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ABSTRACT Experimental evidence has shown a close correlation between the composition and physical state of the mem-
brane bilayer and glucose transport activity via the glucose transporter GLUT1. Cooling alters the membrane lipids from the fluid
to gel phase, and also causes a large decrease in the net glucose transport rate. The goal of this study is to investigate how the
physical phase of the membrane alters glucose transporter structural dynamics using molecular-dynamics simulations. Simula-
tions from an initial fluid to gel phase reduce the size of the cavities and tunnels traversing the protein and connecting the external
regions of the transporter and the central binding site. These effects can be ascribed solely to membrane structural changes since
in silico cooling of the membrane alone, while maintaining the higher protein temperature, shows protein structural and dynamic
changes very similar to those observed with uniform cooling. These results demonstrate that the protein structure is sensitive to
the membrane phase, and have implications for how transmembrane protein structures respond to their physical environment.

INTRODUCTION

Glucose transporters (GLUTs), which belong to the sugar
transporter branch SLC2A of the major facilitator superfam-
ily (1), are essential membrane proteins in eukaryote cell
metabolism and thus are the focus of numerous functional,
structural, and drug-discovery studies. The human GLUTs
display organ- and membrane-specific distributions with
distinct kinetics and substrate specificities (2). With the
exception of the myo-inositol/H" symporter GLUT13, all
GLUTs are uniporters that facilitate monosaccharide pas-
sive downhill diffusion (3.4). The GLUTS share an identical
structural fold comprising 12 transmembrane helices (TM1—
TM12), which have a binding site located in the central re-
gion of the transporter delineated by residues contributed
from both the N- and C-domains. A substantial endofacial
cytosolic linker joins the N- and C-domains, and may play
a role in transport function by securing the closure of the in-
ward gate (5).

The glucose transport mechanism of GLUT1 has been stud-
ied using biochemical and molecular biology methods such as
scanning mutagenesis and fluorescence resonance energy
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transfer, as well as computational approaches that include
molecular-dynamics (MD) simulations (6—10). Data from
most of these studies and recent crystal structures of the
GLUT family (11-13) support a mechanism in which a
binding site for glucose is alternatively accessible from
either side of the membrane, involving movements of the
N- and C-domains over a rotation axis located at the central
binding site and perpendicular to the bilayer plane; this is
the so-called alternating-access mechanism. However, crys-
tallographic structures of several occluded conformations
of the transporter (13), both inward and outward facing,
suggest an alternative transport mechanism that relies on
the adaptation of the protein to its environment (14). In addi-
tion, the endofacial domain is thought to undergo a substantial
conformational change during the transport cycle, implying
that it serves as a gate at the intracellular side (13).

An alternative model for sugar transport, the so-called
multisite model, has been proposed based on cytochalasin-B
inhibitor binding studies (8), docking studies (15-17), and
MD simulations (18). According to this model, ligands can
diffuse between multiple adjacent sites within a branched
network of transiently open tunnels and cavities spanning
the transporter. These transient openings within the intramo-
lecular tunnels are triggered by small-scale changes in the
carbon skeleton and side groups, or reptations, widening
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the tunnel bottlenecks without the requirement for any global
structural rearrangements.

Changes in the membrane hydrophobic thickness have
previously been shown to act as a trigger for the bacterial
cold sensor Bacillus subtilis DesK. At cold temperatures,
DeskK acts as a kinase to autophosphorylate a histidine res-
idue. The phosphoryl residue is transferred to an aspartate in
the DNA-binding response regulator. This leads to activa-
tion of an acyl lipid desaturatase that desaturates and fluid-
izes the membrane lipids, thereby returning the membrane
to the fluid state (19). This mechanism has been called the
sunken-buoy motif (20).

The transport properties of GLUT1 embedded in lipo-
somes have been experimentally evaluated as a function
of the composition and structural features of the lipid
bilayer (21,22). It was concluded that although short-
chain lipids are able to support glucose transport activity
in the gel phase, transport dramatically increases in the
membrane fluid state (23). As an example, with 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) membranes,
transport activity vanishes during cooling to the gel phase
but it increases during premelting and phase transitions,
and recovers fully in the fluid phase. However, in the
gel phase, inclusion of 20% cholesterol in DPPC mem-
branes was shown to activate transport, although a larger
cholesterol enrichment inhibited transport (24). It has
been proposed that the cholesterol-dependent increase in
transport is largely due to a decrease in membrane micro-
viscosity. The slowing of transport at higher cholesterol
concentrations may be due to inhibitor complexes formed
with the transporter. The complex role of cholesterol in
membrane lipid structure and transporter function is still
unresolved.

In this study, MD simulations at the atomistic level were
employed to investigate whether the structural changes and
interaction patterns of the bilayer phase contribute to struc-
tural modifications in the GLUT. Small-scale correlated
movements of the C, backbone atoms and side chains of
GLUTI controlled by the physical state of the membrane
were found to direct the passage of glucose, as assessed
by in silico docking methods. In particular, the gel mem-
brane phase altered the cavity structures. Additionally, the
extramembranous loop regions of the transporter, indepen-
dently of any membrane constraints, were subject to large
structural changes and therefore are likely gating sites for
ligand entry into transmembranous domains.

MATERIALS AND METHODS

System setup

The crystal structure of the human GLUT (GLUTI1, PDB: 4PYP) (11)
was used as a starting point for the computational work. The structure
was resolved in an inward-open conformation, with a glucose derivative
bound to the main binding site. For the purpose of the simulations, the
crystallographic sugar derivative was not included in the model. The initial
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GLUTI1/DPPC system was generated using the Membrane Builder mod-
ule (25) with default options in the CHARMM-GUI website (26). Initially,
a membrane patch of 100 x 100 A DPPC lipids was built. The mem-
brane contained 205 molecules of DPPC. This choice was based on a
compromise between size and computational resources. Subsequently,
the GLUT! structure was inserted into the membrane patch. To avoid
steric clashes, lipids in close contact with the protein were deleted. This
resulted in an asymmetric lipid distribution with 100 and 105 lipid mole-
cules in the cytoplasmic and external leaflets, respectively. The combined
system was then solvated and neutralized to produce a rectangular simu-
lation box with dimensions of 96 x 96 x 108 A> and ~80,000 atoms.
Two independent simulations were run at different temperatures: one
above (323.15 K) and one below (308.15 K) the DPPC phase transition
temperature of 314.15 K.

MD simulations

The software NAMD2.9 was employed to perform the MD simulations
(27). The CHARMM36 force field was used to model the protein and
lipids (28). Standard CHARMM parameters were used for ions (29) and
the TIP3P model was used for water (30). Pressure was maintained at
1 atm by a Langevin piston (31) with a damping time constant of 50 ps
and a period of 200 ps. A semi-isotropic pressure coupling method was
used in all of the simulations. For the NAMD calculations, the pressure
of the piston acted independently in each dimension but maintained a
constant ratio in the x,y axis corresponding to the plane of the membrane.
The temperature was maintained constant by coupling the system to a
Langevin thermostat with a damping coefficient of 1 ps~'. The particle
mesh Ewald (PME) algorithm was used for the evaluation of electrostatic
interactions beyond 12 A, with a PME grid spacing of 1 A and NAMD
defaults for spline and « values (32). A cutoff at 12 A was applied to
nonbonded forces. Both electrostatics and van der Waals forces were
smoothly switched off between the switching distance of 10 A and the
cutoff distance of 12 A using the default switching function in NAMD.
A Verlet neighbor list with a pair-list distance of 13.5 A was used to eval-
uate nonbonded neighboring forces within the pair-list distance (33). The
lengths of covalent bonds involving hydrogen atoms were constrained by
the SETTLE algorithm (34,35) so that a 2-fs time-step could be used. The
multitime-step algorithm Verlet-I/--RESPA (33,35) was used to integrate
the equations of motion. Both systems were subjected to 10,000 steps of
energy minimization, followed by an equilibration consisting of sequential
release of various restraints added to the system (26): 1) harmonic re-
straints to heavy atoms of the protein and ions, 2) repulsive restraints to
prevent water from entering into the hydrophobic region of the membrane,
and 3) planar restraints to hold the position of the lipid headgroups along
the z axis. Subsequently, 400-ns production runs were executed at each
temperature.

To ensure that temperature effects could be ascribed exclusively to
the phase state of the membrane, two additional simulations in which
the protein and bilayer were held at two different temperatures were per-
formed with the GROMACS 5.0 software package (36) (Fig. S1; Table
S1). In the first simulation, the temperature of the bilayer was set at
323.15 K to be in the fluid phase, whereas the temperature of the protein
was set at 308.15 K, below the bilayer phase transition. In contrast, in the
second simulation, the temperature of the protein was set at 323.15 K
while it was embedded in a gel DPPC membrane at 308.15 K. Each sys-
tem was simulated for 400 ns using the same equilibration and production
protocols described above.

Analysis of the MD trajectories

The program CAVER 3.0 (37) was used to analyze the size and shape of
the available pathways for glucose transit from the GLUT1 inward (IN)
and outward (OUT) faces to the glucose-binding site (GBS) at the center
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of the protein (Fig. 1 B). Aligned coordinate files from trajectories spaced
at 1 ns were selected. The algorithm works by constructing a Voronoi di-
agram to describe the skeleton of the water channels within the framework
of the protein structure, followed by a cluster analysis of all the channels
identified. For this study, a spherical probe of 0.8 A radius was selected
with a weighting coefficient of 1, clustering threshold of 12, shell radius
of 18 A, and shell depth of 4 A. The starting point for the calculation
was chosen at the center of mass of residues 1168, Q282, Q283, N288,
and E380 of GLUT1, according to the glucose derivative-protein interac-
tions present in the GLUT1 x-ray structure (PDB: 4PYP) (11).

The membrane thickness was calculated using the MEMBPLUGIN anal-
ysis tool in VMD (38).

The numbers of water molecules along the z axis of the central channel in
the gel and fluid phases were digitized using ImageJ profiling into 1320 bins
representing average numbers per 300 ps per bin. The plots were subdivided
into eight 5 A strips. The water molecules in each bin were cross-correlated
between one and eight. Contour maps of the matrices of the regression co-
efficients R;; were constructed for water molecules in the simulations with
the bilayer in the gel and fluid phases.

Docking calculations

Glucose was docked into the GLUT!1 transporter via a Lamarckian genetic
search algorithm as implemented in the AutoDock 4.2 software package
(39). Docking calculations were performed for representative snapshots
of the simulations of the transporter embedded in the fluid and gel phases.
Ten different snapshots were extracted from the last 100 ns of each simula-
tion, and 100 AutoDock runs were performed for each structure. A grid with
dimensions of 80 x 80 x 120 A® centered on the GBS was used, with bind-
ing modes ranked by a scoring function implemented in the Autodock soft-
ware. Gasteiger atom charges were assigned to the protein and glucose
atoms using AutoDock tools.

Gel Phase

RESULTS AND DISCUSSION

For each simulation, the carbon backbone root mean-square
deviation (RMSD) was calculated relative to the initial crys-
tallographic structure (Fig. S2). In both simulations, the
RMSD values were computed for the 400-ns production tra-
jectories taking as a reference the initial x-ray structure.
At least 100 ns were needed for the RMSD to plateau. The
convergence to a specific value within the resolution of the
initial x-ray structure (3.17 A) suggests that the protein struc-
tures remained relatively stable even though the glucose de-
rivative from the crystal structure was removed, which may
have influenced the stability of the protein. The RMSD values
of the fluid phase system reflect larger structural changes cor-
responding to movements of the endofacial loops located at
the cytoplasmic leaflet. After ~60 ns, a plateau of ~2.5 A
was reached in the simulation of the gel phase. A structural
comparison of the GBS in the GLUT1 x-ray structure and
in the gel/fluid MD trajectories where glucose was absent
from the active site revealed small changes in the surrounding
residues, in particular Asn288, which flips to interact with
another neighbor residue (Fig. S3).

Glucose does not readily permeate phospholipid bilayers,
as demonstrated by its osmotic activity, and thus the poten-
tial pathways available for glucose to navigate through the
transporter were explored while it was embedded in a lipid
bilayer, in either the fluid or gel phase. Searches for cavities
were computed using the respective MD trajectories. Two
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main pathways connecting the center of the protein with the
endo- and exofacial environments of the membrane were
identified (Fig. 1 A). In addition, other cavities connecting
the central binding site with the exterior of the membrane
were detected. However, these were relatively narrow and
observed much less frequently during the simulations than
the main inward and outward glucose entry routes. There-
fore, it is unlikely that these secondary routes offer viable
pathways for glucose entry and release, and hence they
were disregarded.

The average and maximum bottleneck radii of the inner
(IN) and outer (OUT) permeation branches of the main
permeation pathway in the gel and fluid simulations were
computed and are reported in Table S2. The values found
highlight the effects of the physical phase of the bilayer.
The dimensions of the pathway available for glucose to access
the central binding site, from either side of the membrane, are
reduced when the protein is embedded in a membrane in the
gel phase as opposed to the fluid phase. The maximum value
of the bottleneck radius found in the inward-facing branch of
the pathway, in either the gel (G;,) or fluid (F;,) phase, is wide
enough to allow the passage of glucose molecules with a
minimal radius of 1.9 A (40,41). When the membrane is in
the gel phase, the maximum radius of the outer gate was found
tobe 1.54 A, smaller than the minimal glucose radius. There-
fore, when the membrane is in the gel phase, glucose can only
gain access to the central binding site via the endofacial
branch of the pathway, whereas in the outward-facing route,
glucose translocation is only possible in the fluid phase.

Analysis of the time course of the bottleneck radii during
the 400-ns MD simulations highlights the larger effect of
the gel bilayer on the transporter structure in the context of
glucose translocation (Fig. 1 B). The outward-facing branch
of the pathway has a bottleneck radius close to the minimal
radius of 0.8 A used for the search of cavities, with a maximal
0.5 A deviation from this value. In contrast, the inward
pathway evolves from an open state with a bottleneck radius
greater than the 1.9 A minimal glucose radius. However, the
tunnel structure becomes progressively narrower until com-
plete closure occurs at ~180 ns of the MD simulation.
When the fluid membrane is considered, the bottleneck radius
of the inward branch of the pathway is generally wider and
more stable, having values exceeding the minimum glucose
radii for almost the entire simulation. In contrast, the outward
branch of the pathway is accessible only during short periods
of time, for example, from 270 to 285 ns (Fig. 1 B).

Therefore, in the gel state, glucose cannot access the cen-
tral binding site because both the inward and outward
branches are too narrow. Crucially, however, in the fluid
phase, glucose can occasionally gain access to the inner
parts of the transporter from the external solution. Since ac-
cess through the inward branch of the pathway is almost
continuously open, it is evident that when the membrane
is in the fluid state, opening of the outward branch is the
main rate factor limiting glucose transit.

Membrane Phase-Dependent Cavities

To further investigate the frequency with which these bot-
tlenecks attain sufficient width to permit glucose exchange,
only time intervals with a bottleneck radius smaller than the
minimal glucose radius of 1.9 A were analyzed (Fig. S4).
The inward branch of the pathway, when embedded in a
fluid bilayer, spontaneously opens and closes to glucose ac-
cess, with a maximum open interval of almost 50 ns. In
contrast, the outward-facing branch of the pathway for the
majority of time remains closed, although it widens for short
intervals. These observations validate the multisite model
for sugar transport (8,40,42), in which glucose molecules
can transit along a network of moderately high-affinity bind-
ing sites in the absence of large-scale global rearrangements
of the protein structure, i.e., without any alternating access
contribution. A recent computational study of GLUT]I
glucose transport also supports a combination of the multi-
site model and the classical alternating-access mechanistic
model as the key determinant for sugar translocation (18).

Representative heat maps of the time-dependent evolu-
tion of the radius of the pathway along the protein are illus-
trated in Fig. 2. Two bottleneck regions for the GLUTI1
inward branch of the pathway and an extensive constricted
zone in the outward branch of the pathway are observed.
The key bottleneck residues defining each branch are shown
in Fig. 2. For simplicity, only bottleneck residues involved
in more than 80% of the snapshots analyzed are shown.
From all the residues identified, a set of four create the
main channel bottleneck observed in the inward-facing
branch of the pathway in the gel state: R153, QIl6l,
W388, and F389. Residues T30, 1164, N288, and F291
define the bottleneck region of the outward branch. In the
fluid phase, residues F26, N34, 1168, Y292, S294, and
T295 define the bottleneck region of the outward branch
of the pathway, and residues P141, R153, H160, Q161,
W388, and F389 the inward branch of the pathway. R153
is a key bottleneck residue for the inward branches of the
pathways regardless of the bilayer phase. However, its
side-chain position and interactions differ depending on
the physical state of the bilayer. When GLUT1 is embedded
in a fluid membrane, R153 forms a salt-bridge interaction
with E243, which keeps both residues locked in a relatively
stable conformation. In the gel phase, small conformational
changes affecting the endofacial TM helix prevent forma-
tion of the R153-E245 salt bridge, resulting in a decrease
of the tunnel width (Fig. S4).

It is noteworthy that R153 is an absolutely conserved
amino acid in the GLUT family, whereas F26, N34, P141,
Ql61, 1164, 1168, N288, Y292, and W388 are conserved
in six or more GLUT members. Mutations of R153 and out-
ward-facing T295 residues are related to glucose-deficiency
diseases (43,44), and W388 has been shown to be critical for
binding of ligands such as cytochalasin B and forskolin (45).

Analysis of the evolution of the size of the translocation
pathway for glucose in GLUT1 (as described above) illustrates
that in the gel phase the passage connecting the extracellular

Biophysical Journal 112, 1176—-1184, March 28, 2017 1179



Iglesias-Fernandez et al.

A

3 ou ‘ [
00 i H“ ‘I‘“*v e ‘\IJ i Al “'\ i
o SN e 0
] \ |
(7]
2 /m
0. N8~ P291-
) ét\nu 164~
O ax”

L%

1 pazel " 1es GBS

a2 L 0 50 100 150 200 250 300 350 400 3

Time (ns)
. 2
’E Me4 1
o
— 0
[}
()
©
L
[+
]
o
0 50 100 150 200 250 300 350 400
B \ Time (ns) Number
< Wat. Molec.

| ‘ww:‘l T )

Gel Phase'~ ~
e 0
P

¢ é
'5/‘ ( -- 1
.~ <A e e
o) Wﬂ" JATNEIHR .\.MMM il MU U'
p "4 e 0 50 100 150 200 250 300 350 400
g "H‘ Time (ns)

Fluid Phase (F,,)

VAR
Q283 E379  E380

0 50

100 150 200 250
Time (ns)

300 350 400

Fluid Phase (F;,)

0 50 100 150 200 250 300 350 400
Time (ns) HuniBer
€ Wat. Molec.
' TR R
!J .u P 5
. i “.‘.’:\i\\nlu W”"ﬂ‘! I ..‘rl'n"."llf
; y lhn\! I
‘ot 4
y R 3
@ - \“ i .himh\ M ""vl\i"' .‘\ \‘.. I
(S | i |
3 2
=1 VTR
EV ¥ gt e m'n ,"H .".Jl. Il i ’
s, il ot -
> kol e Juw bl o
sty 0 50 100 150 200 250 300 350 400
¥,27% Time (ns
i )
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transparent representation. To see this figure in color, go online.

and intracellular sides of the GLUT1 transporter is closed. The
inner regions of both the inward and outward branches of the
permeation pathway are inaccessible. Under these circum-
stances, glucose transit via the inner branch of the GLUT1
pathway toward the central GBS would therefore be improb-
able. In contrast, when the transporter is embedded in a lipid
bilayer in the fluid phase, in silico docking analysis shows
that glucose can bind at any position along the permeation
pathway, further confirming that passage across the transport
via a staged diffusion process is a possible transit mechanism
(Fig. S5). These flexible structures corroborate the multisite
model of sugar transport in the XylE transporter based on mul-
tiple static crystal conformers (46). Experiments have demon-
strated that ATP binding within this endofacial linker region
retards the net glucose influx, possibly by causing partial oc-
clusion of the aperture shielding the internal transporter vesti-
bule from the cytosolic solution (47).

To confirm that temperature effects on the transporter are
not the cause for the change in size of the bottleneck radius,
additional simulations were performed in which the trans-
porter and the lipid bilayer were coupled to independent ther-
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mostats set at different temperatures. In the simulation where
the membrane was held at the gel-phase temperature and the
temperature of the GLUT1 transporter was raised above that
temperature, both the inward and outward branches of the
tunnel still displayed the narrow bottleneck radius observed
for GLUT1 embedded in a gel-phase bilayer (Table S2).

Additionally, simulation of a GLUT1 transporter embedded
in a fluid membrane at a temperature below the gel-phase tem-
perature displayed open tunnels for the inward and outward
branches. Together, these results eliminate protein tempera-
ture as the principal modulator of the bottleneck radius, and
indicate that the force induced by the interaction with the
membrane surface tension is critical to the size of the intramo-
lecular voids that are crucial for the performance of the protein
as a TM transporter.

The results reveal a considerable similarity between the
structural oscillations of the GLUT1 transporter in a fluid
or gel membrane, although the latter restricts the magnitude
of these movements. A comparison of the protein B-factors
in the gel and fluid bilayers reveals an overall similarity of
the thermal fluctuations of the residues in both gel and fluid



phases, although these fluctuations are more constrained in
the gel phase (Fig. S6). In a fluid membrane, the largest pro-
tein fluctuations occur in the linker regions between TM
helices, especially in the endofacial domain. The gel phase
reduces the global thermal fluctuations of the embedded
protein in comparison to the fluid state, mainly affecting
the C-terminal region of the transporter.

Although previously, membrane lipids were thought to
play mainly a supportive role in biological transport pro-
cesses, it has now become evident that they critically
modulate protein function (48,49). In this study, several
membrane properties were analyzed and compared in the
fluid and gel phases, including the bilayer thickness (defined
as the distance between the average positions of the head-
groups in the upper and lower leaflets). The average thick-
ness of the membrane in the gel phase evolves over time
to a higher value compared with that of a fluid membrane
(42.5 A vs. 40 A) (Fig. S7 A). This reflects a higher degree
of order of the hydrophobic lipid tails in the gel phase. The
computed values agree closely with those obtained from
relative electron densities calculated through the bilayer
normal of multilamellar dispersions of the phospholipids,
examined by synchrotron x-ray diffraction methods (gel,
42.4 A; fluid, 40.2 A; Fig. S8). Although a fluid membrane
can accommodate the protein without alteration of the lipid
structure, gel membranes are perturbed by the presence of
the protein (Fig. S7 B). This is probably a consequence of
the greater membrane thickness in the gel phase, due to
denser lipid packing, and the interactions of the hydropho-
bic lipid tails and the TM segments of the proteins. To
further characterize the lipid structure in both phases, order
parameters for the lipids surrounding the protein and the
bulk lipids were computed using the last 100 ns of the trajec-
tories (Fig. S7 D). Lipid tails showed higher-order parame-
ters in the gel phase than in the fluid phase, as expected, with
lipids surrounding the protein displaying higher mobility. In
the fluid phase, lipids showed lower-order parameters and
were not perturbed by the presence of the protein. The
bilayer in which GLUT1 was interpolated at 35°C exhibited
differences observed in the bilayers of the pure lipid in the
absence of the protein. Thus, although the order parameters
indicate that the hydrocarbon chains are in a gel configura-
tion, there is disorder of the chains at the protein-lipid inter-
face. The characteristic tilt of the hydrocarbon chains with
respect to the bilayer normal tends to a more vertical orien-
tation, and there is a variation in membrane thickness in the
vicinity of the protein that is not consistent with a periodic
ripple structure of the lipid.

To check whether the properties of the lipids in the
external and cytoplasmic leaflets are affected differently
by the presence of the protein, the average order parameters
of the acyl chain and area/lipid were derived from the entire
400 ns and last 100 ns trajectories. The order parameters
along the length of the chains were significantly greater in
the external leaflet compared with the cytoplasmic leaflet

Membrane Phase-Dependent Cavities

in the respective gel and fluid phases throughout the sim-
ulations. This is consistent with the calculated areas per
lipid, which were significantly smaller in the external leaflet
than in the cytoplasmic leaflet (see Table S3).

Distinct from the thermodynamic pressure of the system,
where any differences in pressure tend to zero, local differ-
ences in surface tension within the lipid bilayer arise as
a result of the particular composition and phase state of
the lipid, where the bilayer thickness, curvature, and pres-
sure profile generate differences in lateral pressure that
constrain the area occupied by proteins interpolated into
the bilayer (46). As a means of evaluating a possible corre-
lation between the membrane phase and the bottleneck
width, the membrane area and the bottleneck radius of
the pathway were correlated (Fig. S9 A). The correlation
coefficient between the membrane area of the gel phase
and the GLUT1 inward channel (G;,) was found to be
0.66. This indicates that for the G;, branch of the pathway,
the membrane areas exert sufficient pressure to compress
the transporter, thereby narrowing the GLUTI inner
pathway and impeding sugar transport (Fig. SO B). Simi-
larly, by correlating the bottleneck radius with the mem-
brane thickness, a correlation coefficient of —0.54 for the
Gj, channel was obtained. This supports the view that
only the gel phase of the membrane affects the dynamics
of the transporter sufficiently to lead to occlusion of the
channel, particularly in those regions located near the
GLUT1 inward face. In this case, the correlation indicates
that an increase in the membrane thickness narrows the
GLUTI1 G, tunnel, probably by exerting a higher pressure
on the channel gate through the lipid headgroups, possibly
aided by the observed distortions created within the bilayer
plane. Clearly, these results lend further support to the view
that the gel phase of the membrane influences the protein,
leading to a narrower glucose translocation pathway that re-
stricts glucose transport.

The degree of hydration of the protein was studied. As a
channel with a radius of 1-2 A, it contains some water un-
der ambient conditions, and a change in the mean number
of water molecules inside the protein or their distribution
is likely to affect the accessibility of glucose. In this respect,
the numbers and distribution of water molecules within the
channel (Fig. S10), as well as the correlation between the
channel size and the number of water molecules (i.e.,
the degree of hydration), were computed over time. Water
molecules diffused freely along long sections of the main
tunnel in the simulations where the lipid membrane was
in the fluid phase as opposed to the gel phase. The main tun-
nel was interconnected by neighboring segments, whereas
in the gel phase the connections did not extend across the
entire channel due to compression of the protein at certain
times.

The average numbers of water molecules within cavities
along the z axis of the central channel were subdivided into
eight 5-A-wide zones in both gel and fluid phases. They
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were then digitized and averaged during successive 300-ps
intervals encompassing the entire 400-ns simulation time
course shown in Fig. S12. The variation in water density
in each of the eight zones was correlated with the remaining
seven zones, and a correlation map of all the regression co-
efficients was obtained for the gel- and fluid-phase waters.
The findings indicate that water diffuses more freely along
longer tunnel segments in the fluid phase than in the gel
phase. In the fluid phase, the entire channel length is con-
nected by neighboring highly correlated segments. In
contrast, in the gel phase, the regions of high connectivity
are interrupted due to longer closure times in the bottle-
neck regions. This segmentation can be ascribed to external
compression exerted by the gel membrane. In the gel phase,
it is apparent that water from the central zones is displaced
toward expanded external vestibules, so there is relatively
little net change in the total number of water molecules
within the central channel regions as a result of compression
of the transporter.

It is evident from the dynamics of the number of water
molecules occupying the central channel that there are
three bottleneck positions with two intermediate cavities.
The upper two bottlenecks appear to be more temperature
sensitive than the lowest (internal) bottleneck. The fluid-
gel phase transformation will result in a much higher
percentage closure time of the bottlenecks to water, and pre-
sumably to glucose. The reduced temperature effect trans-
forms the interpretation with regard to the mechanism of
glucose transport.

The alternating-access model proposes one choke point
in the transport process; we have a series of three. The ef-
fect of cooling is normally interpreted as being due to a
slowing of the rate processes of the transporter inversions.
Here, it is evident that cooling results mainly in narrowing
of the channel, particularly at the bottlenecks. Therefore,
slowing of transport is consistent with reduced rates of
staged diffusion, and thus with the model proposed recently
in (40).

It is important to recognize that this work only covers
a symmetrical DPPC membrane, whereas lipid organization
in the human plasma membrane is asymmetric and highly
heterogeneous. Therefore, much more complex interactions
can be expected. In this regard, a recent article by Hresko
et al. (50) highlighted the activation effect of anionic phos-
pholipids on the turnover rate of GLUT3 and GLUT4 trans-
porters, whereas the substrate affinity remained unaltered,
providing evidence of a direct interaction of the studied
phospholipids with the transporter. Anionic phospholipids
are found exclusively on the endofacial leaflet of mamma-
lian lipid bilayers, thus supporting a crucial role for bilayer
composition in transporter activity.

Determining the extent to which the membrane phase al-
ters glucose diffusion through the central channel awaits
further simulations. The role of the more salient single-point
mutations within the channel also awaits investigation.
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CONCLUSIONS

MD simulations of the GLUT1 transporter embedded in a
gel or fluid DPPC membrane bilayer were performed to
study the effects of the bilayer physical state on the di-
mensions and dynamics of the glucose translocation path-
ways within GLUT1. Hydrated DPPC bilayers form gel
phases at temperatures between those of the lamellar
crystal phase (<7°C) and lamellar liquid-crystal phase
(>41°C). Here, we have demonstrated that the presence
of GLUT1 causes a disturbance of the bilayer structure
at temperatures where a gel phase of the pure phospho-
lipid is observed. The gel phase of DPPC has been well
characterized by a range of biophysical techniques,
including x-ray diffraction (e.g., the data used to prepare
Fig. S8) and MD simulations (51). Here, inhomogeneity
of the lipids is observed in the vicinity of GLUT1 due
to the protein. When embedded in a fluid membrane, as
opposed to being in a gel phase, GLUT1 exhibited a larger
bottleneck radius for both the main endofacial and exofa-
cial branches of the primary pathway connecting the
extracellular and intracellular sides of the bilayer. The
external branch of the pathway in the fluid phase was
found to be principally closed, with bottleneck values
smaller than the minimal glucose radius. However, tran-
sient open conformations that could allow glucose passage
were also detected. Overall, these results confirm the
viability of a multisite model for glucose translocation
in which sugar molecules diffuse through a network of
binding sites while the overall global conformation of
the protein is conserved. Although the differences in
diameter observed in the simulations are small, our
contention that the diameter is a factor in limiting passage
through the channel is not unreasonable. This is consistent
with the report by Fu et al. (18) showing that unhydrated
glucose can negotiate the narrowest dimensions of the
channel by spontaneous diffusion.
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Table S1. Average temperature values for the protein and membrane in the simulations considered.

Set Temperature 323.15K 308.15 K
Protein 316.7+t2.1 303.3 £2.9
DPPC 325.1 +1.9 310.1 £2.5

Table S2. Average and maximum bottleneck radius values for the main inward and outward
GLUT1 glucose translocation route. This pathway connects the central region of the
transporter with the endofacial and exofacial sides of the membrane.

Phase (side of the membrane) Average Bottleneck Radius Maximum Bottleneck Radius
(A) (A)
Gel (Gin) 1.48 £0.32 2.58
Fluid (F;,) 2.12+0.31 3.00
Gel (Gou) 0.96 +0.16 1.54
Fluid (Fout) 1.31+0.27 2.30
Gel - Warm Protein (IN) 1.2+0.36 2.19
Gel - Warm Protein (OUT) 1.28 £0.28 2.25
Fluid - Cold Protein (IN) 2.02+£0.52 3.09
Fluid - Cold Protein (OUT) 1.95+0.91 3.98

Table S3. Area per lipid measured using the whole 400 ns trajectories and the last 100 ns.

Whole trajectory (400 ns) Last 100 ns
(A2/lipid) (A2/lipid)
Fluid Phase external leaflet 72.8+£0.9 72.2+0.9
cytoplasmic leaflet 763+ 1.1 75.8+1.0
Gel Phase external leaflet 663+1.7 65.6 + 0.8
cytoplasmic leaflet 705+ 1.2 70.0+ 0.9




Figure S1. Temperature of the protein and membrane along the 400-ns trajectories calculated from
the atom velocities. Temperature values averaged every 20 data points are shown in red and black for
the membrane and protein respectively. Standard deviations every 20 points are shown in brown and
orange for the membrane and protein, respectively. In the first case, the protein is at a higher
temperature than the membrane, and the thermostat is able to maintain both systems at different
temperatures. In the second system, when the protein is colder than the membrane, there is some
energy transfer from the membrane to the protein that results in an increase of the temperature of
the former. This simulation was repeated with a different thermostat (Berendsen instead of

Parrinello-Raman) with similar outputs.
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Figure S2. Evolution of the transmembrane (black) and IC domain (red) backbone RMSD values with
respect to the original crystal structure as a function of time, when the protein is embedded in a gel

or fluid membrane.
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Figure S3. Structural alignment of the last snapshot of each 400-ns trajectory and the GLUT1 X-ray
structure (pdb code: 4PYP). Carbon atoms from the MD trajectories and X-ray structure are shown in

grey and cyan, respectively.
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Figure S4. (A) Structural alignment of GLUT1 in a gel (cyan) and fluid (violet) membrane
environment using the last frame of the 400-ns MD trajectories. (B) Orientation and interactions of
the R153 and E243 residues in a gel (cyan) and fluid (black) membrane environment. Residues are
shown in cyan and black for the gel and fluid membranes, respectively. IC2 and IC3 refer to the
intracellular domain 2 and 3 of the GLUT1 transporter.

Figure S5. Docking poses of a glucose molecule in the GLUT1 transporter embedded in a gel or fluid
membrane bilayer. Gj,, G, Fin and Fy refer to the glucose translocation pathways studied.
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Figure S6. B-factors of GLUT1 residues from simulations where the protein is embedded in the fluid
(black) and gel (red) phase bilayers.
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Figure S7. (A) Time evolution of the membrane thickness for the simulations in the gel (red) and
fluid (black) phases. (B) Representative snapshots of the simulation system with the membrane in the
gel and fluid phases. Lipid molecules are shown in licorice representation. The tertiary structure of the
protein is shown in white transparent representation. Polar head groups were omitted in the views
shown from above for clarity. (C) Average volumetric maps of the membrane thickness for the last
100 ns of the trajectories in the gel and fluid phases. (D) Comparison of order parameters for lipids at
greater or lower distances than 3 A from the GLUT1 using the last 100 ns of the trajectories. Data
associated with fluid phase is in black and red (<3 A and >3 A respectively), and with the gel phase is
in green and blue (<3 A and >3 A respectively).
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Figure S8. The thickness of DPPC bilayers were measured in aqueous multilamellar dispersions
using synchrotron X-ray diffraction methods. Small-angle scattering intensities accumulated in 15 s
were recorded for 5-orders of reflection and the phase angles obtained as described in Chen et a/
(2007) Biochim Biophys Acta 1768, 2873-2881.
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Figure S9. (A) Projection of the bottleneck radius (BR) onto the membrane area and membrane
thickness for the G, tunnel, obtained from MD simulations. (B) Cartoon representation of the effects
of the gel phase bilayer membrane on the GLUT1 G;, conformation. An increase of membrane
pressure (i.e. decrease of the membrane area) is translated into a closure of the C;, gate. An increase
of membrane thickness causes the G;, gate to close probably by steric clashes between the lipid
headgroups and the protein.
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Figure S10. (A) Total number of water molecules in the protein, and (B) average number of water
molecules in the protein (with standard deviation) in the fluid (black) and gel (red) phases over time.
(C) Fraction of water molecules in the protein inserted in a lipid bilayer in fluid and gel phases during
the simulation.
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Figure 11. (A) Spatial correlations of water molecules in the central channel inserted in a lipid bilayer

in gel phase. (B) Spatial correlations of water molecules in the central channel inserted in a lipid
bilayer in fluid phase
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