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Employing molecular dynamics (MD) simulations, the pathway and mechanism of substrate unbinding from
the inward-facing state of the Na+-coupled galactose transporter, vSGLT, have been investigated. During a
200-ns equilibrium simulation, repeated spontaneous unbinding events of the substrate from its binding
site have been observed. In contrast to the previously proposed gating role of a tyrosine residue (Y263),
the unbinding mechanism captured in the present equilibrium simulation does not rely on the displacement
and/or rotation of this side chain. Rather, the unbinding involves an initial lateral displacement of the substrate
out of the binding site which allows the substrate to completely emerge from the region covered by the side
chain of Y263 without any noticeable conformational changes of the latter. Starting with the snapshots taken
from this equilibrium simulation with the substrate outside the binding site, steered MD (SMD) simulations
were then used to probe the translocation of the substrate along the remaining of the release pathway within
the protein's lumen and to characterize the nature of protein–substrate interactions involved in the process.
Combining the results of the equilibrium and SMD simulations, we provide a description of the full translocation
pathway for the substrate release from the binding site into the cytoplasm. Residues E68, N142, T431, and N267
facilitate the initial substrate's displacement out of the binding site, while the translocation of the substrate along
the remainder of the exit pathway formed between TM6 and TM8 is facilitated by H-bond interactions between
the substrate and a series of conserved, polar residues (Y138, N267, R273, S365, S368, N371, S372, and T375).
The observed molecular events indicate that no gating is required for the release of the substrate from the
crystallographically captured structure of the inward-facing state of SGLT, suggesting that this conformation
might represent an open, rather than occluded, state of the transporter. This article is part of a Special
Issue entitled: Membrane protein structure and function.
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1. Introduction

As amajor class of membrane transporters, secondary transporters
use the energy stored in transmembrane electrochemical gradient of
one solute to power uphill translocation of another [1–5]. A large
number of secondary transporters use the electrochemical gradients
of various ions across the membrane, most prominently Na+ or H+

ions for their function, and are, therefore, termed ion-coupled secondary
transporters. Accumulating evidence from biochemical, kinetic, and
structural studies have established that, similar to other transporters,
all ion-coupled transporters operate via the so-called alternating-access
mechanism, in which during the transport cycle the transporter protein
undergoes conformational transitions between two major states, an
inward-facing (IF) and an outward-facing (OF) one, thereby switching
the substrate access between the two sides of the membrane [6,7].

Recent years have seen an increasing number of high-resolution
crystal structures of secondary transporters. Surprisingly, despite
broad diversity in the transported substrate and ions, a large number
of secondary transporters, including both antiporters and symporters,
bear significant architectural resemblance — two structural inverted
repeats, eachwith a set of five transmembrane helices (TMs) oppositely
oriented with respect to the membrane. These include leucine
transporter (LeuT) [8–10], bacterial Na+-coupled galactose transporter
(vSGLT) [11,12], the benzyl-hydantoin transporter (Mhp1) [13,14],
betaine transporter (BetP) [15], carnitine transporter (CaiT) [16,17],
Na+-independent amino acid transporter (ApcT) [18], and arginine:
agmatine antiporters (AdiC) [19–22]. The common architecture
among these transporters has been termed the LeuT-fold architecture,
due to the fact LeuT was the first among the group to be structurally
characterized at high resolution [23].

Structural alignment of these transporters indicates a close similarity
in the location of the substrate binding sites of LeuT, Mhp1, vSGLT and
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BetP, which in all cases, is formed at the interface of the two inverted
structural repeats [23,24]. Sequence and structural comparisons of
LeuT, Mhp1, vSGLT, and ApcT also suggest a conserved cation binding
sitewhich is namedas theNa2binding site in LeuT and found tobe critical
for substrate binding and symport in various LeuT-fold transporters
[23,24,18,25]. These structural similarities suggest that the secondary
transporters of the LeuT-fold topology might present a growing super-
family that share a similar mechanism of transport.

Despite the fast progress over the last few years in structural biology
ofmembrane proteins, structural information onmembrane transporters
is still scarce, and for most of them no structures are yet available. In the
majority of structurally characterized transporters, only one state could
be experimentally captured. The functional state represented by the
structurally determined state is, however, not always easy to characterize.
Specifically, it is sometimes difficult to judge whether the structure
represents an open, closed, or semi-occluded state on the two ends
(cytoplasmic and periplasmic/extracellular) of the transporter protein.
In other words, it is not clear whether the substrate and/or the co-
transported ions aswell aswatermolecules have full, partial, or no access
to their respective binding sites within the protein lumen. Furthermore,
although by combining the available crystal structures of different
proteins in the LeuT-fold family we have achieved a uniquely
well resolved description of the number of states involved in the
transport cycle of this family, the nature of the structural transitions
involved, and how they underlie the transport mechanism, are still
far from well understood. Another important mechanistic aspect
regards the sequence of binding and unbinding events for the
substrate and the co-transported ion(s) during the cytoplasmic and
extracellular transport half-cycle, which is poorly understood for
the majority of secondary membrane transporters. Describing such
mechanistic details based on static structures is rather challenging
and calls for methodologies that can offer a dynamical treatment of
the protein of interest.

As the first IF structural state of a LeuT-fold transporter, the structure
of vSGLT [11] provided crucial information toward better characterization
of the alternating-access mechanism and the sequence of molecular
events in these transporters. Although the sequence of binding events
from the extracellular side has been partially characterized for
vSGLT and hSGLT1 (the homologous human Na+/glucose transporter)
experimentally [26–28], the sequence and themechanism of unbinding
of the transported species from the protein into the cytoplasmic side are
largely unknown. While the presence of the co-transported Na+

ion in the protein could not be unequivocally determined using the
experimental data, in the reported PDB file, a Na+ ion was modeled
in a putative binding site corresponding to that of the homologous
protein LeuT based on the structural alignment and mutagenesis
results [11].

This functionally relevant feature turned out to be the first to be
studied using molecular dynamics (MD) simulations [29,30,12]. In
the first report, repeated equilibrium MD simulations together with
detailed structural comparison of the Na+-binding sites of vSGLT
and LeuT were used to argue against the presence of an ion in the
protein, proposing that the crystallographically captured structure
represents an ion-free state [29]. These results were consistently
reproduced by simulations from other laboratories [30,12] establishing
the notion that the crystal structure is the state inwhich the ion binding
site has sufficiently opened to allow the release of the Na+ ion [24,31],
while the substrate is still bound to the transporter.

The next step along the transport cycle is the release of the substrate
from its own binding site into the cytoplasmic solution. Based on
the crystal structure, it is not easy to determine to what degree the
substrate binding site is accessible from outside solution, especially
after taking into account the effect of thermal fluctuation of the
protein. In other words, it is not clear whether further protein
conformational changes are required, and if so to what degree, for the
release of the substrate into the cytoplasmic solution. In membrane
transporters, the transition between major functional states is coupled
to either global protein conformational changes, which usually involve
several TM helices, e.g., transition between the IF and OF states of
Mhp1 [14], or more localized gating motions of a few residues, e.g.,
the inward bending of the N-terminal half of TM10 in Mhp1 observed
after substrate binding [13].

In the crystal structure [11], the substrate is bound about halfway
across the membrane with its binding site flanked by hydrophobic
residues on both the cytoplasmic and extracellular sides. On the
cytoplasmic side, Y263 from the broken helix TM6E stacks with
the pyranose ring of the galactose (Fig. 1), a feature commonly
found in sugar-binding proteins [32,33]. The position of this residue
along a pathway that linearly connects the substrate to the cytoplasmic
opening of the lumen triggered the idea that Y263, together with the
flanking residues Y262 and W264, might play the role of the
cytoplasmic gate, and that the crystal structure represents a substrate-
occluded state in which the exit of the substrate toward the cytoplasmic
solution is blocked by Y263 [11]. Based on this mechanism, the release of
the substrate from its binding site would rely on either large
conformational changes of the TM region of the protein, ormore likely,
a gate-like, side-chain motion of Y263 and/or its neighboring residues
that would further open the cytoplasmic lumen and increase the
substrate accessibility. Two independent simulation studies in which
the translocation of the substrate from its binding site toward the
cytoplasmic solution was induced by either umbrella sampling or
steered molecular dynamics (SMD) have presented results supporting
the notion that Y263 plays a gating role in the cytoplasmic lumen of
vSGLT. In both simulations, the translocation of the substrate toward
the cytoplasmic solution required/was accompanied by side-chain
rotation of Y263 [30,12].

Here,we report the results of an extended equilibriumMDsimulation
of a membrane-embedded model of vSGLT (200 ns), in which a distinct
pathway and a novel mechanism for substrate release from the state
captured in the crystal structure are presented. In contrast to previously
reported mechanisms, our simulation describe a substrate unbinding
pathway in which the substrate takes a curved pathway around the
seemingly gate-like side chain of Y263. The substrate complete release
from its original binding site is captured in full in this equilibrium
simulation without the need of any conformational changes to the
surrounding residues, in particular that of Y263. We argue that our
mechanism involving a gate-free pathway for substrate release from
vSGLT is in a much closer agreement with the recent crystal structure
of substrate-free vSGLT [12], in which the position of the “gating” side
chain is essentially identical to that of the substrate-bound form [11].
2. Materials and methods

2.1. Model building

The simulation systemwas constructed by embedding monomeric
vSGLT including the bound substrate galactose, which was taken from
the RCSB Protein Data Bank (PDB ID: 3DH4) [11] into a lipid bilayer,
as described in detail below. The titration states of ionizable residues
(aspartate, glutamate, lysine, arginine, histidine, and tyrosine) were
assigned based on pKa calculations performed using the H++ server
[34], which resulted in a model in which all residues have their
default titration states. Coordinates for the six missing residues
(179–184) were constructed using the PSFGEN plugin of VMD [35]
employing the CHARMM27 topology file for proteins [36–38].
The first 46 N-terminal residues, including unassigned residues (3–19)
of helix −1 (helix numbering based on the recent convention used for
inverted repeat symporters [23]) and the unresolved loop (residues
20–46) were not included in the model. These residues do not belong
to the core structure of the transporter, and thus are not expected to
be essential for the mechanism.



Fig. 1. Overview of the structure of vSGLT and the simulation system. (A) The simulation
system. vSGLT is shown in cartoon representation, with the bound substrate drawn in
VDW. The POPE lipids and the ions in solution are also drawn in VDW, while the
water is in surface representation. Some lipid molecules have been hidden from the
view to provide a clear depiction of the protein. (B and C) The substrate binding site,
viewed fromwithin themembrane (B) and from the cytoplasm (C). Important side chains
in the substrate binding site along with their individually colored TM helices are explicitly
shown and labeled.
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About 150 water molecules were added using DOWSER [39] to the
protein. The first principal axis of the proteinwas alignedwith the z axis
using the OPM (Orientations of Proteins in Membranes) database [40].
Then, the system was inserted into a patch of POPE (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylethanolamine) bilayer (100×100 Å2)
generated using the MEMBRANE BUILDER plugin of VMD [35] with the
membrane normal along the z-axis. The lipid molecules overlapping
with the protein were deleted. The system was then solvated using
the program SOLVATE [41], and water molecules in the lipid-protein
interface were deleted. The simulation system was then neutralized
with 100 mM NaCl using the AUTOIONIZE plugins of VMD [35]. The final
dimensions of the system before equilibration were 100×98×95 Å3

including ∼85,000 atoms.

2.2. Simulation protocol

All the simulations were performed using NAMD 2.6 [42], the
CHARMM27 force field [37] for proteins, lipids, ions and the substrate
galactose [43], and TIP3P model for explicit water [44]. All the
simulations were performed under periodic boundary conditions
with a time step of 2 fs. Throughout the simulations, bond distances
involving hydrogen atoms were fixed using the SHAKE algorithm [45].
After an initial 1000 steps of minimization, lipid tails were melted in a
500-ps NVT (constant volume and temperature) simulation at 310 K,
during which all atoms except the lipid tails were fixed. The system
was then equilibrated in an NPT (constant pressure and temperature)
ensemble with a constant pressure of 1 atm for 500 ps, during which
all heavy atoms of the protein, the substrate and the bound Na+ ion
were constrained by harmonic potentials (k=7.2kcal/mol/Å2) to
allow for relaxation and packing of the lipid molecules and water
around the protein. After a 500-ps NPT MD with heavy atoms
constrained, and a 2.5-ns unconstrainedNPT simulation, the production
run was performed for 200 ns in an NPnT ensemble (constant area,
temperature, and normal pressure) under equilibrium conditions.

Although two complete substrate unbinding events from its binding
site were captured spontaneously during the equilibrium simulation, to
probe the remainder of the exit pathway from the protein lumen into
the cytoplasmic milieu, and to probe potential barrier regions along
the unbinding pathway, four SMD simulations were also performed,
each starting from a different snapshot taken from the equilibrium
trajectory (snapshots at 0, 89, 115, and 155 ns) representing typical
different configurations of the substrate during the production run.
We employed the protocol of constant-velocity (cv) SMD (cv-SMD
[46,47]), with the arising force applied to the substrate's center of
mass toward the cytoplasmic side of the protein. The forcewas directed
along the z axis (membrane normal) and was defined positive for
pulling toward the cytoplasmic direction (Fig. 1). A force constant of
k=7kcal/mol/Å2 and a pulling speed of νz=2Å/ns were used for
the SMD simulations. The Cα atoms of three remote residues from the
translocation pathway (S313, I413, and F472) were fixed to prevent
the overall translation of the system in response to the applied external
force.

For all the MD and SMD simulations, constant temperature was
maintainedby employing Langevin dynamicswith a damping coefficient
of 0.5 ps−1. The Langevin piston method [48,49] with a piston period of
100 fs was used to maintain the pressure at 1.0 atm. Short-range
non-bonded interactions were calculated using a cutoff distance
of 12 Å, and long-range electrostatic forces were described using
the particle mesh Ewald (PME) method [50].

3. Results and discussion

3.1. Capturing spontaneous substrate unbinding

In order to investigate the dynamics of the IF state of vSGLT in its
substrate-bound form, a 200-ns equilibrium MD simulation was
performed on the membrane-bound model of the transporter. During
the simulation, vSGLTmaintains its IF state with the protein's backbone
RMSD invariably below 3 Å throughout the trajectory. We note that the
initially bound Na+ ion reported in the crystal structure [11] was
released rapidly (within a few nanoseconds) from the protein
into the cytoplasmic solution during the initial phase of the simulation.
This feature has been uniformly observed in all previous simulations of
vSGLT reported by our laboratory [29], aswell as those reported later by
other groups [30,12]. As put forward earlier [29], we associate this
observation with the crystal structure of vSGLT representing a Na+-free
state, a hypothesis which is supported by structural comparison of the
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ion binding site in vSGLT and in other structurally known LeuT-fold
transporters [29], e.g., LeuT [8] andMhp1 [13]. Therefore, in the following
discussion, wewill refer to the state simulated in this study simply as the
substrate-bound state.

In contrast to the protein, the substrate galactose shows significant
fluctuations (Fig. 3A) during the simulation, resulting in its occasional
complete displacement from the binding site within the lumen of
vSGLT, as monitored by the substrate's heavy atom RMSD and the
z-coordinate of its center of mass (Fig. 2A). Note that despite complete
unbinding from its binding site, the substrate does not leave the
protein lumen during the simulation, and after its apparently barrier-
free, back and forth motion outside the binding site, it returns to the
binding site region. Nevertheless, the unbinding events from the
binding site observed during the simulation clearly capture an initially
curved (non-linear) exit pathway for the substrate. Of high relevance
to the mechanism of transport in vSGLT is the fact that during
the observed unbinding events only marginal conformational changes,
even at the level of side chains, were observed to accompany the
complete departure of the substrate from its binding site. This is
particularly important with regard to Y263, which has been suggested
to act as a cytoplasmic gate in vSGLT [30,12]. Based on the equilibrium
unbinding events observed in our simulation,we propose that no gating
motion is required for the release of the substrate from its binding site
in the IF state of vSGLT as captured in the crystal structure [11].

To better characterize the unbinding process, the dynamics of the
substrate and its unbinding pathway during the two major unbinding
events observed in the simulation are described here in more detail.
The first unbinding event (Unbinding Event I) was captured at
t=81 ns, at which point galactose adopts a position that is ∼7 Å
away from its original position towards the cytoplasmic side of the
membrane, almost reaching the level of the plane of the aromatic
ring of Y263 along the membrane normal (z=∼4 Å; Fig. 2A). The
substrate remains in this position for about 15 ns (Fig. 2A).
Fig. 2. Dynamics of the substrate. (A) Substrate's heavy-atom RMSD (top) and its displacement
The position of the substrate along themembrane normal is shown using the maximum andm
substrate, and is compared to the z-position of the geometrical center of the ring of Y263 (red s
dashed green lines mark the snapshots that were used as representative ones for the Unbind
contact frequency with residues in vSGLT during Unbinding Event I (top) and the Silent Pha
between any atom from the residue and the substrate is used to define contact with the su
Energetic analysis of the trajectory (Table S1) suggests that in the
configuration achieved through Unbinding Event I, the substrate has
the highest probability to exit the protein, since it experiences the
lowest protein–substrate interaction energy and the highest water–
substrate interaction energy. During Unbinding Event I (Fig. 3C) the
substrate completely moves out of the original binding site, losing
almost all of its original contacts with the binding site residues
(Q69, E88, S91, N260, and K294), and instead establishes new contacts
with several polar residues outside the binding site (N142, N267, T431),
as indicated by the calculated contact frequency map (Fig. 2B). During
the substrate's exit from the binding site, H-bonds with E68, T431,
N142, and N267 appear to facilitate substrate unbinding. Most
importantly, the substrate is no longer blocked along its path toward
the cytoplasmic solution by Y263, which has been viewed as a
“cytoplasmic plug” (Fig. 3C). Supporting the notion of the involvement
of these residues in the exit pathway, previous studies have shown that
the mutation of the residue corresponding to N142 in the homologous
protein SGLT1 (K157A) impairs transport in oocytes [51]. The residue
corresponding to T431 in vSGLT (T460 in SGLT1) was even suspected
to be a substrate-binding residue since its mutation to cysteine altered
sugar selectivity anddecreased the affinity for glucose [52]. Interestingly,
neither N142 nor T431 appears to contribute directly to the substrate
binding site in the crystal structure [11]. The characterized unbinding
pathway in our simulation, however, provides a molecular explanation
for the importance of these residues and how they might assist the
substrate with its unbinding and translocation toward the cytoplasmic
side. Examination of the trajectory suggests that, the interaction of the
polar side chains of these residues (N142 and T431) with the substrate
might be important for facilitating the unbinding of the substrate and
its translocation around the major obstacle of Y263. Mutation of either
residue to a nonpolar, or even less polar, side chain would therefore be
expected to lower the chance of efficient substrate unbinding, as
observed experimentally [51,52].
along the membrane normal (z-axis) (bottom) during the 200 ns equilibrium simulation.
inimum z-coordinate (gray solid lines) and the geometrical center (black solid line) of the
olid line). The gray-colored areas highlight the Unbinding Event I and the Silent Phase. The
ing Events I and II and for the Silent Phase to initiate the SMD simulations. (B) Substrate
se (bottom), compared to that in the crystal structure (middle). A cutoff distance of 3 Å
bstrate.

image of Fig.�2


Fig. 3. Spontaneous substrate unbinding in the equilibrium simulation. Residues in the
substrate binding site are shown in overlaid stick and transparent surface representations.
Residues that contact the substrate only during its unbinding from the original pocket,
i.e., E68, N142, and T431, are only displayed as sticks. (A) To highlight its significant
fluctuation within the binding site, multiple snapshots of the substrate (stick) taken
at 10 ns intervals from the 200 ns equilibrium trajectory colored from red to blue
according to the time areoverlaid. (B–E) Snapshots showing the position and configuration
of the substrate (VDW spheres) taken respectively at t=0 ns, 89 ns, 115 ns and 150 ns
from the equilibrium simulations.

Table 1
Comparison of the SMD simulations investigating the cytoplasmic substrate release
pathway in vSGLT.

SMD Equilibration
time (ns)

SMD
time
(ns)

Velocity
(Å/ns)

Directiona Spring
constantb

Y263
blockadec

Maximum
force
(pN)

I 0 10 2 z-axis 7 Yes ~1300
II 89 10 2 z-axis 7 No ~600
III 115 10 2 z-axis 7 No ~600
IV 150 10 2 z-axis 7 Yes ~1300
Id 30 10 2 z-axis 7.14 Yes ~1200
IId 30 10 4 60° to

z-axis
7.14 Yes ~1100

a The z-axis is the membrane normal, with the positive direction being from the
extracellular side to the cytoplasmic one as shown in Fig. 1A.

b kcal/mol/Å2.
c Whether or not the translocation takes place through the space occupied by the

side chain of Y263.
d SMD simulations taken from Zomot's report [30].
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The displacement of the substrate out of its binding pocket involves
a large lateral (parallel to the membrane plane) component, leading to
an unbindingmechanism that is independent of the rotation of Y263. In
other words, in the pathway captured in our simulation, the substrate
goes around the side chain of Y263, an important detail that might be
missed if the substrate is pulled linearly toward the cytoplasmic
solution. As will be shown later by SMD simulations performed here
as well as those reported in an a previous simulation study [30], the
forced rotation of Y263 appears to be costly and can only be induced
by applying rather large forces in the simulations (Table 1). In contrast,
the unbinding mechanism captured in our simulation uses a pathway
along which the substrate can circumvent the Y263 plug on its exit
toward the cytoplasmic milieu.

A second major unbinding event (Unbinding Event II) is captured
at t=115 ns, although in this case the substrate diffuses back into the
binding site more rapidly (in ∼1 ns) than in Unbinding Event I. The
displacement of the substrate from the binding site in Unbinding
Event II is very similar to Unbinding Event I, as the substrate takes
the same exact pathway out and reaches approximately the same
level (z=∼4 Å; Fig. 2A) within the protein lumen. The overall
displacement of the substrate from its original position in the binding
site in Unbinding Event II measures to ∼7 Å, and during the process it
forms contacts with E68, N142, and N267. Similar to Unbinding Event
I, the substrate is seen to have completely emerged out of the binding
site and uncovered from Y263 along its exit pathway towards the
cytoplasmic side (Fig. 3D). We note that the side chain of Y263
in either case does not undergo any conformational changes during
the substrate unbinding (Fig. 5). In both unbinding events, E68
appears to play an important role in facilitating the exit of the substrate
from its binding pocket (Table S1). Based on the observed direct
interaction with the substrate, we suggest that the mutation of E68 or
corresponding residues in other SSS members, especially to an apolar
side chain, will have a diminishing impact on the transport efficiency
of SGLTs. This remains to be determined experimentally, since to our
knowledge, no mutagenesis analysis of the effect of this residue on
transport has been reported.

After the significant fluctuations and two complete unbinding
events during the first 130 ns of the simulation, the substrate moves
back into the binding site and stays there for the rest of the simulation
(last 70 ns). The position and the pose of the substrate (Fig. 3E), however,
are different from those observed in the crystal structure (Fig. 3B) [11]. In
this state, which we refer to as the “Silent Phase”, the substrate is closer
to the opening of the binding site (Fig. 3E) than in the crystal structure
(Fig. 3B) and is stabilized mainly by N64, E68, Q69 and E88 (Fig. 2A).
We note that the term “silent” is used to only underline the reduced
degree of fluctuation of the substrate during the last phase of the
simulation. The transport cycle of SGLTs is approximated to be
roughly on the order of tens of milliseconds [53,54], providing
ample time for such transient states, which might not necessarily be
needed for the overall transport, to arise and disappear during the full
cycle.

The charged side chains of E88 and E68, especially the former,
have large contributions to the overall substrate–protein interaction
energy in this phase, with E88 responsible for ∼−35 kcal/mol of the
total interaction energy of ∼−60 kcal/mol (Table S1). E88 appears
to be the main residue forming H-bonds with the substrate, and the
number of H-bonds to this side chain shows a strong correlation
with the stability of substrate in the trajectory (Fig. S2). Consistent

image of Fig.�3
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with the major role of E88 in stabilizing the substrate in the binding
site as an “anchor”, the mutation of this conserved residue has been
shown to abolish Na+-dependent galactose transport [11]. Breaking
from E88 is likely a high-barrier step in the unbinding of the substrate
from the transporter. To exemplify the contrast between the bound
state and the substrate's poses achieved during the unbinding events,
wenote that afterUnbinding Event I the E88-substrate interaction energy
is dropped to below 1.5 kcal/mol clearly indicating the detachment of the
substrate from the binding site.

3.2. Water dynamics and accessibility of the substrate binding site

The accessibility of binding site towater is a prerequisite for successful
substrate unbinding, and the degree of hydration and water dynamics
can be viewed as strong measures for the degree of opening of the
binding site. While Y263 along with its neighboring residues Y262
and W264 establish a plug-like structure that appears to prevent the
linear displacement of the substrate from the binding site toward the
cytoplasm, it does not occlude the binding site from water molecules,
a finding more consistent with an open state of the binding site. During
the simulation, water molecules readily reach the substrate binding site
from the cytoplasmic side and formmultiple H-bondswith the substrate.
Water entrance into the binding site and hydration of the substrate
facilitate the unbinding of the substrate by breaking protein–substrate
H-bonds. The 80.0–81.5 ns segment of the trajectory provides a good
example, during which the approaching water molecules compete
with E88 for H-bonding to the substrate and gradually replace the
original H-bonds between E88 and the substrate (Fig. S1). Since E88
is responsible for over than half of the protein–substrate interaction
energy in the binding site, breaking of its H-bonds to the substrate is
critical for freeing the latter from the binding site.

3.3. The unbinding pathway from the binding site to the cytoplasm

Although the substrate exhibits full unbinding from its crystal-
lographically determined binding pocket on several occasions during
the equilibrium simulation, it does not completely leave the protein's
Fig. 4. Force profile in SMD simulations. (A–D) Force–time profiles calculated for induced un
snapshots taken from the equilibrium simulation at t=0 ns (crystal structure), t=89 ns (
from Unbinding Event II), and t=150 ns (representative snapshot from the Silent Phase).
lumen during the simulated time scale. To explore the remainder
of the unbinding pathway for substrate release, two independent
SMD simulations were performed starting from the unbound
states characterized during the equilibrium simulation, i.e., those
obtained after Unbinding Events I and II (snapshots taken at t=89 ns
and 115 ns, respectively). In addition, for comparison of the forces re-
quired to induce the unbinding, we have also performed two SMD sim-
ulations starting from the fully bound state of the substrate, one starting
from the initial state which is very close to the crystal structure
(t=0 ns), and the other starting from a snapshot representing the Si-
lent Phase of the equilibrium MD simulation (t=150 ns). During the
SMD simulations, which are labeled as SMD-I, SMD-II, SMD-III, and
SMD-IV, based on the time point of their starting configuration, the
force is applied to the center of mass of the substrate along the
+z-axis towards the cytoplasmic solution.

A major force peak (∼1200 pN) is obtained around t=2.8 ns in
the force–time profiles of both SMD-I and SMD-IV simulations (both
starting from the bound states), which can be clearly attributed to
the blocking effect of the aromatic ring of Y263 along the enforced
displacement of the substrate linearly toward the cytoplasm (Fig. 4A
and D). The substrate passes the physical barrier of Y263 in SMD-I
and SMD-IV in two different ways; while in SMD-I, side chain rotation
of Y263 allows the substrate to pass, in SMD-IV substrate takes a
pathway around Y263 without causing significant rotation of this
side chain (Fig. 5). After crossing the apparent barrier of Y263, no
comparably large barriers is observed during the remainder of the
pulling simulations (Fig. 4A and D). These high-force profiles have
also been observed in a previously reported SMD simulation starting
from the bound state of the substrate in vSGLT [30]. A significantly
smoother pathway and lower force profiles are obtained for SMD-II
and SMD-III simulations, since in the starting configurations for
these simulations the substrate has already completely unbound
from its binding site, and is no longer “blocked” by Y263 along the
cytoplasmic translocation pathway. No major barriers similar to those
observed in SMD-I and SMD-IV are observed for these simulations
during the unbinding of the substrate (Fig. 4B and C). While these
results agree with the side chain of Y263 introducing a major obstacle
binding of the substrate from vSGLT in SMD simulations I–IV, seeded respectively from
unbound state resulting from Unbinding Event I), t=115 ns (unbound state resulting
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Fig. 5. Conformational dynamics of Y263 during the simulations. Time series of dihedral angles χ1 (N–Cα–Cβ–Cγ, black lines) and χ2 (Cα–Cβ–Cγ–Cδ, red lines) of Y263 characterizing
the conformation of this side chain during the equilibrium and the four SMD simulations. The molecular image shows the relative position of the side chain with respect to the
substrate (VDW spheres).
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along the substrate exit pathway, they also clearly show that the
substrate does not have to wait for the conformational change of this
residue to overcome the obstacle. During Unbinding Events I or II, the
substrate appears to have had time to explore the space available and
to have completely circumvented Y263 through lateral displacement,
that is perpendicular to the apparent exit pathway. As such, during
the subsequent SMD-II and SMD-III simulations, no conformational
changes are observed in the rotameric state of Y263 (Fig. 5). The
overall structure of the protein remains intact during all of the SMD
simulations, and even in SMD-I and SMD-IV simulations where large
forces are used to induce likely artificial events, nomajor conformational
changes of the whole protein is observed, suggesting that the conforma-
tional state captured in the crystal structure [11] is very close to, if not
the same as, the IF open state.

CombiningUnbindingEvents I and II from the equilibrium simulation
and the following smooth exit trajectories of SMD-II and SMD-III, we can
describe the complete release pathway for the substrate from the
binding site to the cytoplasm (Fig. 6 and Supplementary Movie). We
note that the two exit pathways in SMD-II and SMD-III are essentially
identical. During the equilibrium unbinding, residues E68, N142, T431,
and N267 facilitate the initial lateral translocation of the substrate and
its escape from the binding site. Subsequently, the substrate passes
through a low-resistance open pathway toward the cytoplasm lined
by S365, A63, N267, Y138, S368, S372, Y269, N371, R273, and T375,
which are mostly located on TM6 and TM8 helices (Fig. 6). The majority
of these polar or basic residues, most notably an array of equally spaced
serine and threonine residues (S365, S368, S372, and T375) from TM8,
form direct H-bonds with the substrate, thereby lubricating its passage
along the exit pathway (Figs. S3 and S4). Notably, several of these
polar residues, namely, Y138, N267, R273, S368, N371, and S372, are
highly conserved in Na+-coupled sugar symporters of the SSS family,
but replaced by nonpolar amino acids in the Proline:Na+ symporter
from the same family (Fig. S5), supporting their importance in facilitating
the translocation of sugar substrates. Finally, the characterized substrate
exit pathway is through the putative Na+ binding site [11]. In other
words, the lumen opening exploited by the substrate to exit the protein
coincides with the region that has been proposed to constitute the
putative Na+ binding site. As the substrate directly interacts with the
residues of and around this putative Na+-binding site, e.g., S365 and
A63, it is conceivable that in the presence of a bound Na+ to this site,
the pathway would be at least partially blocked. These observations
are in line with our earlier conclusion that cytoplasmic release of Na+

precedes that of the substrate [29].

4. Mechanistic implications

Characterizing the functional state of crystallographically solved
structures of membrane transporters is not always straightforward.
This is particularly important since significant effort and resources
are invested in capturing the protein in different conformational
states which might represent functional intermediates involved in
the transport cycle. The currently available structures for membrane
transporters are generally classified as either inward-facing (IF) or
outward-facing (OF) states, and as open or occluded sub-states, primarily
based on the degree of accessibility of the substrate binding site from the
two sides of the membrane. A major difficulty in this regard is that the
degree of accessibility of cavities and openings within the protein mass
and lumen cannot be always easily assessed based on static structures.
A dynamical description of the structure that accounts for the ability of
the lining residues to fluctuate and to form various types and degrees
of interaction with incoming molecular species is necessary to know
whether a particular conformation is representing a closed/occluded
state, a semi-open state, or an open state.

Based on the position and intimate interaction of the substrate and
Y263 in its binding site of the substrate-bound structure of IF vSGLT
[11], a cytoplasmic gating role for this residue was proposed, and
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Fig. 6. The cytoplasmic substrate release pathway and mechanism. (A) Overview of the release trajectory of the substrate, obtained by combining the Unbinding Event I taken from
the equilibrium trajectory (segment between t=80 ns and t=83 ns of the equilibrium simulation shown using pink spheres) with the unbinding trajectory of SMD-II (red
spheres). The spheres specify the position of the C5 atom of the substrate in each frame. The protein is shown in tube representation with the residues lining the substrate's release
pathway displayed as sticks and labeled. (B) Snapshots showing the substrate position in the crystal structure and at several snapshots along the release pathway taken from the
SMD-II simulation.
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the structure was assigned to represent the IF-occluded state of the
transporter. Starting from this structure, simulation studies employing
SMD to induce the unbinding of the substrate [30], as well as a more
recent study using equilibrium simulations [12] supported the gating
role of Y263, since in both studies the exit of the substrate from its
binding site was found to depend on the rotation of this residue.

In the equilibrium simulation presented here, we find a completely
different mechanism and pathway for cytoplasmic unbinding of the
substrate; the substrate main unbinding event is facilitated by its
initial lateral displacement parallel to the membrane plane (lateral
exit) and through a pathway that takes the substrate around Y263
rather than through it, resulting in an unbinding mechanism that
is independent of the rotation of this side chain (Fig. 5). The observed
unbinding pathway suggests that in the crystallographically captured
structure [11], the substrate already has access to the space outside its
binding site, that is, the binding site is in an open state. We note that
an open state is in a much closer agreement with the very large
fluctuation of the substrate in its binding site, which is consistently
observed in all the reported simulations, including the previous two
reports that support the gating role of Y263 [30,12]. Furthermore, we
argue that the recent crystal structure of IF vSGLT in its substrate-free
form [12] is in closer agreement with a gate-free release of the
substrate, since in this structure [12], the rotameric state of Y263 is
unchanged compared to that in the substrate-bound state [11].
Taken together, the high degree of similarity of the binding site
configurations in the two IF structures of vSGLT [11,12], and the
observed spontaneous unbinding of the substrate in the absence of
any conformational change in the residues lining the binding site
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observed in the simulation presented here, lead us to the conclusion
that the crystal structure of the substrate-bound vSGLT [11] represents
an IF-open state rather than an IF-occluded state.Wewould like to note
that the substrate might still take advantage of the space that might be
occasionally and transiently vacated as a result of the rotation of the
Y263 side chain, as observed in previous simulations [30,12], but it
does not rely on such a pathway and can take advantage of alternative,
more permanently accessible routes for its initial unbinding from the
binding pocket.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.09.011.
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