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ABSTRACT Glutamate transporters (GluTs) are the primary regulators of extracellular concentration of the neurotransmitter
glutamate in the central nervous system. In this study, we have investigated the dynamics and coupling of the substrate and
Na1 binding sites, and the mechanism of cotransport of Na1 ions, using molecular dynamics simulations of a membrane-
embedded model of GluT in its apo (empty form) and various Na1- and/or substrate-bound states. The results shed light on the
mechanism of the extracellular gate and on the sequence of binding of the substrate and Na1 ions to GluT during the transport
cycle. The results suggest that the helical hairpin HP2 plays the key role of the extracellular gate for the substrate binding site,
and that the opening and closure of the gate is controlled by substrate binding. GluT adopts an open conformation in the
absence of the substrate exposing the binding sites of the substrate and Na1 ions to the extracellular solution. Based on the
calculated trajectories, we propose that Na1 is the first element to bind GluT, as it is found to be important for the completion of
the substrate binding site. The subsequent binding of the substrate, in turn, is shown to result in an almost complete closure of
the extracellular gate and the formation of the Na2 binding site. Finally, binding of Na2 locks the extracellular gate and
completes the formation of the occluded state of GluT.

INTRODUCTION

Glutamate transporters (GluTs) are membrane transporters

in neurons and glial cells that remove the neurotransmitter

glutamate from the synapse using preexisting ionic gradients

as a source of energy (1,2). Glutamate is a major excitatory

neurotransmitter and plays critical roles in fundamental

processes in the brain, e.g., learning and memory (3). To

maintain recurrent and selective signaling, the neurotrans-

mitter must be rapidly removed after its release (4,5). The

GluT family, also known as excitatory amino-acid trans-

porters (EAATs), includes five human EAAT subtypes

(EAAT1–EAAT5), two neutral amino-acid transporters, and

several prokaryotic homologs (6).

By coupling to cotransport of three Na1 and one H1, and

countertransport of one K1, GluTs transport their substrates

against the concentration gradient (7–10). Hence, glutamate

transport by GluT is an electrogenic process resulting in a net

translocation of two positive charges to the intracellular side

during each transport cycle. In addition to this coupled flux,

Na1 and substrate transport by GluT also activates a ther-

modynamically uncoupled flux of Cl� from the extracellular

side to the cytoplasmic side (11,12). The uncoupled Cl�

conductance plays an important physiological role by hy-

perpolarizing the membrane and dissipating the electrical

potential generated during the substrate transport (13,14).

There is, however, conflicting evidence with regard to the

Cl� permeation pathway through GluT. Some studies sug-

gest that individual monomers might provide the pathway for

Cl� (15,16), whereas others indicate that Cl� permeates

through a pore formed at the center of the trimeric structure of

GluT (17,18). Recent S65V mutation experiments in GluT

(14) indicate that Na1-driven substrate transport by GluT

induces conformational changes of monomers regulating Cl�

permeation and that the uncoupled Cl� permeation pathway

is different from the substrate transport pathway. However,

the problem of the exact permeation pathway of Cl� is still

unresolved.

A large number of experimental studies have investigated

the structural and functional properties of GluTs (2,6,16,

19–49). Based on accessibility measurements, several groups

have shown that substrate binding induces conformational

changes in GluT (6,19–32). However, the limited spatial

resolution of these studies made it difficult to draw specific

conclusions about the nature and magnitude of the confor-

mational changes. Earlier models suspected a rocker-switch

mechanism with large protein conformational changes for

GluT. However, most recent models (28,29) are based on

gating mechanisms and propose that localized, small-scale

motions (gates) alternate the accessibility of the substrate-

binding site to the cytoplasmic (likely through short chan-

nels) and the extracellular solution.

The determination of an x-ray crystal structure of an ar-

chaeal homolog of GluT (Gltph) (45) marks the beginning of a

new chapter in the study of the structure and mechanism of

GluT. Gltph shares ;37% amino-acid identity with the

EAATs, suggesting that it can serve as a structural model for

understanding transport in the EAATs. The structure reveals

a bowl-shaped trimer, with a solvent-accessible extracellular

basin extending halfway across the membrane (Fig. 1 a).
Each GluT monomer is composed of eight transmembrane
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helices (TM1–TM8) and two highly conserved helical hair-

pins (HP1 and HP2) forming a lumen for binding and per-

meation of the substrate and Na1 ions (Fig. 1 b). Each
substrate binding site is cradled by the two helical hairpins

reaching from the opposite sides of the membrane (Fig. 1 b).
The functional importance of HP1 and HP2 (45) is supported

by biochemical experiments on bacterial (33) and mamma-

lian transporters (21,24,27,34,43). In a recent crystallo-

graphic and thermodynamic study of Gltph (31), HP2 was

proposed to serve as the extracellular gate that adopts an open

conformation exposing the substrate binding site to the ex-

tracellular solution in the apo state. The study (31) also

showed that substrate binding is coupled to the binding of at

least two Na1 ions (Na1 and Na2) and proposed binding sites

for them (Fig. 1 b).
Based on the x-ray structure of Gltph (31), Tao al. (35)

proposed a structural model for Na1 and glutamate binding to

excitatory amino-acid carrier 1 (EAAC1, also named EAAT3)

in which one Na1 ion binds first to the empty transporter

before the glutamate. They also proposed that conformational

changes take place in two glutamate-dependent half-cycles of

EAAC1: glutamate-induced closing of an extracellular gate,

and the subsequent opening of a cytoplasmic gate that allows

glutamate dissociation into the cytoplasm (32).

Although these experiments have provided key informa-

tion regarding the transport cycle of GluT, the details of the

mechanism of extracellular gating, the sequence of binding of

the substrate and cotransported Na1 ions, and the role of

these ions in transport remain elusive. Here, using molecular

dynamics (MD) simulations of a membrane-embedded

model of GluT, in its apo and different bound states, we have

investigated the dynamics and energetics of the binding sites,

and the coupling of the substrate and Na1 ions in GluT. We

note that in this study we are not simulating the actual tran-

sition between the studied bound states, which might take

place on a much longer timescale than those achieved by our

simulations. Rather, by placing GluT at various bound states

and comparing the dynamics of those states, we try to gather

information about the molecular events that might be in-

volved during the transition between these states.

Our simulations show that the helical hairpin HP2 un-

dergoes large-scale motions in the apo state exposing the

substrate binding site to the extracellular solution, providing

direct evidence for dynamical role of this loop in the gating of

the substrate binding site in GluT, which was proposed based

on structural and biochemical measurements (31,35). Further

analysis of the trajectories shows that substrate binding only

results in a partial closure of the extracellular gate, but is

necessary for the formation of the Na2 binding site, and that

binding of Na2 to its newly formed binding site locks the

extracellular gate and completes the formation of the oc-

cluded state of the transporter. We also suggest that Na1

binding precedes that of the substrate, as Na1 is found to be

necessary for maturation of the substrate binding site. Based

on the results, a hypothetical mechanism for the binding of

the substrate and the two Na1 binding ions during the ex-

tracellular half of the transport cycle is proposed.

MATERIALS AND METHODS

Simulation setup

The simulation system was constructed by embedding the trimeric GluT,

taken from the x-ray structure (accession code 2NWX from the Protein Data

Bank) (31), in a POPE membrane containing 437 lipids surrounded by water

molecules with a system size of 1433 1413 107 Å3 (Fig. 1 a). Na1 and Cl�

ions with a physiological concentration of 0.1 M were added to the bulk

water to neutralize the total charge of the system. The x-ray structure (31,45)

shows a bowl-shaped trimer with a concave aqueous basin facing the ex-

tracellular side. In the PDB file, each monomer includes the protein residues

12–416, a substrate aspartate, two Na1 ions, three detergent molecules, and

one water molecule. The detergent molecules were removed. Missing side

chains and hydrogen atoms were added by the psfgen plug-in in VMD (50)

employing the CHARMM27 topology files.

FIGURE 1 Relevant structural features of GluT. (a) The

simulation system used in this study is composed of the

bowl-shaped trimer of GluT embedded in a lipid bilayer

and water. (b) The structure of GluT monomer with bound

substrate (shown in VDW) and the two structurally re-

solved Na1 ions (spheres). Helical hairpins HP1 and HP2,

and transmembrane helices TM7 and TM8, which, to-

gether, form the substrate binding site, are shown in a

darker shade.
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Simulation protocol

All simulations used TIP3P model for explicit water (51), and the

CHARMM27 force field (52) for proteins, lipids, and ions including the

CMAP corrections (53). All simulations were performed under periodic

boundary conditions with a time step of 1 fs using NAMD 2.6 (54). First,

lipids were melted in a 500-ps NVT (constant volume/constant temperature)

simulation at 303 K in which all atoms except the lipid tails were fixed. The

system was then equilibrated in an NPT (constant pressure/constant tem-

perature) ensemble with a constant pressure of 1 atm for 2 ns during which

the heavy atoms of the protein were constrained by harmonic potentials (k¼
2 kcal/mol/Å2) to allow for packing of the lipid molecules around the protein.

Next, all the constraints were removed, and the equilibration was continued

for additional 2 ns. Finally, the production runs were performed under

constant area of the lipid bilayer in the NPnT ensemble with a constant

pressure of 1 atm. Constant temperature was maintained by employing

Langevin dynamics with a damping coefficient of 0.5 ps�1. The Langevin

piston method (55,56) was employed to maintain a constant pressure of 1.0

atm with a piston period of 100 fs. Short-range nonbonded interactions were

calculated using a cutoff distance of 12 Å, and long-range electrostatic in-

teractions were calculated using the particle mesh Ewald method (57). All

simulations were performed under fully equilibrium conditions, and no

membrane potential was used.

The simulation system includes the trimer of GluT, embedding POPE

bilayer and water, and is composed of ;225,000 atoms. As the substrate

binds independently to each monomer (16,31), we were able to cover, when

desired, up to three different bound states of GluT in each simulation system

by including different combinations of the substrate and two Na1 ions in

various monomers. A summary of the simulation systems (S1–S3) investi-

gated in this study is given in Table 1. The transport cycle involves three Na1

ions, a K1 ion, and a proton. Two of the Na1 binding sites have been re-

solved crystallographically (31). The precise location of the third Na1 (Na3)

binding site is unknown, even though mutagenesis experiments on EAAC1

(35) suggest that D367 (corresponding to D312 in the Gltph) is involved in

coordination of the bound Na1 (Na3) in the substrate-free form. The binding

site for H1 is also unknown. K1 is transported during a different transport

hemicycle from the transport of the substrate, the three Na1 ions, and H1

(10,29). In this study, we have concentrated only on the coupling of the

binding of the substrate and the two Na1 ions (Na1 and Na2) for which

binding sites have been suggested in the crystal structure of GluT (31).

For clarity we refer to the protein-only system, i.e., GluT without the

substrate and the Na1 ions, as the apo state. Systems S1–S3 were set up to

study equilibrium dynamics of GluT in the presence and absence of the

substrate and the Na1 ions. In S1, each monomer of GluT is substrate-bound

but includes different combinations of Na1 ions: one monomer with two

Na1 ions (S1A), one monomer with only Na1 (S1B), and the third with only

Na2 (S1C). To investigate the structural dynamics of GluT in the presence

and absence of the substrate and the role of the three conserved serine resi-

dues (S277, S278, and S279) of HP1, we set up the simulation system S2, in

which one monomer is only bound to the substrate (S2A), one monomer is in

the apo state of wild-type GluT (S2B), and the third monomer is the apo form

of the S277A/S279A double mutant (S2C). To further investigate the role of

the bound Na1 ions in the conformational changes of the binding sites,

simulation system S3 was set up in which the three monomers are void of the

substrate, but bound with Na1 (S3B), Na2 (S3C), or both Na1 and Na2

(S3A), respectively. Note that the initial protein structure in all simulations

was the occluded state, i.e., the structure reported in the crystal structure (31).

RESULTS AND DISCUSSION

In this study we investigate the dynamics of the binding sites

of the substrate and the two structurally resolved Na1 ions

and the coupling between their binding. Based on the results,

we propose a mechanism for the extracellular gating of GluT,

and a sequence of binding events for the substrate and the two

Na1 ions.

Molecular nature of the extracellular gate

The conformational change of HP2 in the absence of the

substrate was one of the most significant events observed in

our simulations. Table 2 lists average Ca-RMSD values of

each monomer, as well as individual helical hairpins HP1 and

HP2, and the two studied Na1 ions during the last 5 ns of the

simulations. The RMSD of HP1 in all the simulations is very

small. In the presence of the substrate (simulations S1A–S1C

and S2A), the RMSD of HP2 is also small. However, in the

absence of the substrate (simulations S2B, S2C, and S3A–

S3C) HP2 shows large deviations from the original structure.

The time evolution of RMSD of HP1 and HP2 (Fig. 2, c–f)
clearly shows that HP2 is stable in the presence of the sub-

strate (Fig. 2 e), but experiences large amplitude motions

once the substrate is removed, regardless of the number of

Na1 ions bound to the transporter (Fig. 2 f). For instance, in

TABLE 1 The summary of GluT simulation systems reported

in this study

System Monomer Substrate Na1 Na2

S1 S1A 1 1 1
S1B 1 1 �
S1C 1 � 1

S2 S2A 1 � �
S2B � � �
S2C* � � �

S3 S3A � 1 1
S3B � 1 �
S3C � � 1

The simulation time for each system is 20 ns.

*In this monomer two serine residues (S277 and S279) on HP1 were

mutated to alanines.

TABLE 2 Conformational fluctuation of each monomer, of the

helical hairpins HP1 and HP2, and of the two Na1 ions

S1A S1B S1C S2A S2B S2C

Monomer 1.6 (0.1) 1.5 (0.1) 1.6 (0.2) 1.8 (0.1) 2.6 (0.1) 1.9 (0.1)
HP1 0.8 (0.3) 1.3 (0.1) 1.2 (0.1) 1.5 (0.2) 1.1 (0.1) 1.8 (0.2)

HP2 0.9 (0.1) 0.9 (0.1) 1.0 (0.1) 1.5 (0.2) 4.0 (0.3) 2.6 (0.3)
Na1 0.6 (0.2) 0.8 (0.2)

Na2 0.8 (0.2) 0.7 (0.2)

S3A S3B S3C

Monomer 1.8 (0.1) 2.3 (0.1) 2.7 (0.2)
HP1 0.9 (0.1) 1.5 (0.2) 1.2 (0.2)

HP2 2.1 (0.2) 2.8 (0.6) 3.6 (0.3)
Na1 1.0 (0.2) 2.4 (0.2)
Na2 1.3 (0.4) 2.7 (1.0)

Average Ca-RMSD values (Å) with the standard deviation are calculated

using snapshots taken every 0.1 ns from the last 5 ns of the equilibration

simulations, with reference to the initial structure. Large RMSD values are

highlighted in bold.
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the apo state, the RMSD of HP2 exhibits a sharp increase to

;2.5 Å within the first 6 ns of the equilibration, and ap-

proaches 4.0 Å at t ¼ 20 ns. HP1, on the other hand, exhibits

only minor fluctuations in all the simulations regardless of the

bound state of the substrate and the Na1 ions (Fig. 2, c and d;
Table 2). Clearly, HP2 is conformationally more flexible than

HP1; however, substrate binding confines its flexible char-

acter. In contrast, despite the apparent structural symmetry to

HP2, HP1 exhibits a high degree of conformational stability

regardless of the substrate. This observation, which can be

attributed to the shorter length of the loop region in HP1

(when compared to HP2), suggests that at least during the

extracellular half of the transport cycle, HP1 does not play a

dynamical role.

Comparison of the simulated apo state and the crystal

structure of GluT in complex with an inhibitor (TBOA, PDB

code: 2NWW, (31)), we notice a high degree of similarity in

the opening motion of HP2. The extent of opening, however,

appears to be larger in the simulated apo state, probably due

to the presence of the inhibitor in the crystal structure which

could prevent HP2 from achieving a complete open confor-

mation (Fig. 3 c). The RMSD of HP2 in the simulated apo

state (averaged over the last 5 ns of the simulation S2B) with

reference to the crystal structures of substrate-bound GluT

and TBOA-bound GluT is 4.0 and 3.3 Å, respectively.

Each GluT monomer also displays a slight fluctuation in

the presence of the substrate, with the average RMSDs of

;1.6 Å. However, in the absence of the substrate, the RMSD

of the monomers shows a large increase, approaching, e.g.,

2.7 Å in the simulation S3C (see Table 2). Comparing the

RMSDs of the monomers with those of HP2s, the fluctuation

of each monomer seems to be primarily due to the motion of

HP2. For instance, in S2B and S3C, the monomers exhibit the

largest fluctuation among the simulation systems, and this

corresponds to the largest RMSD values observed for HP2

among the simulations. The RMSDs of the TMs in S3C,

which is one of the monomers displaying a large monomeric

RMSD, are 2.3 6 0.2 (TM1), 2.1 6 0.2 (TM2), 1.0 6 0.1

(TM3), 3.3 6 0.3 (TM4a), 1.6 6 0.3 (TM4b), 0.8 6 0.2

(TM4c), 1.6 6 0.2 (TM5), 1.4 6 0.2 (TM6), 1.3 6 0.1

(TM7), and 1.2 6 0.1 Å (TM8), respectively. Except TM4a,

which is located on the surface of the protein and is largely

exposed to the solution, TMs of protein display only slight

deviations from their original structures. TM7 and TM8,

which form the binding pocket for the substrate along with

HP1 and HP2, are found to be particularly stable.

Fig. 2, g and h, compares the displacement of HP2 away

fromHP1 toward the aqueous basin during all the simulations.

In the presence of the substrate, the distance between HP1 and

HP2 (Fig. 2 g) shows minimal changes also suggesting a

stabilizing effect of the substrate on HP2 (Fig. 2 a). In the

absence of the substrate, however, a large movement of HP2 is

evident from the change of its distance from HP1 (Fig. 2 h). In
the apo state (simulation S2B), for instance, HP2 starts to shift

away from HP1 at t¼ 6 ns, and by the end of the simulation it

has moved up toward the water basin by ;12 Å from its

original position in the closed conformation (Fig. 2 b). Once
the original tight packing of the two hairpins is disrupted, HP2

tends to remain open and highly disordered as indicated by the

large amplitude fluctuations in the distance between HP1 and

HP2 (Fig. 2 h). In the substrate-free GluT, HP2 undergoes a

large opening motion resulting in the complete opening and

exposure of the substrate binding site to the extracellular so-

lution (Fig. 2 b). Opening of the substrate binding site is

FIGURE 2 Dynamics of the extracellular gate in GluT. Left and right

panels show the results of the simulations performed in the presence and in

the absence of the substrate, respectively. See Table 1 for the description of

the systems. (a) The last frame of simulation S1A showing the occluded state

of GluT. (b) Opening of the substrate binding site upon removal of the

substrate is mediated through a large displacement of HP2 and its separation

from HP1, as captured, e.g., in one of the last frames of simulation S2B. (c–f)

Time evolution of the RMSDs of the helical hairpins HP1 and HP2. Panels c
and d show the RMSDs of HP1, and panels e and f show the RMSDs of HP2.

(g and h) Time evolution of the distance between HP1 and HP2, measured as

the distance between S277(Ca) and G355(Ca), located respectively at the

tips of HP1 and HP2. A clear dependence of the dynamics of HP2 on the

presence of the substrate is evident.
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accompanied by its full hydration. Consequently, the substrate

can diffuse into its binding site by gravitating toward the

charged and polar residues of the binding site.

Comparison of the dynamics of the substrate-bound and

the substrate-free states of GluT in these simulations suggests

that HP2 plays the key role of the extracellular gate that

adopts an open conformation only in the absence of the sub-

strate. The opening and closure of the gate is primarily con-

trolled by substrate binding, and seems to be irrespective of

Na1 binding, in agreement with the measurements of tem-

perature-dependent kinetics of substrate transport suggesting

that glutamate binding induces closing of an extracellular gate

(32). A gating role of HP2 has been also suggested based on

the structure of GluT in the presence of an inhibitor (31), as

well as the results of biochemical measurements (35). Our

simulations provide a dynamical mechanistic view for the

extracellular gating of GluT and clearly show the substrate

dependence of the process.

Structural inspection of the trajectories shows that fluctu-

ations of HP2 are confined mainly to its loop region (by loop

region we refer to the polypeptide stretch of G351–G359 that

connects the two helical regions of the hairpin structure),

which contains four highly conserved glycines (45), G351,

G354, G357, and G359, as well as five hydrophobic residues

Y352, A353, V355, P356, and A358. The loop region has a

great flexibility, as described above. In the absence of the

substrate, the loop region of HP2 has only one attractive in-

teraction with the transporter protein provided by the loop

region of HP1 in the closed state. The attraction between the

inconsecutive hydrophobic residues seems to be the main

drive to disorder the conformation of the flexible loop region

of HP2. Therefore, after water molecules disrupt the inter-

action between the tips of HP1 and HP2, the hydrophobic

interactions disorder the conformation of the loop of HP2

resulting in the opening of the substrate binding site.

HP1 includes three highly conserved serine residues

(S277–S279) in its loop region (45). These residues collec-

tively are involved in hydrogen bonds between HP1 and

HP2. During the simulation S2C (in which two of these serine

side chains were mutated to alanines, S277A/S279A), the

fluctuation of HP1 becomes significantly larger (Table 2, Fig.

2 e) indicating that these residues are important for structural

stabilization of HP1. Moreover, during this simulation, HP2

rapidly dissociates from HP1, suggesting that HP1 plays a

role in stabilizing the structure of HP2 in the occluded state,

which forms upon substrate binding.

FIGURE 3 Coupling of binding of the two Na1 ions and

the substrate. (a and b) Substrate-induced formation of Na2

binding site. Formation of the Na2 binding site upon

substrate binding is shown by comparing the structure of

the binding site in the absence (a, simulation S2B) and in

the presence (b, simulation S2A) of the substrate. Blue

arrows represent the dipole moments of the half-helices

TM7a and HP2a. The dipole moments are misaligned in the

absence of the substrate, but exhibit a significant alignment

upon substrate binding, resulting in the formation of the

Na2 binding site (marked with a circle in b). (c) Compar-

ison of the binding site of the fully open state from the

simulations (last snapshot of the simulation of the apo

form, S2B, shown in the same colors as in other panels)

with the crystal structure of the occluded state (in the

presence of the substrate and the two Na1 ions, shown in

white) and the crystal structure of the open state (bound

with TBOA, shown in violet). (d–f) Na2-induced formation

of the occluded state. Binding of Na2 to GluT results in

complete closure of the binding site to the extracellular

solution. In the absence of Na2 (d, simulation S2A), the

binding pocket is accessible to water, whereas, upon Na2

binding (e, simulation S1C), the binding site is completely

sealed. An overlay of the two states (colored, before Na2

binding; white, after Na2 binding) is shown in panel f
highlighting the small change in the conformation of HP2

upon Na2 binding. (g–i) Indirect effect of Na1 on the

substrate binding site. (g) The substrate binding site in the

occluded state of GluT showing all residues that directly

interact with the substrate. (h) In the absence of Na1, the

side chain of N401 leaves the substrate binding site due to

direct interactions with N310. (i) Na1 binding to GluT

results in the upward shift of N401 and the recovery of the

substrate binding site.
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Substrate binding to GluT brings the HP2 and HP1 loops

close together, through establishing direct interactions be-

tween the charged groups of the substrate and the backbone

groups of HP2. Specifically, in the substrate-bound form of

GluT, HP2 is stabilized by hydrogen bonds between the

b-carboxylate group of the substrate and the amino group of

A358, and between the amino group of the substrate and the

carbonyl group of A355. It has to be noted that, upon sub-

strate binding, only one half of HP2 (the G359 side) is

completely sealed, a state that might be best characterized as

a partially occluded state (Fig. 3 b). In this state, although the
binding site is largely shielded from the extracellular region,

water molecules can still move in and out of the binding

pocket since the other half of HP2 (the G351 side) is not fully

sealed (Fig. 3, d–f). Therefore, a complete occlusion of the

binding site requires additional factors, likely binding of Na1

ion(s), that will bring the extracellular gate to a completely

closed state during the transport process (Fig. 3, d–f).

Substrate-induced formation of Na2 binding site

In the crystal structure (31), Na2 is bound to a binding site

formed between two half-helical structures (HP2a and TM7a,

see Fig. 1 b), and coordinated by main-chain carbonyl oxy-

gens of TM7a and HP2a. The dipole moments of these op-

posing half-helices point toward the Na2 binding site and

stabilize the bound Na1 ion.

In the apo state (simulation S2B), the two half-helices of

TM7a and HP2a (and their dipole moments) are found to be

completely misaligned (Fig. 3 a), indicating that the Na2

binding site likely does not exist in this state, in good

agreement with the experimental results indicating that

inhibitor-induced opening of HP2 destroys Na2 binding site

(31). Upon substrate binding (e.g., in simulation S2A), the

two opposing half-helices align such that their dipole mo-

ments converge on the same point resulting in the formation

of the Na2 binding site (Fig. 3 b). In other words, Na2 binding
can only take place after the binding of the substrate. This is

supported by the experimental finding (58,59) that substrate

binding enables the binding of one of the Na1 ions. When

Na2 is bound to a substrate-bound GluT (S1C), it is coordi-

nated by five carbonyl oxygens of the two half-helices TM7a

and HP2a. Interestingly, the binding of Na2 further stabilizes

HP2, resulting in a completely occluded state of GluT, in

which water molecules can no longer access the binding site

from the extracellular side (Fig. 3 d). This is in close agree-

ment with the proposed role of Na2 as a lock on the extracel-

lular gate (31). These results suggest that Na2 is most likely

the last cofactor that binds GluT and induces the complete

closure of the extracellular gate, and, thus, the formation of

the occluded state (Fig. 3 d).
One might imagine that due to direct interactions with both

half helices, the binding of Na2 would have a similar effect to

the binding of the substrate in terms of inducing a closing

motion in HP2. However, our simulations clearly show that

the binding of Na2 alone is not sufficient to induce the closure

of HP2; in both simulations S3A and S3C, despite the pres-

ence of Na2, HP2 was observed to show a very similar

opening motion to what was described above. As both these

simulation systems lack the substrate, it appears that the main

determinant of the closure of the binding site by HP2 is the

presence of the substrate. During the equilibration of these

two systems, Na2 is coordinated by two carbonyl oxygens of

TM7a and HP2a and three water molecules.

Na1-dependence of substrate binding

In the apo state, the binding sites of the substrate and the Na1

ions are completely exposed to the extracellular solution (Fig.

3 h), allowing them to enter their binding sites from the ex-

tracellular side of GluT. Based on the crystal structure of

GluT (31), the binding site for the substrate is formed by

residues R276 on HP1, V355 and G359 on HP2, D394,

R397, and N401 on TM8, and T314 on TM7 (Fig. 3 g). Ac-
cording to our simulations, in the substrate-free state, the

binding site is filled with water.

One of the key residues that directly interacts with the

substrate in the binding site is N401. In the apo state (i.e., the

protein-only system), however, the side chain of N401 flips

away from the substrate binding site as it engages in an in-

teraction with N310, a side chain which would be involved in

Na1 coordination once Na1 is in its binding pocket (Fig. 3 h).
Therefore, the substrate binding site is not complete in the

apo state. When Na1 binds to the transporter (simulation

S3B; Fig. 3 i), however, the side chain of N401 moves back

to the substrate binding site, since N310 is now involved in

the coordination of Na1. These results suggest that Na1 needs

to be bound to GluT before the substrate can bind. Depen-

dence of substrate binding on Na1 appears to provide a basis

that explains why the binding of the first Na1 ion increases

the affinity of GluT for the substrate (35). However, we note

that Na1 is coordinated by D405, a residue whose neutrali-

zation has been shown not to affect the binding of the first

Na1 ion to GluT (35).

In the substrate-bound state (simulation S1A), Na1 is co-

ordinated by the carboxylate group of D405 and three car-

bonyl oxygens of residues G306, N310, and N401 (Fig. 3 g).
After removal of the substrate (simulation S3B), the binding

mode of Na1 is slightly affected; Na1 is now coordinated by

the carboxylate group of D405, two carbonyl oxygens of

residues G306 and N310, and two water oxygens (Fig. 3 i).
One of the water molecules appears to replace the carbonyl

oxygen of N401 to coordinate the Na1 ion.

While the substrate is bound to GluT, no major confor-

mational changes of HP1 and HP2 were observed throughout

the simulations of S1 and S2A within the timescale of the

simulations (Fig. 2, c and e). During the time span of the

simulations (20 ns), the substrate stays bound to the binding

site with key interactions between its a-amino group and res-

idues R276 and D394, its a-carboxylate group and residues
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S278, V355, and N401, as well as the b-carboxylate group

and residues T314, A358, G359, and R397 preserved. Al-

though the limited timescale of the simulations does not

allow us to rule out the possibility of eventual unbinding of

the substrate in the absence of the Na1 ions, the observed

stability of the substrate in its binding pocket in the absence

of Na1 suggests that, after the substrate is bound, Na1 does

not play a role in its stabilization in the binding site.

The two Na1 ions are always bound in their binding sites

during all the Na1-bound simulations. The calculated fluc-

tuations for the Na1 ions in the presence of the substrate are

within 0.6–0.8 Å (see Table 2). However, in the absence of

the substrate, the RMSDs of the Na1 ions increase, sug-

gesting that these two Na1 binding sites are less stable and

that substrate binding has an effect on the stability of the Na1

binding sites, even though the Na1 ions do not directly in-

teract with the substrate (31). Interestingly, it seems that in

the absence of the substrate, the two Na1 ions have a stabi-

lizing effect on each other; when the two Na1 ions are si-

multaneously bound to the transporter protein, their RMSDs

are lower than the corresponding values in systems where

only one Na1 is bound.

Based on these results, we might propose a sequence for

binding of the substrate and the two Na1 ions and a mech-

anism for the closure of the extracellular gate that consists of

the following steps:

(Fig. 4 a) Na1 binds first to extracellular-open GluT,

resulting in the completion of the substrate binding site.

(Fig. 4 b) The substrate binds next, and induces a partial

closure of the extracellular gate and the formation of

the Na2 binding site.

(Fig. 4 c) Na2 then enters its binding site from the

extracellular side, and locks the extracellular gate in its

fully closed form, thus resulting in an occluded state of

the transporter.

We note, however, that in this study, we have not investigated

the roles of the third Na1 ion (Na3) and a proton in the

transport cycle. Additional simulations taking into account the

roles of these ions will be required to provide a more complete

picture of the events involved in the function of GluT.

CONCLUSIONS

The mechanism of transport in the Glutamate transporter

(GluT) consists of a large number of steps whose molecular

details and sequence are largely unknown. These include the

binding, stepwise translocation, and unbinding of both the

substrate and the ions that provide the energy required for

the active transport, as well as protein conformational changes

that are coupled to these events. In this study, starting with an

experimental structure of GluT, which is resolved with the

substrate and two Na1 ions bound, we employed molecular

dynamics simulations of a membrane-bound model of GluT at

all possible combinations of the transporter, the bound sub-

strate, and the two Na1 ions. Equilibrium simulations of the

apo and the bound states revealed relevant features based on

which a detailed mechanism for the extracellular gating and a

hypothetical sequence of binding of the substrate and the two

Na1 ions are proposed.

The simulations clearly show that one of the helical hairpin

structures, HP2, plays the role of the extracellular gate in

GluT. HP2 undergoes a large conformational change in the

apo GluT resulting in the complete opening of the substrate

binding site to the extracellular solution. Conformational

flexibility of HP2 is key to this process. Interestingly, despite

its apparent symmetry to HP2, HP1 is found to be very rigid

and does not appear to directly participate in the extracellular

half of the transport cycle. Further investigation is required to

determine whether HP1 might play a role during the later

stages of the transport cycle. The binding of the substrate

results in a partial closure of HP2 and the formation of the

Na2 binding site through alignment of two half-helical ele-

ments in GluT. The binding of Na2, in turn, results in the

complete closure of the substrate binding site and the for-

mation of the occluded state. Furthermore, it appears that the

substrate binding site residues are in their most optimal

configuration only when Na1 is bound to its binding site, as

its binding affects the conformation of a key side chain that

directly interacts with the substrate. Based on these results, a

FIGURE 4 Hypothetical mechanism for binding of the substrate and the

two structurally resolved Na1 ions during the extracellular half of the

transport cycle in GluT. Substrate is shown in licorice. Na1 ions are

represented by spheres. (a) Na1 binding to GluT results in the complete

formation of the substrate binding site. (b) The substrate binds to GluT and

partially closes the extracellular gate HP2, resulting in the formation of the

Na2 binding site. (c) Finally, Na2 enters its newly formed binding site from

the extracellular side, and locks the extracellular gate in its fully closed form,

resulting in the formation of the occluded state. The molecular images are

made using the last snapshots of the simulations S2B (apo GluT), S3B

(GLuT 1 Na1), S1B (GluT 1 Na1 1 substrate), and S1A (GluT 1 Na1 1
Na2 1 substrate), respectively.
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sequence for the binding of the substrate and the two Na1

ions during the extracellular half of the transport cycle in

GluT is proposed.

Further investigations of the mechanism of transport in

GluT would study the role of the other ions that are known to

be involved in the transport cycle (7–10). In this study, we

have only studied the coupling of binding of the substrate and

the two Na1 ions for which binding sites are suggested in the

crystal structure of GluT (31). Cotransport of a proton and a

third Na1 ion, countertransport of a K1 ion, and uncoupled

flux of Cl� ions are involved in the function of GluT.

However, the binding site and pathway for conduction of

these ions are largely unknown. Theoretical studies, which

have successfully predicted putative binding sites for cations

and provided useful information regarding the selectivity of

these sites (60,61), combined with mutagenesis studies in-

vestigating the role of different amino acids in ion binding,

will shed more light on the binding site of these ions, thus,

allowing one to study the coupling of these ions and the

substrate in a more complete model of GluT.

The simulations have been performed using the TERAGRID resources

(grant No. MCA06N060), the Big Red cluster at Indiana University, and the

National Center for Supercomputer Applications Abe cluster, as well as on

the Computational Science and Engineering Turing cluster of the Univer-

sity of Illinois at Urbana-Champaign.
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