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SI Text
Functionally Relevant Molecular Events That Triggered the Structural
Changes Accompanying the Formation of Water-Conducting States.
Formation of water-conducting states in most of the transporters
reported in the present study was accompanied by global confor-
mational changes in the protein structure, which were in turn
following specific molecular events either spontaneously taking
place during the equilibrium simulations or specifically induced by
the initial modeling of the simulation system. These molecular
events, which are described below in more detail for each specific
system, are all relevant steps in the transport cycle of the respective
transporter, and therefore, the resulting structural changes induced
by them are also likely representative of structural transitions
relevant to the cycle. Although the limited timescale of the sim-
ulations prevented us from observing the transition from onemajor
state to another in its entirety, we believe that during these sim-
ulations we have been able to capture the early stages associated
with such structural transitions. We also note that in all cases,
control simulations, i.e., those performed in the absence of the
specific triggering molecular events, did not result in the formation
of water-conducting states, indicating that the observed phenom-
enon is not a artifactual protein deformation, e.g., due to simu-
lation conditions. In this section, we describe in more detail these
triggering molecular events for each individual membrane trans-
porter reported in themain text. Note that the formation of a water-
conducting state in Na+-coupled glucose transporter (vSGLT) did
not rely on such global structural changes and required only
structural fluctuations at the level of side chains lining the lumen of
the transporter. We, therefore, do not need to further discuss the
behavior of this protein in this section.
Na+ unbinding in benzyl hydantoin transporter, Mhp1. The majority of
water permeation events in Mhp1 are preceded by a large-scale
conformational change, which is induced by a functionally rele-
vant event—namely, spontaneous unbinding of the Na+ ion from
its binding site. The 1.2-μs equilibrium simulation of Mhp1
(hereafter referred to as Traj 1; Fig. 3), is initiated from the
substrate-free, Na+-bound outward-facing (OF) state (PDB ID
code 2JLN) (1). Mhp1 function is known to be Na+ dependent
(1). It has been recently reported that the cotransported Na+ ion
plays a critical role in controlling the protein conformational
state in leucine transporter (LeuT)-fold transporters (2, 3),
which is the fold adopted by Mhp1. During the simulation, the
Na+ ion present in the starting crystal structure spontaneously
unbinds from its original binding site and diffuses into the ex-
tracellular side after 600 ns (Fig. S1). Note that the affinity of
Na+ for Mhp1 in the substrate-free state is not high (Kd 1.15 +
0.28 mM) (1). Following Na+ unbinding, Mhp1 undergoes large-
scale conformational changes (Fig. S1), which lead to a transient
water-conducting state (Fig. 3).
To verify the effect of Na+ on structural stability of Mhp1 in

the OF state, an independent simulation (Traj 2) was performed
starting from the same state as in Traj 1, but with the Na+ ion
constrained to remain in its binding site. During the simulation,
the structure remains stable as indicated by lower rmsd (rmsd <
1.8 Å; Fig. S1), and no water-conducting state is observed.
ATP removal in maltose transporter. The water permeability exhibited
in the simulations of the maltose transporter is a consequence of
the designed OF-to-inward facing (IF) conformational transition.
Crystal structures of the maltose transporter have been resolved
for multiple states (4–7), and the OF state can only be obtained
when the nucleotide binding domains (NBDs) are dimerized in
the presence of ATP analogs (4, 6, 7). The removal of the bound

nucleotides from the OF structure (PDB ID code 2R6G) (4) was
used here as a method to induce rapid NBD dimer opening
(more efficient than ATP hydrolysis), and thereby to trigger the
conformational changes toward the IF state. Conformational
changes in the absence of nucleotides have been captured in
isolated NBD structures (8), and in MD simulations of isolated
NBDs (9, 10) or full ATP binding cassette (ABC) transporters
(11–13). The ATP removal resulted in rapid opening in the
NBDs of the maltose transporter (12), and the opening prop-
agates to the intracellular side of the transmembrane domains
(TMDs) due to the tight coupling between NBDs and the TMDs
(12) (Fig. S2). Although no large-scale conformational changes
can be observed in the whole TMDs, the NBD opening results in
the formation of a cleft on the cytoplasmic side of the TMDs,
which is followed by intermittent water permeation events (Fig.
4; Fig. S2). However, a set of control simulations of the same
system under ATP-bound conditions (12) resulted in no NBD
opening and tightly sealed intracellular gate of the TMDs (Fig.
S2), and thus no water permeation through the transporter,
suggesting that the water permeation in the maltose transporter
is only accompanied with the conformational transitions and
does not occur in the OF state.
Substrate binding and protonation of a critical residue in glycerol-3-
phosphate transporter. Starting from the crystal structure in apo IF-
state (PDB ID code 1PW4) (14), glycerol-3-phosphate transporter
(GlpT) attains the observed water-conducting state only after two
mechanistically relevant events deemed to be necessary for the IF-
to-OF transition, namely, substrate binding and protonation of
a histidine located in the vicinity of the bound substrate.
The first event is spontaneous substrate binding (Fig. S3) and

subsequent partial occlusion of the cytoplasmic side of GlpT [∼0.8
Å increase in Cα rmsd of the transmembrane (TM) helices; Fig.
S3]. The details of the simulation systems and the conforma-
tional changes observed in these simulations can be found else-
where (15, 16).
The second event is the protonation of the binding site histidine

(H165) located in the vicinity of the bound substrate. The pro-
tonation of H165, in response to changes in the local electrostatic
environment of the binding site due to the proximity of the
charged substrate, is considered as one of the key events trig-
gering IF-to-OF transition (17, 18). We tested the effect of the
protonation of H165 in a 200-ns-long simulation starting with
the G3P2−-bound GlpT; that is, the final state obtained from the
substrate binding simulation explained above (Fig. S3). The re-
sulting structural changes on the periplasmic side triggered the
separation of the helices that seal the periplasmic side (∼1 Å
increase in Cα rmsd of the helices; Fig. S3). Though the trans-
porter remains occluded to the substrate, the separation is large
enough to form a water-conducting state.
Water permeation through an intermediate state of bacterial GlT homolog
Gltph. For Gltph, we have performed MD simulations on all of the
crystallographically solved states—namely, the OF state (19, 20),
IF state (21), and intermediate state (22). Water permeation
events for Gltph were observed only in the intermediate state
in our simulations. During the simulation, a continuous water
pathway was observed at the interface between the transport
domain—specifically, helical hairpin 1 (HP1)—and the trimeri-
zation domain of the monomer in the intermediate state (Fig. 2).
Local conformational fluctuations of HP1 appear to accompany
the formation of the water-conducting state (Fig. S4). We have
also monitored the dynamics of Gltph in its IF state as well as its
OF state (23, 24), and no water-conducting state was observed in
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these states. The intermediate state is the only conformation
exhibiting water permeation. This observation is consistent with
experiments reporting that the Gltph is water permeable in its
intermediate state (25).

Influence of the Substrate on Water Permeation in vSGLT. The
presence of the substrate in vSGLT does not appear to signifi-
cantly affect water permeation through the protein. In the 1.15-μs
equilibrium MD simulation performed for vSGLT in its IF
substrate-bound state (PDB ID code 3DH4) (26), we observed
a large number of water permeation events, but no biased water
flux across the membrane in either direction (Fig. 4; Fig. S5).
The substrate exhibits significant displacement within the trans-
porter lumen but does not fully release into the cytoplasmic side
during the simulation (Fig. S5). The time series of water flux in
either direction and the rmsd of the substrate do not show a clear
correlation (Fig. S5). During the motion of the substrate toward
the cytoplasmic side, the aqueous pathway remains unblocked,
and water flux bypasses the substrate and continues to take place
simultaneously in both directions. Therefore, there is no evi-
dence from the simulations to support the proposed Brownian
piston mechanism in vSGLT, in which the flux of the substrate
would be accompanied by the flux of water molecules (27).
Additionally, we have performed a 450-ns simulation for vSGLT

in a substrate-free IF state, and observed water permeation events
and water-conducting states (Fig. S6) similar to those in substrate-
bound IF-state simulations. Water molecules permeate along
the putative substrate translocation pathway, and the radius of the
constriction point of this pore is much smaller than that of the
substrate as well. In addition, similar to substrate-bound vSGLT,
the formation of water-conducting state and corresponding water
permeation is a result of local conformational changes of the
gating network at the extracellular side, i.e., the side chains of
Y87, F424, and Q428 (Fig. S6). These residues are conserved in
mammalian SGLTs, so one might expect a similar gating behavior
for these side chains also in mammalian proteins.

SI Materials and Methods
System Setup and Simulation Protocol. A summary of the studied
transporters is provided in Table 1. All of the transporter proteins
were simulated in the explicit presence of membrane, water, and
ions. The protein was inserted into a patch of lipid bilayer gen-
erated using theMembrane Builder plug-in of VMD (28), with the
membrane normal aligned along the z axis. The lipid molecules
overlapping with the protein were removed. The systems were
then fully solvated using the program SOLVATE (29). NaCl was
used to neutralize the systems and to bring the ionic concentra-
tion to ∼200 mM.
Simulations were performed using NAMD 2.6 (30) or Des-

mond on Anton (31), using the CHARMM force field (32) for

proteins, lipids, ions, and substrate–galactose (33), and TIP3P
model for explicit water (34). All simulations were performed
under periodic boundary conditions with a time step of 2 fs.
Throughout the simulations, bond distances involving hydrogen
atoms were constrained using the SHAKE algorithm (35). After
initial minimization of at least 1,000 steps, all systems were sim-
ulated using the following protocol: (i) 0.5-ns constant volume
and constant temperature (NVT) simulation with all atoms con-
strained, except for the acyl chains of the lipid molecules, to
introduce a higher degree of disorder in the lipid tails; (ii)
simulation in a constant pressure and constant temperature
(NPT) ensemble with positional restraints applied to all protein
and substrate atoms; and (iii) equilibration in an NPT ensemble,
without restraints. After the initial equilibration, the systems were
subjected to production simulations in the NPT ensemble (Table
1). For MD simulations using NAMD, constant temperature was
maintained by using Langevin dynamics with a damping co-
efficient of 0.5 ps−1. The Langevin piston method (36, 37) was
used to maintain a constant pressure of 1.0 atm with a piston
period of 100 fs. Short-range nonbonded interactions were cal-
culated using a cutoff distance of 12 Å, and long-range electro-
static interactions were calculated using the particle-mesh Ewald
method (38). For MD simulations using Desmond on Anton (31),
the Berendsen coupling scheme was used to maintain a constant
pressure of 1.0 atm, and long-range electrostatic interactions were
computed using the k-space Gaussian split Ewald method, with
a 64 × 64 × 64 grid.

Quantifying Water Permeation and Osmotic Permeability. Only full
permeation events are counted, i.e., a water molecule has to
traverse the entire membrane span to be counted as a permeation
event. Quantification is done by defining two planes parallel to
the membrane and positioned at different points along the
membrane normal, with one on the cytoplasmic side and the
other on the periplasmic/extracellular side in a way that they
cover the entire lumen region of the transporter. The planes are
about 25–30 Å apart, depending on the transporter system. For
a water permeation event to take place, a water molecule needs
to have crossed the membrane and both planes, i.e., traveling
from one side of the membrane all of the way to the other side.
The analysis is confined to a cylindrical region covering the lumen
of the protein, and therefore excluding any possible water leak
through the lipid bilayer.
Because there is no osmotic concentration gradient across the

membrane in our simulation, we estimated the osmotic perme-
ability (Pf) by using the theory developed by Zhu et al. (39) in
which Pf is related to change in the square of the number of
permeation events determined from an equilibrium simulation.
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Fig. S1. Spontaneous Na+ unbinding and conformational changes in Mhp1. (Upper) Displacement of Na+ with respect to its original position in the Na+

binding site. (Lower) Cα rmsd of the TM region of Mhp1 in Traj 1 (black) and Traj 2 with Na+ constrained (orange).
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Fig. S2. Conformational changes in the maltose transporter that lead to water permeation. Conformational changes in the transporter are represented with
several distances that differ between the system with ATP removed at t = 0 (Left) and the ATP-bound control simulation system (Right), listing from top to
bottom: the center-of-mass distance between the two NBDs; the center-of-mass distance between the two excitatory amino acid transporter 2 (EAA2) helices,
which are one of the NBD–TMD coupling elements (12) located closest to the core of the TMDs; the Cβ–Cβ distance between L387 of chain F and T176 of chain G,
which delineate the constriction site of the central pore (gating residues); and the radius of the central pore at the constriction site.

Fig. S3. Substrate binding and protonation of H165 result in conformational change in GlpT. (Upper) The distance of phosphorus atom of G3P2− to the
binding site of GlpT (defined as the position of the phosphorus atom of G3P2− at t = 0 ns) as a function of time. (Lower) Cα rmsd of the transmembrane helices
with respect to the crystal structure. The first 3 ns (−50 to −47 ns) of the simulation are shown in larger scale to show the substrate binding event clearly. The
dashed line (t = 0 ns) indicates H165 protonation at Ne.
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Fig. S4. Water permeation and dynamics of HP1 in the intermediate state of Gltph. (Upper) Water permeation events through the intermediate state. (Lower)
The Cα rmsd of HP1 (residues 266–290) with reference to the intermediate crystal structure (PDB ID code 3V8G) (22).

Fig. S5. Substrate motion and water permeation in vSGLT. The number of observed water permeation events in either direction (influx or efflux) is plotted
against the simulation time (Top and Middle). (Bottom) Heavy-atom rmsd of the substrate (galactose).
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Fig. S6. Water permeation and protein dynamics in vSGLT in the absence of the substrate. The number of observed water permeation events in either di-
rection (influx or efflux) is plotted against the simulation time in the top two panels. The third panel depicts the time series of the minimum radius of the
aqueous pore. The fourth panel shows the rmsd of gating residues and the core transmembrane domain (10 TMs). The bottom panel shows the time evolution
of the distances between the gating residues, i.e., Q428:Ne2–F424:Ce2, F424:Ce2–Y87:Ce1, and Q428:Ne2–Y87:Ce1.
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