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over, their active transport is believed to occur via a common al-
ternating access mechanism,2,5 during which substrate accessibil-
ity changes from one side to the other of the cellular membrane.
Namely, the ion(s) and substrate bind to one face (extracellular,
EC) of the transporter. This event induces some conformational
changes to the protein, which are followed by translocation of
the ion(s) and the substrate to the opposite face (intracellular,
IC) of the membrane. Hence during the transport these proteins
switch from an outward (OF) to an inward-facing (IF) conforma-
tion via a complex set of structural transitions, occurring both at
local and global levels, and thus ranging between the micro to
millisecond time-scale. During these large conformational rear-
rangements the transporters are believed to visit several possible
intermediate structures, which are difficult to capture experimen-
tally due to their short life-time (Figure 2).

In the last few years several atomistic structures of sec-
ondary symporters were obtained by X-ray studies (Figure 2B).
Those structures comprise: (i) the leucine transporter, LeuT, a
member of the Neurotransmitter Sodium Symporter (NSS) fam-
ily,6,7 which allows the selective reuptake of molecules within
the synapse, and is therefore a target for neurological disor-
ders (epilepsy, depression, anxiety, Parkinson’s) and substance-
addiction disorders; (ii) the benzyl-hydantoin transporter, Mhp1,
a member of the Nucleobase Cation Symporter-1 (NCS1) fam-
ily,8 widely found in plants and bacteria. This plays an important
role for salvage pathways for nitrogen balance. Moreover, trans-
porters from the NCS1 family are important in the toxicity of the
antifungal agents,9 and mutations in these proteins can lead to
drug resistance. (iii) The betaine transporter, BetP, a member of
the Betaine Carnitine Choline Transporter (BCCT) family, which
is a family of prokaryotic proteins specifically mediating the trans-
port of compounds containing a quaternary nitrogen atom, adapt-
ing living cells to variation of osmolarity and temperature10,11;
(iv) the glutamate transporter, GltPh, a member of the Excita-
tory Amino Acids Transporter (EAAT),12 which propagates the
signal along neural paths, by regulating the concentration of neu-
rotransmitters in the synaptic cleft. Unbalanced concentrations of
neurotransmitters lead to Alzheimer’s or Parkinson’s diseases. (v)
Finally, the bacterial homologue of the sodium/galactose trans-
porter (vSGLT), a member of the Sodium Solute Symporters
(SSS). In addition to transport of sugar into the cells, this trans-
porter warrantees water adsorption. Thus, the human homologue
(hSGLT), besides being target for type II diabetes, also provides
the basis for oral rehydration therapy.4 These structures provided
insights into the molecular architecture of the symporters at dif-
ferent stages of the transport cycle,2,3,13–15 unveiling some com-
mon structural and functional characteristics.

However, this structural information, even supplemented by
electrophysiological, biochemical and spectroscopy experiments,
is still fragmentary and incomplete to fully elucidate the general

mechanism of this class of transporters. Thus, critical aspects of
their molecular mechanism remain not completely understood.
In fact, it is often not clear to which stage of the transport cy-
cle the solved crystal structures refer to or how the different
sets of experimental structures are structurally and dynamically
linked during the transport cycle. The static picture provided
by X-ray crystallography has been recently complemented by dis-
tance measurements relying on pairs of spin labels based on dou-
ble electron-electron resonance (DEER)-EPR technique. These
provided important experimental dynamics insights into the ion-
coupling mechanism and time-sequence events of the conforma-
tional changes occurring along the transport cycle of different
transporters.16,17

Thanks to recent advances in the force field accuracy, to the
enormous increase of computer power, to specifically tuned com-
putational platforms, as well as to the development of sophis-
ticated state-of-the-art computational methods, which allow to
extend enormously the time-scale accessibility, molecular simu-
lations can provide increasingly quantitative information on the
kinetic and thermodynamic features of biological systems, becom-
ing a fundamental tool to comprehend at atomistic level of de-
tails the mechanism of complex biological macromolecules.18–22

In this respect, a plethora of studies has been focused on ad-
dressing unclear aspects of the symporters mechanism. Shar-
ing the LeuT-fold transporters a common general mechanism,
the single focused study can be translated into a more general
-omics perspective, providing a unifying mechanistic picture of
the Na+-symporter superfamily. In the following we provide an
overview of computational studies carried out on the five trans-
porters (SGLT, LeuT, Mhp1, BetP and GltPh) for which experimen-
tal datasets have benefited of adjuvant computationally driven
insights, focusing, in particular, on three relevant aspects: (i) the
identification and description of the sodium-binding sites; (ii) the
cooperativity of Na+ and substrates at different stages of the bind-
ing/releasing mechanism to/from the transporter, and (iii) the
large conformational changes underlying the alternating access
mechanism.

To facilitate the comparison among these transporters, we used
the helix numbering of Ref,6 i.e. starting from the two repeats
(TMs 1-5 and TMs 6-10). The additional N-terminal helices are
numbered TM(<0) and those at C-terminal TM(>10), Figure 1C.

2 Computational Methods

In molecular dynamics (MD) a molecule is studied by following its
behaviour in time. As such the forces acting on system’s particles
are calculated, and their time evolution is obtained using a suit-
able equation of motion. The thermodynamic properties of the
system are then computed from averages over sufficient long tra-
jectories. In classical MD simulations the underlying potential en-
ergy surface is an effective empirical potentials or force field (FF)
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approximated by additive (parameterized) many-body terms. MD
simulations found widespread application in computational biol-
ogy. Despite the use of a simple underlying and computationally
cost effective predefined empirical potential, one of the main lim-
itations of MD remains the limited time-scale accessibility of the
simulations. Indeed, the standard time-scale exploration of a MD
run is of the order of tens of nanoseconds or microseconds, while
several relevant and interesting biological processes occur at re-
markably longer time-scale ranging from milliseconds to seconds.
A clear example of this is the time-scale required by the conforma-
tional changes occurring during the inward-to-outward switch of
transporters, or, more in general, the proteins folding, biochemi-
cal reactions, etc. Indeed, it is very difficult to obtain statistically
significant data from full atomic MD simulations alone, although
the use of supercomputers specifically designed for biomolecular
simulations23,24 allowed to enormously extend the time-scale ac-
cessible and, therefore, the potentialities of MD simulations. In
the present case long plain MD simulations may be integrated
with elastic network models, wich allow to unravel the intrinsic
dynamics of proteins. This latter has been demonstrated to have
a role in driving protein/substrate interactions.25 However, plain
MD simulations are still unable to overcome large free energy bar-
riers and, thus, to efficiently explore the free energy landscape.
For this reason, computational methods have been developed to
overcome free energy barriers in shorter simulation times, and
to reconstruct the free energy landscape out of non-equilibrium
simulations. Here we will briefly describe some of the methods
mentioned in this review.

Umbrella sampling (US):26,27 In this approach, a series of ini-
tial configurations along a specific reaction coordinate is gener-
ated. Each of these states corresponds to a point along the se-
lected degree of freedom, wherein the molecule of interest is har-
monically restrained using an umbrella biasing potential. This
restraint allows the system to sample the configurational space in
a defined region along the reaction coordinate. Each simulated
window must slightly overlap with the adjacent ones for a proper
reconstruction of the Potential of Mean Force (PMF) curve by us-
ing the Weighted Histogram Analysis Method (WHAM).27 One
should note that the construction of the umbrella requires prior
knowledge of the conformations of interest, which in many cases
is not an obvious task.

Thermodynamic Integration (TI):28 This method is used to com-
pute the free energy difference between two states (e.g., A and B)
whose potential energies have different dependences on the spa-
tial coordinates. A coupling parameter λ (with values between 0
and 1) is defined and a series of simulations is setup correspond-
ing to discrete λ values. Thus, the potential energy as a function
of λ varies from the energy of system A for λ = 0 to system B for
λ = 1.

Steered Molecular Dynamics (SMD):29–31 This method applies

an external force to manipulate biomolecules. In SMD the sys-
tem is pulled along a selected degree of freedom. SMD simula-
tions are equivalent to umbrella sampling when the applied forces
are weak, thus changing very slowly in time and inducing minor
overall changes. In contrast, when the forces applied are large
the system is out of equilibrium and it is possible to employ a
non-equilibrium description for the analysis of the free energy.
Indeed, in 1997 Jarzynski32,33 demonstrated that free energy dif-
ferences can be obtained through exponential averages of irre-
versible work.

Targeted Molecular Dynamics (TMD):34 This approach induces a
transition of a subset of atoms of the system from an initial to a fi-
nal known target structure by applying a steering time-dependent
force. At each time step, the Root Mean Square (RMS) distance
between the current coordinates and those of target structure is
computed and the force applied depends on the difference be-
tween the actual RMS and that calculated evolving linearly from
the initial to the target structure.

Metadynamics (MTD):35 This method was developed in order
to escape from local minima in the free energy surface (FES).
This allows to efficiently explore the FES, while simultaneously
picturing free energy differences/barriers. It is based on the ad-
dition of an external history-dependent potential (constructed as
a sum of gaussians) acting on a small number of collective vari-
ables (CVs). It has been demonstrated that, in the limit in which
the CVs evolve according to a Langevin dynamics, the average
of the biasing potential added converges to the negative of the
free energy, thus providing an optimal bias to enhance transition
events.36,37 A limit of this method is that the performance of the
algorithm rapidly deteriorates as the dimensionality of the CVs
space increases, since the time required to reconstruct a free en-
ergy surface scales exponentially with the number of CVs.

Bias-Exchange Metadynamics (BE-MTD):38,39 To overcome the
limitation of MTD simulations, several approaches have been pro-
posed.38,40–42 Among these, BE-MTD allows reconstructing the
free energy using a virtually unlimited number of CVs.38 Namely,
this is based on the simulation of several replicas of the system
at the same temperature, each biased by a time-dependent poten-
tial acting on a different CV. Exchanges of conformations among
pairs of replica are attempted according to the replica-exchange
method.40,42

Accelerated molecular dynamics (aMD):43 In this method the
potential energy landscape is altered by adding a bias potential,
which accelerates the escape rates from potential wells, extending
in turn the time-scale accessible to MD simulations. A continuous
non-negative bias boost potential function is defined such as if
the true potential is lower that a selected value E, named as the
boost energy, the simulation is performed on the modified poten-
tial, while, if the true potential is larger than E, the simulation is
performed on the true potential. An evolution of this method con-
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sists in the so-called dual-boost mode, where aMD simulations are
performed not only boosting the total potential of all atoms but
also to the dihedral angles.44,45 This method has been recently
applied on homology model of the human dopamine transporter
(hDAT) built on the Drosophila melanogaster DAT46,47 and it has
proven to be successful in describing the most important events
characterizing the transport process of dopamine and confirm-
ing relevant structural changes observed in the several crystallo-
graphic structures described in this review. This approach may
represent a fruitful way for future mechanistic investigations of
this type of transporters.

Dynamic Importance Sampling MD (DIMS-MD):48 In this
method the bias is dynamically adjusted to enhance the sampling
of the events of interest, namely, transitions between states sep-
arated by relevant free energy barriers. A soft-ratcheting biasing
scheme works by a Monte Carlo-like procedure, where each MD
step is accepted if it moves the system towards the target state
(after defining a progress variable that unambiguously indicates
the progression of the system towards the desired state).

Weighted Ensemble Path Sampling:49,50 This is an enhanced
sampling technique that tracks the evolution of a statistical en-
semble of trajectories in the conformational space. It is based on
the simulation of several stochastic MD runs and on the projection
of the coordinates on the selected progress coordinate, assigning
them into bins. By iterating the procedure it is possible to reach
the target state B from the initial state A in an unbiased manner.51

Beside the limitations in time-scale accessibility, a second deli-
cate issue of classical MD simulations is the reliability and trans-
ferability of force fields and, thus, the choice of a specific force
field among those available.1 This choice requires particular
care in the simulations of membrane proteins as they need to
be simulated in a lipidic environment. Several force field pa-
rameters for different kinds of lipids (i.e. POPC, POPE, DOPC,
DPPC) have been developed52,53 along with a suitable computa-
tional method for simulating stable membranes (i.e. using semi-
isotropic pressure control, surface tension parameters).1 In the
works mentioned in this review the force fields adopted were
mainly CHARMM27 or CHARMM36 with CMAP corrections54–57

(for both proteins and lipids), or GAFF58 (lipids) and AMBER59

(protein).

3 In Silico Identification of Sodium-Binding

Sites

The binding of Na+ ions (one, two or even three, depending on
the transporter type) is a crucial event for secondary transporters
functions, as it allows the progression along the mechanistic cy-
cle. However, the location and the atomistic details of Na+ ion
binding sites are often unclear. This is in part due to the limited
resolution of the currently available crystallographic structures
and, in part, to the similarity of the scattering factors between

Na+ ions and oxygen atoms of waters. MD simulations have
largely contributed to provide structural insights on the location
of Na+ binding sites at different stages of the transport cycle. The
nomenclature of these binding sites is Na1, Na2, Na3. Interest-
ingly, from the X-ray structures available to date it appears that
these ions are tightly bound by the protein residues in the OFop
and OFoccl conformations, while they are difficult to detect in
the IF ones. Moreover, in case of binding sites in the IF confor-
mations, suggested on the basis of bioinformatics considerations,
the ions are loosely surrounded by transporter residues.
In this section we will briefly review some of the recent studies
addressing this important aspect for different LeuT-fold members.

3.1 Symporters Working with One Na+ Ion

vSGLT

As mentioned above, the Na+ stoichiometry of these trans-
porters range from 1 to 3 ions. vSGLT and Mhp1 transporters
belong to the simplest case with only the Na2 site occupied by
a Na+ ion. This site is conserved among many distantly related
families of secondary symporters (vSGLT, Mhp1, BetP, GltPh) and
it is believed to be at the basis of the molecular mechanism of
cotransport.

In the crystal structure of vSGLT, obtained from Vibrio para-

haemolyticus and captured in the IF conformation,4 the galactose
(Gal) binds the protein (Figure 1), while the Na+ ion was not de-
tected and a plausible ion-binding site was proposed on the basis
of a structural comparison with the LeuT structure and by mu-
tational analysis.4,6 MD simulations studies, however, suggested
that the crystal structure represents an ion-releasing state of the
transporter since Na+ departs from the proposed binding site af-
ter a few ns of MD simulation (within 10 ns).60–62

Recently, we proposed an ion-retaining state of the transporter,
identifying a stable Na+ binding site by metadynamics simula-
tions (Figure 3). Starting from the experimentally proposed bind-
ing site we explored the FES looking for a stable minimum rep-
resenting the Na+ binding site. In this minimum Na+ ion is co-
ordinated by A62, I65 and S365, which bind to Na+ with their
carbonyl oxygens (the first two) and hydroxyl oxygen (the latter).
Three water molecules complete the Na+ coordination sphere.63

The coordination distances Na+-O are in the range of 2.3-2.6
Å and a water molecule H-bonds simultaneously to D189. Be-
sides some small local rearrangements of the residues, this ion-
retaining state (named hereafter as LC1) is obtained thanks to a
kink of the TM1 with respect to the structure captured crystal-
lographycally (Figure 3). This site is consistent with the obser-
vation of Faham et al.4 pointing to a key role of S365 for the
Na+-dependent transport of Gal.

Mhp1

In the OFoccl crystal structure of Mhp1 a single positive peak
in the electron density difference map was observed at a position
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structurally equivalent to Na2 of LeuT (surrounded by carbonyl
oxygens of A38, I41, A309, and the side chain hydroxyl atoms
from S312 and T313 in TM8). The Na+ positioned in this density
remained bound during 100 ns of MD simulations.64 In contrast,
multiple MD simulations conducted on the Mhp1 IF crystal struc-
ture and with Na+ ion positioned on the basis of structural com-
parisons with the LeuT structure, showed that Na+ dissociation
occurs within 2 ns, consistently with what observed for vSGLT.64

3.2 Symporters Working with Two Na+ Ions

LeuT

Structural studies on LeuT revealed the existence of an OFoccl
state where two Na+ ions bind at sites Na1 and Na2 and the
cotransported solute structurally couples to Na1.6 In order to
elucidate the role of these sites in the conformational dynamics
of ions/substrate uptake/release extensive MD simulations were
done.65,66 These revealed that Na+ in the Na2 site was stable
over 100 ns long MD simulations either in the presence or ab-
sence of the substrate. Moreover, PMF calculations and quasi-
harmonic analysis of LeuT showed that in the presence of Na+ in
Na2 the conserved residue T354 adopts a single, stable rotameric
conformation (free energy barrier, ∆G

#, for the rotation up to 25
kcal/mol), while two degenerate states are adopted in its absence
(∆G

# up to 10 kcal/mol).65 Thus, the release of the Na+ ion from
Na2 is modulated by the rotameric flexibility of T354 and also by
local hydration effects, since a wire of water molecules spanning
from the cytoplasm to the Na2 was observed. This may facilitate
ion release and may lead to the rearrangement of the interhelical
network. Importantly, these simulations also showed that the ab-
sence of Na+ in Na2 increases the fluctuations of Na+ in Na1 and
of substrate, hence facilitating the opening of the LeuT intracel-
lular thin gate (formed by R5 and D369).

In a later study,66 Zhao et al. addressed the role of Na+ bound
to Na1 in the conformational dynamics of the OFop and OFoccl
states of LeuT. µs-long MD simulations starting from the OFoccl
state with Na+ ions coordinated in both in Na1 and Na2 and in
the absence of substrate showed a spontaneous transition of the
extracellular vestibule to the OFop conformation. The probabil-
ity of assuming this conformation is enhanced by the absence of
Na+ in Na1, suggesting that this ion contributes to stabilize the
OFoccl conformation.66 PMF calculations showed that in the ab-
sence of the substrate (leucine) Na+ can still bind to Na1 in the
OFop conformation, although the free energy minimum is about 6
kcal/mol higher than in the presence of the substrate. Binding en-
thalpies for the two ions obtained with Molecular Mechanics Pois-
son Solver Surface Area calculations (MM/PBSA) showed a simi-
lar binding affinity of Na+ for the two sites, but a significant cor-
relation exists between large scale conformational changes (from
occluded to open state) and the Na+ binding affinity towards
Na1, with the first being thermodynamically favored.66

Lately, Zomot at al.67 performed extensive MD simulations
(>20 µs) on OF conformation of LeuT directly observing the se-
ries of events which leads from the OFop to OFoccl transition,
along with substrate binding/dissociation from/towards the ex-
tracellular site. Interestingly, they pinpointed that this process is
mediated by the coupled dynamics between substrate and ions
binding and that the binding of Na+ ions switches among several
peripheral sites named here as Na1’ and Na1”. These simulations
remarked that Na+ in Na2 as the first ion dissociating completely
in the OFoccl conformation (0.25 µs) either in the presence or
in the absence of the substrate. In contrast, Na+ in Na1 either
remained bound (1-1.5 µs) or it moved towards a different site,
designated as Na1’, composed by the carboxylate of E290, the side
chain of N27 and N286, and the hydroxyls of Y47 and/or T254.
This site is occupied only along the exit route from Na1, while in
the entry pathway from the extracellular side a second new Na+

binding site (named Na”) was identified. This latter is located
in the same cavity of the substrate binding site, it is 5 Å away
from the Na1 and Na2 sites and it is composed by the hydroxyls
of S256, S355, and by N21 backbone and/or side chains.

BetP

Khafizov et al.68 employed MD simulations in parallel with bio-
chemical and electrophysiological measurements (mutagenesis,
transport and binding assays) to characterize the Na+-binding
sites in the closed state of BetP for which experimental infor-
mation was lacking. They initially placed Na+ in the Na2 site
according to the position of a distinct positive peak revealed by
the analysis of the Fo −Fc difference density map of the occluded
conformation X-ray structure. Multiple 70 ns-long MD simula-
tions confirmed the presence of Na2 site between TM1 and TM8
helices. This was also supported by the fact that the single and
the double mutations T467A and S468A lead to a decrease of the
affinity of Na+ (an increase of the Michaelis-Menten (Km) and the
dissociation (Kd) constants was observed), and a complete abro-
gation of Na+ binding, respectively. In contrast, for the location
of Na1 there was no experimental hint and they proposed its loca-
tion on the basis of the transporter pseudosymmetry (i.e. the five-
helix inverted repeat fold). MD simulations revealed that in the
closed state Na+ remains coordinated in this putative site (formed
by the side chains of T246 and T250, the backbone carbonyl of
T246) establishing a cation-π interaction with F380 and binding
a single water molecule (Figure 4). Mutagenesis experiments of
residues T246, T250 and F380 showed remarkable variation of
Km confirming their involvement in Na+ binding.

In a later study,69 Perez et al. characterized the sequential for-
mation of the substrate and sodium binding sites in the OFop state
of BetP. Using a combination of structural studies and MD simu-
lations, they unveiled that the binding of the substrate leads to
the occlusion of the Na+ sites, especially of Na2, leading to its
progressive dehydration and reshaping.
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3.3 Symporters Working with Three Na+ Ions

GltPh

Glutamate transport by the human excitatory amino acid trans-
porters (EAAT1) and their archeal counterpart (GltPh) depends
on three Na+ ions. However, only two ions binding sites have
been identified in its crystal structure. MD simulations combined
with free energy perturbation (FEP) calculations pinpointed a
third Na+ binding site (Na3) with Na+ coordination shell com-
posed by the oxygens from the T92, S93, N310, D312 (one
oxygen) side chains and the backbone of Y89.70 The authors
also confirmed by site-directed mutagenesis and transport exper-
iments the importance of T92 and S93 and their involvement in
Na3 for GltPh and its human counterpart, EAAT1.

4 Cooperativity and Role of Na+ in the Bind-

ing and Releasing Mechanism of Sub-

strates to/from their Transporters

An in depth comprehension of the synergism played by the ions
and the ligand in the translocation mechanism across symporters
is still far from being fully understood. In this respect in sil-

ico studies can offer unique atomistic insights to directly observe
whether the ions may induce local and/or distal conformational
changes, reshaping the free energy landscape, allowing the bind-
ing/dissociation of the substrates to/from their binding sites and
how Na+/ligand interplay occurs at the different stages of the
transport cycle.

vSGLT

The dissociation mechanism of galactose from the IF conforma-
tion of vSGLT has been addressed by MD simulations.61,62,71,72 In
these studies Gal release can occur either spontaneously around
100 ns or by applying an external force. These works led also
to contradictory conclusions on the free energy profile associ-
ated to substrate dissociation from the binding site identified
crystallographically and on the role of Y263 as a possible inner
gate.61,62,71 Zomot et al. showed that Gal exited the protein
only by applying an external force (SMD simulations) to the sub-
strate, and after a rotameric transition of the Y263 side chain.
This residue was, therefore, believed to be a first gate along the
dissociation path, while the role of a second gate was attributed
to Y269 encountered later along the path.61 Consistently with
these findings, Watanabe et al. hypothesized that sodium exit
triggers the substrate release after the new rotameric conforma-
tion acquired by Y263 and that Gal has to overcome very small
barriers (∆G

#
∼ 2 kcal/mol) to be released towards the cytosol.62

In contrast, Li and Tajkhorshid depicted a strikingly different sce-
nario.71 By combining unbiased MD and SMD simulations, they
identified a curved translocation pathway for Gal dissociation. In
this path Gal moves around Y263, and its exit requires no gating
event. This finding led to the conclusion that the crystal struc-
ture represents an IFop state of the transporter.71 Unfortunately,

experiments do not help solving this puzzling mechanism of sub-
strate/ion release, as data on these controversial points as well as
on the order of dissociation of the two ligands towards the cytosol
are fragmentary.73

In an attempt of shedding light on this intricate scenario, we
performed extensive BE-MTD simulations for a total of 1400 ns.74

By biasing several collective variables to simultaneously promote
the dissociation of both Na+ and Gal, we established on the fly
the reciprocal influence of the cotransported ligands during their
dissociation, characterizing at the same time also the kinetics
and thermodynamics signatures of the process.74 Importantly, the
starting structure of our study is that of the IFoccl conformation
in an ion-retaining state obtained in our previous study.63 Our
simulations unambiguously showed that the Na+/Gal interplay
along the dissociation path is minimal and limited only to the ini-
tial displacement of both Na+ and Gal from their binding sites
(Figure 5). This suggests that the binding of the ion in a stable
site helps hampering the release of the substrate towards the in-
tracellular side. Surprisingly, our simulations also reveal that the
dissociation of both Na+ and Gal occurs with ∆G

# of about 11-12
kcal/mol, and that at the rate limiting transition state both lig-
ands are more than 10 Å far apart from their binding sites (Figure
5D, E). For these reasons, we updated the hypothesized alternat-
ing access mechanism by adding a branch path to account for the
independent, uncorrelated and energetically competitive dissoci-
ation of Na+ and the substrate towards the cytoplasm. Moreover,
our simulations of the Y263F mutant showed that Y263 has no
gating role, although the mutant reshapes the free energy land-
scape of the first (main) minimum, affecting in turn Gal dissocia-
tion.74

In a very recent work, Li et al. observed the presence of a
second Gal binding site in vSGLT.75 Indeed, while the crystallo-
graphically identified Gal binding site, S1, aligns to a more ex-
tracellular position compared to the central binding site of LeuT,
the second Gal site (named S2, in a binding pocket below Y263)
aligns to the central site of LeuT. The two sites have different TMs
compositions. By using computational modeling (i.e. induced fit
docking and 100 ns-long unbiased MD simulations) together with
experiments to estimate the molar binding stoichiometry, Li et
al. indicated that vSGLT can bind simultaneously two substrates.
Mutations of residues in S2 lead to a reduction of the binding
stoichiometry.75 These findings were also observed for Proline
Transporter (PutP), suggesting that substrate transport by these
proteins may require both substrate binding sites.

Mhp1

Simmons et al. combined MD simulations with experimental
studies (crystallography, biochemical assays, design/synthesis of
novel ligands and mutagenesis) to elucidate substrate binding
events in Mhp1.76 They showed that a 5-substituted hydantoin
substrate binds at the interface of the bundle (TMs 1, 2, 6, 7)
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Table 1 Distances (expressed in Å) for sodium binding sites in the crystal structures of several Na+ symporters. We report the residues identified
in the crystal structures within 3 Å from the ion. DAT is the very new crystal structure of the dopamine transporter from Drosophila melanogaster. 46

Adapted with permission from Ref. 63 Copyright 2013 American Chemical Society.

Symporter Source Ion Cystallographic distances between Na+ ion and coordinating ligands

LeuT 1 A22 (O) N27 (Oδ) T254 (Oγ) T254 (O) N286 (Oδ)
2A65 (out) Na1 2.11 2.18 2.28 2.39 2.54

G20 (O) V23 (O) A351 (O) T354 (Oγ) S355 (Oγ)
2A65 (out) Na2 2.21 2.11 2.25 2.21 2.32

GltPh G306 (O) N310 (O) N401 (O) D405 (Oδ1) D405 (Oδ2)
2NWX (out) Na1 2.70 2.61 2.73 2.71 2.77

GltPh T308 (O) M311 (S) S349 (O) T352 (O)
2NWX (out) Na2 2.75 3.43 1.96 2.48

GltPh G306 (O) N310 (O) N401 (O) D405 (Oδ1)
3KBC (inw) Na1 2.16 2.50 2.99 2.66

GltPh T308 (O) M311 (S) S349 (O) T352 (O) I350 (O)
3KBC (inw) Na2 2.66 2.26 2.58 2.65

Mhp1 A38 (O) I41 (O) A309 (O) S312 (Oγ) T313 (Oγ)
2JLN (out) Na2 2.62 2.66 2.09 2.53 2.77
2JLO (occl) Na2 2.84 2.79 2.56 2.62 2.65
2X79 (inw) Na2 residues far apart from each other, no ion

BetP A147 (O) M150 (O) F464 (O) T467 (Oγ) S468 (Oγ)
4AIN Na2 2.17 2.48 2.33 2.31 2.36

DAT A44 (O) N49 (Oδ) S320 (Oγ) S320 (O) N352 (Oδ)
4M48 (out) Na1 2.31 2.73 2.44 2.40 3.00

G42 (O) V45 (O) L417 (O) D420 (Oδ) S421 (Oγ)
4M48 (out) Na2 2.28 2.29 2.34 2.56 2.36

1 The sixth coordinating ligand in LeuT Na1 site is represented by the substrate, Leu (2.52 Å).

and hash (TMs 3, 4, 8, 9) domains. PMF calculations indicated
that in this site the substrate assumes preferentially an extended
conformation with respect to the U-shaped one. This study also
revealed that upon substrate binding, TM10 (the thin extracellu-
lar gate) has to bend over the substrate, assuming a closed po-
sition (i.e. occluded conformation), which allows the transport
to occur. Instead, the binding of a bulky inhibitor locks TM10 in
the open position. In this manner transport does not take place
and the structure captured in presence of the inhibitor represents
a non-active conformational state of Mhp1. Simmons et al. ob-
served that the substrate interacts mainly with the hash motif, at
difference with other 5HIRT superfamily members where specific
interactions between the substrate and the bundle were also ob-
served.4,6,11 As a consequence of this limited interaction pattern,
most probably the switch from the OF to the IF conformation is
determined by a predominant rigid body rotation of the hash rel-
ative to the bundle domain, at variance to other LeuT-fold family
members where a larger flexibility of the bundle domain helices
around the unstructured regions of TM1 and TM6 is present and
more complex conformational changes are at the basis of the OF-
to-IF conformational switch (Figure 1). Consistently with these
findings, a recent study based on double electron-electron reso-
nance (DEER) spectroscopy revealed that IF and OF structures of
the Mhp1 transporter are indeed intermediate states of the trans-

port cycle.16 This study pointed out that Na+ binding to Na2 at
the IF conformation does not change the energetics of the IF to
OF transition, in contrast to what observed for LeuT. This sug-
gests that the mechanism of single and double Na+-dependent
transporters may differ in terms of how transport depends on ion
gradients/ion binding.

Zhao et al. characterized how substrate and ion binding drives
the conformational changes necessary for substrate transport.77

By using TMD to generate large structural transitions of the trans-
porter, followed by a multi-dimensional path sampling (string-
method) and by US free energy simulations, the authors pin-
pointed the main thermodynamic and kinetic features governing
the ion-dependent conformational dynamics of the Mhp1 trans-
port cycle. They observed that: (i) the free energy differences
between the IF and OF conformations in absence of substrate and
the ion is very little, pointing to a stochastic gating of the trans-
porter in the apo form; (ii) Na+ binding at Na2 site reshapes
the FES and modulates substrate binding; (iii) substrate binding
determines the closure of the extracellular thin gate and ham-
pers Na+ dissociation towards the extracellular side; (iv) sub-
strate binding also stabilizes the binding of Na+, which other-
wise is energetically disfavored in the OF apo form; (v) the Na2
site may also play a key role in the intracellular thin gate mod-
ulation by altering its interactions with TM5 (in particular with
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N168, a residue reminiscent of the role assigned to D189 in vS-
GLT transporters63 and E192 in LeuT); (vi) in analogy to LeuT,
two possible substrate binding sites (S1 and S2) were identified,
with S2 being less thermodynamically stable by 5 kcal/mol. (vii)
The transporter rearranges from the IFoccl to the IFop conforma-
tion where Na+ dissociates towards the intracellular side and the
transporter opens its thick gate in a concerted manner (Figure
6).77

LeuT

The LeuT transporter is probably the best structurally charac-
terized member of the LeuT-fold family as it has been captured
in three different conformational states (OFop, OFoccl and IF)
in the apo form as well as in the presence of several substrates,
inhibitors and natural ligands. In a recent review, Loland gives
a comprehensive picture of the binding sites and binding modes
of substrates and inhibitors to the protein.78 A second substrate
binding site was suggested for the OF conformation by compu-
tational studies. Indeed, SMD simulations in which the ligand
was pulled from the principal binding site (S1) towards the ex-
tracellular environment identified a peripheral site (S2), around
10 Å above S1.79 S2 was confirmed by binding and flux exper-
iments. This S2 site seems to be homologously corresponding
to that of Mhp1.77 Indeed, for both these transporters S2 site is
located around 9-10 Å above the S1 site (proteins in OF state).
Concerning vSGLT (IF conformation), instead, the location of the
sites is not the same, as previously mentioned. S2 is indeed be-
low the S1, probably due to a different state of the transporter.
Although observed in different experimental and computational
studies, the existence of S2 is still matter of debate.78

30 ns-long MD simulations79 in the apo and holo form for the
substrate and in the presence and the absence of Na+ revealed
that the sodium ion binding opens the substrate access to S1. The
binding of the leucine substrate to S1 further stabilizes this site
and screens it from the entrance of water molecules. MD sim-
ulations (10 ns) revealed that two leucines can simultaneously
occupy both S1 and S2 sites, and that upon binding to S2 the sub-
strate allosterically triggers the intracellular release of the sodium
ions and of the second substrate molecule from S1. According to
this study, the following events take place: (i) Na+ binding in-
creases the affinity of the substrate for S1, (i.e. no substrate bind-
ing is observed in the absence of Na+); (ii) upon leucine binding
to S1 the extracellular gate (F253, R30, and D404) closes, trap-
ping the substrate in S1; (iii) Na+ and the substrate are thus oc-
cluded in Na1 and S1 sites, while the second Na+ can be released
from Na2 towards the intracellular side; (iv) Na+ and leucine re-
main in Na1 and S1 until a second substrate molecule binds to
S2, co-adjuvating their dissociation.

In a subsequent study Zhao et al. by performing µs-long MD
simulations, hypothesized that the binding of the Na+ ion in Na2
leads LeuT to a more OF open state, facilitating the entrance of

the substrate to S1.65,66 Instead, the release of Na+ from Na2 en-
hances the closing of the extracellular thin gate and the opening
of the intracellular one.65

Starting from LeuT in the OF conformation, Cheng et al. char-
acterized the sequence of events from substrate binding to OF
state to its release from the IF conformation by using a complex
computational protocol based on TMD, aMD, and unbiased MD
simulations (up to a total of µs-long MD).80 In particular, they
focused on the binding of the alanine substrate, which is trans-
ported by LeuT more efficiently than leucine, to both S1 and S2
sites in the OF state. Interestingly, this study pinpointed S1 as a
high affinity binding site, and showed that alanine binding to S1
determines a closure of extracellular gate (by a rotation of F253
and the formation of the salt bridge R30-D404). They also re-
vealed that the binding affinity of substrate in S2 depends on the
conformational state of the transporter, being this affinity larger
in the IF conformation. In a subsequent study the same authors
completed the characterization of substrate translocation mech-
anism, elucidating the series of events associated to substrate
and ion translocation to the cell.81. These involve: (i) substrate
recognition, (ii) the closure of the extracellular gate upon sub-
strate/cation binding, (iii) a series of structural rearrangements
of TM helices to proceed to a holo-occluded state, (iv) opening of
the intracellular gate, release of substrate and ions, (v) closure of
intracellular gate, (vi) and transition back to a highly stable apo-
occluded state, which is proposed to precede the final transition
to OFop state, resuming the transport cycle (Figure 7). In this
study the holo-occluded and apo-occluded states were identified
for the first time. The authors also highlighted the involvement
of the N-terminal segment in stabilizing, and possibly regulating,
the functional transitions taking place along the transport cycle.
Remarkably, in this study, the release of the substrate occurs be-
fore that of the ions during the transition from the IFoccl to IFop,
at variance with what observed for other transporters (vide infra).

Finally, Zomot et al. observed an increased occupancy of sev-
eral sodium binding sites in the OF conformation of LeuT.67 In
their extensive MD simulations they showed that Na+ binding to
the Na1” induced an opening of the extracellular vestibule, which
is mostly closed in its absence, while Na+ binding to Na2 had
no effect on the dissociation of either leucine or alanine from S1.
Interestingly, alanine, which binds to LeuT with a lower affin-
ity than leucine (but, as previously mentioned, it is translocated
with a higher turnover rate), escapes from the OFop conforma-
tion within 50 ns, never occupying S2. In contrast, leucine de-
parts after 1 µs from S1, exiting the protein or binding in the S2
region. When alanine is bound to S1, Na+ remains coordinated at
Na1 for the entire simulation time (0.5 µs), while Na+ dissociates
from Na2 within 10-100 ns and remained in the Na1” site for 0.2
µs after the dissociation of alanine. In the presence of leucine,
Na1 remained stably bound or moved transiently to Na1’ during
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substrate dissociation, while Na+ dissociated from Na2 after the
substrate.67

GltPh

In one of the first studies on the GltPh transporter, Shrivas-
tava et al. described the series of occurrences driving the recog-
nition and binding of substrate to the OF conformation of the
transporter by performing classical MD simulations.82 They iden-
tified a helical hairpin (HP2) as the extracellular gate, undergoing
large movements and modulating the diffusion of the substrate
towards the binding site.82 In a subsequent work, PMF calcula-
tions along the path identified by SMD simulations revealed two
free energy barriers, each of 15 kcal/mol.83 The first barrier is
overcome thanks to the interaction between the substrate (here
aspartate) α-carboxylate group with the sodium ion in Na2. This
is modulated by a momentarily departure of Na+ from its binding
site. Na+ in Na1, instead, comes into play in the second phase,
and remains ”coupled” to the substrate until its release towards
the cytoplasm.

A very detailed study, based on metadynamics simulations,
characterized the mechanism of substrate uptake from the synap-
tic cleft, internalization and release in the intracellular medium,
together with the role of the ions during these processes.84

Grazioso et al. assigned different roles to the two ions: while Na+

in Na1 along with the substrate stabilizes the closed conformation
of HP2, Na+ in Na2 locks GltPh in a conformation competent for
substrate internalization (Figure 8). A set of metadynamics simu-
lations based on path collective variable85 were done to study the
transition from the OFop to OFoccl, as well as from IFoccl to IFop,
while simultaneously considering the dissociation of the aspartate
towards the synaptic cleft and the intracellular medium, respec-
tively. The simulations were done on both the apo or holo forms
of the transporter and in the presence and absence of Na+ ions
in the different binding sites. Interestingly, the binding of Na+ in
Na1 induces a remarkable change of the free energy surface lead-
ing to a conformational change between OFop and OFoccl states,
which facilitates substrate uptake. The subsequent binding of as-
partate determines a modest stabilization of the OFoccl conforma-
tion, while only the binding of Na+ in the Na2 locks the substrate
in a conformation competent for its internalization. The release
of the aspartate from the IF conformation occurs in a reverse or-
der. The binding of the substrate and both ions lead to a very
stable IFoccl conformation, the release of Na+ from Na2 induces
a rearrangement of HP2 and allows HP1 to assume an intermedi-
ate conformation between the open and closed states. The release
of the aspartate further increases the mobility of HP1, and finally
the dissociation of both ions leads HP1 to fluctuate among confor-
mations ranging from the IFoccl to IFop. Interestingly, aspartate
binding from the extracellular side comes along with the forma-
tion of metastable states, while these states do not appear during
its release towards the cytoplasm. Remarkably the authors of this

study have also calculated the free energy profile which comes
along with the transport events described above (Figure 8).

5 Alternating Access Mechanism

Understanding at atomistic level of detail the mechanism of the
outward-to-inward facing conformational switch of sodium sym-
porters is the most challenging mechanistic objective to address
computationally concerning this type of proteins. These latter un-
dergo, indeed, large conformational transitions coupled to small
local rearrangements. Several groups have focused on this issue
for different LeuT-fold family members.7,11,51,64,76,81,86–92 How-
ever, computational studies of this process are still fragmentary
and hampered by time-scale accessible to the classical MD sim-
ulations. In fact, this large conformational transition occurs in
the range between hundreds of ms to seconds, which is currently
not reachable by standard MD simulations. Biased MD simula-
tions have been extensively used to address this problem, but
the complexity of the conformational transitions occurring during
the OF-to-IF switch requires an appositely tuned biasing protocol,
and in some cases system-specific reaction coordinates in order to
characterize the process at qualitative or semi-quantitative level.
Some hints on the structural determinants driving these complex
conformational changes can be provided by a detailed analysis of
the protein internal dynamics,25 recently applied to the dimeric
form of this kind of transporters.93

LeuT

Forrest et al. proposed a simple mechanism named ’rocking
bundle model’ to explain how the ion-coupled solute flux works
in symmetrical transporters.86,87 Observing the OF structure of
LeuT, they defined a four-helix bundle, made by the first two he-
lices of each repeat (TMs 1, 2, 6, 7), and a scaffold (TMs 3, 4, 8,
9) that surrounds the bundle protecting it from the lipidic mem-
brane (see Figure 1). Based on the intrinsic symmetry of LeuT,
they generated a model of the IF conformation (which was un-
known at that time) simply by swapping the conformation of the
two repeats. The greatest change they observed by comparing the
OF crystal structure and the modeled IF conformation was the dif-
ferent tilt (about 25◦) of the bundle with respect to the scaffold.
According to the rocking bundle model the binding sites should
be located at the interface between the moving bundle and the
stationary scaffold, so that the ligand can control the orientation
of the bundle through direct interactions. The bundle, character-
ized by TM2 and TM7 (as semi-rigid splints) behind the broken
TM1 and TM6 helices, has short loops, quite packed, moving es-
sentially as a unit and thus assuring the integrity of the closer
binding sites. The long, tilted TM3 and TM8 curve slightly to-
wards or away the binding site in the IF model or the OF crystal
structure, respectively.

The first computational attempt at addressing the OF-to-IF tran-
sition by computer simulations was done by Shaikh et al.89 before
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the structure of the LeuT IF conformation was solved crystallo-
graphically. The authors built the IF conformation by homology
modeling using vSGLT as template structure.89 Then, by doing
TMD (50 ns) followed by 20 ns of classical MD, they forced the
switch from the OF to the IF conformation to occur. Interestingly,
they observed that: (i) two salt bridges (R5-D369 and E6-R375)
have to break to allow the formation of the IF conformation; (ii)
large motions of TM1 and TM6 occur during the switch and, be-
sides the helices lining the lumen, also TM2 and TM7 may fa-
cilitate the movement of TM1 and TM6; (iii) a conformational
coupling of the symmetry-related subunits; (iv) during the switch
structural modifications occurred in only one of the two domains
(TMs 1-5), suggesting that conformational change in one of the
two inverted repeat units may be sufficient to induce a transition
in the rest of the protein.

In 2012 Krishnamurthy et al. solved the structure of LeuT in
the IF conformation.7 In line with previous findings this structure
confirmed the rocking bundle hypothesis, although embedding it
in a more complex framework where both local conformational
changes and rigid body movements of groups of helices were as-
sociated to transport.7 By comparing the LeuT crystal structures
in the OF and IF states, they revealed that only a portion of the
core moves as a unit and that there is no strict adherence to the
pseudo-fold symmetry. Indeed, the transition is characterized by
multiple adjustments in individual TMs: the bending of TM2 and
TM7 and the independent movements of TM1 and TM6 (intracel-
lular halves) (Figure 9).

In a recent review, Loland presented a detailed comparison
of the models and crystal structures of LeuT in OF and IF con-
formations.78 The main differences between the IF models built
according to the rocking bundle model and the crystallographic
structure are observed in the cytoplasmatic halves of TM1 and
TM6 (i.e. TM1a and TM6b). Indeed, the tilt of the crystal struc-
ture is markedly asymmetrical with respect to the IF conforma-
tion predicted on the basis of the rocking bundle model. This
observation apparently rules out the rocking bundle mechanism
(based exclusively on the symmetry of the repeats), supporting
instead the hinge bending hypothesis. However, one should take
into account that the OF and IF crystal structures do not provide
direct information about the dynamic transitions interconnecting
the different conformational states. The rocking bundle or the
hinge bending mechanisms are thus not necessarily mutually ex-
clusive. Indeed, the solved IF structures can be intermediates
structurally close to the actual IF state. Namely, the rocking bun-
dle model may involve the passage through an intermediate in
which a bending of the hinge regions in TM1 and/or TM6 occurs.

Mhp1

The analysis of three crystal structures (OF, OFoccl, IF) of Mhp1
together with MD simulations have been used by Shimamura et
al. to study the transitions from the OF to the IF conformation,

passing through OFoccl state.64,88 Using DIMS-MD the authors
found an inversion mechanism consistent with the rocking bun-
dle model. The scaffold, referred as the hash (TMs 3, 4, 8, 9),
undergoes a rigid body movement relative to the rest of protein.
The TM5 and TM10 helices (considered to be the flexible helices
that bend) represent the thin extra- and intracellular gates, re-
spectively. During the switch (RMSD of the OF and IF structures
Cα = 3.3 Å) the hash acts as a thick gate, rotating by about 30◦

with respect to the bundle. Subsequently, the extracellular cav-
ity is filled by TM3 and TM9, while TM4 and TM8 open towards
the cytoplasm forming the inward cavity. No large steric or ener-
getic barriers accompanied the transition. Unbiased MD simula-
tions, instead, showed that the thin gate spontaneously opens and
closes regardless of the starting conformation, suggesting that its
opening is stochastically regulated on the sub-µs time-scale. In-
terestingly, the movement of the intracellular thin gate appears to
be independent from that of the thick gate, while the extracellu-
lar thin gate is connected to the thick gate by the movement of
TM9 towards the bundle, which locks the extracellular gate into
its closed position. No spontaneous transitions of thick gate were
observed in 1.6 µs. Thus, the opening of the thick gate appears to
be the rate-limiting event of the transport process. In this study,
the rigid body model proposed by Forrest86,87 appears more likely
than for LeuT. However, even for Mhp1 some discrepancies are
present with respect to the rocking bundle model. Analyses of the
helices differing among the OF, OFoccl and IF conformations ob-
tained out of non-equilibrium MD simulations, pointed out that
although the bundle (TMs 1, 2, 6, and 7) and hash motif (TMs 3,
4, 8, and 9) move relative to each other mainly as rigid bodies,
the helices of the thin gate (TM5 and TM10) move independently,
with their position being linked to the motion of the thick gate.

In a subsequent study Adelman et al., starting from the crys-
tallographic OF and IF structures of Mhp1, characterized the
alternating access mechanism using weighted ensemble path-
sampling method based on coarse grained (Go-like) model.51 By
considering several reaction coordinates to enhance the sampling
of the transport mechanism (i.e. distance-RMSD to the target (in-
ward) state, movements of the inner and outer gates, etc), they
found that two transport mechanisms may take place according
to: (i) the strict alternating access mechanism; (ii) a mechanism
in which both gates are simultaneously open, creating a transient
continuous permeation pathway through the transporter. Con-
cerning the OF-to-IF switch, they confirmed the rocking bundle
hypothesis, observing a rigid body motion of the hash motif rela-
tive to the bundle. They also calculated the rate of the transport
cycle to be around 24 ms−1.

Consistently with the above mentioned studies, Simmons et al.
established that in Mhp1 the switch mechanism predominantly
occurs via a rigid body rotation of the hash domain relative to the
bundle one.76 One of the reasons of the more rigid movement
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of the two domains with respect to each other is probably due
to the fact that the substrate interacts mainly with the hash do-
main in Mhp1, while specific interactions of the substrates with
the bundle were also observed in other structures of LeuT-fold
family.4,6,11

6 Water Permeation

An important process associated to this type of symporters is the
transport of water molecules.94 Understanding the water trans-
port mechanism is particularly relevant for SGLT symporters,
since these proteins play a key role in water absorption of the
human body, promoting the uptake of about 6 liters per day in
normal adult intestine. As mentioned above, this function is ex-
ploited in the oral rehydration therapy for the treatment of se-
cretory diarrhea.95,96 Two mechanisms for water permeation are
considered to be viable: (i) the active cotransport,97,98 where
water flux is stoichiometrically-coupled to ion/solute flux, and
(ii) the passive osmosis-driven permeation,99 where the accumu-
lation of the solutes near the intracellular side of the membrane
during solute transport induces a flux of water as a response to
the local osmotic gradient. While the passive water diffusion ap-
pears as an operative mechanism, the active cotransport, in which
a large number of waters enters into the transporter lumen along
with the substrate and are pushed towards the cytoplasm, is still
subject of debate.

In this respect MD simulations are of utmost importance as they
can complement the static picture drawn by X-ray studies - where
at most a few water molecules are co-crystallized with the protein
- with the dynamics properties of the transporter and water. In
line with the passive mechanism, water molecules permeate eas-
ily through the whole protein during the several steps of the trans-
port process.72,74,94 In an interesting study, Li et al. provided a
detailed comparison of different membrane transporters by per-
forming extensive MD simulations (hundreds ns to µs-long).94

They showed that in 1.5 µs-long simulations on the IF form of
vSGLT a large number of water permeation events occurred.94

These are mediated by small fluctuations of the radius of the con-
striction point within the lumen (Y87, F424, the putative extra-
cellular gate, and Q428). This point acts as a gate for water trans-
port allowing the formation of water transient states.94 In a later
study focalized on vSGLT, Adelman et al.72 observed again the
spontaneous formation of water conducting channels, in which
the residues of the extracellular gate undergo a conformational
transition connecting the lumen to the extracellular part (tens of
µs-long MD simulations). In general, they observed that galactose
binding can reduce permeability, even if the formation of water
transient state occurs also in its presence.

A similar formation of water transient states was observed for
1.2 µs-long MD simulations of the Mhp1 OF conformation. In
line with these findings, 160 ns MD simulation of trimeric state

of Gltph, considering one monomer in an intermediate state and
the other two in the OF conformation, showed that the formation
of water conduction state for the monomer in the intermediate
state is associated to larger conformational changes than for vS-
GLT.94 Thus, it has been proposed that the formation of the wa-
ter conducting states is a general feature of transporters and most
probably relies on small imperfections in their overall gating mo-
tion (Figure 10). The water transport appears to be independent
from that of the substrate, but is sensitive to the conformational
state of the transporter. The short-lived water-conduction states
are clearly difficult to capture experimentally as they occur on
a time resolution not accessible to experimental techniques. As
such molecular simulations have clearly provided in this field an
important contribution.

7 Conclusions

Transport of molecules such as nutrients, precursors, and reac-
tion products across cell membranes is at the basis of the living
mechanism of cells. Ion-coupled secondary active transporters
are involved in the mechanism of cellular uptake and release of
various substrates against their concentration gradient by con-
verting ion binding and transport along their concentration gradi-
ent into useful work. Understanding the molecular mechanism of
these fascinating membrane proteins is clearly challenging from
both the experimental and the computational sides, as it relies
on global and local conformational changes, which are intercon-
nected in an intricate network of interactions and which drive/are
driven by the stabilization/destabilization of several binding sites
for both the ions and the substrate in a strictly interconnected
time-series of events. The sodium/solute symporters belonging
to the LeuT-fold superfamily rely on an alternating access model
of transport, in which the membrane proteins switch from an OF
to and IF conformation, allowing to expose their substrate bind-
ing site to either side of cellular membrane and permitting as a
consequence its transport. The large number of crystallographic
structures appeared in recent years for this superfamily members
have provided compelling support to understand the atomistic de-
tails of the transport mechanism. However, plain or biased molec-
ular simulations have been widely employed to complement the
static picture provided by X-ray crystallography and to character-
ize molecular events of the transport mechanism ranging from the
sub-µs to the 10s µs time-scale. With respect to the ion binding
site, classical MD simulations have been of help in identifying Na+

site for several members of the LeuT-fold family for which this
site was either not solved or its assignation based on similarity se-
quence was ambiguous. Moreover, they allowed the identification
of several possible metastable Na+ binding sites which are occu-
pied upon substrate binding/release. They pinpointed also the
existence of multiple substrate binding sites both at the OF and IF
conformational states of the transporters, which may play a role

12 | 1–23

Page 12 of 24RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



in allosterically regulating the conformational changes occurring
along transport. From the studies reviewed here emerges clearly
that despite the overall mechanistic similarity one or two/three
Na+-dependent transporters differ in some (important) mecha-
nistic details. Concerning the ligand/ion-dependent conforma-
tional changes occurring at the OF conformation, it is clear that
Na+ binding at Na1 site contributes to reshape the free energy
landscape stabilizing the OF conformation and creating and/or
stabilizing substrate binding, while the role of Na+ in Na2, deter-
mines a complete closure of the gate in the two/three Na+ bind-
ing transporters. On the other hand, in the transporters depend-
ing on one Na+ ion both roles are played by Na+ in Na2, but it is
believed that this ion mainly stabilizes substrate binding, playing
a more marginal role in the conformational selection of the trans-
porter. Conversely, when the transition to IF conformation has
occurred, it has been recently pointed out that the stabilization of
the ion can be either mediated by local conformational changes,
which allow to trap the transporter into an IFoccl conformation,
or by the binding of a second substrate molecule. For one Na+-
dependent transporter it is not fully established if a stable IFoccl
conformation of the transporter exists. This state has been iden-
tified only by a metadynamics-based simulation study.74 The ex-
istence of this state is instead clear for two/three Na+-dependent
transporters. For both types of transporters, however, it is still
controversial the order Na+/substrate dissociation events at the
intracellular side.

The diversity among one or two/three- Na+ ions-dependent
transporters is present also in the OF-to-IF conformational switch.
The simple rocking bundle mode originally proposed by symme-
try considerations seems to be violated and integrated by local
hinge bending motions. This occurs to a different extent in one
and two Na+-dependent transporters. In the latter case the dis-
crepancy from the rocking bundle model is clearly larger.

Remarkably, the investigation of the water transport mecha-
nism by µs-long MD simulations has revealed the presence of wa-
ter conducting events in which the channels can open. These are
cross-linked to the conformational state of the transporter and
regulated by substrate load. This feature appears to be shared by
the whole LeuT-fold superfamily.

While MD simulations have greatly contributed to elucidate
water permeation and local structural rearrangements occurring
during transport, the characterization of the coupled global/local
conformational changes occurring in this mechanism is refrac-
tory to MD simulations as they occur on a time-scale, beyond
that accessible even to specialized labs. The use of sophisticated
enhanced sampling method have so far provided only a quali-
tative picture of the underlying structural changes.100 State of
the art non-equilibrium MD techniques are needed for a more
quantitative description of these complex phenomena to clarify
if, how and why a divergent alternating access mechanism may

take place depending on the ions load of the symporter.

An aspect which only recently has started to rise the interest
of computational studies is the characterization of the membrane
composition on the structure of the transporter and, thus, on its
transport mechanism. We expect that the interest on this aspect
is going to increase.

Nowadays, computational studies based on different levels of
theory have permeated all fields of biomolecular studies (bio-
catalysis, biomaterial design, drug design).101–103 These studies
are more often grounded on close integration between molecular
simulations and experiments to fully elucidate atomistic details,
which are often too difficult, too expensive or simply not accessi-
ble experimentally. Thus, molecular simulations are expected to
become an essential tool in biophysical, biochemical, and bioma-
terial science studies in the next short time period, contributing
also to fully elucidate the mechanism of the LeuT symporters su-
perfamily.
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