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Abstract

The recent elucidation of the sodium/galactose symporter structure from the Vibrio
parahaemolyticus bacterium, vSGLT, has revealed a similarity in the core architecture with
transporters from different gene families, including the leucine transporter (LeuT). Even though
several transporters sharing this core have been structurally determined over the past few years,
VSGLT is the only one crystallized in the substrate-bound inward-facing conformation so far. In this
study, we report the first insight into the dynamics and coordination of the galactose (Gal) and
proposed Na* ion in vSGLT using a series of molecular dynamics simulations with a total time of
about 0.1 ps. Our study reveals new residues, not observed in the crystal structure, which closely
interact with the Na* ion or the substrate for extended times, and shows that in the crystallized
conformation, a Na* ion placed at the site equivalent to Na2 in LeuT can escape into the intracellular
(IC) space in the absence of external forces. We have identified the highly conserved Asp189 as a
likely binding residue on the pathway of Na* into the IC cavity. The release of Gal, on the other
hand, requires the rotation of the side chain of the inner hydrophobic gate, Tyr263, without a
significant change in vSGLT backbone conformation. Our simulations further show that the crystal
structure represents but one accessible binding pose of Gal and Na* among an ensemble of
microstates, and that the Gal undergoes versatile alternate interactions at the binding pocket.

Secondary transporters are molecular machines that allow the translocation of molecules across
the cell membrane using the electrochemical gradient of ions, often sodium, across the
membrane. The energy released as these ions move down their electrochemical gradient is used
to power the ‘uphill” movement of the substrate.12 One of the major families of secondary
transporters, the sodium solute symporters (SSS) with over 250 members, co-transports sodium
with sugars, amino acids, vitamins, osmolytes and inorganic ions3 and has diverse functions
including transport of sugars and urea,* glucosensation and tumor suppression.:6

The recently reported crystal structure of vSGLT,” a member of the SSS family, shows an
overall topology similar to several evolutionarily-distant transporters which have been
crystallized in various states along the transport cycle.”~13 The first crystal obtained for this
structural family belongs to the leucine transporter (LeuT), later shown to be a transporter of
other amino acids as well.14 The LeuT structure has a pseudo-two-fold symmetry such that the
transmembrane (TM) helices 1-5 can be structurally superimposed on helices 6-10 upon ~180°
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rotation around an axis through the plane of the membrane.1? Another prominent feature of
this core is the break/irregularity in the first a-helix of each repeat (helices 1 and 6) about
halfway across the membrane exposing backbone polar groups to interact with the substrate
or Na* ions.11 Whether it is helices 1-10 in LeuT, 2-11 in vSGLT or 3-12 in the Na*/betaine
symporter, BetP,13 that form the transport core, these unique structural features observed near
the substrate and/or ion binding sites seem to be a commonality among these families of
transporters despite their lack of sequence similarity.1®> According to the mechanism of
alternate access, the transporter undergoes cooperative changes in structure during the transport
cycle, which causes the crevice near the binding-pocket to alternate between intracellular (1C)
and extracellular (EC) exposure. The EC-exposed binding pocket binds the substrate and
Na* ion(s). The transporter then shifts to a conformation where the binding site is inaccessible
to the EC or the IC space, followed by the exposure of the binding site to the IC medium where
the substrate and Na* ion(s) are released. The inward-facing transporter can then reorient to
face the EC medium again, and so on. The crystal structures obtained so far have captured
transporters in various states of this transport cycle; whereas several crystals have been
obtained for the outward-facing conformation with the substrate or a competitive inhibitor as
in the case of LeuT, the only crystal structure resolved to date for the inward-facing
conformation with the substrate bound is that of vSGLT.”

The vSGLT crystal is a parallel dimer’ where each monomer contains a galactose (Gal)
molecule bound approximately midway across the membrane (Fig. 1A) in a site similar to that
observed in LeuT. Gal is liganded by residues on TM helices 2, 3, 7, 8 and 11, which are
equivalent to the helices 1, 2, 6, 7 and 10 in LeuT (Fig. 1B-D). These, together with helices 4
and 9, the counterparts of helices 3 and 8 in LeuT, lie at the core of the protein. As in the case
of the sodium/glucose transporter SGLT1, which can transport glucose as well as Gal, 16 vSGLT
is not specific to Gal and can bind other sugars such as fucose and transport glucose.17:18
However, in contrast to SGLT1 which apparently co-transports two Na* ions for every glucose
molecule, in vVSGLT the stoichiometry is 1: 1.18 Even though no functionally-relevant cation
(s) could be observed in the vVSGLT crystal structure, the Na* binding site has been suggested
to be similar to the Na2 site in LeuT.11 This is supported by structural homology between the
two transporters, sequence similarity among the members of the SSS family, and mutational
approaches.18

To gain insights into the collective dynamics and coordination of Gal and sodium in vSGLT,
we have performed about 0.1 ps of molecular dynamics (MD) and steered MD (SMD)19:20
simulations on VSGLT in different setups (ESIT Table S1). In our SMD simulations, Gal was
pulled from the binding site towards the IC space to investigate the possible pathway(s) of
unbinding and conformational changes, or lack thereof, involved in this step. All simulations
described here were performed on the dimer even though hSGLT1 and vSGLT function as
monomers.18:21 Using the dimer was based on the obtained crystal structure and it enabled us
to increase the statistical significance of our results as independent events within the two core
domains were simultaneously observed for both monomers A and B.

Dynamic coordination of the sodium ion

Both the identity and number of groups that coordinate the Na* showed considerable variations
during the simulations. As a measure of the temporal evolution of Na* position and interactions,
we probed the instantaneous distances of Na* to the proposed coordinating groups (7), along
with the corresponding interaction energies in both monomers (Fig. 2 and ESIT Fig. S1).
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Fluctuations in the distances began as soon as the constraints of the equilibration phase were
released. Notably, stepwise increases or decreases were intermittently observed in the distances
of the nearest oxygens from Na*, indicative of compensating switches between the ligating
roles of these atoms, such that Na* ion is coordinated almost at all times by two or more
residues, in addition to water molecules (Fig. 3). The atoms located within 2.6 A from Na*,
which took successive turns in stabilizing the cation, include the hydroxyl oxygens (OY) of
Ser364 and Ser365 on H9, and the carbonyl oxygens (O) of Ala361 on H9 and Ala62 and I1e65
on H2, and the carboxylic oxygens (051 and 0%2) of Asp189 on H6.

The average distances between Na* and these atoms during the MD trajectories exhibited clear
departures from those observed in the crystal structure (ESIT Table S2). We note in particular
the increase in the separation between Na* and H9 residues A361, S364 and S365 due to the
dislocation of Na* away from its original position. Furthermore, the association with oxygens
on the Asp189 side chain appeared to be energetically dominant over all other sodium-
coordinating groups as may be clearly seen in Fig. 2. Another residue observed in our
simulations to interact with Na*, albeit to a lesser extent, was GIn192, located at the helical
turn adjoining Asp189. The average energies of interaction with Na* ion listed in Table s2f
clearly show there is a competition between helices H2 and H6, and more specifically between
Ala62, Ala63 and Ala65 on H2 (complemented by Ala361 on H9) and Asp189 on H6,
consistently observed in both monomers.

The interaction with the Na* ion in the inward-facing conformation of vSGLT is not limited
to the protein but includes water molecules (Fig. 3 and Esit Fig. S2). These water molecules
enter the transporter crevice and reach the Na* binding site from the IC side. During the 30 ns
simulation (setup 1), water molecules contributed on average about 40% to the total energy of
interaction with the Na* ion in both monomers (Table S27) and this was also confirmed in
setup 3. The number of water molecules optimally binding the Na* ion (within 2.6 A) was
observed to vary between 2 and 6. The more water molecules bound, the less effective the
coordination by the transporter, such that the overall interaction energy experienced by the
Na* ionTwas more or less maintained (see the inversions between the red and blue curves in
Fig. S2").

Sodium ions tend to leave their original binding site and bind Asp189 on H6

Sodium ions in both monomers exhibited similar dynamic features, as may be seen from the
comparisons of Fig. 2, and Fig. S1 and s2T. The ability of Na™ ions to move away from their
initial binding site in each monomer, their high tendency to visit alternative binding sites
between H2, H6 and H8, and the strong preference for binding Asp189 were robust features
reproduced in two independent runs (setups 1 and 3) and both monomers in each case. All four
Na* ions were invariably observed to leave their initial binding site at various times during the
simulations. Coordination by Asp189 served as a highly preferred binding interaction (Fig. 2)
in all independent runs even though Asp189 is not part of the initial binding site and requires
a translation of Na* by ~5 A down the z-axis relative to its initial position.

In setup 3, the Na* ion in monomer A, initially at a distance of ~13 A from the Gal molecule
in the same monomer was able to approach Gal within 3 A in 5 ns, Na* in monomer B moved
within the 1st nanosecond to the close neighborhood of Asp189, where it remained coordinated
by the carboxylic group of Asp189 in addition to Val185 backbone carbonyl for the remainder
of the simulation. This tendency of Na* to come and/or remain in close proximity of Gal was
also seen in the SMD runs.
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Gal remains bound but enjoys significant mobility

In contrast to Na* which was spontaneously able to leave the binding site with no external
force, Gal remained in the binding site at all times during runs 1 and 3. However, the position
of Gal within the binding site was not fixed and large distance fluctuations were seen in the
coordination of Gal by the groups located at the binding site,” as shown in Fig. 4A and Fig.
$3.T These fluctuations ran in parallel to changes in hydrogen bond formation patterns,
exhibiting a versatility of interactions that Gal was able to form in the binding pocket (Table
SST) with enough space therein to rotate by about 90° (Fig. 4B). The hydrogen bonds seen in
the crystal structure between Gal(C2—-OH) and Asn69(0¢), Gal(C3-0/C2-0) and Lys294
(HC), or Gal(C4-0) and Asn260(H-N?®) were readily broken; whereas other hydrogen bonds,
not previously observed, were formed and remained stable for extended periods during the
simulations, such as those between Gal(C1-0) and Asn64(H-N?) and between Gal(C2-0) and
Ser91(H-0Y).

Fig. 4 illustrates the conformational switch observed for Gal. Similar to the distance profiles
observed for atoms near Na*, a number of polar groups appear to successively take turns in
coordinating the Gal at all times (see the portion below 3 A in panel A) and the same behavior
was observed for both monomers (Fig. SST). However, as in the case of LeuT, no significant
interaction between Gal and Na* ion, located at the Na2 position in LeuT, was observed in
eitr]zer monomer, provided the Na* ion was within the confines of the initial binding site (Table
S3').

Overall, two charged residues Glu88 on H3 and Lys294 on H8 exhibit the strongest interactions
that stabilize the Gal at its original binding site (Table S&BT). These attractive interactions
presumably prevented the translocation of Gal away from its binding site while allowing for
rotational motions. Glu88 had a more pronounced effect (an average interaction of —28 kcal
mol™1) due to the simultaneous formation of two H-bonds with Gal hydroxyls during a
significant portion of the runs (Fig. 4). Other hydrogen bonds that were formed, albeit not as
frequent and persistent as those with these two residues, are those with the side-chains of Asn64,
Asn260 and GIn428. Occasional hydrogen bonds with GIn69, Ser91, Trp264 and the backbone
of Ala259 also contributed, to a weaker extent, to Gal stabilization whereas Glu68 interacted
with Gal unfavorably (Table SB.BT).

Access of water molecules to the Gal binding site

The side-chains of Met73, Tyr87 and Phe424 were observed to serve as the EC gate, continually
preventing access of water molecules into the binding site (Fig. 1B). On the other hand, despite
the presence and occasional obstruction of the aromatic side-group of Tyr263, water from the
IC side was able to reach and form hydrogen bonds with Gal (Fig. 4). In fact, the total energy
of interaction of Gal with the surroundings was on average ~—80 kcal mol™1, about 25% of
which were contributed by water molecules (setups 1 and 3) (Fig. S4 and Table SB.BT).

Unbinding of galactose using CV-SMD

An important step in the transport cycle is the dissociation of the substrate from the binding

site in the inward-facing conformation. The bulky side-chain of Tyr263 on H7, with the plane
of its aromatic ring lying generally parallel to the ring of Gal located ~4 A “above” it, would
be a first barrier that inhibits downward movement of Gal. Over the course of 30 ns of free/

unbiased MD, no dissociation of Gal from its binding site was observed. In order to accelerate
this process, we performed constant-velocity SMD (CV-SMD) at 2 and 4 A ns™2 using a soft-
spring of 7.14 kcal/(mol A2). Pulling forces were exerted to the mass center of Gal towards

the cytoplasm along the negative z-axis (setups 4-8) or at an angle of~60° to the z-axis (9-11)
(Fig. 1B). The latter direction might allow the extraction of Gal from its binding site with less
force, and hence less energy, since the Gal molecule would not be pulled directly against the
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aromatic ring of Tyr263. The latter direction was also chosen to enable the passage through
the 1C water-filled cavity with apparently minimal obstruction by the protein residues.

The applied force peaked at around the same range (800-1000 pN; see Fig. 5) upon pulling
along the z-axis compared with that at 60° to it (Fig. SST). However, Gal moved about twice
the distance down the z-axis in the former case (as expected from cos(60°) = 1/2); no detectable
rise in the conformational energy of the side-chain or backbone of Tyr263 was observed prior
to, during or after the exit of the Gal from its binding pocket during all the simulations (setups
4-11); and no significant difference in the overall translocation path and associated force-
displacement profiles were observed by the application of two different pulling velocities (Fig.
5). Based on these observations, we focus here on the results from a representative run (setup
6). Fig. 6 illustrates snapshots from this run, corresponding to the positions indicated by the
arrows in Fig. 5.

Rotation of Tyr263 side-chain is required for the translocation of Gal to the cytoplasm

In the five simulations where Gal was pulled along the z-axis (setups 4-8), the largest resistance
to displacement was observed at the dissociation of Gal from its initial binding pose, where it
was closely coordinated by several polar and charged amino acids (see Fig. 6A). Once released
from the strong electrostatic interactions with the residues therein, a lateral displacement away
from H8 despite steering along the z-axis was observed (panel B), succeeded by rotameric
transition of the side-chain of Tyr263 to allow the movement of Gal towards the IC cavity.
Interactions with other H7 residues (Y262, N267, Q268, Y269 and R273) were observed at
succeeding phases of translocation inviting attention to the role of these polar and charged
residues in modulating the translocation process. A second obstacle to translocation was Y269
side chain, which may be viewed as a second (outer) IC gate, in addition to the inner gate
('Y263). Notably, in four out of five independent simulations the unbinding pathway was mostly
similar; Gal crossed the Tyr263 side-chain along the side of H4, 9 and 11, in addition to H7.

Discussion

Our data (summarized in Table 1) show that the obtained crystal structure does not represent
a tightly bound state of Na* or a fixed geometry of Gal in the inward-facing conformation of
the transporter. This is not due to instability in the structure of the transporter, as shown by the
RMSD values obtained but rather mostly due to the nature of the binding pocket itself in this
conformation. In addition, no decrease in backbone stability was observed in the absence of
Gal and Na™, in contrast to that seen with Leu/Na* in LeuT.22

The Na* ion in this state is not optimally coordinated by the carbonyl groups of Ala62 and
11e65 on H2, Ala361 on H9 and the hydroxyl groups of Ser364 and Ser365 on H9. In fact, a
Na* ion placed in this site, equivalent to Na2 in LeuT, would be unable to maintain any constant
position or fixed coordination with the interacting groups in the transporter. Furthermore, the
Na* ion is constantly and significantly ligated by several water molecules, even within the
confines of the initial binding site. The marked mobility of Na* and the ability to leave this
site altogether help explain why neither Na* nor other cations could be observed therein upon
the elucidation of the crystal structure.’

The side-chain of GIn192, located on H6 is within H-bonding distance from the hydroxyl of
Ser364 and is often seen to form a H-bond with it. Also, its side-chain interaction energy with
sodium is not less than that of Ser364 or Ser365. Approximately one helical turn below GIn192
lies Asp189. In most cases, sodium was observed to leave the proposed binding-site into the
cavity approximately 5 A below towards the cytoplasm to be bound by the carboxyl group(s)
of Asp189. Interestingly, both residues are fully conserved in hSGLT1, NIS and PutP indicating
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that they may play a common role among the members of the SSS in the coordination and
release of the Na* ion from its binding site into the I1C space.

Galactose is sandwiched between two hydrophobic gates and is not completely shielded from
the IC medium by Tyr263 or other residues in the binding pocket. In fact, the binding pocket
itself is sufficiently large to accommodate several water molecules simultaneously resulting
in water binding to Gal comprising ~ 25% of the total coordination energy. In LeuT, no
accessibility of the bound Leu or Na* to EC water, or ability of the Na* ion to leave the binding
site was reported. In addition, Leu is tightly bound to LeuT.22:23 This is due to the shape of
the binding site and the conformation in LeuT which allow better geometric coordination and
more occlusion from the aqueous cavities in their binding sites. Another prominent difference
is probably the nature of the substrate itself since Gal has five hydroxyl groups all capable of
forming hydrogen bonds whereas Leu has two oppositely charged moieties that limit its
possible interactions with the transporter and strengthen the binding. Thus, Gal in the
crystallized inward-facing “occluded” state of vSGLT is much less occluded from the internal
aqueous medium than the Leu/Na* from the external medium in the outward-facing occluded
state of LeuT.

Our simulations do not necessarily reflect all possible interactions between Gal and the
transporter in this conformation since longer simulations may reveal additional ones. Our
simulations do, however, show that more than one conformation of Gal in the binding pocket
is possible and this can help explain the ability of vSGLT, and probably SGLT1, to bind and
transport several types of monosaccharides.17:18

In the SMD simulations, the RMSD of the backbone of the whole monomer or that of H7 which
contains the inner hydrophobic gate were not detectably affected by the pulling of the Gal from
its binding site indicating that no significant conformational changes are needed for the
substrate to leave the binding site in this state. After disrupting the strong interactions between
the transporter and Gal at the binding site, rotation of the side chain of Tyr263 appears to be
necessary to provide an exit route for the substrate. The ability of Gal to rotate in the binding
pocket and for water molecules to enter therein may accelerate the dissociation step from the
binding site in this conformation. Since the turnover rate of galactose per vSGLT molecule has
been estimated to be ~0.4 s71,18 conformational changes in the structure of the symporter
relevant to the transport cycle, with or without the bound galactose/Na*, cannot be expected
to take place within the timescale of MD simulations as in this study. Therefore, even if Gal
can leave the binding pocket with relatively low force, this does not rule out additional changes
in the conformations of both the protein and the substrate which may take place increasing the
exposure of Gal to the IC cavity even more.

In contrast to the simulations where Gal was pulled along the z-axis, those at an angle of 60°
did not provide a route with lower energy barrier to exit the binding site. The observed pathway,
at least as far as crossing Tyr263 goes, therefore seems more likely. Nevertheless, other
pathways for Gal to leave the transporter cannot be excluded and determination of the most
probable pathway, with the least energy required, to completely exit the IC cavity of the
transporter will require pulling Gal at variable angles. The exerted pulling forces are
comparable in magnitude to those (ca. 200-2,000 pN) adopted in comparable SMD
simulations.?2 Even though pulling galactose at lower velocities may turn out to require
smaller, and thus more physiologically relevant, forces, accelerating the dissociation step as
in our simulations is required in order to visualize an exit pathway within a reasonable
timescale.

The crystal structure of an amino acid, polyamine and organocation transporter (ApcT) has
been recently obtained and its structure shows similar overall architecture of the transport core
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as VSGLT and LeuT. The ApcT structure has also been obtained in the inward-facing
conformation.8 However, the ApcT is a proton-coupled transporter, with a lysine seen in the
position equivalent to Na2 in LeuT, that has been crystallized in the apo-form.8 Thus, vSGLT
is the optimal system available so far for the study of the dynamics of the substrate and Na*
in the inward-facing conformation of this large structural family.

Note added in proof

A paper by Li and Tajkhorshid?4 has been recently published also showing that Na* placed in
the putative sodium binding site in vSGLT can escape into the intracellular medium, facilitated
by Asp189 and with no external force applied.

Methods

System preparation

The ~3.0 A resolution crystal structure of vSGLT’ (accession code 3DH4) was obtained from
the Protein Data Bank.2> The monomeric unit contains residues 1 to 19, 47 to 178 and 185 to
543. Residues 1-19 were eliminated from the structure. Residues 179 to 184, located in the IC
loop between H5 and H6, were constructed using Sybyl 8.0 (Tripos, Inc., St. Louis, MO) by
first introducing a stretch of six glycines to complete the backbone and then mutating each
residue to its equivalent in vSGLT. Minimization was performed after each step. The erbium
(1) ions were removed and the final monomeric structure contained residues 47 to 543 in
addition to one Gal and one Na* ion. Missing atoms from side-chains and hydrogen atoms
were constructed using the psfgen plugin of VMD?26 employing the CHARMM32 topology for
proteins, lipids and sugars.27:28 The dimer was then placed in a POPE membrane bilayer of
150 x 115 A. Lipid molecules overlapping with the protein were removed and the system was
solvated in 150 mM NacCl. Several steps of minimization and MD simulations (total of ~400
ps) followed to ensure that the protein was optimally placed in the membrane with almost no
water in between the protein and lipid. A 1 ns equilibration step was finally performed with
the protein backbone + ligand + Na* ions constrained. Minimization of the solvated vSGLT
dimer placed in the membrane yielded almost the same backbone structure as in the crystal.
TheTequiIibrated system was then subjected to the various simulations described in Table

S1.

Simulation details

All simulations in this study were performed with the NAMD 2.7b12° using CHARMM32
force field for proteins, lipids and sugars28:39 with the CMAP corrections.2’” All simulations
were carried out under periodic boundary conditions in NPT at 310 K with a time step of 1 fs.
Particle Mesh Ewald algorithm was used for calculating long-range electrostatic interactions.
Constant temperature was achieved by employing Langevin dynamics with a damping constant
of 2/ps. The Langevin Piston method was employed to maintain a constant pressure of 1 atm
with a piston period of 100 fs and a piston decay of 50 fs. A cut-off distance of 10 A was used
for VAW interactions with a switching function of 8 A.

Coordinates for analysis were saved every 10 ps in MD simulations (setups 1-3) and 2 ps in
SMD simulations (setups 4-11). Setups 1 and 2 were performed with the constraint-free dimer
whereas setups 3-11 included the dimer with harmonic-constraints on the a-carbon atoms of
residues 171, 462 and 534 (on helices 5, 12 and 14, respectively). These positions were chosen
for being located at approximately the middle of the helices and on outer helices that they were
less likely to inhibit changes in the transport core upon pulling the galactose.
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Analysis of the crystal structure and performed simulations was carried out using VMD
1.8.626 and the related Tcl-scripts. Molecular images and energy and RMSD calculations were
made using the NAMD-energy plugin of VMD.26

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The crystal structure and simulated system of vSGLT

The whole monomer (A) or binding site region (B and C) is viewed here through the plane of
the membrane (A and B) or from the external side (C). Panels C and D compare the monomeric
binding site of SGLT (C), which contains the proposed Na* ion (yellow sphere), and that of
LeuT (D) with Nal and Na2 (green and yellow spheres, respectively). All helices are colored
similarly in A—C and as their equivalents in LeuT (D). Residues at the internal (green) and
external hydrophobic gates in vSGLT (magenta, red and orange) and at the external gate in
LeuT (green and yellow) are drawn in licorice. The simulated system (E and F), composed of
the dimer embedded in a membrane bilayer (pink) and solvated in water (blue), is shown here
(E, side-view and F, top view) with the a-carbons where harmonic constraints were applied
(red spheres, see Methods). The arrows in (B) indicate the two directions of pulling in setups
4-11.
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2. Dynamic character of sodium ion coordination and energetics

Time evolution of the distances (top) and interaction energies (bottom) between the Na* ion

and

the |nd|cated atoms are shown for monomer A in setup 1. Results for monomer B are

presented in EsIf Fig. S1.
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Fig. 3. Coordination of the sodium ion at, and beyond, the binding site

Snapshots of the Na* ion in monomer A at 4 ns (upper left), 10 ns (upper right), 19 ns (lower
left) and 25 ns (lower right) from setup 1 are viewed through the plane of the membrane.
Underlined residues indicate groups within 2.6 A.
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Fig. 4. Versatility of interactions of galactose with the transporter

(A) Preferential interactions between Gal and monomer B in setup 1 (distances between non-
H atoms are shown here). (B) Two snapshots of galactose in the binding pocket viewed from
the EC side are shown here are for monomer B at 6 ns (left) and 25 ns (right) from setup 1.
Residues within 3.5 A from Gal are shown here together with residues (underlined) forming a
H-bond (dashed lines). Different coloring styles for Gal (charge), the transporter residues
(CPK) and Tyr263 (green) are used for clarity. Coloring of helices is as in Fig. 1.
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Fig. 5. Force-displacement profiles from CV-SMD runs

Results are shown for two different pulling velocities, 2 and 4 A ns™2, corresponding to setups
6 and 7, respectively. The force and displacement profiles are closely superimposable upon
rescaling the time elapsed in run 6 (see the upper and lower abscissa) to enable a direct
comparison of the Gal displacement and experienced resistance in the two runs. The arrows
show the time (and position along the z-axis) of the snapshots shown in Fig. 6.
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Fig. 6. Gal leaving the binding site

Snapshots of Gal at~2.0, 2.7, 3.6, 4.0, 5.0 and 5.8 ns (A—F, respectively), taken from setup 6
and viewed all from the same perspective, through the plane of the membrane. Only residues
within 3.5 A of Gal are shown and colored according to the helices they are located on. Panel
A is representative of the initial bound state, panel B is a high energy state where the Gal is
dislodged from its binding site and obstructed by Y263, the rotation of which (panel C) enables
the passage though. Close interaction with N267 is observed after that (panel C-F). Y269
appears to present a second barrier to translocation (panels E and F) before release to the
cytoplasm (not shown).
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Summary of the results from present simulations of galactose and sodium motions in the crystallized inward-

facing open state of vSGLT

Observations Sodium Galactose

Stability in the binding site Unstable, can leave the binding site Stable, can rotate within, but not leave,
completely the binding site

Interactions within the binding site Versatile, alternating Versatile, alternating

Total interaction energy with the monomer2 ~110 kcal mol ™t ~60 kcal mol~t

Amino acids exhibiting strongest interaction with the ligand® ~ ASP189 Glugs

Accessibility to water2 (% of total interaction energy) ~40% ~25%

Key amino acids on intracellular exit routeP Exit facilitated by Asp189 May include interactions with N267,

S372, Y269 and R273

85ee Table S2.B for Na* and Table S3.B for Gal.

bSee Fig. 2, 3 and ESI Fig. S1 for Na™ and Fig. 6 for Gal.
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