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Removing glutamate from the synaptic cleft is vital for proper function of the
brain. Excitatory amino acid transporters mediate this process by uptaking the
neurotransmitter from the synaptic cleft back to the cell after its release. The archaeal
homolog, GltPh, an aspartate transporter from Pyrococcus horikoshii, presents the best
structurally characterized model for this family of transporters. In order to transport,
GltPh undergoes elevator-like conformational changes between inward-facing (IF) and
outward-facing (OF) states. Here, we characterize, at an atomic level, the OF
IF
transition of GltPh in different apo/bound states using a combination of ensemble-
based enhanced sampling techniques, employing more than two thousand of coupled
simulation replicas of membrane-embedded GltPh. The resulting free-energy profiles
portray the transition of apo/bound states as a complex four-stage process, while sodium
binding alone locks the structure in one of its states. Along the transition, the transport
domain (TD) disengages from the scaffold domain (SD), allowing it to move as a piston
sliding vertically with respect to the membrane during the elevator-like motion of TD.
Lipid interactions with residues comprising the SD–TD interface directly influence
the large-scale conformational changes and, consequently, the energetics of transport.
Structural intermediates formed during the transition leak water molecules and may
correlate to the uncoupled Cl− ion conductance observed experimentally in both
prokaryotic and mammalian glutamate transporters. Mechanistic insights obtained
from our study provide a structural framework for better development of therapeutic
for neurological disorders.

membrane transporter | molecular dynamics | enhanced sampling | free energy

Mammalian excitatory amino acid transporters (EAATs) play a crucial role in rapid
clearance of synaptic glutamate, the most important excitatory neurotransmitter in
the central nervous system (1–4). Dysregulation of EAATs has been associated with
a spectrum of neurological conditions such as depression, schizophrenia, stroke,
Parkinson’s, and Alzheimer’s diseases (5–8). Consequently, they hold promise as a
therapeutic target for modulating glutamate concentration in the synapse and addressing
associated disorders.

The glutamate transporters are members of the solute carrier 1 (SLC1) family
of secondary active transporters, where the transport mechanism is driven by the
electrochemical gradient of cotransported ions, particularly Na+, facilitating the uphill
transport of glutamate and/or aspartate (9–14). They also exhibit thermodynamically
uncoupled Cl− conductance, resulting in an overall uncoupled, but glutamate-gated
anion channel activity (15–18), where the conducting state is likely a transient
intermediate of the elevator-like transition (18–22). Eukaryotic glutamate transporters
move one glutamate into the cell along with three Na+ ions and one H+, while
releasing one K+ ion (23–25) in each transport cycle. In contrast, archaeal counterparts
preferentially transport aspartate over glutamate, and their function is independent of
proton or potassium (26, 27). The crystal structures of archaeal glutamate transporter
homolog GltPh from Pyrococcus horikoshii have provided crucial insights, offering direct
structural evidence for the mechanism of substrate translocation through elevator-type
conformational changes (4, 12, 18, 28–37). With over 30% sequence identity to EAATs,
GltPh serves as an excellent structural model for studying the elevator-like mechanism in
this family.

GltPh is a homotrimer with each protomer composed of two distinct domains’ a
relatively static scaffold domain (SD) and a highly dynamic transport domain (TD)
containing the substrate/ion binding sites (29, 32, 38–40), as illustrated in Fig. 1 A–C.
Each protomer contains eight transmembrane �-helices (TM1-8) and two helical
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Fig. 1. Structural details and transport cycle of GltPh. Trimeric GltPh, in OF state, embedded in a POPE lipid bilayer. Scaffold domains (SDs) and transport
domains (TDs) are colored in shades of green and orange, respectively. SDs form the trimeric core, to which TDs are attached [(A) Top view; (B and C) side views
of the system with front lipid molecules hidden for clarity. (B) shows the protein in surface and (C) in cartoon representation]. (D) Cartoon representation of
a GltPh protomer highlighting the eight TM helices and the two helical hairpins (HP1 in gray and HP2 in red). (E) Schematic of the transport cycle and (F ) the
collective variables (CVs) used to drive the OF 
IF transition and used to describe its free-energy landscape. � and � represent the rotation and translation of
TD with respect to SD, respectively.

hairpins (HP1 and HP2), as depicted in Fig. 1 D and E.
The protomers are expected to move and transport substrate
independently (32, 41–47).

GltPh exhibits an elevator-like conformational transition dur-
ing its transport cycle. In order to ensure tight coupling of
cotransported species, this transition is only allowed energetically
when the transporter is either in an apo state or in its fully bound,
i.e., in complex with both the substrate and all three sodium
ions. During the transport, the SD remains relatively steady,
but the TD undergoes substantial rotational and translational
movements in the membrane, transitioning the protein between
the inward-facing (IF) and outward-facing (OF) states. The
transition switches the accessibility of the substrate/ion binding
sites between the cytoplasmic and extracellular sides of the mem-
brane (4, 28, 29, 32, 39, 43, 44, 48). Various crystallographic,
computational, and biochemical studies have characterized the
three sites for Na+ ions in GltPh that are cotransported along with
the substrate (29, 49–51). The alternating-access mechanism is
believed to be accompanied by the opening and closing of HP1
and HP2 controlling the accessibility of the binding sites to the
surrounding solution (4, 29, 52–59). Comparative analysis of
OF and IF crystal structures reveals an 18-Å translation and a
37◦ rotation of the TD between the two states. Despite extensive
structural and biochemical investigations of GltPh and EAATs,
the atomic-level details of their large-scale structural transitions
and the nature of intermediates remain unknown.

Here, using comprehensive ensemble-based, enhanced sam-
pling simulations, and free-energy calculations employing
system-specific reaction coordinates, we present a complete

energetic description of the GltPh OF
IF transition in its fully
bound (Gltfb), apo (Gltapo), and partially bound (Gltpb) states.
Our approach involves stepwise integration of various simulation
techniques over a cumulative simulation time exceeding 100 μs.

The bias-exchange umbrella sampling (BEUS) (60–62), in 2
dimensions (2D), serves here as the primary sampling tool. The
method is used to examine the conformational free-energy land-
scape of GltPh using meticulously chosen, specific reaction coor-
dinates or CVs to best represent the underlying physics. Given
the complexity of the energy landscapes, iterative sampling was
imperative to optimize the reaction coordinates, and sample
more relevant regions of the configuration space (61, 62). String
method (63–65) and other path-finding algorithms (66, 67) are
then employed to refine the initial minimum-energy paths in
high-dimensional spaces, which are used in the subsequent 1D
BEUS simulations.

Employing this refined pathway and our approach, we describe
energetically the OF
IF conformational transition pathway of
GltPh under different binding conditions, thereby providing an
atomic-detailed framework for the chemomechanical coupling
in the system. Our findings offer a detailed perspective on the
large-scale conformational changes in GltPh, revealing a complex,
four-stage transition marked by a highly coupled two-component
transition of TD, unveiling comparable yet distinguishable
structural transition pathways for Gltfb and Gltapo. The disparity
between the energetics of Gltfb and Gltapo conformational
transition pathways underscores the involvement of multiple
intermediates in the mechanism. Furthermore, some of the
occluded intermediates obtained from our simulations exhibit
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water conduction and thus may substantiate the uncoupled Cl−
conduction. On the other hand, our simulations consistently
indicate that Gltpb remains locked in its OF state throughout.
These observations align with the alternating-access and elevator-
like mechanisms, emphasizing the specific role played by ions
and the helical hairpin gate in controlling the transition. The
resulting similar but somewhat different free-energy profiles for
different protomers hint at the effect of lipids on the energetics
of transport.

1. Results and Discussion

1.1. Pathway and Energetics of GltPh Conformational Transi-
tion. The calculated 2-dimensional free-energy landscape of Gltfb
describes its OF
IF transition approximately as a 4-stage process
(Fig. 2A). Starting from the OF state (Right side of the diagram),
the first stage consists of a brief translation (∼2 Å) of TD toward
its position in the IF state. Stage 2 involves a combination of TD
translation and rotation (∼2 Å and ∼5◦, respectively). Stage 3
is best described as a long TD translation-only phase (∼6 Å),
while the final stage (Stage 4) is a predominantly TD rotation
stage (∼30◦) combined with a smaller translation component
(∼5 Å). The energy landscape shows multiple minima along the
OF
IF transition of Gltfb. It is worth noting the IF region in
our free-energy map deviates from the experimental IF rotation
and translation values, as indicated by the black boxes in our
free-energy maps. The experimental IF values were derived from
directly from the crystallized structure [PDB ID: 3KBC (29)],
which was obtained under specific experimental conditions. A
broad energy minimum at theTop Left (IF space) of the landscape
(Fig. 2A) represents the heterogeneity of the IF conformational
ensembles of the three protomers sampled during the simulations.
We speculate that the differences in interaction patterns with

lipids are a major source for this heterogeneity. The free-energy
profiles for individual protomers are provided in SI Appendix,
Supplementary Note 1 and Fig. S1.

During the transition, Gltfb crosses two significant free-energy
barriers (3.9 and 4.3 kcal/mol, respectively) while transitioning
through Stages 2 and 3 (Fig. 2A), as well as a lower barrier when
going through Stage 4 (2.6 kcal/mol). It visits a stable inter-
mediate between Stages 3 and 4 with a free energy of only
∼1 kcal/mol higher then the IF and OF end states, which, in-
terestingly, exhibit similar free energies (Fig. 2A). Representative
conformations corresponding to this intermediate and to the OF
and IF minima derived from the simulations are shown in Fig. 3.
The PDB files of these conformations (OF.pdb, IN.pdb, and
IF.pdb) have been provided in SI Appendix.

The energy landscape of Gltapo has a similar overall shape
but exhibits slightly different barriers (Fig. 2B). The first barrier
(3.8 kcal/mol) is encountered after Stage 1 and is located almost
exactly at the same place as in Gltfb. The second and broader
barrier is about 6.0 kcal/mol, i.e., about 1.7 kcal/mol higher than
the corresponding value in Gltfb. This barrier happens between
Stages 3 and 4 where the transition includes a large TD orien-
tational component (Fig. 2 B and D). Notably, the free-energy
profiles for both the Gltfb and Gltapo states are characterized
by energy barriers of ≤6 kcal/mol. This barrier is generally
consistent with the symport mechanism of the transporter, where
such transitions are feasible at room temperature, aligning with
biologically feasible reaction rates for physiological transport
processes.

IF conformations of the three Gltapo protomers converged to a
more confined region of the configuration space when compared
to Gltfb and showed ∼2 Å less TD translations. This suggests
that GltPh in its fully bound conformations might move farther
toward the intracellular side than in the apo conformation. The
additional translation in Gltfb could facilitate the unloading of

Fig. 2. Free-energy maps of GltPh OF
IF transitions in different bound states. Potential of mean force (PMF) profiles of OF
IF transitions in (A) Gltfb, (B)
Gltapo, and (C) Gltpb shown in a 2D space. Note the different energy scale in (C). 1D PMF profiles of Gltfb and Gltapo (D) and Gltpb (E). The Gltpb system shows
no free-energy minima in the IF conformation (C and E), reflecting that it essentially remains locked in the starting OF conformation. The numbered arrows
in (A) indicate how the Gltfb OF
IF transition can be approximately divided into 4 stages (see text for details). The circle, square, triangle, and star in (A–C)
represent the positions of OF [PDB 2NWX (4)], IF [PDB 3KBC (29)], iOF [PDB 3V8G (30)] GltPh crystal structures, and the main minima, respectively [see Fig. 3 for
representative structures of minima in (A), indicated by star]. The error bars represent the SD based on 32 copies for each image (SI Appendix, Methods).
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Fig. 3. Gltfb snapshots corresponding to the minima observed in the free-energy landscape shown in Fig. 2A. The sample conformations of (A) OF, (B)
intermediate, and (C) IF states are presented in both trimeric (Top) and monomeric (Bottom) side views. The intermediate state visited at the end of the Stage 3
exhibits a free energy of approximately 1 kcal/mol higher than the IF and OF end states. SDs and TDs are colored in green and orange, respectively. Helical
hairpins, HP1 and HP2, which are key to the mechanism, are colored in gray and red in the Bottom figures. The approximate position of the membrane is shown
with horizontal lines highlighting the displacements of both TD and SD relative to the membrane during the transport cycle.

the bound substrate and Na+ ions. The stable intermediate
observed in the middle of the transition in Gltfb system does
not show in Gltapo, but an equally stable state is observed much
earlier in the transition and close to the crystallographically
solved intermediate OF (iOF) state (30) [PDB ID. 3V8Gc (30)].
The occurrence of stable intermediate conformations at different
regions of the configuration space in Gltfb and Gltapo hints
at different conformational pathways despite comparable free-
energy profiles.

In the partially bound case of Gltpb, the transition is
accompanied with a substantial rise in the free energy, and no
minimum can be even gained in the region corresponding to the
IF state (Fig. 2 C and E). All three protomers show this behavior
independently (SI Appendix, Fig. S1). In other words, the
transporter remains locked in the OF state, the state from which
we initiated our sampling, when only a single Na+ ion is bound
to it. However, it is possible that an IF state exists in the pre-
sence of Na+ that our sampling strategy has not been able
to capture. For instance, a Na+-bound IF structure of GltPh,
PDB ID. 6X13, has been recently crystallized (34). Although the
mechanistic details of the differences between the partially bound
and other cases (fully bound or apo) require further detailed
examination of the simulations, they are consistent with and
can be attributed to the restriction that global flipping of
the transporter should be prohibited in the partially bound
configuration. This selective transition is a fundamental aspect
of the transporter’s role in synaptic neurotransmitter regulation
and it may arise as the partially bound state lacks the necessary
coordination of ions and substrate to stabilize the transporter in
conformations that facilitate a complete transition. Moreover,
such a condition could dissipate the physiological concentration
gradients of Na+ and glutamate, thereby unfavorably affecting
the membrane potential.

1.2. Disengagement of the Transport Domain. The interface
between the SD and TD is mostly hydrophobic, except for a small
polar region formed by the tip of HP1 (SI Appendix, Fig. S3).
During the large-scale OF
IF transition of the protein, the

SD/TD interfacial area is reduced by about 200 to 300 Å2 in
the intermediate states as compared to the OF and IF end states
(SI Appendix, Supplementary Note 2 and Fig. 4 A and B). The
OF and IF end states show SD/TD interfacial areas of 1,770 and
1,682 Å2, respectively, whereas the area corresponding to the int-
ermediate states is reduced to 1,440 and 1,515 Å2 (Fig. 4B).
We hypothesize that sliding of the hydrophilic tip of HP1 (SI
Appendix, Fig. S3B) over the hydrophobic surface of SD may
have induced the observed disengagement of the TD during the
initial part of the transition. In the later part of the transition,
the interfacial area increases back as the highly hydrophobic
HP2 meets the SD and establishes favorable interactions before
reaching the IF state. Reduced interfacial contact area in the
intermediate states correlates well with the increased water in
this region (SI Appendix, Fig. S2A). Similar conclusions about
the disengagement of the two domains during the transport
cycle have been reported in mutagenesis studies of GltPh by
Akyuz et al. (68), where the rate of substrate transport was
increased by engineering mutations at the interface that facilitated
their separation, thereby enhancing the dynamic behavior of the
transport domains.

1.3. Displacement of Both Scaffold Domain and Transport
Domain in Membrane. The bowl-like central core of trimeric
GltPh formed by the three SDs functions as a rigid base to which
the three TD domains are attached. While the TD domains
undergo large-scale conformational transitions independent of
each other, SD dynamics have been reported to be limited (43).
However, both the SDs and TDs are in contact with the
membrane and the movement of the TDs relative to the SDs
is expected to be accompanied by the adjustment of both within
the membrane (Fig. 3 A–C ). In our extensive simulations, the
SDs move like a piston during the OF
IF transition by ∼8 Å
with respect to the membrane (Movies S1–S3). During Stages
1-3, SDs and TDs move in the opposite directions, while in
Stage 4, they move in the same direction to complete the
transition (Fig. 4 C and D). This interesting characteristic is
facilitated by the reunion of the disengaged TDs with the SDs
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Fig. 4. Key structural changes during the OF
IF transition in GltPh. (A) Two snapshots showing the disengagement of TD from SD. The snapshots correspond
to protomer A in the OF state and an intermediate state where SD and TD are separated. A black arrow points to the region of separation. (B) Interfacial contact
surface area between SD and TD for protomer A supporting their separation during the transition. Top,Middle, and Bottomplots represent Gltfb, Gltapo, and Gltpb
systems, respectively. Contact numbers calculated between SD and TD also support this behavior (Extended Data SI Appendix, Fig. S6D). (C) Structural snapshots
highlighting two different locations of SD relative to the membrane representing the observed piston-like movement of SD during the transition (Movies S1–S3).
Black arrows point to the movement of SD. (D) Centers of masses (CoMs) of SD (Top) and TD (Bottom) with respect to the membrane midplane (brown line)
during the OF
IF transition. The solid lines correspond to a moving average done over a window size of 10. Black, red, and blue traces represent Gltfb, Gltapo,
and Gltpb systems, respectively. Circle, square, and triangle indicators represent the corresponding values for the OF, IF, and iOF crystal structures, respectively.
The position of the membrane in the case of crystal structures was obtained from their individual 200-ns simulations (SI Appendix, Supplementary Note 8).

and indicates that SD–TD interactions are key in stabilizing the
end states. The center of mass (CoM) of SD in the OF state
is located ∼8 Å below the midplane of the membrane. As the
OF
IF transition progresses, it moves upward almost to the
membrane midplane, and upon the completion of the transition,
it returns to ∼6 Å below the membrane midplane (Fig. 4 C and
D). Interestingly, most of the rotation/translation occurs while
SD moves away/toward the membrane midplane (SI Appendix,
Fig. S4). Movement of SD and TD with respect to membrane
are discussed in SI Appendix in more detail (SI Appendix,
Supplementary Note 3 and Fig. S4). In contrast, the translation of
the TD along the membrane normal is rather monotonic, with
its CoM moving from ∼4 Å above the membrane midplane in
the OF state to ∼8 Å below it in the IF state.

1.4. Local Conformational Changes. Local conformational
changes underlie the large-scale, global motions in biomolecules.
In case of GltPh, some of these local changes are noteworthy.
A salt bridge (SB) between E192 on TM5 and K290 on
HP1 is a key stabilizing interaction of the OF state. This SB
needs to break during the translation of TD toward its IF
position. All systems show strong interactions between these
SB-forming residues around the OF conformations throughout
our extensive simulations (Fig. 5 A and C, and SI Appendix,
Fig. S5). Gltfb maintained a stronger SB interaction than Gltapo
and Gltpb indicating the higher stability of TD when Glt is fully
bound. The high free-energy barrier observed in the Middle of
Stage 3 correlates well with the breaking of this SB (Figs. 2A
and 5C ).

TM7, the broken central helix of TD, is another structural
element that undergoes a notable local conformational change
during the OF
IF transition. The N-terminal part of TM7
(referred to as TM7a) faces the intracellular side, while the
C-terminal part (TM7b) faces the extracellular side (Fig. 5B).
Average tilt angle of TM7a in protomer A of Gltfb initially drops
from 8.1◦ in the OF state to 3.8◦ in the middle but later rises
to 9.9◦ in the IF state. Average change in the tilt angle of TM7a
helix in protomers A and B of Gltfb is ∼4-6◦ smaller than those
in Gltapo and Gltpb, probably due to incomplete occupation of
the binding sites which allows additional flexibility of TM7a
(Fig. 5D and SI Appendix, Fig. S5 D and F ). The middle of
TM7 forms part of the substrate and ion binding sites, and thus
binding of small molecules at this site can directly couple to
the structural dynamics of the helix. The tilt angles of TM7a in
protomer A are 11.1◦, 15.0◦, and 17.2◦ in the OF, iOF, and
IF crystal structures, respectively. The membrane environment
present in the simulations may have significantly contributed
to the difference compared to X-ray structures. Further details
on local conformational changes are discussed in SI Appendix,
Supplementary Note 4. Binding site conformational dynamics are
also further discussed in SI Appendix, Supplementary Note 5.

1.5. Alternating Access Mechanism. Similar to other active,
coupled transporters, GltPh follows the general alternating access
mechanism in which the substrate cannot be accessible from
both sides of the membrane at any given time (69). During
the transition between the OF and IF states, however, the
substrate can become temporarily inaccessible from both sides
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Fig. 5. Local conformational changes during the OF
IF transition of GltPh. (A) Salt bridge (SB) between K290 in TM5 and E192 in HP1, and (C) its distance
during the transition. The distance is measured as the distance between atom NZ in K290 and the mass center of atoms CD, OE1, and OE2 in E192. (B) Cartoon
representation of TM7 in OF and IF conformations. TM7 is a broken TM helix located in the middle of TD and taking part in substrate binding site. For clarity,
only TM7 (orange) from the TD is shown along with full SD (green). Phosphorus atoms of the membrane lipids are shown as brown beads. (D) Tilt angle of TM7a
(intracellular half of TM7) with respect to the membrane in protomer A during the transition. Average values of different regions are indicated on the plot for
easier comparison. In (C and D), Top, Middle, and Bottom plots represent Gltfb, Gltapo, and Gltpb, respectively. Circle, square, and triangle indicators represent
OF, IF, and iOF crystal structures, respectively.

of the membrane, before the transporter reaches the IF state
and releases its cargo to the intracellular side of the membrane.
Such “occluded” conformations have been found to be leaky
to smaller molecules, e.g., water (70), and can be connected
to the experimentally observed uncoupled Cl− conductance
in this family of transporters (3, 18, 22, 71, 72). In order
to quantify the movements of the HP helices, which are
crucial structural elements in substrate binding and accessibility,
C�-C� distances of two residue pairs were calculated: i) between
V198 in TM5 of SD and V355 at the tip of HP2; and, ii)
between V51 in TM2 of SD and S277 at the tip of HP1. These
distances quantify the extracellular (EC) and intracellular (IC)
lock distances, respectively. Furthermore, the HP tip–tip distance
(HP1–HP2 distance) was monitored as a metric for the stability
of the binding site. The HP tip–tip distance remains small during
the transition in Gltfb (Fig. 6B and SI Appendix, Fig. S6A). Larger
HP tip–tip distances are observed during the OF
IF transition
of Gltapo, suggesting that substrate/Na+ binding structurally
stabilizes the HPs in Gltfb. Detailed definitions of the HP tip–tip
distance and EC/IC lock distances are provided in SI Appendix,
Supplementary Note 6. Gltfb occluded conformations displayed a
lower number of water molecules around the HP tips compared
to other systems in accord to a more stable binding site in Gltfb
(Fig. 6C and SI Appendix, Fig. S6B).

During the transition, the EC lock displayed a ∼15 Å closure
(Fig. 6D), while the IC lock showed a ∼10 Å opening (Fig. 6E),
in complete accord with the alternating-access mechanism. Gltfb
displays a clearer EC closing and IC opening during the transition

toward the IF state, while Gltapo and Gltpb are associated with
more fluctuating EC/IC locks due to their higher dynamic,
unbound HPs.

The simulated OF
IF transitions sample the crystallograph-
ically observed EC/IC distances for all OF, IF, and iOF states
(Fig. 6D andE and SI Appendix, Fig. S7A–D). The translation of
TD is a major component in EC closing during the early stages
of the transition, while in later stages, its rotation contributes
substantially to IC opening. The 2D space of EC and IC lock
dynamics shows that Gltfb transitions via one path, where both
EC and IC locks alternated in a coordinated manner (Fig. 6F ).
Analysis of the alternating-access in protomers B and C is detailed
in SI Appendix, Supplementary Note 6 and Fig. S7. Detailed
discussion on substrate dynamics and its interactions with the
protein during OF
IF transition is also provided in SI Appendix,
Supplementary Note 7 and Fig. S8.

1.6. Lipid–Protein Interactions May Stabilize Distinct Confor-
mational States. Despite the disparity between the protein
dynamics, which is accelerated during the OF
IF transition
simulations, and lipid dynamics, our simulations suggest that
lipids may affect the structural transitions of GltPh. In addition
to the surface of GltPh, which is largely membrane-exposed, lipids
also directly interact with portions of TM7 and HP2, which are
somewhat buried in the TD (SI Appendix, Fig. S9 A–D).

Other key regions, such as TM2, TM3, and TM5 also interact
strongly with lipids and thus may be involved in lipid-dependent
dynamics of the system. These regions show differential lipid
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Fig. 6. Alternating access in the OF
IF transition of GltPh. (A) Residues used in tracking the alternating access in the transporter. (B) C� distance between
S277 and V355 representing the HP tips during the transition. Black, red, and blue lines represent Gltfb, Gltapo, and Gltpb, respectively. (C) Water accessibility of
the HP tips as a function of TD translation and orientation. The water accessibility is defined as the number of water molecules within 5 Å of residues 275-280
(HP1) and 352-357 (HP2). (D) Distance between V198 and V355 representing the extracellular (EC) lock. (E) Distance between V51 and S277 representing the
intracellular (IC) lock. (F ) IC and EC lock distances plotted against each other show the working of the alternating access mechanism during the transition of
the transporter. The gray area indicates the occluded region. Top, Middle, and Bottom plots represent Gltfb, Gltapo, and Gltpb, respectively. Circle, square, and
triangle indicators represent the values obtained from OF, IF, and iOF crystal structures, respectively.

interactions in the three simulated protomers and thereby lay the
basis for any differences in conformational changes and energetics
of each protomer (SI Appendix, Fig. S9 A–D).

Lipid tails insert into the space between protomers (interpro-
tomeric lipids) as well as the interfacial space formed between
SD and TD (interstitial lipids; SI Appendix, Fig. S9 E and F )
within each protomer. The interstitial lipids are significant as
they interact with residues forming the SD/TD interface and
thus could directly affect the large-scale conformational transition
in that protomer. The number of lipid heavy atoms interacting
with the IF state is consistently higher than the OF state. Deep
insertion of lipid tails at the interstitial spaces observed in our
simulations is reminiscent of the lipid tail cocrystallized with the
OF crystal structure [PDB ID. 2NWX (4)]. IF conformations
did not show this level of deep lipid tail insertion. Based on the
differential lipid insertion in the end states we may speculate that
lipid interactions could preferentially stabilize a particular state.
In fact, it has been previously suggested that the IF state strongly
bends the lipid bilayer (34, 73). Such intimate lipid interactions
may affect the energetics associated with the induced protein
transition, in accord with the slight heterogeneity observed in
the energy landscapes of the three protomers in our simulations
(SI Appendix, Fig. S1), despite their threefold symmetry. We
note that heterogeneous distribution of lipids around the three
protomers is partly due to their slow diffusion constant around
the proteins preventing them from complete sampling of the
protomers at the same level. Interestingly, however, distinct
binding of lipids to individual protomers is the most likely origin
of their energy landscape heterogeneity. For the same reason, the
accurate quantification of these interactions is quite challenging

in that the lipid dynamics is quite slow and not particularly
targeted for acceleration in our sampling protocol.

2. Concluding Remarks

This study provides a detailed model for the conformational
transition of membrane-embedded GltPh in three different
binding states: i) with all three Na+ ions and a substrate present
in each protomer (Gltfb), ii) with only one Na+ present in
each protomer (Gltpb), and iii) in the apo state (Gltapo). The
transition from the OF
IF comprises a complex four-stage
process, where the conformational change alternates between
transnational and rotational movements of the TD with respect to
the SD. Despite observing somewhat similar free-energy profiles
for Gltfb and Gltapo, there exist distinct intermediates associated
with the conformational transition mechanism, as previously
suggested (19, 40). Notably, a single Na+ ion bound at the Na+1
binding site in the absence of the substrate and other ions seem
to lock the conformation of GltPh, preventing any reasonable
state transition. This aligns well with recent studies that the
binding of two Na+ ions to the Na+1 and Na+3 binding sites is
imperative for complete HP2 gate opening, while the HP2 gate
displays flexibility in the apo conformation (35, 74). The first
stage of the transition involves disengagement of TD, which
is likely induced by sliding of hydrophilic regions of HP1
over the hydrophobic SD, while in the later part of transition
hydrophilic regions of HP2 slides against the SD, and interfacial
area between TD and SD increases. The SD moves akin to
a piston during the transition, showing an approximately 8 Å
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Fig. 7. Sampling protocol employed to investigate large-scale conformational changes during the OF
IF transition of GltPh. Detailed system specifications
and methodologies used in each step are given in SI Appendix, Table S1. The fully bound state (Gltfb) is used until the step where the minimum free-energy path
is derived. This path serves as the initial guess for the subsequent SMwST calculations (Step 5) in all states.

movement within the membrane. This movement corresponds
with the elevator-like motions of TD, highlighting the critical role
of SD–TD interactions in stabilizing the OF and IF states. Local
conformational changes, such as the disruption of E192-K290
salt bridge between TM5 and HP1, TM7 helix alterations, and
Na+/substrate binding site dynamics, facilitate and contribute
to the overall transition as well. Lipid–protein interactions,
particularly in the buried regions of TD such as TM7 and HP2,
may stabilize distinct conformational states, potentially con-
tributing to the observed stability of the OF state. Structural
intermediates obtained from the simulations include occluded
conformations and transiently formed water-leaking states, which
may be connected to the experimentally observed uncoupled
Cl− conductance (14). Biophysical and biochemical experiments
may use the obtained structural information to design further
experiments to trap the transporter in a specific conformation
of interest. Other events in the transport cycle of GltPh such
as binding and unbinding of substrate and Na+ ions can be
studied with the methodology used in this study. In addition,
this approach and the CVs employed in this study can be
generally applied to other transporters following the elevator-like
mechanism.

3. Materials and Methods

Here, we present our computational methodology and outline our sampling
protocols. Conventional MD simulations are often insufficient for investigating
large-scale conformational changes in membrane transporters. Biased MD
simulations, on the other hand, provide a more practical alternative to
conventional MD for thermodynamic characterization of transporters. Various
time-dependent or time-independent biasing potentials are used along with
a post hoc or on the fly reweighting scheme to recover the unbiased
statistics (61, 62). However, formulating such biasing protocols is challenging
due to the high dimensionality and complexity of phase spaces in biomolecular
systems. Identifying a CV space a priori that contains relevant conformations
during the transition is a specific challenge as an erroneous choice of the CVs for
biasing may lead to irrelevant transition pathways and misleading free-energy

profiles. Additionally, inducing transitions using external forces may introduce
artifacts, leading to nonphysical transition pathways. Our sampling strategy,
particularly, aims to mitigate this issue.

Our workflow (Fig. 7) consists of six steps. We begin with a set of targeted
MD (TMD) (75) as well as Steered MD (SMD) (76) simulations for the fully bound
state (Gltfb) to produce initial pathways for the OF
IF transition. Although
these nonequilibrium simulations induce the OF
IF transition, the resulting
pathways are not necessarily the most relevant and often nonphysical, involving
a large amount of work. Therefore, we explore the entire 2D CV space using 2D
BEUS (60–62) simulations to identify the most relevant pathway. SMD is then
used as a seed generator for the subsequent 2D BEUS simulations, offering
an estimate of the Gltfb 2D free-energy landscape in the selected CV space.
Utilizing a post hoc string method (PHSM) (61, 62) with this map, we generate
an initial minimum free-energy path (MFEP) for Gltfb. While the PHSM path is
a valuable starting point, it represents a reconstructed pathway that may not
capture all relevant dynamical fluctuations and could deviate if subjected to
free simulations. Therefore, this path undergoes refinement using a parallel
version of the string method with swarms of trajectories (SMwST) (64). This
iterative refinement ensures that the transition pathways are not only physically
plausible but also relevant to the biological function of the transporter. The
resulting path is then used as an initial guess also for SMwST simulations of
the apo (Gltapo) and partially bound (Gltpb) states, as well. Finally, 1D BEUS
simulations are conducted along the refined MFEPs to assess the energetics of
the OF
IF transition for each system.

Our approach specifically relies on the BEUS method to continuously sample
more degrees of freedom. However, refining reaction coordinates iteratively is
crucial for accurate free-energy estimation in complex systems such as the
one here. The string method helps identify the primary OF
IF transition
pathway, creating a one-dimensional curve within a reduced subspace. Such
a conformational transition pathway is relaxed and used not only to calculate
the free energy associated with the transition but also to characterize both
global and local protein conformational changes along the pathway. Technical
details of the above steps, along with system preparation, MD simulations, and
system-specific CVs are discussed in SI Appendix, Methods.

Data, Materials, and Software Availability. Representative structures corre-
sponding to the minimum free energy regions in the OF, intermediate, and IF
states, obtained from fully bound simulations, as well as movies related to SD/TD
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interactions, are available at Zenodo. Additionally, input files (.psf, .pdb, .par)
and configuration files (.conf) necessary to reproduce the results of this study
are deposited at the same repository. All scripts, along with the full source code
for PHSM, nonparametric reweighting, and a program for kernel construction
from data, can also be accessed at Zenodo. Sample output files are provided as
well. Simulation trajectories were generated using NAMD, while visualization
and analysis were performed using VMD. Both software packages are publicly
available (77).
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