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ABSTRACT The transport cycle in the glutamate transporter (GIT) is catalyzed by the cotransport of three Na™ ions. However,
the positions of only two of these ions (Na1 and Naz2 sites) along with the substrate have been captured in the crystal structures
reported for both the outward-facing and the inward-facing states of Glt,n. Characterizing the third ion binding site (Na3) is
necessary for structure-function studies attempting to investigate the mechanism of transport in GITs at an atomic level, partic-
ularly for the determination of the sequence of the binding events during the transport cycle. In this study, we report a series of
molecular dynamics simulations performed on various bound states of Glt,y, (the apo state, as well as in the presence of Na*, the
substrate, or both), which have been used to identify a putative Na3 site. The calculated trajectories have been used to deter-
mine the water accessibility of potential ion-binding residues in the protein, as a prerequisite for their ion binding. Combined with
conformational analysis of the key regions in the protein in different bound states and several additional independent simulations
in which a Na™ ion was randomly introduced to the interior of the transporter, we have been able to characterize a putative Na3
site and propose a plausible binding sequence for the substrate and the three Na™ ions to the transporter during the extracellular
half of the transport cycle. The proposed Na3 site is formed by a set of highly conserved residues, namely, Asp®'?, Thr®2, and
Asn310, along with a water molecule. Simulation of a fully bound state, including the substrate and the three Na* ions, reveals
a stable structure—showing closer agreement to the crystal structure when compared to previous models lacking an ion in the
putative Na3 site. The proposed sequence of binding events is in agreement with recent experimental models suggesting that
two Na* ions bind before the substrate, and one after that. Our results, however, provide additional information about the sites

involved in these binding events.

INTRODUCTION

Glutamate transporters (G1Ts; also termed excitatory amino-
acid transporters (EAATSs)) belong to the family of secondary
membrane transporters, which couple uphill translocation of
the substrate across the membrane to the energetically favor-
able flow of ions down their concentration gradient. By
coupling to the cotransport of three Na™ ions and one H™,
and the countertransport of one K*, mammalian GIT trans-
ports one negatively charged glutamate across the membrane
during each transport cycle (1-4). In contrast to the mamma-
lian GIT, the transport mechanism in a bacterial homolog
(Pyrococcus horikoshii (Glt,)) has been shown to be inde-
pendent of HY and K* (5). Probably the most important
aspect of stoichiometry in the function of GITs is that of
Na':substrate. In mammalian GIT (EAAT3), the Na™:sub-
strate stoichiometry has been well accepted to be 3:1. Based
on the experimental measurement of the transport current
reversal potential, the ratio of the coupling coefficient was
given as 1 Glu:3.17 Na™ in the mammalian GIT, although
the dependence of the forward transport current on [Na™ ]y,
exhibited a Hill coefficient of only 2.25 (1). In contrast, the
coupling stoichiometry of Na™:substrate in Glty, (the bacte-
rial homolog for which high-resolution structures are avail-
able (6-8) and which has been used in this study) was less
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clear until recently. The results of functional studies of Gltyy,
(5,7) are consistent with a mechanism in which substrate
transport by Glt,, is catalyzed by the cotransport of more
than two Na™ ions. In particular, the study by Ryan et al.
(5) reported the dependence of transport on [Na']., with
a Hill coefficient of 2.4 at 0.1 uM aspartate or 2.6 at 1 uM
aspartate, indicating that very likely more than two Na™
ions are coupled to the transport of the substrate in each cycle.
Very recently, the measurement of the uptake of **Na™ and
['*C] aspartate provided strong evidence that indeed three
Na™' ions are cotransported along with the substrate during
each transport cycle in Glt,y, (9).

The atomic-resolution crystal structures of Gltp, (6-8)
have provided a structural framework for understanding
the transport mechanism of GITs. Glty, shares ~36%
amino-acid identity with EAATS, with a large number of
residues implicated in the binding and translocation of the
substrate and cotransported ions highly conserved. There-
fore, Gltyy, can serve as a structural model for understanding
the mechanism of transport in EAATS (4,10). The structures
of Glt,, (6-8), solved in both the outward-facing and
inward-facing states, reveal a trimeric architecture with
each monomer composed of eight transmembrane helices
(TM1-TMS8) and two highly conserved helical hairpins
(termed HP1 and HP2, respectively) forming the binding
sites for the substrate and Na™ ions. The substrate-binding
site is cradled by the two helical hairpins reaching from
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FIGURE 1  Structural features of Glt,,. Note that
1350 HP2a

the figures are made based on the crystal structure
of outward-facing Glty, (PDB entry 2NWX). (a)
The structure of Glt,, monomer with bound
substrate (shown in van der Waals representation)
and the two structurally resolved Na™ ions at sites
Nal and Na2 (yellow spheres). Helical hairpins

HP1 and HP2, and transmembrane helices TM7
and TMS, which together form the substrate and
Na™ binding sites (green, pink, orange, and ochre,
respectively). (b) The Nal site composed of resi-

dues Gly306 and Asn’'® on TM7, and Asn*! and
Asp405 on TMS. (c¢) The Na2 site, located between
two half-helices HP2a and TM7a, with the Na™
coordinated by three carbonyl oxygens from HP2
and two carbonyl oxygens from TM7a. (d) The
Asp*'? neighborhood (potential Na3 site). Asp>'?
is on the unwound part of TM7, with its side chain
located behind TM7 pointing toward the interior of
the transporter protein.

the opposite sides of the membrane. The structure of a single
monomer in the outward-facing state (7) along with the
binding sites are shown in Fig. 1.

Crystallographic and thermodynamic studies of Gltyy, (7)
have provided information on the binding sites of two Na™
ions (termed Nal and Na2 in the crystal structures; see
Fig. 1). The Nal site, which is buried deeply within the
protein, is formed by residues Gly306, Asn® 10, Asn401, and
the negatively charged side chain of Asp*® (Fig. 1 b). The
Na2 site is formed by five carbonyl oxygens located in
two half helices from HP2 and TM7 (HP2a and TM7a),
respectively, that stabilize the ion by their dipole moments
(Fig. 1 ¢). However, the crystal structures of Glt,, (6-8)
do not provide any information on the third Na* binding
site (Na3). Note that the two Na' ions are called here as
Nal and Na2, respectively, following the convention used
in the crystal structures of Glt,, (7,8). Also, note that we
use Na3 to refer to the third Na™ binding site, which is
not characterized in the crystal structures of Glty, (7,8).
The numbering is used only to describe the binding sites
(Nal, Na2, and Na3) and does not necessarily correspond
to the sequence of binding of the three Na™ ions during
the functional cycle of the transporter.

A number of experimental studies have investigated the
sequence of binding of the substrate and the Na' ions to
mammalian GITs during the transport cycle (11-17).
Several studies indicated that at least one of the Na' ions
binds to the empty transporter before the substrate (gluta-
mate) and at least one Na™ ion after the substrate (11-15).
A more recent kinetic model for mammalian GITs based
on the measurement of transporter currents during gluta-

mate uptake by EAAT2 (16) and voltage-clamp fluorimetry
studies in EAAT3 (17) suggests that the empty transporter
binds two Na™ ions before the substrate. Moreover, it has
been suggested that one of the first two Na™ ions binds to
GIT in a voltage-dependent manner (14,16-21), whereas
the binding of the other two Na™ ions is voltage-indepen-
dent (17).

Although these experiments have provided insightful
information on the transport cycle in GIT, several key mech-
anistic details remain elusive. The binding sequence and
coupling between the substrate and the three Na™ ions are
not understood. Probably most importantly, the location of
the third Na™ binding site (the Na3 site) has not been exper-
imentally characterized. A recent theoretical study (22)
employing electrostatic mapping calculations has examined
potential Na™ binding sites in GITs, but only near the
substrate (within 10 A of the a-carbon of the substrate)
and by using static structures of Glt,, and a homology
model constructed for EAAT3. Here, taking Glt,, as a model
structure for understanding the transport mechanism of GITs
(4,5,10), and employing molecular dynamics simulations of
a membrane-embedded model of Glty,, we focus on identi-
fying the putative Na3 site and examine the effect and
sequence of binding sequence of the substrate and the
Na" ions from the extracellular side. Upon analyzing the
structure and dynamics of Glt,, at different bound states,
and by investigating the local conformational changes
induced by each binding event, we identify a putative Na3
site in a highly conserved region. The results suggest that
this binding site is only accessible from the extracellular
solution through local conformational changes induced by

Biophysical Journal 99(5) 1416-1425



1418

Na" binding to the Nal site. Based on the results, we
propose a sequence for the binding of the substrate and
the three Na™ ions to Glt,, from the extracellular side before
the formation of the occluded state.

METHODS

Here we briefly describe the simulation systems and protocols used in this
study. A detailed description of this section is provided in the Supporting
Material. The trimeric form of outward-facing Glty, (PDB code 2NWX
(7)) embedded in a POPE lipid bilayer was used for all the simulations.
A summary of the various bound states of Glty, investigated in this study
is given in Table 1. Because each monomer functions independently
(7,23,24), we have taken advantage of the trimeric configuration of the
simulation systems, and in some of them we modeled individual monomers
in different bound states. Some of the analyses are based on the notion that
a Na' binding site has to be accessible by water from outside before it can
be reached by a Na™ ion. Each state has been simulated at least three times,
e.g., systems Sl-a, S1-b, and S1-c for the apo state. Note that the initial
protein structure in all the simulations was the occluded state, i.e., the
reported crystal structure of the outward-facing state of Gltyy, (7), unless

TABLE 1 Summary of Glt,,, simulation systems reported
in this study
Simulation
System Monomer Substrate Nal Na2 Na3 time (ns)
Sl-a apo - - - - 40
S1-b apo - - - - 40
Sl-c apo - - - - 40
S2-a Nal-bound - + - - 50
S2-b Nal-bound - + - - 50
S2-¢c Nal-bound - + - - 50
S3-a Substrate-bound + - - - 30
S3-b Substrate-bound + - - - 30
S3-c Substrate-bound + - - - 30
S4-a Substrate/Nal-bound + + - - 30
S4-b Substrate/Nal-bound + + - - 30
S4-c Substrate/Nal-bound + + - - 30
Na3-a* - - - + 20
Na3-b* - - - + 20
Na3-c* - - - + 20
Na3-d* - - - + 20
Na3-e* - - - + 20
Na3-ff - - - 4+ 20
Na3-g' - - - 4 20
Na3-h' - - - 4+ 20
Na3-if - - -+ 20
Na3-jf - - - 4+ 20
Nal-boundpsgsn’ - + - - 30
Nal/Na3-bound® - + -+ 20
Na1/Na3-bound" - + - 4 20
Fully bound + + + + 20

Note that the systems were all simulated as trimers. However, individual
monomers within the same trimer might have different bound states.
*This simulation system is adopted from the equilibrated structure of the
Nal-bound state at 50 ns (system S2-a).

"The equilibrated structure of the Nal-bound state at 40 ns (system S2-a) is
used as the starting point.

¥In this simulation system, Asp**® in TM8 was mutated to asparagine.
$Na3 is in the putative binding site in this simulation system.

INa3 is in the intermediate binding site in this simulation system.

405
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specified otherwise. All the simulations were performed under periodic
boundary conditions with a time step of 1 fs. A constant temperature
(303 K) was maintained using Langevin dynamics with a damping coeffi-
cient of 0.5 ps~'. The Langevin piston method was employed to maintain
a constant pressure of 1 atm with a piston period of 100 fs. Nonbonded
interactions were calculated using a cutoff distance of 12 A, and long-range
electrostatic interactions were calculated using the particle-mesh Ewald
method.

RESULTS AND DISCUSSION

The transport cycle of Glt,, involves cotransport of one
substrate along with three Na™ ions (5,9). However, the
crystal structure of outward-facing Glt,, (7) provides infor-
mation only on the binding sites for two of the Na™ ions
(Nal and Na2), and the position of the third Na* binding
site remains unknown. This study seeks to identify the
unknown position of the third Na® site (Na3) and to
characterize the sequence and coupling between the binding
of the substrate and the Na™ ions from the extracellular side
to Gltph.

Water accessibility of potential
ion-binding residues

A mutagenesis study (15) on EAAT3 (a mammalian GIT)
has shown that Asp®®’ (corresponding to Asp>'? in Glt,p)
is involved in the coordination of one of the Na™ ions during
the transport cycle. In the crystal structure of Glt,, (7),
however, Asp>'? is deeply buried in the protein with its
side chain located behind TM7 (Fig. 1 d) and does not
participate in any of the two identified Na™ binding sites;
the distances between the carboxylate carbon of Asp’'?
and the Na™ ions in the Nal and Na2 sites are 7.4 and
9.6 A, respectively. Taken together, these results suggest
that Asp>'? is likely involved in the third Na' binding
site, namely the Na3 site. Asp’'? might either directly
bind the third Na* ion during the substrate transport, or be
involved in binding of the other Na™ ions in a later stage
of the transport cycle.

Both the crystal structure of the TBOA-bound Glt,y, (7),
and earlier simulation studies (25,26) indicated that in the
apo state, the substrate binding site adopts an open confor-
mation through an opening motion of the helical hairpin
HP2, which completely exposes the substrate binding site
to the extracellular solution. The opening of the substrate-
binding site and its water accessibility do not necessarily
result in the exposure of the Na® binding sites. We will
pay special attention here to the region around Asp>'?,
which is potentially involved in the Na3 site (see above).
In addition, we will also examine the exposure of Asp405,
which is known to be involved in the Nal binding site.
The pK, values of Asp’'? and Asp*® calculated by the
program PROPKA 2.0 (27,28) which employs empirical
relationships between protein pK, shifts and structures
such as hydrogen bonding, desolvation effects, and
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charge-charge interactions) are ~5.0 and 5.9, respectively, in
the crystal structure of Glty, (7), suggesting that they
preserve their deprotonated (charged) state in the protein,
in agreement with experimental results (15). If these resi-
dues are inaccessible by extracellular water, it is safe to
assume that they cannot be reached by extracellular Na™*
ions either. In other words, water accessibility can be viewed
as a prerequisite for ion binding to these residues.

The accessibility of extracellular water to Asp>'? and
Asp*® is monitored during the simulations of various bound
states, namely, apo, Nal-bound, substrate-bound, and
substrate/Nal-bound states. The results show that extracel-
lular water can easily access Asp*® in all the states
(Fig. 2), indicating the presence of a diffusion pathway for
the extracellular Na™ ions to access the Nal site in the apo
state. However, neither in the apo state nor in the
substrate-bound form is Asp>'? accessible by extracellular
water (Fig. 2). Somewhat unexpectedly, the extracellular
solution was observed to gain access to, and eventually
hydrate Asp®'? significantly, only after the binding of
a Na™ ion in the Nal site in the empty transporter, that is,
in the Nal-bound state (Fig. 2, b and f). Between three and
six extracellular water molecules were found within 3.5 A
of the carboxylate group of Asp>'? (Fig. 2 f) during the equil-
ibration of the Nal-bound state. Therefore, it appears that
the exposure of Asp’'? to the extracellular solution can
only be achieved after Na* binding to the Nal binding
site, but lasts only until the binding of the substrate. (The
data for the other two sets of simulations not shown in
the main text are presented in Fig. S1 of the Supporting
Material, clearly indicating consistent reproducibility of
the results in all three independent sets of simulations.)

Molecular mechanism of controlling access
to Asp®'2

To elucidate the gating mechanism that controls the accessi-
bility of Asp®'? by the extracellular solution, we dissected
the structural effects of the binding of the substrate and
Na™ on the transporter protein. One of the most conserved
regions of GITs is the partially unwound portion of TM7
(6) (Fig. 3 f), namely residues 307-312 (TM73¢7_312), which
is located between the two helical segments TM7a and
TM7b. As will be discussed later, the conformation of the
residues on this segment controls the access of the extracel-
lular water to Asp>'?. We note that Asn*'® and Asp>'? on
TM7507_312 have been shown to be essential for the function
of GITs (1,6,29-31).

The time evolution of C, root mean-square deviations
(RMSDs) of TM7507_312 (Fig. 3 b) clearly shows that this
region becomes more flexible upon the removal of the
substrate (also see Fig. S2 for the data obtained from
the other two sets of simulations not shown in Fig. 3).
In the Nal-bound state, the C,-RMSDs of TM75¢7_31> i8
the largest among the simulated systems, reaching ~2.5 A
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FIGURE 2 Water accessibility of Asp**® and Asp®'? in the apo state (a),
Nal-bound state (), substrate-bound state (c), and the substrate/Nal-bound
state (d). Water is represented by a blue molecular surface calculated using
the MSMS algorithm in VMD. (e and f) Time series of the number of water
molecules with 3.5 A of the carboxylate groups of Asp*®® (e) or Asp*'? () in
various bound states. Extracellular water can access Asp*®® in all the simu-
lated bound states, whereas the only system in which Asp>'® can be
accessed by extracellular water is the Nal-bound state. Note that the data
is shown here for only one simulation set. See Fig. S1 for the other two sets.

during the equilibration. The large flexibility of TM73¢7_312
in the absence of the substrate might offer an opportunity
for the extracellular water to access Asp>'? through the space
between TMS8 and TM75p7_312. The time evolution of the
distance between Asn401:Ca and Asn’ 10:Ca (Fig. 3 d)
displays a large increase by ~2 A during the simulation of
the Nal-bound state, suggesting that Na™ binding to the
Nal site induces the displacement of TM73¢7_312 (Fig. 3 f).
However, in the apo state, the distance between Asn401:Ca
and Asn’'’:C, remains almost unchanged, and a hydrogen
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FIGURE 3 Na' binding to the Nal site induces the displacement of
TM7307_312- Ca-RMSDs of Asn*'® (@) and of TM73q7_3,5 (residues 307-312)
(b) in the simulated bound states. (¢) Time evolution of the distances between
Asn®'%:0; and Asn**':N;, between Asn®'%:N; and Asp405 :0s1, and between
Asn®'%:N; and Asp**:0;, in the apo state. Note that the data shown in panels
a—c are only for one set of the simulations. See Fig. S2 for the other two sets.
(d) Time evolution of the distances between Asn**':C, and Asn®*'%:C, in
various bound states. (Inset) Structure of the region taken from the crystal
structure showing the arrangement of the residues used for distance measure-
ments. (¢) Time evolution of the RMSDs of Nal in the Nal-bound and
substrate/Nal-bound states. (f) Comparison of the structure of TM7307_312
in the last frames of simulations of the apo state (white), Nal-bound state
(orange), substrate-bound state (gray), and substrate/Nal-bound state
(lime) after superposition using transmembrane segment TMS8 (ochre). C,
of Asn*®! on TM8 (cyan sphere). C, of Asn®'%in various bound states (shown
in the same color representation as for TM7). In the Nal-bound state,
TM7307_312 displays a large displacement from the crystal structure.

bond between the side chains of Asn’'® and Asp**® (Fig. 3 c,
Fig. 4 a, and Fig. S3) prevents the displacement of
TM7307_312 (Fig. 3 f). In addition, the change in the distance
between Asn*’':N; and Asn310:0; (Fig. 3 ¢) in the apo
state shows that the side chain of Asn*®' forms a hydrogen
bond with Asn'’. Inspecting the dynamics of apo Glt,p,
it becomes evident that, with reference to the crystal structure
(7), the side chain of Asn®'® moves toward Asp‘“)5 and that the
side chain of Asn*®" moves down toward Asn>'°—resulting
in the formation of a hydrogen-bond network among
Asn310, Asn4°1, and Asp405 (Fig. 4 a) that blocks the access
of the extracellular water to Asp>'2. Disruption of this
hydrogen-bond network is necessary to provide access to
water, and as a result, Na™ ions to Asp312.

Na* binding to the Nal site (the Nal-bound state) results
in the disruption of the aforementioned hydrogen-bond
network, and the formation of a tunnel-like opening lined
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by six highly conserved residues (Gly**®, Asn*'®, Met*'!,
Asn®', Gly*™, and Asp*®), therefore allowing a deeper
penetration of the extracellular water and hydration of
Asp'? (Fig. 4 b; see also Fig. S4 for the other two simulation
systems). In other words, Na™ binding to the Nal site of the
apo state provides access of the extracellular water to Asp>'~.
In the Nal-bound state, the Na™ ion shows marked displace-
ment from its original position (Fig. 3 e), an event which is
lacking altogether in the presence of the substrate
(Fig. 3 e). This displacement appears to be correlated with
the large displacement of the TM75p7_31» segment (Fig. 3 b
and Fig. S2). An important mechanistic role might be attrib-
uted to these conformational changes, because Asp’'?
becomes accessible to the extracellular solution only upon
Na" binding to the Nal site. Conformational changes
induced by Na' binding have been deduced from the
studies characterizing the temperature dependence of the
steady-state and pre-steady-state kinetics (32). Na™-induced
conformational changes have also been indicated by the
measurement of the transport current (14) and fluorescence
signals (17) during the transport cycle, although these exper-
iments measured structural changes in regions distant from
the ion-binding sites.

In all simulations performed in the presence of the
substrate, i.e., in the substrate-bound and substrate/Nal-
bound systems, the Ca-RMSDs of TM7;07_312 and the
distance between Asn*’':Ca and Asn®'’:Ca both deviate
only marginally (Fig. 3, b and d) from the crystal structure
(7), a behavior which is in sharp contrast to the Nal-bound
systems described above. Our previous simulations (25)
have shown that substrate binding to Glt,y, brings HP2 closer
to HP1 and TM7a (Fig. 4, c and d). Coupling between HP2a
and TM7a upon substrate binding confines the motion of
TM7507_312 and prevents its displacement (Fig. 3 f), there-
fore impeding the access of extracellular water to Asp>'~.
Taking a closer look at the structures in the substrate-bound
and substrate/Nal-bound states (Fig. 4, ¢ and d), it becomes

evident that the access of extracellular water to Asp’'? is

completely blocked in these states by six residues (Gly>°,
Asn310, Met?! l, Asn401, Gly404, and Asp405). These results
suggest that Na™ binding to the Na3 site has to take place
before the substrate.

Unlike the Nal-bound state, Na™ binding to the Nal site
in the substrate-bound state (the substrate/Nal-bound state)
does not induce an opening for the hydration of Asp>'%. The
presence of the substrate in this state appears to reduce the
fluctuation of Nal; the calculated RMSD of the Na™' ion
in the Nal site in the substrate/Nal-bound state is very small
compared to those in the Nal-bound state (Fig. 3 e). In the
substrate/Nal-bound state, Nal is tightly bound by Asn>'
and Gly*°® on TM7 and by Asp*® on TM8. Mutagenesis
experiments (15) have suggested that D367N mutation in
EAAT3 (corresponding to Asp>'? in Glt,p,) inhibits Na™
binding to the glutamate-free form of the transporter, but
not to the glutamate-bound form. Our simulation results
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indicating that Na™ can reach Asp'? in the apo state, but not
in the substrate-bound state, are in good agreement with
these mutagenesis results (15). These experiments (15)
have also suggested that D454N mutation in EAAT3 (corre-
sponding to Asp*®® in Glt,p,) does not affect Na™ binding to
the glutamate-free form. Our simulation of the D405N
mutant form of Glty, provides important information on
the effect of this mutation. In the simulation of this mutant
in the Nal-bound state, the Na™ ion in the Nal site was
found to move toward Asp>'* and to become coordinated
by residues Asn>10, Asp312, and Asn*®. This results in
a configuration with no hydrogen bonds between Asn**
and Asn310, thus, allowing access of extracellular water to
Asp>'? (Fig. S5). These results suggest that the Na™ ion
can still reach Asp®'? in the D405N mutant, in keeping
with the observed experimental results.

Putative Na3 binding site

Examination of the Na'-binding protein structures in the
PDB indicates that a Na™ ion is usually coordinated on the
average by five or six electron-donating atoms, most promi-
nently oxygen atoms, which are provided by main-chain
carbonyls, side-chain carbonyls, or by hydroxyl groups, as
well as water molecules (33). The crystal structure of
outward-facing Glt,, (7) shows that the carboxylate group
of Asp®'?is deeply buried in the transporter protein between
the transmembrane domains TM3, TM6, TM7, and TMS.
Because TM3, TM6, and TM8 do not feature any broken
helix structure near Asp’'%, main-chain carbonyls on these
helices are unlikely to be involved in the coordination of
Na™ ions around this region. The main-chain carbonyl of
Asn’'?, which is located on the broken part of TM7, on the
other hand, is involved in the Nal site, suggesting that it
likely does not participate in the binding of Na3, either.
Inspecting the structure, the oxygen atoms of the side chains
of Thr®? and Ser” on T™3, Tyr247 on TM6, and Asn’'® on
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FIGURE 4 Mechanism of control of water acces-
sibility of Asp>'2. Molecular surface representation
of residues Gly306, Asn®'?, Met®!'!, Asn*!, Gly404,
and Asp405 in the apo state (a), Nal-bound state (b),
substrate-bound state (¢), and substrate/Nal-bound
state (d). (Upper and lower panels) Front and side
(90°-rotated) views, respectively. Asp® % is shielded
from the extracellular solution in the apo state and
in the presence of the substrate. Nat binding to
the Nal site (Nal-bound state) induces the exposure
of Asp>'? to the extracellular solution through the
formation of a tunnel-like opening lined by residues
Gy, Asn®!%, Met®!!, Asn®!, Gly*™, and Asp*®,
but only in the absence of the substrate.

TM7 are in close proximity to Asp>'?, suggesting that some
of these residues might participate in the formation of the
Na3 site.

To explore potential Na3 site in the vicinity of Asp>'?,
we started from different snapshots taken from the simula-
tion of the Nal-bound state, i.e., the only state in which
water molecules were able to reach and hydrate Asp>'?,
and after removal of the Na™ ion in the Nal site replaced
a water molecule randomly selected from the pool of water
molecules in the vicinity of Asp>'? by a Na™ at the begin-
ning of 10 independent simulations (Na3-a—Na3-j; initial
positions of the ions for systems Na3-a—Na3-e and systems
Na3-f-Na3-j are shown in Fig. 5 @ and in Fig. S6,
respectively). In six simulations (Na3-c—Na3-e and Na3-
h-Na3-j), the placed Na™ ion was observed to move into
a common binding site formed by the carboxylate of
Asp>'?, hydroxyl of Thr’?, and the side-chain carbonyl of
Asn®', as well as by one water molecule as depicted in
Fig. 5 d. In this putative Na3 site, the ion is coordinated
by five oxygen atoms, in agreement with existing structures
of Na'-binding proteins (33). To further verify this putative
Na3 binding site, we have also performed valence calcula-
tions for Na® over the crystal structure of Glt,, with
substrate aspartate bound (PDB: 2NWX) using the program
VALE (from Nayal and Di Cera (34)). A high probability of
finding a Na™ ion in this region was found, as judged by
valence values larger than 0.8 for the site formed by residues
Asp312, Asn310, and Thr”? by these calculations (see
Fig. S7). Moreover, the putative Na3 site suggested by our
simulations is strongly supported by very recent mutagen-
esis experiments in EACC1 (35) showing that T101A muta-
tion (corresponding to Thr’® in Glt,,) dramatically
decreases the apparent affinity of Na™ to the empty
EAACI, indicating the direct involvement of this conserved
threonine in Na* binding in GITs (35).

In the other four Na3 simulations (Na3-a, Na3-b, Na3-f,
and Na3-g), in which the initial position of the placed
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Na™ jon is much closer to Asp**” than in the above six simu-
lations (Na3-c—Na3-e and Na3-h—Na-j) (Fig. 5 a and
Fig. S6), the placed Na™ ion moved toward Asp*® and
was stabilized in a second site lined by the side chains of
Asp*®, Asp®'?, and Asn®'® (Fig. 5 ¢). This site appears
too close (within ~3 A) to the Nal site, and, thus, might
not be tolerated in the presence of an ion in the Nal site
(note that our exploratory Na3 simulations are done in the
absence of an ion in the Nal site). Moreover, the carbox-
ylate group of Asp*® is completely involved in the
coordination of Nal according to the crystal structure
(6,7), and, thus, cannot be involved in the Na3 binding
site at the same time. To examine the stability of this site
in the Nal/Na3-bound state, one Na™ ion was placed into
the Nal binding site in this Na3-bound state and the system
was simulated for 20 ns (Table 1). The simulation results
show that the Na™ ion in the second site displays a significant
inward movement by ~2 A upon binding of a Na™ ion to the
Nal site, whereas a similar simulation performed on the sys-
tem with ions in the Nal site and in the putative Na3 site
resulted in a stable configuration (see Fig. S8). Therefore,
this second site formed by Asp405, Asp312, and Asn310,
does not represent a stable Na™ site that can be occupied
simultaneously with the Nal site, i.e., this site cannot be
the putative Na3 site. However, we can speculate, purely
based on spatial arguments, that this second site (Fig. 5 ¢)
might represent an intermediate state formed during the
transition of the Na* ion from the Nal site (Fig. 5 b) to
the putative Na3 site (Fig. 5 d) as it is located right in the
middle of the Nal and Na3 sites (see below), and because,
in this site, the ion is jointly coordinated by both Asp*®’
and Asp>'~.

To further study the relevance of the identified Na3 site to
the fully bound, occluded state of Glty,, the structural
stability of this state (with the substrate and three Na*
ions) was examined in an independent 20-ns equilibrium
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FIGURE 5 Putative Na3 site. (Upper and lower
panels) Front and side (90°-rotated) views, respec-
tively. (@) The initial five positions of Na3 in the
Na3-probing simulations (systems Na3-a—Na3-e).
(b) The last frame of the Nal-bound state showing
the Nal site. (¢) The intermediate site in which
Na® is coordinated by Asn® 10, Asp3 12, and
Asp*®, identified in four out of 10 Na3-probing
simulations (systems Na3-a, Na3-b, Na3-f, and
Na3-g). (d) The putative Na3 site (identified in
six out of 10 Na3-probing simulations (systems
Na3-c, Na3-d, Na3-e, Na3-h, Na3-i, and Na3-j),
which is composed of residues Asp3'2, Asn® 10,
and Thrgz, and one water molecule.

simulation. The structure and dynamics of this fully bound
state were compared with the crystal structure (7) and our
previously reported substrate/Nal/Na2-bound state (25).
In the fully bound state, the side-chain oxygen of Asn’'®
is involved in the coordination of the Na™ ion in the Na3
site (Fig. 6 ¢). The distance between Asn®'%:0; and
Asp312:C7 varies only slightly during the simulation of
this state, thus, maintaining closely the configuration
observed in the crystal structure (Fig. 6 f). In contrast, in
the substrate/Nal/Na2-bound state, i.e., the state lacking
a Na™ ion in the Na3 site, this distance increases signifi-
cantly (Fig. 6 f), due to the large movement of the side chain
of Asn®'” away from the Na3 site and toward the Nal site
(Fig. 6 b). During this transition, the side-chain amino group
of Asn*'® forms hydrogen bonds with Asp>'?, and its side-
chain oxygen establishes an interaction with the Nal site.
In summary, significant structural rearrangements within
the region of the Nal site and our putative Na3 site, although
mostly localized, are observed in the simulation system
without a Na™ ion in the Na3 site (i.e., the substrate/Nal/
Na2-bound state). In contrast, the fully bound state appears
to stay much closer to the crystal structure, supporting the
notion that a Na™ ion is likely present in the crystal of Glt,,
that was used for structural determination (7), but could not
be resolved, and, therefore, was not reported in the depos-
ited structure.

In a recent report (22), other researchers employed elec-
trostatic mapping with the program VALE (34) to the
structure of Glty, and a homology model of EAAT3, in
a search for the Na3 site. The authors, however, confined
their search to a region within 10 A radius of the substrate’s
a-carbon. The proposed Na3 site in that study, which is
quite distinct from our putative Na3 site, is composed of
several residues on HP2 as well as the y-carboxylate group
of the bound glutamate, i.e., the substrate (22). To examine
the stability of a Na' ion near the substrate, we set up
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FIGURE 6 Structural comparison of the crystal
structure, the substrate/Nal/Na2-bound state, and
the fully bound state. (a) The crystal structure, in
which the carbonyl of Asn®'® points toward the
carboxylate of Asp312 and stays in the putative
Na3 site. (b) The last frame of the simulated
substrate/Nal/Na2-bound state, in which the
carbonyl of Asn®'” shifts away from the Na3 site.
Also note the backbone change in this region. (c)
The last frame of the fully bound state (with the
substrate, and three Nat ions in Nal, Na2, and
Na3 sites), in which the carbonyl of Asn?'0 is
involved in the coordination of the Na® ion in
the Na3 site. Note that the conformations of resi-
dues Asp®'? and Asn’'® in this state are very
similar to those in the crystal structure (a).
(d and e) Front and side (90°-rotated) views

showing a Na™ ion locked in the Na3 site inside
the protein in the fully bound state. The access of
the Na3 site to the extracellular solution is blocked
by six residues: Gly306, Asn310, Met3“, Asn40',
Gly*®, and Asp*®. () Time evolution of the
distance between Asp®'%:C, and N310:0; in the

— substrate/Nal/Na2-bound |
— fully bound |
— erystal structure

a simulation in which one Na™* was placed into the proposed
Na' site in (22): the aspartate/Nal/Na2-bound state of
Glt,p. It was found that a Na™ ion in this site cannot be toler-
ated by the crystal structure, and the introduced Na™ ion re-
sulted in very large deformation of the binding site,
especially the substrate itself (see Fig. S9). The §-carbox-
ylate group of the substrate flips away from the substrate-
binding site toward this placed Na* (Fig. S9). Therefore,
this proposed site (22) might not represent a binding site
for the cotransported Na™ ion. Note that the putative third
Na' binding site that we proposed is ~12 A away from
the substrate’s a-carbon.

The molecular surface representation of residues Gly>°°,
Asn310, Met3“, Asn401, Gly404, and Asp405 in the fully
bound state shows that the entry pathway into the Na3 site
from the extracellular side is blocked in this state
(Fig. 6, d and e). Therefore, after the formation of the fully
bound state, Na3 is locked into its binding site. This finding
might explain why the replacement of Na™ by TI" in the
binding assay of Glt,, (7) has only revealed two Na™ ions
(Nal and Na2), because the entry pathway to the Na3 site
is blocked in the presence of substrate.

CONCLUSIONS
Mechanistic implications

Based on the results of the simulations presented in this
study, together with relevant experimental results, we can
suggest a hypothetical sequence for binding events during
the extracellular half-cycle of transport in Glt,, (Fig. 7).

substrate/Nal/Na2-bound and fully bound states.
For reference, the distance in the crystal structure
is shown with a blue line.

Several relationships among the ion-binding sites and the
substrate can be deduced from our simulations. We show
that the access to the putative Na3 site, which is the deepest
ion-binding site in Glt,,, shows two major dependencies on
the other ligands. First, the opening of the entry pathway to
the Na3 site relies on the presence of a Na™ ion in the Nal
site, and secondly, substrate binding results in the occlusion
of the entry pathway to the Na3 site, regardless of the Nal
occupancy. Furthermore, in our earlier study (25), we
demonstrated that the binding of a Na* ion to the Na2 site
results in the complete occlusion of the binding sites for
both the substrate and the other two ions, through conforma-
tional changes that lock HP2 in a fully closed state.

Taking these results together, we propose the following
model for the sequence of the binding events in Glt,,. First,
a Na™ ion binds to the Nal site in the apo state, resulting in
the opening of the entry pathway to the Na3 site. The next
step is the binding of a Na™ ion to our putative Na3 site.
This ion might be provided by one of the following two
mechanisms:

1. Diffusion of a second Na™ all the way from the extracel-
lular space into the Na3 site; or

2. Translocation of the ion already in the Nal site into the
Na3 site.

The latter mechanism (transition of the ion from the Nal
site to the Na3 site) will be followed by the entrance of
a second Na™ ion into the Nal binding site, or, more likely,
is accompanied/induced by such an event (a knock-off
mechanism). Although further investigation is required for
establishing the mechanism, structural examination of the
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FIGURE 7 Schematic mechanism and sequence of binding of the substrate and three Na™ ions to Glt,p. Nal, Na2, Na3, and S in the first figure mark
the positions of the Nal, Na2, Na3, and substrate binding sites, respectively. (a) One Na* binds to the Nal site in the apo transporter resulting in the opening
of a tunnel-like structure exposing D312. The same ion likely moves to the putative Na3 site located deep into the transporter (). Next, either the second Na™
binds to the Nal site followed by substrate binding (c and d), or the substrate binds to the Na*-bound transporter followed by the binding of the second Na*
ion to the Nal site (e and f), resulting in the half-closure of the extracellular gate and the formation of the Na2 site. (g) One Na™ binds to the Na2 site,
completing the binding process and resulting in the formation of the fully bound state.

Na3 entry pathway and the close proximity of the Na* ion
bound in the Nal site both appear to strongly favor the
mechanism (2), i.e., the movement of the ion from
the Nal site to the Na3 site. The close proximity of the
Na' ion in the Nal site to this pathway would make it
difficult, due to repulsive forces, for a second ion to bypass
and enter the pathway. The Na™ ion at the Nal site itself,
however, is in an optimal position to diffuse through this
pathway. In fact, the ion in the Nal site is already engaged
in an indirect (water-bridged) interaction with the
carboxylate group of Asp>'?, i.e., the Na3 site (Fig. 4 b) in
the Nal-bound state. Therefore, Nal appears very well
posed to move deeper into the Na3 site, through an interme-
diate state in which the ion is coordinated by both Asp>'?
and Asp*® (Fig. 5 ¢). Interestingly, in four of the Na3-
probing simulations (Na3-a, Na3-b, Na3-f, and Na3-g
described above), such a configuration was indeed captured
as a stable intermediate structure (see Fig. 5 d). Occupation
of the Na3 site is followed by the binding of the substrate
and a second Na™ ion to the Nal site (Fig. 7), resulting in
the partial closure of the extracellular gate (HP2). Finally,
a Na™ ion binds in the Na2 site (25) and completes the
formation of the fully bound, occluded state of the trans-
porter (Fig. 7).

We note, however, that our current simulation results
cannot fully resolve the sequence of binding the second
Na' ion and the substrate (Fig. 7). The Nal site remains
accessible from the extracellular solution, even after the
binding of the substrate according to our simulations.
A recent kinetic model (16,36) for mammalian GITs
suggests a binding sequence in which two Na™ ions bind
before the substrate and the third ion binds after it. More-
recent studies (13,17,35) on EAAT3 transporter also support
the notion that two Na' ions bind to GIT before the
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substrate, as evidenced by the observation that the binding
of two Na™ ions to GIT forms a high-affinity substrate-
binding site (35). Based on these results we prefer the
scenario in which the second ion binds to the Nal site before
the substrate. However, in the provided schematic model we
have opted to include the possibility of the substrate binding
before the second ion. We also note that the experimental
results used to infer information for the sequence of binding
events often cannot identify which of the three sites is
occupied first, and only suggest to us that two of them are
occupied before the substrate and one after it. In this regard,
simulation results complement the experimental results in
providing a more-complete picture of the processes and
events involved in the transport cycle of the transporter.

SUPPORTING MATERIAL

Detailed methods and nine figures are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(10)00795-2.
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