,

2005). However, the functional properties of the underlying anion

channels are very similar for each type (Schneider et al., 2014;

Torres-Salazar and Fahlke, 2007), indicating conservation of

the anion-conducting pore among functionally specialized trans-

porters. So far, the localization of this conduction pathway, the

underlying conformation of the transporter, and the mechanisms

of anion permeation have not been identified.

We used molecular dynamics (MD) simulations to identify

which conformations of the archeal glutamate transporter homo-

log GltPh (Yernool et al., 2004) permit anion permeation and to

characterize the molecular features of anion conduction. We

analyzed the conformational changes leading to the formation

of an anion-selective pore and observed ion permeation along

this path in simulations. Using mutagenesis, fluorescence spec-

troscopy experiments on GltPh and patch-clamp recordings on

mammalian EAATs, we confirmed that the anion channel confor-

mation we identified exists under experimental conditions and

that this permeation pathway is utilized by both prokaryotic

and mammalian glutamate transporters.
RESULTS

Molecular Dynamics Simulations Identify Anion-
Conducting Conformations of GltPh
GltPh shares about 37% sequence identity with mammalian

EAATs and is an accepted model of this class of transporters

for studying secondary active transport and anion conduction

(Boudker et al., 2007; Groeneveld and Slotboom, 2010; Ryan

and Mindell, 2007; Yernool et al., 2004). High-resolution crystal
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Figure 1. An Anion-Selective Conduction Pathway Is Formed by a Substrate Transport Intermediate

(A) Red isodensity meshes illustrate the Cl� distribution (0.2s) in MD simulations at +1.6 V around substrate-bound GltPh monomers in various conformations

(trimerization domain shown in blue; transport domain shown in yellow). The other two monomers, water molecules, lipids, and ions were omitted for clarity.

Nonconductive outward-facing (OFC), inward-facing (IFC), and intermediate conformations (ICs; derived using essential dynamics sampling of the transition from

OFC to IFC) are shown in side view.

(B and C) Ion permeation (B) and conformational change (C) of ICcen during transition to an open channel conformation (overlay of ICcen and ChCcen, top view)

upon application of a membrane potential (±1.6 V).

(D) Transitions of ICs into open channel conformations (ChCs) containing an anion-selective pathway occur at positive and negative potentials.

(E) Visualization of all trajectories (the OFC–IFC translocation/essential dynamics sampling simulation and separate MD simulations of OFC, ICout, ICcrystal, ICcen,

ICint, IFC, and of the ChCs of the intermediates) in the principal component space by projection onto the first (EV1) and fourth (EV4) eigenvectors, corresponding to

translocation and pore formation, respectively. Black dots represent nonconducting conformations. Blue, green, and orange dots denote frames in MD tra-

jectories, where Cl� permeation through the respective ChC conformation was observed. Note that the point density is biased by the number and length of

simulations initiated from the various starting conformations (red circles) and therefore does not provide information on energetics.

See also Figures S1, S2, and S3 and Movie S1.
structures revealed a trimeric assembly, with each subunit con-

taining eight transmembrane helices (TM) and two hairpin loops

(HP) (Yernool et al., 2004). Analysis of different conformations

demonstrated that substrate translocation involves a large-scale

(�18 Å) rotational translational movement of the substrate-

harboring transport domain relative to the static trimerization

domain (Crisman et al., 2009; Reyes et al., 2009).

We used all-atom MD simulations capable of directly simu-

lating ion flux driven by transmembrane voltages (Kutzner

et al., 2011) to investigate anion permeation in substrate-bound

GltPh. Simulations were performed using variousGltPh conforma-

tions in the presence of 1MNaCl on either side of themembrane.

Positive and negative membrane potentials (initially ±1.6 V; later

±800 mV) applied to increase anion permeation rates had no

detrimental effects on the stability of the system (Figure S1 avail-

able online), in good agreement with the results of other simula-

tion studies (Jensen et al., 2012). Within a total simulation time of

>8 ms, no Cl– permeation events were observed for the known
outward- (OFC) and inward-facing (IFC) conformations at mem-

brane potentials up to ±1.6 V, indicating that none of these states

is anion conducting (Figures 1A and 1B; Extended Experimental

Procedures). We concluded that translocation intermediates

might correspond to the precursors of anion-conducting confor-

mational states and simulated the OFC–IFC transition to obtain

novel intermediate conformations (ICs) using essential dynamics

sampling (Amadei et al., 1996). In these simulations, the trans-

porter was driven along the first eigenvector (EV1)—representing

transmembrane translocation of the transport domain—from

a principal component analysis (PCA) of the conformational

changes of transporter monomers in simulations on OFC and

IFC (Figures 1A, S1C, and S1D). Because individual subunits

function independently within the trimeric assembly (Erkens

et al., 2013; Grewer et al., 2005), translocation simulations

were performed on a single monomer—with the other two

remaining in the OFC. These simulations correctly sampled

the recently crystallized GltPh intermediate (ICcrystal, minimum
Cell 160, 542–553, January 29, 2015 ª2015 Elsevier Inc. 543



Figure 2. Hydrophobic Gating of the Anion Permeation Pathway

(A) Representative (spheres) and averaged (black mesh) water distribution in

the transport/trimerization domain interface of GltPh in various conformations

(side view).

(B) Voltage-dependent occupancy of the interface core region by water mol-

ecules (counted within a cylindrical slab; each data point corresponds to a

100 ns simulation). Note that increased water numbers in ChC, but not in IFC,

result in the formation of a continuous water bridge between the extra- and

intracellular space (A). Error bars indicate the SD of the water molecule counts

during the simulations.
monomeric root-mean-square deviation [RMSD] of 1.3 Å). This

demonstrates the existence and stability of translocation

intermediates (Verdon and Boudker, 2012) and validates the

simulated transition pathway (Figure S2C). We then chose three

intermediates, ICout (similar to ICcrystal), ICcen, and ICint, from our

trajectory that were equally distributed between the OFC and

IFC, and, together with ICcrystal, subjected them to further MD

under transmembrane voltage (Figures 1A and S1).

All intermediateswere impermeable toCl– and remainedclosed

for hundreds of nanoseconds in the absence of membrane

voltage (Figures 1A and S1G; Extended Experimental Proce-

dures). However, for ICcrystal, ICcen, and ICint, lateral movement
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of the transport domain occurred 70–300 ns after applying

membrane potentials R±1.3 V. These conformational changes

resulted in open channel conformations (designated here as

ChCcrystal, ChCcen, or ChCint) that were centrally localized on the

translocation reaction coordinate and that exhibited an anion-se-

lective conduction pathway at the interface between the trimeri-

zation and transport domains, near the tip of HP1 (Figures 1B–

1D; Movie S1). Pore opening and closing always reversed after

changing the applied voltage, and neither protein instability nor

electroporation through the lipid bilayer were observed (Figures

S1E–S1H and S3A–S3E). Pore opening occurred from various in-

termediate conformations, however, with different opening pro-

pensities in the order of ICout < ICcrystal < < ICint < ICcen. For ICout

and ICcrystal, channel opening was never or only once observed

(0 out of 4 [ICout] or 1 out of 5 [ICcrystal, at +1.6V] simulations)within

�400 ns for each (Figures S2D and S2E). In contrast, such transi-

tions were regularly seen for ICcen and ICint (20 out of 20 [ICcen, at

1.3–1.6 V] or 4 out of 4 [ICint, �1.6 V] simulations) (Figure 1B). To

further analyze the conformational changes underlying channel

opening and to relate them with translocation of GltPh, we per-

formed an additional PCA on all data, including the previously

used set of OFC and IFC trajectories, the translocation simula-

tions and all simulations of intermediates under membrane volt-

ages. In addition to EV1—which remained unchanged compared

with the first PCA and represents translocation—we found that

conformational changes along the fourth eigenvector (EV4) corre-

lated with the onset and ending of anion permeation (Figures

S3C–S3E). We plotted the position taken up by the trajectories

in the principal component space, as defined by eigenvectors

EV1 and EV4, which describe conformational changes attributed

to translocation and anion channel gating, respectively (Fig-

ure 1E). Although originating from different intermediate states,

open channel conformations ChCcen and ChCint had RMSDs

approaching 1.0 Å with similar overall structures and will be

treatedasa single conformation (ChC) (Figures 1EandS3F–S3H).

Formation of the anion conduction pore at the interface be-

tween the transport and trimerization domains is accompanied

by extensive hydration of this region and the creation of a contin-

uous water bridge spanning the membrane (Figure 2A). In each

of our simulations, this process was reversible with channel

closure preceded by complete dewetting. Water entry is pro-

moted by both positive and negative potentials with voltage-in-

dependent water occupancy between �400 and +400 mV

(Figure 2B). The hydrophobic environment of this region (see

below) is expected to represent a barrier to anion permeation

that can be dynamically lowered by the entry of water molecules.

Wetting of the rather hydrophobic interface region might

compensate for the energetic cost of breaking hydrophobic in-

teractions between the surfaces of the trimerization and trans-

port domains during the conformational change that broadens

the interface. Therefore, we suggest that channel opening and

closing is mediated by a combination of steric and hydrophobic

gating, as has been demonstrated for some other ion channels

(Jensen et al., 2012; Vaitheeswaran et al., 2004).

Structural Determinants of GltPh Anion Permeation
The GltPh anion conduction pathway has a distorted hourglass

shape, with large extra- and intracellular entrance cavities that



Figure 3. Structural Determinants of GltPh
Anion Permeation

(A) Cartoon representation of a ChCcen monomer

(light blue, trimerization domain; yellow, transport

domain) in side view from the subunit interface,

with pore-lining side chains shown as sticks (blue,

positive; red, negative; green, polar; gray, apolar).

TM2 and TM5 are partially omitted for clarity. Red

spheres represent snapshots of a single perme-

ating Cl� ion.

(B) Close-up of the permeation pathway from the

TM4–TM5 loop. Coloring as in (A), including

representative water molecules found in the inner

hydration shell of permeating Cl� ions.

(C) Count of Cl� and I� permeation events through

ChCcen and ChCint at +800 and �900 mV (dashed

lines), respectively.

(D) EAAT4 current voltage plots for various sym-

metrical [NaCl]. Single-channel currents were

determined by multiplying whole-cell Cl� currents

recorded 1ms after the voltage jump (means ± SE,

n > 10 for each condition) by the ratio of experi-

mentally measured unitary current (Figure 6B) and

mean current amplitudes (n = 12) at +150 mV in

140 mM NO3
�. The experimental data (symbols)

were globally fitted using a three-binding site

Eyring rate model (lines; Extended Experimental

Procedures). The inset displays GltPh unitary cur-

rent amplitudes (red symbols) from MD simula-

tions using 1 M NaCl and the extrapolation of

the experimental data to these conditions by the

Eyring model (red line).

(E) Pore profile of anion hydration, pore diameter,

and Poisson-Boltzmann energies for Na+ and Cl�

of WT and R276S and of WT GltPh in an apo state,

i.e., after removal of aspartate and Na+ ions (in

ChCcen). Hydration numbers are the average

number of hydrogens within the first Cl� hydration

shell. Cl� isodensity meshes around ChCcen (4.2s)

illustrate two Cl�-binding sites at the channel en-

trances, denoted Sext and Sint.

See also Figure S4.
narrow to a more constricted conduction path almost perpen-

dicular to the membrane (Figures 1D, 3A, and 3B; Movie S1).

Pore-forming residues are highly conserved between GltPh
and mammalian EAATs (Figure S4). This level of conservation

is consistent with the functional similarity between GltPh (Ryan

and Mindell, 2007) and EAAT anion channels (Melzer et al.,

2003; Wadiche and Kavanaugh, 1998) and accounts for similar

unitary current amplitudes among EAATs with large glutamate
Cell 160, 542–553
transport and small anion current compo-

nents and those with predominant anion

conductance (Schneider et al., 2014;

Torres-Salazar and Fahlke, 2007). Most

side chains lining the pore center are hy-

drophobic, except for R276, which pro-

trudes from the tip of HP1 into the Cl–

density (Figures 3A and 3B). EAATs lack

a positive side chain at the position corre-

sponding to R276, but contain arginine at

positions homologous to M395 of GltPh

(Ryan et al., 2010) (Figure S4). MD simulations of the R276S-

M395R GltPh mutant (see below) showed that both the arginine

in the ‘‘EAAT position’’ and R276 project their side chain toward

the same location, resulting in conservation of the positive

charge at this site in the tertiary structure of EAATs and GltPh
(Figures 3A and 3B).

Starting from the ChCcen conformation, we simulated anion

permeation at reduced voltages of ±�800 mV and observed
, January 29, 2015 ª2015 Elsevier Inc. 545



perfect anion selectivity (Figure 3C). In 1 M NaCl, our simula-

tions yielded single-channel anion currents of 42.4 ± 6.3 pA

(�+800 mV) or 51.4 ± 6.7 pA (��900 mV). These voltages and

salt concentration are too high to permit direct experimental

verification of the conductances. We measured EAAT4 anion

currents at 140–750 mM NaCl and at voltages up to 500 mV

(Figure 3D) to extrapolate the voltage dependence of EAAT4 uni-

tary anion currents to the MD conditions. Comparing these

experimental EAAT4 and simulated GltPh current-voltage rela-

tionships demonstrated that simulations reproduce the experi-

mental unitary current amplitudes within the same order of

magnitude (Figure 3D, inset). Substitution of Cl– by I– in the sim-

ulations resulted in significantly higher anion currents of 95.0 ±

5.4 pA (�+800 mV) or of 97.1 ± 10 pA (��900 mV; Figure 3C);

however, the transport substrate aspartate did not permeate

within 200 ns at concentrations of �500 mM. Simulated perme-

ation properties thus closely resemble the functional character-

istics of mammalian EAATs (Melzer et al., 2003; Wadiche and

Kavanaugh, 1998).

The electrostatic Poisson-Boltzmann energy profile for mov-

ing an ion along the channel axis displays much higher energy

barriers for Na+ than for Cl– (Figure 3E). Energy wells at both en-

trances with high Cl– densities represent Cl– binding sites, de-

noted Sext and Sint. The critical role of R276 in anion selectivity

is demonstrated by the convergence of Na+ and Cl– energy bar-

riers upon removal of the positive charge in R276S GltPh (Fig-

ure 3E). Energy profiles are identical in both the presence and

absence of bound aspartate/Na+ at their binding sites (Figure 3E).

Simulated ion permeation through this apo state revealed similar

Cl– permeation rates along the same permeation pathway (data

not shown), consistent with the experimentally determined uni-

tary conductances of EAATs being indistinguishable in the pres-

ence and absence of substrate (Kovermann et al., 2010). The

conduction pathway is rather wide with a minimum diameter of

5.6 Å, such that anions can permeate in a partially hydrated

state, and Cl–-Hwater coordination numbers show only a small

decrease from 6.8 in bulk solution to 5.2 in the GltPh channel cen-

ter (Figure 3E).

Tryptophan-Scanning Mutagenesis Reveals Direct
Interactions of Predicted Pore-Forming Residues with
Permeant Anions
We used a combination of tryptophan-scanning mutagenesis

and iodide quenching (Vázquez-Ibar et al., 2004) to test whether

permeating anions come into close contact with amino acid

side chains projecting into the proposed anion conduction

pathway. I– readily permeates through GltPh and EAAT anion

channels and is therefore expected to come into close proximity

to residues forming the permeation pathway. Because I– can

reduce tryptophan fluorescence via direct interactions, i.e.,

collisional quenching (Lakowicz, 2006), iodide quenching of

tryptophan fluorescence is a suitable method to experimentally

verify the simulated GltPh anion permeation pathway. As GltPh
lacks endogenous tryptophans, we generated single-tryptophan

mutants by substituting 13 residues that protrude from the

trimerization domain into the interface region of GltPh ChCcen

(Figure 4A). To avoid interference with substrate binding, we

did not insert tryptophan residues into the transport domain.
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With the exception of S65W, I– reduced fluorescence in all GltPh
mutants in a concentration-dependent manner. Figure 4B shows

the spectral properties of V51W and S65W GltPh in detergent

micelles and their modification at various [I–]. The identical con-

centration dependences of the fluorescence lifetimes and inten-

sities indicate that I– quenches tryptophan fluorescence via a

collisional mechanism (Figure 4B, inset).

Figure 4Amaps the relative quenching (Fo/F) at [I
–] = 350mMof

the tested tryptophan residues on the ChCcen structure. These

data demonstrate the high iodide accessibility of residues close

to the proposed anion permeation pathway, which is reduced

with increasing distance. Linear concentration dependences of

F0/F in Stern-Volmer plots are expected for proteins with a single

tryptophan, which adopt only one conformation. The observed

deviations from linearity indicate that tryptophan-substituted

GltPh mutants assume multiple conformations that differ in I�

accessibility (Figure 4C). These findings support the notion that

tryptophan-substituted GltPh mutants exhibit similar degrees of

conformational heterogeneity to wild-type (WT) GltPh.

Figure 4D shows plots of the calculated anion accessibilities

in simulations of different conformations compared with exper-

imentally observed fluorescence quenching. Most residues

are accessible in multiple conformations. However, there are

three residues—W50, W54 (projecting directly into the anion

pore), and W62 (at a more peripheral location)—with rather

exclusive anion accessibility in ChC (Figures 4D and S5;

see the Extended Experimental Procedures for details on the

calculation of anion accessibilities from the simulations). For

these constructs, a modified Stern-Volmer analysis was used

to determine the fraction of fluorescence quenchable by I– to

be �20% (Figures S5A and S5B). Because different protein

conformations could exhibit different quantum yields of the

inserted tryptophan, this value is not always identical to the

probability of the protein assuming this accessible conforma-

tion. However, these data indicate that GltPh can assume

the anion-conducting channel conformation ChC even in the

absence of an applied voltage and that this conformation is

sufficiently stable to permit I– collisions with side chains that

project into the anion conduction pathway.

Mutations of Pore-Forming Residues Affect Unitary
Anion Current Amplitudes and Anion/Cation
Permeability Ratios
To provide further verification of the predicted anion permeation

pathway, we compared the effects of amino acid exchanges on

simulated and experimental permeation properties. We chose

experimental measures corresponding to parameters obtained

fromMD simulations: these included the single-channel conduc-

tance and the anion/cation selectivity of the anion channel. In

contrast, macroscopic current amplitudes alone, e.g., from

whole-cell recordings, do not permit a distinction to bemade be-

tween mutations that alter the anion permeation rate or those

that affect the probability of assuming an open anion channel

state and therefore preclude a direct comparison with simulation

results. Because of difficulties in cellular expression systems,

high-resolution electrophysiological recordings of GltPh are not

yet feasible. Assays that were developed to describe GltPh anion

conductance (Ryan and Mindell, 2007) only provide information



Figure 4. Tryptophan Fluorescence

Quenching by Iodide in GltPh
(A) Overview of GltPh single-tryptophan insertions

(ChCcen in side view). Side chains are color-coded

according to the reduction in fluorescence in-

tensity at 350 mM [I�] (F0 is the intensity in the

absence of I�; n R 5 for each). Red mesh repre-

sents the Cl� density observed in MD (Figure 1D).

(B) Representative fluorescence spectra of

WT, V51W, and S65W GltPh at various [I�]. The
inset shows the comparable concentration

dependence of V51W fluorescence lifetimes and

intensities in a Stern-Volmer plot, indicating a

collisional quenching mechanism.

(C) Stern-Volmer plots for all tryptophan mutants

(means ± SE; n R 5 for each).

(D) Comparison of fluorescence quenching (gray

bars; n R 5 for each) with MD-predicted anion

accessibilities of side chains in various confor-

mations (the different symbols show the average

number of Cl� ions ± SD within 13 Å of the side

chains). Residue numbers on the abscissa are

ordered according to their positions in the mem-

brane plane shown in (A).

See also Figure S5.
about macroscopic anion currents through an ensemble of

multiple GltPh transporters. Because the functional properties

of GltPh (Ryan and Mindell, 2007) and EAAT anion channels are

very similar (Melzer et al., 2003; Wadiche and Kavanaugh,

1998) and the pore-lining residues are highly conserved (Fig-

ure S4), it is reasonable to assume that the proposed GltPh anion

permeation pathway is also responsible for EAAT anion conduc-

tion. We therefore compared the effects of in silico mutagenesis

on simulated GltPh anion conductance and anion/cation selec-

tivity with experimental data on mammalian EAAT2/EAAT4. Sin-

gle-channel recordings have not yet been possible for these

transporters, but unitary current amplitudes can be determined

by noise analysis of whole-cell current recordings, and anion/

cation selectivities can be obtained through reversal potential

measurements at various ionic conditions (Melzer et al., 2003).
Cell 160, 542–553,
We initially screened for mutations that

affect pore properties in silico. Pore-form-

ing residues were identified by a geomet-

rical criterion (within a distance <6.9 Å to

the pore center defined by R276). We

excluded only a few residues that are

located within the transport domain and

known to be crucial for substrate binding

(e.g., residues in HP2 to prevent interfer-

ence with substrate binding). We gener-

ated 29 GltPh pore mutants in silico,

including S65 and I61, which are close to

a recently discussed alternative location

of the anion channel (see below) and sub-

jected them toMDsimulations.We identi-

fied side-chain substitutions that increase

or decrease unitary conductances (I16E/

K, L20E, F50L/K/D, V51D, L54D, I61D,
A205D, R276S/D) or modify the anion/cation selectivity (F50D,

A205D, R276S) (Figure 5). We then performed whole-cell

patch-clamp recordingsof33EAAT2/EAAT4mutants (FigureS6).

Becausemostmutations also affected anion channel gating (Fig-

ure S6), a direct comparison of whole-cell currents and MD data

was not feasible. However, ten EAAT4 mutants exhibited suffi-

cient time- and voltage-dependent gating to allow single-channel

conductances to be determined using nonstationary noise anal-

ysis (Figure 6). Four charge-altering mutations, L20E, I16K, I16E

and I61D, increased or decreased the simulated Cl– permeation

rate of GltPh to a similar extent as alterations in experimental sin-

gle-channel conductance caused by the homologous EAAT4

mutations. For four GltPh mutants, V12E, I16W, and S65A, exper-

imental and simulated unitary conductanceswere unaltered (Fig-

ure 6B). Interestingly, I16E—located in the intracellular part of the
January 29, 2015 ª2015 Elsevier Inc. 547



Figure 5. MD Screening of Pore-Lining Residues Predicts Mutations that Affect Anion Conductance and Anion/Cation Selectivity

(A and B) Stick representations of pore-lining residues in side view (A) or top view (B) and colored as in Figure 3A, including detailed GltPh residue number labels.

(C) Summary of simulated Na+/Cl� conductances for various GltPh mutants (ChCcen; means ± SD; MD times range from 120 to 500 ns for each mutant) at

�+800 mV.
GltPh anion conduction pathway—selectively reduced outward

fluxes of anions in a valve-like manner, as demonstrated by out-

ward current rectification in the I16EGltPh and homologous T59E

EAAT4 mutants. In contrast, for the neighboring residue V12,

which is closer to the bulk solution and further from the pore cen-

ter than I16 (Figure 5A), conversion to glutamate did not affect

unitary conductances in GltPh or in F55E EAAT4. We furthermore

found four ‘‘semiconserved’’ side chains that are conserved

within mammalian EAATs but differ in GltPh: the aforementioned

R276 residue (the corresponding EAAT arginine is located at

the M395 position in GltPh), F50 (L in EAATs), and M94 (V in
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EAATs; Figure S4). We constructed GltPh and EAAT4 mutants

to reverse these evolutionary exchanges and observed recip-

rocal effects on conductance, as would be expected if direct

interactions exist between these side chains and permeating

anions (Figure 6C).

The simulated GltPh mutants F50D, A205D, and R276S ex-

hibited Na+ permeation along the same path as Cl– (Figures 7A

and 7C). Because some of the corresponding EAAT4 mutations

prevented their functional expression in cells, homologousmuta-

tions were introduced into EAAT2, a transporter with unitary cur-

rent properties similar to those of EAAT4 (Schneider et al., 2014).



Figure 6. Mutations of Pore-Forming Residues Modify Experimental EAAT4 Anion Conductances and Anion/Cation Selectivity

(A) Representative nonstationary noise analysis of T59K EAAT4, showing current responses to 300 repeated voltage jumps (top) and the resulting current var-

iances (middle). Bottom, linearly transformed current-variance plot (background noise at 0 mVwas subtracted from the total variance). Red line shows a linear fit.

(B) Experimental EAAT4 (gray; from whole-cell recordings and nonstationary noise analysis; means ± SE; n = 6–9) and simulated GltPh unitary conductances of

WT and homologous mutants (in color; means ± SD). Ordinates were scaled to show experimental WT EAAT4 conductances at +150 mV and simulated WT GltPh
conductances at +800 mV at the same level (gray line).

(C) Changes in experimental EAAT4 (n = 6–8) and simulated GltPh unitary conductance upon substitution of residues that are conserved in EAATs, but not in GltPh
(Figure S4).

See also Figures S6 and S7 and Table S1.
Varying the external [Na+] led to changes in ion current reversal

potentials in cells expressing L85D, S288D, and R476M

EAAT2, indicating that EAAT2 mutants represent unselective

channels with varying degrees of relative cation selectivity (Fig-

ure 7B). In these experiments, coupled glutamate transport,

which would additionally affect the reversal potential, was abol-

ished by using a K+-free intracellular solution.

The effect of these negative charge mutations was site-spe-

cific as demonstrated by experiments and simulations with

A362D EAAT2 and the corresponding R276D-M395R GltPh.

A362 in EAAT2 is homologous to R276 in GltPh, whose positively

charged side chain is crucial for anion selectivity (Figure 3). To

achieve the electrostatic potential in GltPh to be similarly modi-

fied as in A362 EAAT2, we inserted an arginine at the ‘‘EAAT po-

sition’’ M395, in addition to the R276D mutation (Figures 3A and

S4). R276D-M395R GltPh and A362D EAAT2 exhibited perfect

Cl– selectivity in both simulations and experiments, indicating

that anion selectivity is only impaired by the insertion of nega-

tively charged side chains at specific positions (Figures 5 and 7).

The Novel Anion Channel Conformation Enables a
Reinterpretation of Previous Functional Data and Is
Compatible with Published Crosslinking Results
Prior to our work, the structural basis of EAAT/GltPh anion con-

duction was unknown. However, because mutations around

S65 were reported to affect anion permeation of both GltPh
(Ryan and Mindell, 2007) and EAAT1 (Cater et al., 2014; Ryan

et al., 2004), and because crystallographic data (Verdon and

Boudker, 2012) suggested the existence of an aqueous cavity

in ICcrystal, it has been hypothesized that anions permeate along

a pathway that wewill refer to as ‘‘S65 path’’ (Figure S7A). As yet,

no other EAAT anion permeation pathway has been proposed.
We performed MD simulations and experimental approaches

to test whether anion permeation along the ‘‘S65 path’’ might

contribute to EAAT/GltPh anion conduction. MD simulations

demonstrated water access but no Cl� density along the ‘‘S65

path’’ in ChC (Figure S7A). Pore searching algorithms (see the

Extended Experimental Procedures) did not identify any addi-

tional candidate anion pore in the S65 region. Mutations of S65

did not affect anion conductance in MD simulations (Figure 5).

In our fluorescence assay, S65W GltPh fluorescence was

not quenched by iodide (Figure 4). Whereas the homologous

S108V EAAT4 mutant was mostly retained in intracellular com-

partments, S108A EAAT4was robustly expressed on the surface

of mammalian cells, with resulting current amplitudes compara-

ble with those of WT EAAT4. S108A EAAT4 exhibited altered

anion channel gating but unaltered unitary current amplitudes

(Figures 6B and S6). These results indicate that mutations of

S65/S108 do not affect the single-channel conductance itself

but instead alter the channel open probability, i.e., the rates of

reactions leading to the open anion channel.

We generated three additional EAAT4 mutants (V101D,

L104D, and N297D) with negatively charged side chains projec-

ting into the ‘‘S65 path.’’ Mutant channels exhibited altered

voltage- and glutamate-dependent gating but were still gluta-

mate sensitive and cation impermeable (Figures S6B, S6C,

S7A, and S7B). One mutation in this region, I61D GltPh/L104D

EAAT4, even increased anion permeation rates in both simula-

tions and experiments (Figures 5 and 6B). Because this residue

does not directly line the Cl– permeation pathway, which re-

mained unchanged upon I61D substitution, and because the

introduction of a negative charge increases anion conductance,

we deduce that this mutation indirectly affects the anion channel

function.We conclude that themutated amino acids surrounding
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Figure 7. Conversion of the EAAT2 Anion

Pore into a Cation-Conducting Channel

(A) Cl� (red) and Na+ (blue) distributions (s = 0.2)

aroundWT and F50D GltPh. Residues described in

(B) and (C) are shown as sticks.

(B) Variations in current reversal potentials with

external [Na+] demonstrate the cation permeability

of L85D EAAT2—homologous to F50D GltPh—

S288D, and R476M (but not of WT and A362D)

EAAT2 anion channels (means ± SE; n = 6–13 for

each).

(C) Ratio of simulated cation/anion permeation

events for WT and corresponding GltPh mutants

(means ± SD; RSMR, R276S-M395R), colored

according to (B). The F50Dmutant was tested with

the arginine at position 276 (WT) and in the context

of the EAAT arginine position (RSMR mutation).

See also Figures S6 and S7 and Table S1.
S65 in GltPh do not line the EAAT anion pore, although they do

influence the conformational changes underlying the probability

of the channel being open.

A recent study demonstrated that crosslinking a substituted

cysteine within the transport domain to another in the trimeriza-

tion domain abolishes EAAT3 glutamate transport but does not

abrogate substrate-dependent anion conductance (Shabaneh

et al., 2014). The authors concluded that, starting from OFC, a

limited inward movement of the transport domain is sufficient

for formation of an anion conducting conformation. Cysteines

were inserted at positions corresponding to residues 216 and

391 in GltPh. These residues are in close proximity in OFC, ICout,

and ICcrystal. Because MD simulations demonstrated a pro-

nounced increase in the V216–A391 Ca distance to >7 Å during

transmembrane translocation and channel opening (Figure S7C),

this disulfide link might prevent transitions into the ICcen, ICint,

ChC, and IFC states. To evaluate the effects of this disulfide

bridge on the conformational changes underlying anion channel

opening, we performed simulations on an intermediate confor-

mation of our translocation trajectory that is located at the

most central position along the translocation axis (to increase

the likelihood of pore opening) but maintains a distance between

these two residues of %7 Å (Figures 1 and S7C). The crosslink-

age was modeled by a distance restraint on the two Ca atoms

within monomers (Figures S7C and S7D). Simulations of the

V216–A391 crosslinked GltPh model showed that this disulfide

link limits the lateral movement of the transport domain but per-

mits sufficient conformational flexibility for pore opening and

anion permeation along the identified anion conduction pore

(Figures S7E and S7F). The experimental effects of this crosslink

on transport and anion currents in EAAT3 (Shabaneh et al., 2014)

are therefore fully consistent with the GltPh anion permeation

pathway presented here.
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DISCUSSION

EAAT glutamate transporters are proto-

typical dual function proteins that oper-

ate as both secondary active transpor-

ters and anion-selective ion channels.
Whereas the key structural features of secondary active gluta-

mate transport have been established (Akyuz et al., 2013; Cris-

man et al., 2009; Reyes et al., 2009; Shrivastava et al., 2008),

structural and mechanistic details of anion permeation have

been hitherto unknown. In this study, we used a combination

of computational and experimental approaches to determine

how this class of transporters mediates anion permeation

through an aqueous conduction pathway. MD simulations iden-

tified an open channel conformation of GltPh that was consis-

tently formed from various ICs by the lateral movement of

the transport domain (Figure 1). Opening of the interface be-

tween the transport and trimerization domains is followed by

voltage-promoted water entry (Figure 2) and the formation of

an anion-selective conduction pathway (Figure 3). We verified

the predictions of our simulations by fluorescence spectroscopy

and functional studies using mutant transporters. Fluorescence

quenching experiments demonstrated that tryptophan residues

substituted at positions that project into the predicted conduc-

tion pathway come into close contact with permeating anions

(Figure 4). Moreover, substitution of pore-forming residues had

comparable experimental effects on the two key characteristics

of an anion-selective conduction pathway, i.e., anion/cation

selectivity and ion permeation rates, as predicted by simulations

(Figures 5, 6, and 7). These data indicate that pore-forming res-

idues identified through simulations are indeed the major deter-

minants of anion permeation and selectivity in both GltPh and

EAATs. Moreover, they demonstrate that this anion conduction

pathway is conserved throughout the glutamate transporter fam-

ily. Our data thus clarify how a class of secondary active trans-

porters can function as anion-selective channels that are gated

by transitions in the transport cycle.

The ion conduction pathway reported herein accounts for

all known functional properties of EAAT/GltPh anion channels.



Simulations reveal unitary current amplitudes and ion selectiv-

ities (Figures 3C and 3D) that resemble experimental results

(Melzer et al., 2003; Wadiche and Kavanaugh, 1998). The calcu-

lated minimum pore diameter of GltPh is �5.6 Å (Figure 3E),

which perfectly fits the predicted minimum pore diameter of

>5 Å based on anion substitution experiments on EAAT1 anion

channels (Wadiche and Kavanaugh, 1998). Rapid substrate

application experiments have shown that EAAT anion channel

activation is delayed compared with glutamate translocation

(Grewer et al., 2000). These findings indicate that anion-con-

ducting states existing ‘‘outside’’ the glutamate uptake cycle

can be explained by channel opening as a branching reaction

from ICs (Figure 1). Simulations predict voltage independence

of anion channel opening within the physiological voltage range

(Figure 2B). This result explains the experimental observation

that the voltage- and substrate dependence of EAAT anion chan-

nels are tightly linked to transitions within the transport cycle

(Bergles et al., 2002; Machtens et al., 2011a). Simulated anion

permeation is unchanged in both the presence and absence of

bound substrate (Figure 3E), as expected from the experimental

unitary conductances being indistinguishable in the presence

and absence of glutamate (Kovermann et al., 2010). Because

anion channel opening is tightly linked to translocation of the

transport domain, our results indicate that transport substrates

increase EAAT anion currents by promoting intermediate states.

Distinct EAAT isoforms differ strongly in the relative amplitudes

of their transport and anion currents (Fairman et al., 1995; Mim

et al., 2005). However, analysis of unitary current amplitudes re-

vealed similar single-channel amplitudes (Schneider et al., 2014;

Torres-Salazar and Fahlke, 2007). The high degree of conserva-

tion of pore-forming residues (Figure S4) is consistent with the

similarities in anion channel unitary current amplitudes and

selectivity of different transporter isoforms. Lastly, the novel

anion conducting conformation can account for all published

mutagenesis and crosslinking results on EAAT anion conduction

(Ryan et al., 2004; Shabaneh et al., 2014).

The ‘‘S65 path’’ (Figure S7) is the only location of the anion

channel that has been discussed in recent years. We could not

find any indication for a direct contribution of this region to anion

permeation. Our simulations show that the ‘‘S65 path’’ is hydrat-

ed in ChC, thereby suggesting that S65 and adjacent residues

could be involved in facilitating the opening of the transport/tri-

merization domain interface instead. We thus speculate that

the ‘‘S65 path’’ may modulate formation of the ChC conforma-

tion, which provides an explanation for the impact of mutations

in this region on anion channel function (Cater et al., 2014;

Ryan and Mindell, 2007; Ryan et al., 2004).

The positive electrostatic potential necessary for perfect anion

selectivity of EAAT/GltPh anion channels is provided by a single

positively charged side chain, R276. Surprisingly, during evolu-

tion, this arginine has moved from the tip of HP1 in GltPh to

TM8 in EAATs, while retaining a similar side chain position in

the tertiary structure. In GltPh, as well as in EAATs, this arginine

has been implicated in binding amino acid substrates, as well

as binding Na+ and K+ (Ryan et al., 2010; Verdon et al., 2014).

Unitary anion conductance is not affected by aspartate (Figure 3),

indicating that the interaction of R276 with transport substrates

does not modify its effect on anion conduction and selectivity.
The tight linkage between anion channel gating and glutamate

transport in EAAT/GltPh was previously explained by assuming

that certain states of the transport cycle are anion conducting

(Bergles et al., 2002). Because GltPh structures did not exhibit

an open pore with dimensions that might account for the exper-

imentally observed anion conduction properties, it was recently

suggested that additional yet to be defined ICs that occur during

translocation might be anion conducting (Cater et al., 2014). We

have now demonstrated that intermediate transport conforma-

tions are nonconducting and that EAAT/GltPh anion channel

opening transitions require the lateral movement of the gluta-

mate transport domain together with pore hydration from inter-

mediates. Anion channel opening is therefore not part of the

transport cycle, but instead is achieved via a branching confor-

mational change. This design permits rapid transition through

the full transport cycle without anion channel opening. Further-

more, it allows certain EAAT isoforms to function as effective

transporters, with low anion channel open probabilities, and

other isoforms to have low transport rates but high occupations

of the anion channel mode.

The unique mechanism of EAAT anion channel gating results

in neuronal or glial anion conductances that follow changes

in substrate concentrations and thus allow feedback control

of glutamate release (Wersinger et al., 2006) or modification

of GABAergic postsynaptic currents by glutamatergic signals

(Winter et al., 2012). Moreover, it explains why isoform-specific

variations in glutamate transport by EAATs result in the forma-

tion of anion channels that preferentially open or close within

their physiological voltage range (Schneider et al., 2014).

Recently, gain-of-function mutations in genes encoding EAAT

anion channels have been linked to pathological neuronal

excitability and cell-volume regulation (Winter et al., 2012).

EAAT anion channel activity is also enhanced under conditions

of increased synaptic glutamate concentration and may thus

contribute to the clinical symptoms associated with brain

ischemia or certain neurodegenerative diseases. The structural

and mechanistic data presented here might help in the design

of EAAT anion channel modulators and thus open therapeutic

avenues to correct the cellular defects linked to these patho-

logical conditions.

EXPERIMENTAL PROCEDURES

Molecular Simulations

MD simulations of GltPh—bound by a negatively charged aspartate and two

Na+ ions—in outward-facing (OFC; Protein Data Bank [PDB] ID code 2NWX),

inward-facing (IFC; PDB ID code 3KBC), and various intermediate conforma-

tions (including ICcrystal; PDB ID code 3V8G) were performed using GROMACS

4.5 (Hess et al., 2008). Based on our OFC and IFC simulation trajectories, we

obtained intermediates ICint, ICcen, and ICout from the crystallographic struc-

tures of OFC and IFC using essential dynamics sampling simulations (Amadei

et al., 1996). Proteins were inserted and equilibrated in a double dimyristoyl

phosphatidylcholine bilayer surrounded by a 1 M NaCl aqueous solution and

were subjected to various membrane potentials using the computational elec-

trophysiology scheme described recently (Kutzner et al., 2011).

Molecular Biology

Mutant constructs of GltPh, human EAAT4, and rat EAAT2 were generated us-

ing the QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) and

verified by restriction analysis and DNA sequencing.
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Fluorescence Spectroscopy

Fluorescence emission spectra of single-tryptophan GltPh mutants in n-do-

decyl-b-D-maltoside micelles in the presence of saturating [Na+] and [Asp�]
at various [I–] were recorded after excitation at 295 nm. Fluorescence lifetimes

were determined through time-correlated single-photon counting.

Electrophysiology

Heterologous expression and whole-cell patch-clamp recordings of EAAT2

and EAAT4 were performed as described previously (Machtens et al.,

2011a). Unitary conductances were determined by nonstationary noise anal-

ysis of current responses to 300 repetitive voltage jumps to ±150 mV using

140 mM NO3
� as main anion and 1 mM aspartate as substrate to enhance

voltage-dependent gating of the channel.

Statistics

Asterisks indicate the level of statistical significance derived from a two-tailed

t test (*** p < 0.001; ** p < 0.01; * p < 0.05; ns, p R 0.05; see Table S1).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven

figures, one table, and one movie and can be found with this article online at

http://dx.doi.org/10.1016/j.cell.2014.12.035.
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Supplemental Information
EXTENDED EXPERIMENTAL PROCEDURES

Molecular Dynamics Simulations
Molecular dynamics (MD) simulationswere carriedout usingGROMACS4.5 (Hess et al., 2008). The simulationbox (�147$147$107 Å3)

contained two equilibrated and fully hydrated dimyristoyl phosphatidylcholine (DMPC) lipid bilayers, surrounded by a 1 M NaCl

aqueous solution. GltPh trimers were embedded into each membrane using g_membed (Wolf et al., 2010). Before production runs,

the systems were equilibrated in the absence of membrane voltage by 40 ns simulation with position restraints on the protein heavy

atoms, followed by an additional 20 ns with backbone-only position restraints. The AMBER99SB-ILDN force field was used for the

protein (Lindorff-Larsen et al., 2010). Parameters for ions and lipids were derived from (Berger et al., 1997; Joung and Cheatham,

2008). Water was modeled using the SPC/E water model. Water-bond distances and angles were constrained using SETTLE (Miya-

moto andKollman, 1992), and all other bondswere constrained using LINCS (Hess, 2008). A constant temperaturewasmaintained by

coupling protein and non-protein separately to a heat bath at 310K using theNosé-Hoover algorithm (Hoover, 1985). A constant pres-

sure of 1 bar wasmaintained by employing the semi-isotropic Parrinello-Rahman barostat (Nosé and Klein, 1983; Parrinello and Rah-

man, 1981). Using virtual sites for hydrogenatomsenabled simulation tobeperformedwith 4 fs time steps.Crystallographic structures

used forMDsimulationswere thehomotrimeric, substrate-boundconformationsofGltPh in outward-and inward-facingconformations

(OFC3 and IFC3, respectively) and the asymmetric trimer ICcrystal/IFC2 (PDB ID codes 2NWX, 3KBC, and 3V8G). GltPh monomers were

simulatedwith substrates bound as defined by the crystal structures (Boudker et al., 2007), i.e., with negatively charged aspartate and

Na+1 and Na+2, if not stated otherwise. All structures of GltPh mutants were generated using MODELLER (v. 9.10) (Eswar et al., 2007).

Computational Electrophysiology
Transmembrane potential gradients in MD simulations were generated by introducing a charge difference between the aqueous

compartments on both sides of the bilayer in a double-membrane system as described recently (Kutzner et al., 2011) (Figure S1A).

Due to periodic boundary conditions, atoms can freely diffuse over the simulation system borders into replicated copies of them-

selves, thus making it difficult to establish a charge imbalance across a lipid membrane for setting up a potential gradient. However,

the use of a double-membrane system creates two separate compartments, and therefore makes it possible to maintain an ion con-

centration gradient across each membrane. During MD simulation, the ion numbers in both compartments were controlled by an al-

gorithm, such that a slight charge gradient was applied across themembrane (Kutzner et al., 2011). The resultingmembrane potential

can be calculated by double-integration of the charge distribution using the Poisson equation. In each of the two parallel lipid mem-

branes, a GltPh trimer was embedded in the same orientation and the difference in Cl– numbers between both compartments was

controlled to yield voltage differences from ± 600 mV to ± 1.6 V across the membrane (i.e., one bilayer was depolarized and the other

hyperpolarized, with respect to the cytoplasmic side of the protein). In order to observe sufficient anion permeation events in indi-

vidual simulations of 100–500 ns, 1 M NaCl (or NaI, if stated) was used. The ChCcen conformation that formed at ± 1.6 V was

used as starting conformation for all simulations, since anion channel opening (ICcen–ChCcen transition) did not always occur spon-

taneously within simulation times of up to 1 ms at lower voltages. The absence of membrane or protein structure instabilities or of

electroporation through the lipid bilayer justified the use of supraphysiological voltages to sample sufficient permeation events at

reasonable computational cost (Figures S1–S2). The open channel conformations (ChCs) generated in these simulations were

then set to a voltage of ± 800 mV, resulting in strict anion selectivity for WT GltPh (Figures 3, 5, 6, and 7). The majority of the further

simulations were performed at ± 800 mV (Figures 5, 6, and 7). For the results from Figure 3D, additional voltages between +750 mV

and +1.5 V were applied. Electroporation through the lipid membrane was only observed in test simulations at > 1.8 V.

Essential Dynamics Sampling
Essential dynamics sampling permits the accelerated simulation of conformational transitions along predefined reaction coordinates

(Amadei et al., 1996). We employed this technique for the OFC–IFC conformational transition of GltPh to identify intermediate struc-

tures (e.g., ICout, ICcen and ICint). As EAAT subunits function independently of each other (Erkens et al., 2013; Grewer et al., 2005;

Koch et al., 2007; Leary et al., 2007), this transition was simulated in a single monomer (Stolzenberg et al., 2012), leaving the other

two monomers unaffected in the OFC. We first performed a Cartesian principal component analysis (PCA) on the monomeric trajec-

tories of all OFC and IFC simulations. The calculated 1st eigenvector (EV1) represented transmembrane translocation, i.e., movement

of the transport domain (harboring the substrate-binding sites) along the membrane normal. We applied a constraint force along EV1

to one monomer (monomer 1) of an OFC trimer, leaving the other two unchanged in the OFC (Figures S1C and S1D). With a step size

of 5$10-6 Å, monomer 1 approached the IFC conformation within 333 ns at a minimum root-mean-square deviation (RMSD) of 2.0 Å

(Figures S1C and S1D). This close structural similarity supports the simulated reaction pathway because the algorithm only controls

progression along the one-dimensional reaction coordinate, leaving all other degrees of freedom untouched (Amadei et al., 1996).

All errors given in the analysis of MD simulations were estimated by subdividing the trajectories of each simulation into six parts of

equal length and calculating the SE. The given RMSD values refer to backbone atoms only. All molecular representations were made

using PyMOL (Schrödinger, 2010). Ion distributions around the protein were estimated from time-averaged densities and repre-

sented as meshes of X s over the average. The pore diameter profile (Figure 3E) was calculated using the Voronoi diagram-based

pore searching algorithm implemented inMOLE1.2 (Petrek et al., 2007); this programwas also used to identify other possible perme-

ation pathways. However, no other ion pore except the one presented here (Figure 1) was found, in particular no pathway was
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detected along the ‘‘S65 path’’ (Figure S7A). Electrostatic energies were calculated as Poisson-Boltzmann energies using APBS

(Baker et al., 2001) in 150 mM NaCl aqueous solution with a dielectric constant of 4.0 for the protein and 78.5 for the surrounding

medium (Figure 3E).

Fluorescence Spectroscopy
Expression constructs were generated using a QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, Waldbronn, Ger-

many) from a pBAD24 vector containing the wild-type (WT) GltPh sequence (GenBank ID code BA000001.2) with a C-terminal 83-his-

tidine tag (kindly provided by Dr. Eric Gouaux, Oregon, USA). WT and mutant GltPh were expressed in Escherichia coli Top10 cells

(Invitrogen) and purified as described recently (Ewers et al., 2013). If necessary, proteins were concentrated using ultrafiltration col-

umns (Millipore, MA, USA) prior to experiments. To ensure complete equilibration with measuring conditions, proteins were sub-

jected to four successive purification steps with disposable desalting columns (GE Healthcare, Chalfont St. Giles, UK), equilibrated

in 20mMTris (pH 7.4) containing 500mMCholineCl, 1 mM n-dodecyl-b-D-maltoside (DDM), followed by equilibration in fluorescence

background buffer (20 mM Tris [pH 7.4] 1 M Na2SO4, 1 mM DDM, 100 mM L-aspartate). During all fluorescence measurements, the

sum of the optical densities of the measured solutions at excitation and emission wavelengths did not exceed 0.05.

Fluorescence spectra were determined using a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon, Unterhaching, Germany)

and a Quantamaster 4 spectrofluorometer (Photon Technology, NJ, USA). Excitation and emission slits were set to band passes

of 2–3 nm. Photomultiplier photon counts following excitation at 295 nm were corrected for instrumental wavelength dependence

and excitation intensity. Emissions of [I�] containing solutions were collected in the front face configuration. GltPh fluorescence in-

tensities were obtained by subtracting the background signal from a 10 mm cuvette from the signal obtained from the same cuvette

containing GltPh. For all tryptophan-substitutedGltPh, emission spectra peaked at around 320 nm. This value is shifted toward smaller

wavelengths compared with values obtained for tryptophan residues that are fully accessible to water, most likely since tryptophans

are not exposed to solution in all possible GltPh conformations. Wemodified [I�] by replacing appropriate amounts of the background

buffer with 20 mM Tris, at pH 7.4, 2 M NaI, 1 mM DDM, 100 mM L-aspartate and 500 mM K2S2O3. The fluorescence intensity was in-

tegrated from 303 to 440 nm or from 304 to 440 nm, depending on the amount of scattered light, as judged from visual inspection.

For a single-tryptophan protein that adopts just one tryptophan-accessible conformation, the [I�] dependence of quenching is

given by

F

F0

=
1

1+KSV½I��; (Equation 1)

or in its inverted form, i.e., the classical Stern–Volmer equation,

F0

F
= 1+KSV

�
I�
�
; (Equation 2)

with F0 and F being the fluorescence intensities in the absence or in the presence of quencher [I–] and KSV the Stern-Volmer constant

(Lakowicz, 2006). A plot of F0/F versus [I�] (Equation 2) provides a linear relationship for proteins with a single tryptophan and one

tryptophan-accessible protein conformation (Rasmussen et al., 2010).

For all tested tryptophan-substituted GltPh, Stern-Volmer plots showed deviations from linearity, as expected for proteins which

can assume multiple conformations with different tryptophan accessibilities (Figures 4B and 4C). The experimentally observed [I–]

dependence of quenching could be described with the modified Stern-Volmer equation. For this equation, it is assumed that the in-

serted tryptophan is only accessible in one conformation, but inaccessible in all other conformations. In the absence of iodide, the

iodide-accessible conformation exhibits a fluorescence amplitude of F0a, and all other non-accessible conformations together F0b
(Lehrer, 1971).

F=
F0a

1+KSV½I��+ F0b: (Equation 3)

Using the additional parameter fa,

fa =
F0a

F0a +F0b

=
F0a

F0

; (Equation 4)

which corresponds to the fraction of the fluorescence signal that is accessible to quencher, Equation 1 can be transformed to:

F

F0

=
fa

1+KSV½I��+ 1� fa: (Equation 5)

Thus, at high [I�], F/F0 approaches 1�fa.
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To predict the conformation-dependent I� accessibilities of the various inserted tryptophan residues, we analyzed the average

number of anions around the center-of-mass (COM) of the different side chains of WT GltPh in MD simulations (Figure 4D). The

use of the WT trajectories might underestimate the real anion accessibility because the tryptophan side chain has a higher volume

than those of other amino acids. In addition, substituted tryptophans might exhibit different side chain orientations that could also

affect their accessibility to anions. We addressed these possible limitations by using a distance threshold of 13 Å to the COMs to

compensate for the error introduced by the analysis of the WT, i.e., non-tryptophan, side chains (Lakowicz, 2006) and furthermore

analyzed the I� accessibility around the respective tryptophan side chains in simulations of themutants with tryptophan substitutions

that were supposed to be exclusively accessible in ChCcen (Figure 4D). The comparative analysis of both approaches demonstrated

that W50, W54, and W62 are exclusively I� accessible in the ChC conformation (Figure S5C).

We fitted Equation 5 to all quenching data of tryptophan-substituted GltPh proteins (Figure S5). For F50W, L54W, and V62W, the

obtained fa values provide the relative fluorescence that is accessible to the quencher in the ChC conformation (Figure 4D). For all

other mutants, fa provides a weighted mean for different I� accessible conformations. We decided not to present the KSV values ob-

tained from these fits. For most tryptophan substitutions, these parameters represent weighted averages of Stern–Volmer constants

in different conformations, which do not provide quantitative information about pore formation and side chain accessibilities that

could be compared with the simulations.

For measurements of fluorescence lifetime quenching (Figure 4B, inset), tryptophan excited-state lifetimes were measured using a

Fluorolog-3 spectrofluorometer equippedwith a DeltaDiode 295with 5 mMGltPh protein in a 5mmcuvette. The pulsed excitation light

with a repetition rate of 20 MHz was passed through a 298HT-05 band pass interference filter (L.O.T. Oriel, Darmstadt, Germany),

resulting in an intensity peak at 297 nm. The emission was selected using a HQ385/80 band pass interference filter (L.O.T. Oriel).

Polarizers on the excitation and emission sides were set to magic angle conditions. Time-correlated single photon counting was

done using a SP-630 module (Becker & Hickl, Berlin, Germany) connected to a cooled R7400U-based (Hamamatsu Photonics, Ha-

mamatsu, Japan) detector module (TBX-05C, HORIBA Jobin Yvon), which was directly attached to the sample chamber. Experi-

mental photon distributions were fitted by iterative reconvolution with distributions obtained from a diluted LUDOX AM-30 solution

with omission of the emission filter (instrument response function), using FluoFit software (PICOQUANT, Berlin, Germany).

The applied models correspond to sums of exponential functions according to

FðtÞ=
X
i

ai,e
�t
ti ; (Equation 6)

with lifetime components ti and pre-exponential factors ai. An additional component accounted for the contribution of scattered light.

Homogeneous distribution of the residuals around zero, together with ac2 value near to 1, without further improvement bymore com-

plex models, served as selection criteria for the appropriate fit. Relative intensity contributions of lifetime components were calcu-

lated according to

fi = ai,ti
.X

i

ai,ti; (Equation 7)

and average lifetime values were determined from

hti=
X
i

fi,ti: (Equation 8)

Functional Characterization of WT and Mutant EAATs in Mammalian Cells
Rat EAAT4 (GenBank ID code XM_008765182.1) and human EAAT2 (GenBank ID code AY066021.1) were expressed as fluorescent

fusion proteins by transient transfection of HEK293T cells, as described previously (Leinenweber et al., 2011; Machtens et al., 2011a;

Melzer et al., 2003). Point mutations were introduced using PCR-based strategies or a QuikChange Site-Directed Mutagenesis Kit

(Figure S5). All constructs were verified by restriction analysis and DNA sequencing. For each construct, two independent recombi-

nants from the same transformation were examined and shown to exhibit indistinguishable functional properties.

Standard whole-cell patch-clamp recordings were performed using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale,

CA). Borosilicate pipettes were pulled with resistances between 1.0 and 1.5 MU, and voltage errors were reduced by compensating

80%–90% of the series resistance by an analog procedure and excluding cells with current amplitudes higher than 12 nA from anal-

ysis. Currents were low-pass filtered at 10 kHz and digitized at 50 kHz using a Bessel low-pass filter and a Digidata 1322A AD/DA

converter (Molecular Devices). Since EAAT anion channels prefer large or polyatomic (SCN�, NO3
�, I�) to smaller inorganic (e.g.,

Cl�) anions, we used NO3
� as the main anion instead of Cl� to increase EAAT anion currents in the majority of our experiments

(Machtens et al., 2011a; Melzer et al., 2003;Wadiche and Kavanaugh, 1998). To prevent electrogenic substrate transport and directly

measure anion currents, we used K+-free internal solutions containing 115mMNaNO3, 2mMMgCl2, 5mMEGTA and 10mMHEPES.

For most experiments, bath solutions contained 140 mM NaNO3, 1 mM L-glutamic acid or L-aspartic acid, 4 mM KCl, 2 mM CaCl2,

1mMMgCl2, 5mMHEPES and 5mM tetraethylammoniumchloride. For the determination of single-channel conductances (Figure 6),

aspartate was used instead of glutamate because it increased the time- and voltage-dependent gating of EAAT4 anion channels,
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thereby facilitating noise analysis (see below) (Heinemann and Conti, 1992; Machtens et al., 2011b; Melzer et al., 2003). To study the

anion concentration dependence of EAAT4 anion currents (Figure 3D) we used extracellular solutions in which [NaCl] was increased

to 320, 500, 625 or 750 mM, and intracellular solutions with [NaCl] being 295, 475, 600 or 725 mM.

For experiments designed to test the cation permeability of EAAT2 anion channel mutants, we used external Cl� instead of NO3
�

(using the same pipette solution). Under these conditions, cells expressing EAAT2 exhibited a positive anion reversal potential, such

that cation-conducting mutants led to prominent reversal potential decreases upon reduction of the external Na+ concentration, with

choline chloride used as an equimolar substitute for external NaCl (Figures 7 and S7). In all solutions, pH was adjusted to 7.4 with

N-methyl-glucamine. External and internal agar salt bridges were made from a plastic tube filled with 3 M KCl in 1.5% agar and

used to create an electrical connection with the Ag/AgCl electrode. Cells were clamped to 0 mV for at least 2 s between test sweeps.

Data were analyzed using a combination of pClamp10 (Molecular Devices) and self-written python scripts. Current amplitudes

were used without any subtraction procedure. Data are given as means ± SE. All statistical evaluations are based on the two-tailed,

unpaired, Student’s t test (Table S1).

Eyring Rate Model of Anion Permeation through EAAT4
In order to compare experimental EAAT4 unitary Cl� currents with those from MD simulations of GltPh, a permeability model of Cl�

permeation was developed using Eyring rate theory as described in (Hille, 1975). The model features three Cl� binding sites, which

are assumed to be equidistant for simplicity. Moreover, it is assumed that the pore is never simultaneously occupied by more than

one Cl� ion. All these assumptions are well supported by the MD simulations and Poisson-Boltzmann calculations (Figure 3E). The

model was optimized against the experimentally determinedCl– currents at various voltages and concentrations (Figure 3D) using the

genetic algorithm as implemented in MATLAB (version 7, The MathWorks, USA). The energy values of the barriers and valleys from

the external to the internal side are: 15.4, �2.71, 20.4, 12.7, 20.1, �13.7 and 15.5 (given in RT units; at 20�C; frequency factor:

6.1$1012 s�1). The so-obtained model was then used to extrapolate the experimental data to the conditions of the MD simulations

of GltPh (Figure 3D, inset).

Nonstationary Noise Analysis
We used noise analysis to determine single-channel currents of WT and mutant EAAT4 anion channels (Figure 6). EAAT4 expression

in cells results in Lorentzian noise that originates from the random opening and closing of EAAT4 anion channels (Kovermann et al.,

2010; Melzer et al., 2005). The occupancy of open and closed states of an ion channel can be approximated by a binomial distribu-

tion. Using the identity

I=Nip (Equation 9)

with I being the macroscopic current amplitude, i the single-channel current amplitude, p the channel open probability and N the

number of channels, the current variance (sN
2) generated by N channels is thus given by

s2
N =Ni2pð1� pÞ+s2

bg = iI� I2

N
+s2

bg (Equation 10)

or after linear transformation (Alekov and Fahlke, 2009)

s2
N � s2

bg

I
= i� I

N
(Equation 11)

with s2
bg representing voltage-independent background noise (Hebeisen et al., 2003).

We used non-stationary noise analysis (Heinemann and Conti, 1992) to analyze current amplitudes and variances following a

defined voltage step. Cells were held at a 0 mV holding potential and a series of 300 records was obtained by pulsing to +150 mV

from a pre-potential of �150 mV, and vice versa. The experimental non-stationary ensemble variance at each time point was calcu-

lated from differences in subsequent records to minimize artifacts arising from small linear drifts during the measurement protocol

(around 5 min) (Melzer et al., 2003). The variance determined in cells expressing EAAT4 was at least 5 times larger than the back-

ground noise at the current reversal potential or in non-transfected cells (Figure 6). For each cell, a variance-mean current plot

was generated and single-channel currents were determined by a least-squares fit of Equations 10 or 11 to these data. To further

reduce the degrees of freedom of the fit, the background noise measured at the holding potential (0 mV) was subtracted from the

total variance in advance. Current artifacts in individual recording sweeps could lead to overestimation of the true current variance.

To reduce this potential bias and to identify those ‘‘leaky’’ sweeps, we performed a systematic analysis of such artifacts. We found

that exclusion of all difference sweeps with time-averaged current variances that were higher than twice the overall variance of all

sweeps resulted in stable and converging fit parameters that were unaffected by the removal of further outliers. We routinely applied

this threshold value, which removed 5%–10% of all sweeps (Schneider et al., 2014).
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The resulting single-channel currents determined by non-stationary noise analysis in this, as well as in a previous publication

(Melzer et al., 2003), differ from our earlier results using stationary noise analysis (Kovermann et al., 2010). For the following two rea-

sons, we are convinced that non-stationary noise analysis provides more accurate results than stationary noise analysis. Stationary

noise analysis requires knowledge about the voltage dependence of single-channel amplitudes (i.e., the i–V characteristic) (Kover-

mann et al., 2010). In our earlier analyses (Kovermann et al., 2010), we assumed that the single-channel current is proportional to the

recorded instantaneous macroscopic current amplitude. However, the existence of very fast reactions within the glutamate uptake

cycle (Watzke et al., 2001) might result in deviations from this relationship. Moreover, the non-stationary noise protocol determines

the true current variance more accurately. In stationary noise analysis, the variance is calculated from individual steady-state current

recordings at various voltages within time scales of�100 ms (Kovermann et al., 2010; Torres-Salazar and Fahlke, 2007). In contrast,

non-stationary noise analysis extracts the variance from pre-steady-state currents upon repeated short voltage steps (e.g., �300

repeats of�50 ms) to the same voltage over a longer period (e.g., �5 min). Non-stationary noise analysis thus enables a longer total

observation time of the channel noise and better sampling of rare events (slow reactions within the transport cycle) that may not be

detected in stationary noise analysis. For example, EAAT4 has a very slow turnover rate of < 3/s (Mim et al., 2005). Therefore, the

slowest time constant within the glutamate reaction cycle should be > 333ms, and important eventsmight bemissed during the short

records used in stationary noise analysis (Machtens et al., 2011b). Hence, we used non-stationary noise analysis to assess the effects

of EAAT4 pore-lining mutants.

SUPPLEMENTAL REFERENCES

Alekov, A.K., and Fahlke, C. (2009). Channel-like slippage modes in the human anion/proton exchanger ClC-4. J. Gen. Physiol. 133, 485–496.

Baker, N.A., Sept, D., Joseph, S., Holst, M.J., and McCammon, J.A. (2001). Electrostatics of nanosystems: application to microtubules and the ribosome. Proc.

Natl. Acad. Sci. USA 98, 10037–10041.
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Figure S1. The Simulation System for Computational Electrophysiology and Conformational Changes and Stability during Molecular Dy-

namics Simulations, Related to Figure 1

(A) The use of a double-membrane system creates two separate compartments (0 and 1) and allows themaintenance of a small charge imbalance across the lipid

bilayer, despite the presence of periodic boundary conditions.

(B) Cl� distribution (red isodensity mesh) around an asymmetric ICcen/OFC2 trimer (side view), derived from essential dynamics (ED) sampling simulations

(Figure 1A). For clarity, only the lower half of the system is shown, in which the protein is subjected to +800 mV. If not stated otherwise, GltPh monomers were

simulated with the substrates bound as defined by the crystal structures, i.e., with negatively charged aspartate and Na+1 and Na+2. Water molecules and ions in

solution have been omitted for clarity; only DMPC lipids around the protein are shown as gray lines and their phosphorus atoms as beige spheres.

(C) Time course of the ED sampling simulation of transmembrane translocation. A membrane-embedded OFC trimer was simulated with ED applied to a single

monomer (monomer 1) to ensure transition at constant velocity along an eigenvector (EV1) representing the OFC–IFC isomerization. The other two monomers

(monomers 2 and 3) were unaffected. Positions of the snapshots ICout, ICcen and ICin, used in this study, are indicated.

(D) Quantification of the structural changes that occur during ED simulation in terms of the root-mean-square deviation (RMSD) time course with respect to the

crystallographic OFC and IFC structures (PDB ID codes 2NWX and 3KBC). During the simulation, monomer 1, to which ED was applied, finally approached the

IFC conformation at 2.0 Å. This validates the simulated conformational change because the algorithm only controls progression along the one-dimensional

reaction coordinate, leaving all other degrees of freedom untouched.

(E and F) RMSD stability of OFC or IFC trimers at a membrane potential of ± 1.6–1.7 V.

(G) RMSD stability of the ICcen/OFC2 trimer taken from the ED simulation (C) as a snapshot at 180 ns. The systemwas subsequently duplicated to obtain a double-

membrane setup and set to a membrane potential of � ± 1.6 V. For comparison, the same simulation at 0 V is also shown.

(H) Continuation of the simulation of the conducting conformation (ChC) taken from the previous simulation at +1.6 V at 120 ns (G), which was subsequently set to

a reduced voltage of� ± 800 mV. All RMSD values were calculated for each monomer with respect to the backbone atoms, excluding the flexible TM3–TM4 loop

(Figure S4).
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Figure S2. Structural and Functional Comparison of Simulated ICs and a Crystallographic Intermediate, Related to Figure 1

(A) Overlay of the simulated intermediate ICcen and the crystallographic ICcrystal (PDB ID code 3V8G) in side view (fromwithin themembrane). Both structures were

fitted with respect to their static trimerization domains (blue/cyan) to highlight the different positioning of the ICcrystal transport domain (green), which is closer to

the OFC conformation domain than is the ICcen transport domain (yellow).

(B) Cl� distribution around ChCcrystal (0.2s) at +800 mV shows an anion conduction pathway similar to the one seen in simulations of ICcen/ChCcen (Figure 1D).

(C) Structural comparison of the OFC–IFC essential dynamics simulation trajectory with the ICcrystal structure. Root-mean-square deviation (RMSD) values were

calculated between monomer 1 (that underwent OFC–IFC transition in molecular dynamics simulations) and the intermediate ICcrystal in the asymmetric crystal

structure (PDB ID code 3V8G). The Icen snapshot at 180 ns (mainly used in this study) has an RMSD of 2.7 Å with respect to the crystal structure. The structure

closest to ICcrystal has a deviation of 1.3 Å, which is below the level of crystallographic resolution (Verdon and Boudker, 2012).

(D) Permeation count and RMSD stability of the ICcrystal/IFC2 trimer at � ± 1.6 V.

(E) Continuation of the simulation with the conducting conformation ChCcrystal/IFC2 taken from the previous simulation (E) at 100 ns at a reduced voltage of � ±

900 mV.
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Figure S3. Voltage-Dependent and Reversible Channel Gating, Related to Figure 1

(A) Superposition of themonomeric closed intermediate conformation (ICcen) and open channel conformation (ChCcen) (left, side view, fromwithin the membrane;

right, top view, from the extracellular space). Structures were fitted onto each other by superimposing the trimerization domains (wheat) to demonstrate that

lateral movement of the transport domain results in a broadening of the domain interface and opening of the anion conduction pathway.

(B) Close-up view in perspective from the TM4–TM5 loop (as in Figure 3B) on ICcen and ChCcen. The protein is colored as in (A).

(C–E) The ICcen–ChCcen transition is represented by the fourth eigenvector (EV4) derived from a principal component analysis, and correlates with ion permeation

(Figures 1E and S1). The GltPh anion channel in the ICcen conformation opens upon depolarization and closes upon hyperpolarization. The data refer to a single,

representative simulation of ICcen starting at +1.6 V (C) and using the ChCcen snapshot at 80 ns for continuation at +800/�900 mV (D, E).

(F–H) Root-mean-square deviation (RMSD) matrices of the ICcen–ChC and ICint–ChC gating transitions indicate the convergence of different intermediate closed

states to similar open channel conformations. Intra-trajectory RMSD plots quantify the conformational changes starting from ICcen or ICint (F, G). Inter-trajectory

RMSD data compare the different conformational changes with one another (H). All RMSD values were calculated for the backbone atoms excluding the flexible

TM3–TM4 loop (Figure S4) and are given as color code and minimum, maximum, and average value for each plot.
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Figure S4. Sequence Alignment of Glutamate Transporter Family Proteins, Related to Figure 3

Alignment of amino acid sequences of GltPh, human EAATs 1–3 and EAAT5, rat EAAT4 and human ASCT1. Stars mark residues close to permeating anions in

molecular dynamics (MD) simulation and circles denote residues that have been exchanged experimentally and/or in simulations.
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Figure S5. Iodide-Accessible Fraction fa of Various GltPh Single-Tryptophan Mutants, Related to Figure 4

(A) [I�] dependence of relative fluorescence levels for WT andmutant GltPh (means ± SE; nR 5 for each). The data are identical to those shown in Figure 4C. Solid

lines are fits with the inverted modified Stern–Volmer equation F/F0 = fa/(1+KSV$[I
�])+1-fa to experimental data using least-squares. The fa values depend on the

location of the tryptophan, as well as on shifts in the conformational equilibrium of the transporter induced by the mutations. In the case of tryptophan residues

predicted to be exclusively accessible in the ChC open channel conformation (Figure 4D), fa values of > 0 provide experimental evidence for the formation of the

anion-conducting pore in vitro. The fa value could not be determined for S65W because this mutation did not exhibit an iodide-induced reduction in fluorescence

intensity. This parameter has a physical meaning only if there is a single quencher-accessible conformation (see residues 50, 54, and 62).

(B) Summary of fa values (means ± SE; n R 5 for each) obtained by fitting inverted modified Stern-Volmer equations to the results from (A) (see the Extended

Experimental Procedures).

(C) Comparison of predicted anion accessibilities of WT side chains (data from Figure 4D) or around tryptophan side chains using simulations of the respective

single-tryptophan mutant for various conformations (left symbols/black edge, analysis of WT GltPh; right symbols/red edge, analysis of single-tryptophan mu-

tants). Data shown are average numbers of Cl� ions (±SD) within a distance threshold of 13 or 11 Å to the side chain center-of-mass of the WT or the tryptophan

side chains, respectively.

(D) Cl� conductances (±SD) at +800mV derived from simulations of F50W, L54W, I61W, V62W andS65WGltPh demonstrate that all of thesemutants can conduct

anions, although some mutations affect the conductance.
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Figure S6. Electrophysiological Analysis of EAAT2/4 Mutants, Related to Figures 6 and 7

(A) Representative whole-cell current traces in the presence and absence of extracellular glutamate of wild-type (WT) EAAT2/4 and all mutants used in this study.

Asterisks indicate constructs used for noise analysis.

(B) Mean whole-cell steady-state anion current amplitudes in the absence and presence of glutamate at positive and negative potentials (means ± SE; n=6–13).

Note that whole-cell conductances do not necessarily correlate with single-channel properties (as determined by noise analysis in Figure 6) because these

mutations affect both anion permeation and channel gating, i.e., the channel open probability.

(C) Mean current reversal potentials using 115 mM NO3
� as the main intracellular anion and various extracellular permeant and impermeant (gluconate) anions

(means ± SE; n=6–13).
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Figure S7. Mutations along a Proposed Alternative Pathway and Interdomain Crosslinkage Do Not Disrupt GltPh/EAAT Anion Conduction,

Related to Figures 6 and 7

(A) Stick representation of side chains in the ChCcen GltPh structure (side view) lining a protein cavity around S65, as observed in the crystallized intermediate

structure (PDB ID code 3V8G). Asterisks indicate residues lining this ‘‘S65 path,’’ which has been speculated to be responsible for anion conduction (Ryan et al.,

2004; Verdon and Boudker, 2012; Cater et al., 2014). For comparison, the Cl� density along the anion channel identified in this study is shown as red mesh

(Figure 1D). The black mesh illustrates the water density observed in the trimerization/transport domain interface of ChCcen. Side chains are colored according to

Figure 3A (red, negative; green, polar; gray, apolar).

(B) Current reversal potentials for mutant EAAT4 carrying aspartate substitutions of the homologous residues of V58, I61 and A191 of GltPh, which line the ‘‘S65

path’’ (compare the experiments with Figure 7B). The identity of reversal potentials at different external [Na+] demonstrates the absence of cation permeability for

V101D, L104D and N297D EAAT4 in patch-clamp recordings (means ± SE; n = 4–5 for each).

(C) Time course of essential dynamics (ED) sampling simulation of transmembrane translocation performed on a single monomer (the other two monomers were

unaffected in the OFC), replicated from Figure S1C. Black lines represent running averages. In addition, the evolution of the distance between the Ca atoms of

V216 and A391 during OFC–IFC transition is shown. The maximum Ca distance of �7 Å between cross-linked cysteines found in proteins (Katz and Kossiakoff,

1986), is illustrated by the yellow dashed line. Red circles indicate both y axis positions of ICint, ICcen and ICout and ICcl, the latter of which was selected as an

intermediate with the most central location and a Ca distance of % 7 Å for modeling cross-linkage between these two residues (B–D).

(D) Molecular dynamics simulation of pore opening and Cl� permeation in the presence of the indicated transmembrane voltage of cross-linked V216C–A391C

GltPh. The conformation used is ICcl (A) and the cross-link is modeled on theWT protein by a restraint to maintain a Ca distance of% 7 Å between V216 and A391.

For comparison, time-dependent changes in the Ca distance between V216 and A391 of WT GltPh, i.e., of ICcen without distance restraints, are shown (Figure 1).

WT dynamics show an increasing distance between these two residues preceding pore formation.

(E) Cross-linkage does not prevent anion permeation along the identified anion conduction pathway (left, side view of a ChCcl monomer; right, top view; Fig-

ure 1D), consistent with recent experimental findings for the homologous cysteine mutant of EAAT3 (Shabaneh et al., 2014). Residues V216 and A391 are shown

in stick representation and the black dotted lines indicate a Ca distance restraint of % 7 Å.

(F) Overlay (top view) of the closed ICcl and the corresponding open channel conformation ChCcl of cross-linked GltPh. The V216–A391 distance restraint rep-

resents an inter-domain cross-link that partially tethers the transport and the trimerization domains. This cross-link reduces overall protein flexibility, but does not

abolish anion pore formation (compare Figure 1C).

See also Table S1.
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