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Abstract

Glutamate transporters are essential for removing the neurotransmitter glutamate from the
synaptic cleft. Glutamate transport across the membrane is associated with elevator-like
structural changes of the transport domain. These structural changes require initial binding
of the organic substrate to the transporter. Studying the binding pathway of ligands to their
protein binding sites using molecular dynamics (MD) simulations requires micro-second
level simulation times. Here, we used three methods to accelerate aspartate binding to the
glutamate transporter homologue Gilt,, and to investigate the binding pathway. 1) Two
methods using user-defined forces to prevent the substrate from diffusing too far from the
binding site. 2) Conventional MD simulations using very high substrate concentrations in the
0.1 M range. The final, substrate bound states from these methods are comparable to the
binding pose observed in crystallographic studies, although they show more flexibility in the
side chain carboxylate function. We also captured an intermediate on the binding pathway,
where conserved residues D390 and D394 stabilize the aspartate molecule. Finally, we
investigated glutamate binding to the mammalian glutamate transporter, excitatory amino
acid transporter 1 (EAAT1), for which a crystal structure is known, but not in the glutamate-
bound state. Overall, the results obtained in this study reveal new insights into the pathway
of substrate binding to glutamate transporters, highlighting intermediates on the binding
pathway and flexible conformational states of the side chain, which most likely become
locked in once the hairpin loop 2 closes to occlude the substrate.

Introduction

Excitatory amino acid transporters (EAATSs), which belong to the solute carrier 1 (SLC1) fam-
ily, are an important class of membrane proteins expressed in the mammalian central nervous
system, where they transport glutamate across neuronal and astrocytic membranes. EAATSs
take up glutamate into cells against a large concentration gradient [1, 2], which prevents the
glutamate concentration from reaching neurotoxic levels in the extracellular space [2, 3]. The

PLOS ONE | https://doi.org/10.1371/journal.pone.0250635  April 23, 2021

1/19


https://orcid.org/0000-0002-9520-8140
https://orcid.org/0000-0001-9773-7786
https://orcid.org/0000-0002-7541-6241
https://orcid.org/0000-0002-8342-9878
https://doi.org/10.1371/journal.pone.0250635
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250635&domain=pdf&date_stamp=2021-04-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250635&domain=pdf&date_stamp=2021-04-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250635&domain=pdf&date_stamp=2021-04-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250635&domain=pdf&date_stamp=2021-04-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250635&domain=pdf&date_stamp=2021-04-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0250635&domain=pdf&date_stamp=2021-04-23
https://doi.org/10.1371/journal.pone.0250635
https://doi.org/10.1371/journal.pone.0250635
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Substrate binding to glutamate transporters

dysfunction of glutamate transporters is proposed to be involved in several diseases, including
stroke and Alzheimer’s disease [4, 5]. However, the exact involvement of EAATS in these dis-
eases is not fully understood.

Glutamate transporters transfer Na*, H" and glutamate from the extracellular to the inter-
cellular side of membrane, in exchange for one potassium ion in the reverse direction (stoichi-
ometry of 3:1:1:1), resulting in a net total of two positive charges moving from the outside to
the inside of the cell [1, 2, 6]. These ion fluxes are coupled to conformational changes of the
transporter, leading to the alternating access of the glutamate and cation binding sites.

Direct structural evidence for the mechanism of substrate translocation was first provided
by two crystal structures of the archaeal glutamate transporter homologue Glt,, 7, 8]. In these
structures, outward-facing (OF) and inward-facing (IF) states were observed. Glt,, shares the
same fold and more than 30% sequence identity with mammalian glutamate transporters.
However, more recently, structures of the human glutamate transporter EAATI (excitatory
amino acid transporter 1) were published [9], providing further important information for
structure, function, and molecular dynamics simulation studies.

The current understanding of the structural changes involved in substrate translocation is
based on the “elevator-like” [10-12] alternating access transport mechanism. Here, the struc-
ture starts with the “outward-occluded” state of Glt,;, in which bound substrate is occluded by
a closed external gate, presumably hairpin loop 2 (HP2) and the aspartate binding site is not
accessible from the extracellular solution [13]. A large, elevator-like movement of the trans-
porter domain along the membrane normal [14] brings the substrate binding site closer to the
intracellular solution, transforming the transporter into the inward-facing (IF) state [7]. Dur-
ing this process, the bound substrate is translocated through the lipid bilayer.

Previous studies have indicated critical roles of amino acid residues in the two hairpin
loops, HP1 and HP2 [15-18], located at the center of the transport domain, which also
includes transmembrane domains 7 and 8 (TM7, TM8). The HP2 loop undergoes large scale
conformational changes to control the exposure of the substrate binding region to the extracel-
lular solution [15-17, 19]. Therefore, HP2 has been proposed to act as a gate [17] to close off
the substrate binding site from the aqueous environment. Aspartate binding was proposed to
occur through an induced fit mechanism, with loop closure following aspartate association
[20, 21]. Also, cations binding at the Na2 sodium binding site largely enhance the propensity
for a closed-gate conformation [18, 19, 22, 23].

In addition to the glutamate translocation process [14, 24], the structural mechanism of
substrate interaction with the binding site, including time-resolved mechanisms of binding
and dissociation, have been investigated in molecular dynamics (MD) simulation studies [16,
25-28]. The successive steps of gate opening and closing, substrate recognition and eventual
binding occur in nanoseconds [18]. However, observation of spontaneous substrate binding in
MD simulations is a time-consuming process, requiring long-duration simulation runs. The
random walk nature of substrate diffusion in solution and the lipid environment increase the
simulation time.

In this work, we apply and compare three methods that accelerate MD simulations of the
substrate binding process [29] to study the substrate-transporter successive interaction steps
during association reaction. These methods reduced a microseconds simulation under con-
ventional molecular dynamics to the 10-100 nanosecond-level. The results suggest a potential
aspartate-bound intermediate state from trajectory analysis. At the intermediate state, the sub-
strate could bind and demonstrate a residency time of more than 50 ns. In addition, the results
indicate that the side chain carboxylate group retains significant conformational flexibility in
the initial binding state, before HP2 closes. The simulations were also extended to glutamate
binding to EAAT]I, for which a crystal structure is not known in the glutamate-bound state.
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Results

Observing accelerated, spontaneous substrate binding by adding user-
defined force

MD simulations using the Glt,, structure were sampled after generating a lipid bilayer-solvent
environment with a dimension of 120*120%100 A”. The system contained 0.15M NaCl and
was neutralized (Fig 1A and 1B). Simulations were run using the CHARMM36 [30, 31] and
CHARMM?27 [32] force fields. In the initial simulations, described in the next paragraphs,
both the Nal and Na3 sites were occupied, while the Na2 site was empty. In order to be able to
observe the substrate binding process with reasonable simulation times, we used three meth-
ods, resulting in apparent acceleration of the substrate binding process. The first method is
based on a user-defined force protocol (S1 Fig) and was used with NAMD 2.13 software. The
method reduces unnecessary simulation steps when substrate is far away from the protein or
target residues (Fig 1A), with which the substrate is known to interact within the binding site.
The external force with constant strength added to the simulation system aims to push sub-
strate toward its target and accelerate the binding process, when the substrate is at a large,

Fig 1. Simulation environment and region of force application. The initial structure of the transporter in the
simulation displayed as top-view and side-view are shown in (A). A typical initial position of the aspartate molecule
and its relative distance to the binding site is illustrated by the dashed line. (B) Setup of the simulation environment,
Gltyy, structure (2nwx) with three subunits (cyan). Only Nal- and Na3-bound state were used to insert into the lipid
bilayer (drawn in VDW representation) and the simulation environment was generated and illustrated in (B). The
yellow spheres indicate sodium ions at 0.15 M concentration. The blue color in the background shows water molecular
drawn using solvent visualization in VMD. Lipids are shown in VDW mode and all pictures were generated using
VMD. We used x2+y2 <(z+15) and z>0 A to define the selection region (red) for external force application. The
selection region is illustrated in a side-view (C). (D) Force cut-off region (pink) within 7 A of reference atom (Arg-397,
CZ). Details of region selection are outlined in Materials and Methods.

https://doi.org/10.1371/journal.pone.0250635.9001
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user-defined distance from the binding site (Fig 1B-1D). However, when the substrate is close
enough to the target residues (at a cutoff distance that can be adjusted in the protocol), the
external force is turned off, which makes studies of accelerated spontaneous binding possible
(S1 Fig).

The simulation was first initiated with aspartate at a randomly-chosen position in the extra-
cellular solution. The initial structures for the simulations were generated after 5-10 ns equili-
bration and production runs using the Glt,, structure (Materials and methods). After 5-10 ns
simulation, the HP2 partial open state (Fig 1A) is formed, typically within one or two subunits,
in agreement with previous reports [15, 17, 18]. Because of periodic boundary conditions of
the simulation box, user-defined force has no physical meaning when the substrate moves
across the periodic boundary to the intracellular side of the membrane. Therefore, we first
define a cone as the selection region for force application (Fig 1C and 1D) and only apply
external force in extracellular part of the simulation box when the substrate moves into this
region (S1 Fig).

User-defined force calculations were started after forming the HP2 open state (Fig 1A), and
after placing free aspartate at two different positions (23 A or 18 A from the reference residue),
with similar results. The flowchart of the calculation protocol is illustrated in S1 and S2 Figs. In
the flow control part, we use x°+y°<(z+15) and z>0 A to define the cone region as the first
decision criterion. The second decision was made to either execute the addforce option or to
go to conventional MD (no force application). Here we use dx = 7 A to define the boundary as
the cut off distance, illustrated as the sphere in Fig 1, and use Arg-397, which is known to coor-
dinate the B-carboxylate of aspartate [33], as the reference residue to track the distance change.
At this distance, it is expected that the substrate should not form specific intermolecular inter-
actions with the binding site, except for long-range electrostatic forces (cut-off set to 12 A, see
Materials and methods). In six 30-80 ns MD simulations, aspartate was observed to spontane-
ously bind to the target residue.

In the trajectory illustrated in Fig 2A, in which the HP2 loop is initially only partially open,
aspartate moves close to the binding pocket but does not bind, as access to the binding site is
controlled by HP2. The degree of opening of HP2 can be assessed by the distance between
the tips of HP1 and HP2. At the starting point of the simulation, the HP2-HP1 distance was
around 8 A, which indicates a partial-open state (the distance in the aspartate-bound, occluded
state is 5.6 A and in the TBOA-bound state, in which HP2 is propped open by the inhibitor, is
12.6 A).

Once HP2 adopted the fully open form (distance between HP1 and HP2 of 12 A, for simu-
lations that show the time dependence of opening of HP2 after aspartate removal from the
binding site see S3 Fig) aspartate was able to access the binding site within 10 ns (Fig 2A).
From analysis of the trajectories of the simulations, three relevant conformations were
observed on the binding pathway, shown in Fig 2B-2D). From left to right: Aspartate binding
in the original binding pocket (Fig 2B and 2C), binding at an intermediate site with partial-
open loop (Fig 2D). The first conformation compares very well with the binding position and
coordination of aspartate in the Glt,, crystal structure [34, 35], suggesting that the accelerated
binding protocol can provide meaningful results on the actual physical binding pose of the
substrate. Asp-394 is known to coordinate the positively-charged amino group of aspartate,
most likely through electrostatic interaction, however, an additional syn-conformation (see
below) of the substrate was formed in the simulation, which could be an intermediate on the
pathway to the stable configuration found in the crystal structure, pointing to flexibility of the
ligand before stable binding is attained. The most stable state (crystal structure) needs the HP2
loop to close on the ligand, which forms additional H-bonds, involving residues A358 and
V355 backbone oxygen atoms.
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Fig 2. HP2 gate function and aspartate coordination in user-defined force simulation. (A) Substrate-protein successive binding
steps. In simulations with user-defined force, within a short period of simulation time, aspartate will move close to HP2 loop, but the
binding pocket is not accessible when the HP2 loop is not fully open. Once the open-gate state forms (HP2-HP1 distance larger than

12 A), aspartate is able to move inside the binding pocket. At this moment, the conserved residues located in TM7 stabilize the

Intergration

Intergration

aspartate. (B-D) Coordination states with open loop from user-defined force simulation results are shown in pink. Comparison of the
crystal structure (2nwx) is shown in grey. All simulation results were from sampling by adding user-defined force to conventional MD
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simulations. Two distinguishable binding positions are shown in (D) and (E), (F). One overlaps with the binding site in the crystal
structure (D) and another (E, F) is located at a higher Z-axis position. (E) Aspartate bound in HP2 half-open state, and (F, G) in HP2
fully-open state. (H-K) Time evolution of distance calculation (black) and HP2-HP1 distance (red) shown in each picture, respectively.
The blue line indicates the user-defined force boundary and the grey bar region indicates the time of force application. In the region
below the blue line (distance<7A) or not covered by the grey bar, no user-defined forces were added to substrate, and conventional
MD were sampled here. The right panels of each graph show aspartate radial distribution functions (black) and cumulative radial
distribution functions (blue). Results were analyzed within 10 A distance from the reference Arg-397 residue (atom CG).

https://doi.org/10.1371/journal.pone.0250635.9002

Details of a third coordination state of aspartate are shown in Fig 2E-2G. In this intermedi-
ate state, Asp-390 and Asp-394 contribute to binding of aspartate, Arg-397 located in TM8
participates in binding. In the binding position, the carbonyl oxygen from side chain of Asp-
390, Asp-394, together with side chain of carboxamide group of Arg-397, contribute to aspar-
tate binding. A magnified illustration of this intermediate state is shown in S4 Fig. This inter-
mediate state was not observed in all simulations, so it is likely not necessary to be occupied
during along the binding pathway. Fig 2B and 2C show a close-up comparison of the binding
modes from the simulation results. It is evident that the position of the amino group from the
simulation results overlaps with that in the crystal structure, but the two acidic carboxyl groups
display deviating conformation. The conformation of aspartate here is reminiscent of a syn-
conformation (dihedral angle about 70°), in which the aspartate side chain carboxylate and the
o-carboxylic acid group face roughly the same side of the single bond. This conformation is
different compared to the anti-conformation resolved by X-ray crystallography, in which the
two carboxylate groups face away from each other (dihedral angle about 180°).

To more quantitatively analyze the results from the MD binding simulations, we evaluated
aspartate binding trajectories (Fig 2H-2K, left). These trajectories show that after starting the
simulations, user-defined force was only necessary for the first 2-10 ns of simulation time,
after which the aspartate substrate spontaneously accessed the binding site and remained sta-
ble for 100s of ns. Similar behavior was observed in all three monomers. At the same time, the
HP2 loop did not close, or closed only partially. This indicates that binding is a two-step pro-
cess, with initial, rapid association with the HP2-open binding site, and subsequent slow clos-
ing of HP2 to form the outward-closed conformation, which is competent for translocation.
This HP2 loop closure, which occurs on a longer time scale and involves binding of sodium to
the Na2 site, was not observed in the simulations presented here.

The aspartate bound state on the binding pathway could be distinguished from radial distri-
bution function (RDF) analysis, as shown in Fig 2H-2K (right). Population states were defined
by a difference in distance from the substrate (CA atom) to Arg-397 (CZ atom), apparent as
RDF peaks at 5-6.5 A. In the crystal structure, this distance is around 5.6 A in 2nwx (the corre-
sponding distance in the TBOA bound structure is 5.5 A).

In order to assess the Na™ effect on the simulations, we also generated a Glt,;, model without
Na" located in the Nal binding sites (the Na3 site was still occupied, but the Na2 site was
empty), but otherwise under the same simulation conditions described above. Aspartate was
still able to spontaneously bind to the binding site, in binding poses illustrated in S5 Fig. How-
ever, once bound, aspartate was less stable and larger time of force application was needed to
move aspartate close to the binding site. To quantify this analysis, S6 Fig shows a force-applied
region spanning over 40% percent of the whole simulations time, whereas in the presence of
Na™ in the Nal site, less than 5% of the simulation time was spent in the force-applied region
(S5A-S5C Fig), in Fig 2H-2K. Together with RDF plots show in S6 Fig, these results indicate a
less stable environment for aspartate under non-occupied Nal conditions near and in the
binding site, as expected due to electrostatic compensation of the negative Na™ binding site by
Na™* association [36].
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Finally, we determined the effect of the cut-off distance for force application. For this pur-
pose, we selected a larger cut-off distance of 10 A, to compare with the results from the 7 A
cut-off simulations. In the sample trajectory shown in S7 Fig, force application was only
needed in the first 5 ns, but the aspartate native binding pose only stabilized after about 50 ns.
This stabilization process was much longer than in the simulations with a cut-off distance of 7
A (within < 20 ns).

Application of a flat-bottom potential to contain substrate near the
binding site

Like in steered molecular dynamics (SMD), the application of a directional force, as described
in the method used in the previous paragraphs, results in a non-equilibrium situation, in
which irreversible work is performed on the simulation system. These non-equilibrium
conditions could result in unknown effects on the observed binding pathway. Therefore, we
repeated the accelerated simulations, but instead of using a user-defined force, aspartate was
contained near the binding site by using a flat-bottom harmonic potential (illustrated in Fig
3A). Here, the potential was zero between the binding site target residue and a cutoff distance
of 7-12 A, after which the harmonic potential was applied.

Consistent with the results from the previous method, spontaneous aspartate binding was
observed within the first 20 ns of the simulation, despite increasing the cutoff distance to 12 A
(Fig 3B). Once bound, aspartate was stable in the binding site for the remainder of the simula-
tion. The final binding pose of aspartate at the end of a 100 ns simulation is shown in Fig 3C.
Aspartate was initially bound in the syn-like conformation, although the anti-configuration,
which was observed in the crystal structure, was also sampled during the trajectory. As in the
results describe in the previous paragraphs, hairpin loop 2 did not close during the 100 ns sim-
ulation time.

Spontaneous substrate binding using high aspartate concentrations

In order to further verify the results from the user-defined force and the flat-bottom potential
simulations, a spontaneous binding process was investigated using a third method, namely
conventional MD simulations (cMD). Here, high aspartate concentrations were created within
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the simulation cell. Under these condition, 76 free aspartate molecules were added manually to
the aqueous solution in the simulation environment (final concentration ~0.1 M) at an even
distribution throughout the extracellular water phase of the simulation box. High concentra-
tion environments are believed to accelerate the spontaneous binding process by increasing
the binding probability, as has been previously demonstrated for identifying the Cl" perme-
ation pathway and potassium potential binding sites in glutamate transporters [24, 37]. Spon-
taneous binding simulations were run extending to three microseconds.

Similar to the accelerated binding protocol described above, in the cMD simulation results
aspartate was also observed in the binding pocket in both anti- (Fig 4A) and syn-conforma-
tions (Fig 4B). Snapshots were taken directly from the simulation trajectories. The same inter-
mediate state shown in Fig 4C also occurred in cMD simulations, where the Asp-390 and Asp-
394 residues contribute to aspartate stabilization (Fig 4D—4F). Distance analysis and radial dis-
tribution function results are shown in Fig 4G-4]. Similar results were obtained from data
from eight independent simulations, in which simulation times ranged from 0.7 to 3 ps. Two
stable states were found, one was the native pose in the original binding pocket (similar to x-
ray structure, Fig 4D and 4E and the other one was a pose, in which Asp-390 also contributes
to binding (Fig 4F). Overall, these results are very similar to those from the accelerated binding
simulations. To further estimate the accuracy with user-defined method, we compared the
aspartate binding states within binding pocket. As shown in Fig 5, three binding states were in
different colors. The most populated anti-conformation was observed in all three methods. In
Fig 5, right panel, we observe the backbone and side chain has only slightly differences in con-
figuration when comparing between the three methods.

Binding of glutamate to the mammalian glutamate transporter EAAT1

While the crystal structure of the mammalian glutamate transporter EAAT1 is known in com-
plex with aspartate, the glutamate-bound state has not been structurally characterized. There-
fore, we tested whether it was possible to observe spontaneous glutamate binding to EAATI.
We used the second method, i.e. a flat-bottom harmonic potential to prevent diffusion of glu-
tamate too far away from the binding pocket. The cutoff distance was set to 12 A. As shown in
Fig 6A-6C, glutamate binding was observed to all three subunits in the EAAT1 homo-trimer
with binding poses that resemble aspartate binding for the o-carboxy and amino positions, but
significantly higher variability in the side chain (see Fig 6D—6F for example conformations).
This is not surprising because conformational entropy of the glutamate side chain is expected
to be higher than in aspartate, due to the additional carbon atom in the side chain, and, there-
fore, the existence of increased numbers of rotamers. Some typical trajectories for glutamate
binding are shown in Fig 6G and 6H. Glutamate association occurred within the first 10 nano-
seconds in all three subunits. However, stability in the binding pocket was decreased compared
to the aspartate/Glt,, complex, as indicated by several glutamate dissociation reactions
observed in each subunit within the 100 ns simulation time. This result is in line with the
reduced apparent affinity of the EAAT1/glutamate complex compared to Glt,/aspartate [9,
13, 38, 39]. In addition, it indicates that the initial complex formation, before HP2 closure, is
of low affinity, as had been suggested from rapid kinetic experiments and kinetic modeling
[40].

Discussion

In the structure of the archaeal glutamate transporter homologue Glt,,, the substrate, aspar-
tate, is buried in the transport domain, closed off from the extracellular solution by HP2. Sev-
eral charged conserved residues contribute to the binding of substrate (aspartate) [33, 34]. A
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were analyzed, and the time evolution results are shown from (G) to (J). Distance calculations are based on the same
reference residues shown in Fig 2. Aspartate distance from the binding site reference residue (black) and HP2-HP1
distance (red) are shown in each panel. Radial distribution function analysis results are shown at the right of each
trajectory. The different colors in (G) indicate different aspartate molecules binding and dissociating.

https://doi.org/10.1371/journal.pone.0250635.g004
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Crystal structure

User-defined force

Spontaneous binding
Flat-bottom harmonic potential

Fig 5. Comparison of four coordination states with aspartate located in the binding pocket. Three MD simulation methods in the anti-
configuration are compared with the crystal structure (2nwx). Pink, purple and orange color protein structures are defined in the legend. The crystal
structure (2nwx) is shown in grey.

https://doi.org/10.1371/journal.pone.0250635.9005

highly conserved residue located in TM8, Arg-397, shows electrostatic binding interaction
with the substrate -carboxylate group. Mutational analysis based on a mammalian transporter
provides evidence for this electrostatic interaction [33], i.e. neutralization of Arg-397 alters the
type of amino acid transported from acidic to neutral amino acids [33, 41]. Other conserved
residues close to the binding pocket predicted to contribute to substrate binding are Asp-394,
Ala-358 from TM8, Thr-314 from TM7, Val-355 from HP2, Arg-276, and Ser-278 from HP1.
Also, Gly-354 and Gly-357 located in HP2 work as a recognition group [33, 34, 42-44] for
binding with substrate and forming the closed (occluded) state. In previous simulation studies
[18], HP2 loop has been shown to undergo a large scale movement to accomplish the gating
function of the binding pocket.

Here, we used three MD methods to accelerate the ligand binding process to a known trans-
porter binding site. In all MD runs using accelerated protocols to keep the substrate within a
user-defined cut-off distance from the binding site (7-12 A), multiple binding and unbinding
events were observed within 50 ns. In contrast, using purely conventional MD, spontaneous
binding events did not occur when only three aspartate molecules were used in the simulation
cell (one per subunit), or required 100s of ns of simulation time even when very high substrate
concentrations were used (about 0.1 M). Therefore, the protocols applied here have the
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Fig 6. Glutamate binding to EAAT1 in flat-bottom harmonic potential accelerated simulations. (A-C) Representative
conformations of glutamate after binding to EAAT1 using the same simulation protocol as shown in Fig 3 (flat-bottom
potential, pink color). Comparison to the crystal structure (2nwx) is shown in grey. Magnification of glutamate coordination
states are shown in (D-F). Time evolution of distance between glutamate and Arg 459 (black) and HP2-HP1 tip distance
(red) (G-I). The blue line indicates the flat-bottom cut-off distance (distance < 12A) and the grey bars indicate the time
spent within the harmonic section of the potential.

https://doi.org/10.1371/journal.pone.0250635.g006

potential to significantly accelerate spontaneous binding events, while not using biasing force
when the ligand is close to the binding site. As shown in the comparisons with the Glt,, crystal
structure, a near native binding mode is attained in the accelerated binding simulations,
although the side chain of the bound ligand in the initial binding pose appears to have confor-
mational flexibility (see below).

As expected, the simulation time needed to observe successful binding events depended on
the cut-off distance, at which force application was switched off. We tested three cut-off dis-
tances, 7 to 12 A, which yielded similar results with respect to the final binding pose, although
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the 12 A cut-off required longer simulation times. However, even at 12 A cut-off distance,
binding was complete within 50 ns, indicating that the cut-off distance could even be
increased, if required when applying these protocols to other targets.

Methods to observe ligand binding pathways in MD simulations have been applied in the
past, in particular for G-protein coupled receptor ligand association [45, 46]. These simula-
tions typically require micro-second time scales. A possibility to accelerate these simulations is
to apply external forces, steering the ligand to the binding site. In an approach to observe spon-
taneous ligand binding, the supervised MD method was proposed [47]. Here, conventional
MD simulations are stopped when the ligand moves away from the receptor binding site, and
subsequently restarted. Thus, this method selects trajectories, in which the ligand continuously
moves toward the receptor binding site. Binding events were observed in a 10s of nano-sec-
onds time frame. Other approaches used funnel metadynamics [48], and methods based on
electrostatic interactions [49]. Here, we combined user-defined force application with conven-
tional MD when the ligand is close to the binding site, as well as preventing ligand diffusion
through a flat-bottom harmonic potential, resulting in similar time savings, with a very simpli-
fied force application protocol. Flat-bottom harmonic potentials have been used previously in
MD simulations of ligand binding to proteins and has been proven to accelerate the binding
process.

The substrate binding and dissociation mechanism of glutamate transporters has been stud-
ied previously by using experimental approaches and several MD simulation methods. Bahar
and colleagues were unable to observe spontaneous substrate binding when the substrate was
placed outside of the "bowl" that is formed by the glutamate transporter trimeric assembly
[18]. However, when substrate was placed manually within the bowl, spontaneous binding was
observed, in analogy to our results using the accelerated substrate binding protocol. The inter-
actions with Asp-390 were not noted in [18], possibly because the manual positioning of sub-
strate in the bowl provided different starting positions than in our simulations, in which
substrate was initially placed outside of the bowl.

In [27], substrate dissociation was studied at varying membrane potentials. The more nega-
tive the membrane potential, the faster the substrate was released to the aqueous solution.
Together with results from [8, 18, 25, 50], it was concluded that a Na* ion occupying the Na2
site acts as a lock to stabilize the substrate and close the HP2 loop, forming the occluded, sub-
strate-bound state. To allow substrate dissociation, the Na™ ion needs to dissociate from the
Na2 site first, which subsequently promotes opening of HP2, destabilizing the bound amino
acid substrate. This mechanism was further supported by binding free energy calculations,
showing that the Na2 position has relatively low affinity for Na*, 10-15 kcal/mol lower than
the Nal position [51, 52]. In our simulations, the Na2 site was not occupied, but Nal site occu-
pation was required for forming a stable complex with aspartate. Furthermore, It has been pre-
viously suggested that a highly conserved NMDGT motif [33, 34, 42, 53] located in TM7
contributes to substrate binding. In the TM8 helix, Arg-397 has a strong binding effect to the
substrate through salt bridge interaction, as shown by mutagenesis studies [33]. Asp-390, Asp-
394 (Glt,, numbering) also have important roles and have been tested experimentally through
mutagenesis in several glutamate transporter subtypes [33, 34]. Our MD simulation results are
consistent with these previous studies, showing interaction of the substrate with these side
chains before the stable, occluded substrate binding pose is reached. The results obtained from
the accelerated MD simulations protocol were consistent with those from conventional MD,
using high aspartate concentrations to achieve short lag periods for binding events. It should
be noted that, in this work, creating high organic substrate concentration is a labor intensive,
manual process, although scripts could be used to facilitate this process. Nevertheless, all three
methods yielded similar results in terms of the final substrate binding pose and intermediates
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on the binding pathway. Furthermore, in all three methods, we observed that the Asp-390 and
Asp-394 side chains could contribute to aspartate binding by forming an intermediate associa-
tion state. The formation of these different binding positions may depend on the degree of
binding pocket opening.

The importance of Arg-397 in controlling the conformation of aspartate was further
highlighted in our results. Once the aspartate side chain carboxylate group formed the initial
interaction with Arg-397, the syn conformation was observed, in which the aspartate carboxyl-
ates are on the same side of the C-C bond. However, after binding is complete, the anti-confor-
mation of aspartate was stabilized, as demonstrated in the Gltph crystal structure. We evaluated
the dihedral angle of the initial binding state as a function of time, as shown in S8 Fig. Bound
aspartate spent about 70% of the time in the anti-conformation, and 30% time in the syn-con-
formation. This result suggests that the initial bound state is associated with considerable con-
formation flexibility of the aspartate side chain, while the final bound state with the substrate
closed in by HP2 shows the much more pronounced stabilization of the anti-configuration
(S9 Fig).

Finally, we investigated the trajectory of glutamate binding to the mammalian glutamate
transporter EAAT1. The major conclusions, namely that initial, probably low-affinity binding
precedes closure of HP2 and locking in of the substrate are similar compared to aspartate bind-
ing to Glt,,. In contrast, glutamate was less stable in the binding site than aspartate, due to the
known lower affinity obtained from experiment, which is in the microM range. However, dis-
sociation processes observed in the 100 ns time scale indicate short residency times, and, thus,
much lower initial affinity. This is expected from experimental results from pre-steady-state
kinetic studies, showing that the glutamate affinity increases from 100 uM upon initial bind-
ing, to the 5 uM range at steady state [40]. The likely structural interpretation is that the
initial, low affinity binding state corresponds to the state observed here in the MD simulation
approach, before HP2 closes. This initial state shows stability in the interactions of the a-car-
boxylate and amino group with the transporter, but the side chain remains mobile. Therefore,
it can be speculated that the salt bridge of the side chain COO™ group with the arginine 459
(EAAT1 numbering) forms later, possibly aided by closure of hairpin loop 2.

In conclusion, we applied accelerated methods for MD simulations to study binding of
ligands to binding sites, in particular for the glutamate transporter homologue Glt,,. The sub-
strate (aspartate) spontaneous binding process was studied by applying a user-defined force
protocol, while releasing any force when the substrate is within a user-defined distance from
the binding site, as well as a method using a flat-bottom harmonic potential. Using these meth-
ods, the exact ligand binding process is largely unaffected by a biasing force. By applying these
protocols, we largely save computational resources and time, and decrease the unnecessary
simulation steps when the ligand is far away from the binding site. In the analysis of our simu-
lation results, HP2 does not close in the timeframe of the simulations. In the TNa;Na; bound
state of the transporter, the HP2 loop opens within 5-10 ns of simulation, and once the gate is
open the binding pocket becomes available for substrate to bind. The substrate initially binds
with high conformational flexibility in the side chain, while upon closure of HP2 the anti-con-
figuration is stabilized. Two potential modes of substrate association are illustrated by the sim-
ulations. After binding is complete the binding mode fits with the crystal structure binding
mode (2nwx), and in an intermediate state, Asp-390 and Asp-394 located in TM7 contribute
to binding the substrate. The results are also consistent with previous rports suggesting that
the HP2 loop acts as a gate function to lock the substrate into the binding site, involving a con-
formational change slower than substrate binding. Finally, we extended the simulations to glu-
tamate binding to EAAT1, a complex has not been investigated in structural studies. Similar to
the aspartate/Glt,, results, considerable conformational flexibility of the side chain was
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observed upon initial binding, most likely resulting in a low-affinity initial state. Overall, these
results suggest intermediates on the substrate binding pathway that are not seen in the static
crystal structures.

Materials and methods
Molecular dynamics simulations

The model system for MD simulations was generated with VMD software [54], and the Glt,,
(2nwx) structure was built by VMD. The Glt,;, structure was inserted into a pre-equilibrated
POPC lipid bilayer with the dimensions of about 120 x 120 A. TIP3P water was added to gen-
erate a box measuring about 100 A in the z-direction. NaCl was added at a total concentration
of 0.15 M and the system was neutralized. The total numbers of atoms in the Glt,, system were
146757.

For the spontaneous aspartate binding simulations, we manually added 76 aspartates
(about 0.1 M) evenly distributed extracellularly and intracellularly. Simulations were run using
the CHARMMS36 force field [30, 31] and CHARMM?27 [32] including the CMAP dihedral cor-
rections. NAMD [29] simulations were performed after 2000 steps minimization and 2 ns
equilibration steps under constant pressure conditions (NPT), then used user-defined force in
NAMD to run simulation as long as 40 ns, or switch to the ACEMD [55] program to run up to
microsecond simulations to test spontaneous binding. The RMSD increased from 1.5 A soon
after the simulation began to ~3 A after 2 ns of equilibration (S10 Fig), after which it was in
steady state. In NAMD and ACEMD simulations, the cutoff for local electrostatic and van der
Waals interactions was set to 12 A. For long-range electrostatic interactions, we used the parti-
cle-mesh Ewald method implemented in NAMD. The time steps of the simulations were 2 fs.
For ACEMD simulation, cut off for short-range interactions was 9 A. The complete simulation
system including substrate,2 Na (Nal, Na3 sites) or 1 Na (Na3 site) located at Na binding site,
lipid and water is shown in Fig 1B.

User-define force simulation

Simulations were initially started with aspartate located in the extracellular solution, we first
removed sodium in the Na2 position in Glt,;, and performed 5 to 10 ns simulation using
NAMD., the HP2 opened state subunit was selected to be reference and tracking aspartate
binding distance.

We next selected the aspartate locations at two different distances from the target residue
(27A and 18A) and started the force application and direction calculation steps. In the user-
defined force simulation, we selected Arg-397 and atom name CG as reference atom, and
selected aspartate atom name CA as force targeting atom, every two steps (or one step), user-
defined force were applied to the target atom. Force direction was directly calculated by the
vector between two atoms, and updated in every step of calculation. The force constant was 5
kcal/mol/A?. The range selection and force direction calculation script are listed in S1 and
S2 Figs.

Application of a flat-bottom potential

Flat bottom potential application was used the same atom selection from user-defined simula-
tion. Force constants were use 0.1 kcal/mol-A. Cut-off distance use 12 A in calculations. Rela-
tive energy as a function of the distance (Fig 3A) was plotted in Microsoft Excel.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250635  April 23, 2021 14/19


https://doi.org/10.1371/journal.pone.0250635

PLOS ONE

Substrate binding to glutamate transporters

Trajectory analysis
The time evolution of distances and distribution function analysis were calculated by Tcl/Tk
programs built in VMD [54] software. HP1-HP2 distance were calculated from atom CA in
Ser-277 to atom CA in Pro-356. Substrate binding distance was calculated from atom CZ in
Arg-397 to atom CA in aspartate.

The dihedral angle calculations were performed in VMD. Atom selection were from aspar-
tate residue atom C, CA, CB, CG. All images were directly captured by VMD1.93 [54] and
Pymol software.

Supporting information

S1 Fig. Principle of force application strategy.
(PDF)

S$2 Fig. User-defined force calculation script.
(PDF)

S$3 Fig. Hairpin loop 2 (HP2) opens within 100 ns of removing the substrate.
(PDF)

$4 Fig. Coordination of Glt,,-asp binding in intermediate state.
(PDF)

S5 Fig. Coordination in user-defined force simulation without Nal occupied.
(PDF)

S6 Fig. Reduced stability of bound aspartate when the Nal site is not occupied by Na*.
(PDF)

S7 Fig. Aspartate spontaneous binding process with 10 A cut-off distance.
(PDF)

S8 Fig. Dihedral angle distribution for bound aspartate.
(PDF)

S9 Fig. Dihedral angle distribution from aspartate-bound state simulation with HP2 loop
closed.
(PDF)

$10 Fig. Root Mean Square Deviation (RMSD) shows only minor difference between the
two methods to accelerate substrate binding.
(PDF)
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