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Abstract

Molecular dynamics simulations amounting ~8 us, demonstrate that the glucose transporter
GLUT1 undergoes structural fluctuations mediated by the fluidity of the lipid bilayer and the
proximity to glucose. The fluctuations of GLUT1 increase as the glucose concentration is
raised. These fluctuations are more pronounced when the lipid bilayer is in the fluid com-
pared to the gel phase. Glucose interactions are confined to the extra-membranous residues
when the lipid is in the gel phase but diffuse into the transmembrane regions in the fluid
phase. Proximity of glucose to GLUT1 causes asynchronous expansions of key bottlenecks at
the internal and external openings of the central pore. This is accomplished only by small
conformational changes at single residue level that lower the resistance to glucose move-
ments, thereby permitting un-steered glucose and water movements along the entire length of
the pore. When glucose is near salt bridges located at the external and internal openings of the
central pore, the distance separating the polar amino acid residues guarding these apertures
tends to increase in both, fluid and gel phases. It is evident that the multiplicity of glucose in-
teractions, obtained with high concentrations, amplify the structural fluctuations in GLUT1.
The findings that most of the salt bridges and the bottlenecks appear to be operated by glu-
cose proximity suggest that the main triggers to activation of transport are located within the

solvent accessible linker regions in the extramembranous zones.



Introduction

The glucose transporter GLUT1 encoded by SCL2A1 and a member of the major facilitator
superfamily (MFS), has several well-known properties related to facilitative diffusion of glu-
cose and other hexoses, namely (i) stereo-specificity for transported ligands, (ii) saturability
of both ligand binding and transport rates, (iii) competitive inhibition by similar sugars, (iv)
different kinetic parameters for net uptake and net efflux defined as asymmetry, (v) capability
of inhibition by a multitude of chemicals, some with very high affinity, and (vi) temperature
sensitivity.:? Additionally, there are a large number of mutations with a very widespread dis-
tribution over the entire GLUT1 that affect the transport function of the protein causing sub-
optimal glucose transport that alters its kinetics, temperature sensitivity and asymmetric ki-
netic properties.>* These mutations give rise to the glucose transporter deficiency syndrome,
GLUTI1DS.® The structural properties of GLUTs have been described extensively using a va-
riety of biochemical and molecular biological techniques,’ crystallography’ and computa-
tional studies.® From these studies, a large body of data indicate that the twelve transmem-
brane domains of GLUT1 contain at least one centrally located high affinity glucose binding
site. However, there is no agreement as to whether this confers stereospecificity or any of the

other kinetic properties e.g. asymmetry. Recent reviews® 1

summarise well the various ways
in which the crystal structures of MFS transporters have informed interpretations on how the
alternating access model may work. The rocker switch mechanism views the transporter as
having two domains, the N and C termini, consisting of the two pairs of six transmembrane
domains with linkers holding them together. At the endofacial or inside surface, a long semi-
structured linker joins TMs 6 and 7 (Figure 1). Near the mid-point of the central fissure, be-
tween these bundle pairs, lies the high affinity binding site, as delineated by crystallography.
The bundles are viewed as moving reciprocally in poses that either tilt towards an open out-
ward or open inward posture. Alternation between these two end stage postures is viewed as
being the major cause of ligand transit, as it leads to sequential exposure of the binding site to
the outside or inside solution. The rocker switch mechanism is-the most favoured for the
GLUT]1 glucose transport mechanism. An alternative mechanism, where the two domains are
structurally dissimilar requires only one mobile domain to rock against the other stable do-
main. The net effect is similar to that of the rocker switch mechanism in that the central lig-
and binding domain is alternatively exposed to the outside and inside solutions, such as oc-
curs hypothetically with the Leucine transporte.!! A third variant of the alternating access

model is the ‘elevator mechanism’, where the mobile domain moves mainly in the vertical



plane, instead of the horizontal plane. The elevating bundle alternately raises or lowers the
ligand binding site, thereby exposing the ligand to the external or internal solution. Unlike the
rocker switch or rocking bundles, this type of transporter consists of 7 +7 TMs and is utilized

to transport amino-acids, polyamines and organocations.!?

Apart from the ligand operated gates preventing ligand leakages through the transporters, and
which allow access to the central binding site, all three mechanisms propose that the separate
TM bundle domains behave as rigid bodies that move in unison to effect the necessary con-
formational changes. These conformational changes have been deduced based on X-ray crys-
tallography or 2D EM crystallography of the various transporter substates. Recently several
intermediate crystal states between the canonical end stage inward and outward confor-
mations, have been the deduced basis of a detailed trajectory of the elevator-like transitions of
the concentrative nucleoside transporter from Neisseria wadsworthii.'* The slow time course
of these of conformational changes places them outside the resolution of normal unforced at-

omistic molecular dynamic (MD) simulations.

Unlike ion or water movements through channels, where throughputs are high and fast, in the
nanosecond timescale domain, glucose transport via the specific GLUT1 transporter is rela-
tively slow with turnover rates in the millisecond range i.e. 5-6 orders slower than in chan-
nels. Simulating this slow process often requires adoption of compromises and shortcuts in
the simulation protocols. Many protocols have been specifically designed to corroborate the
existing assumptions of the alternating access model of uniport transport; namely, (i) a single
high affinity binding site situated around the middle of the central cleft with easy access of
ligands from the external and internal solutions, (i1) high resistance to ligand flow across the
central binding site which necessitates a major rearrangement of the transmembrane helices
into an open inward and open outward poses, and (ii1) sometimes, a third occluded intermedi-
ate pose. These choices mirror the crystallographic findings'# and the mainstream assump-
tions of alternating access transport.'>!® The most influential of these assumptions is the sin-
gle centrally located high affinity ligand binding site. A frequent inference derived from it, is
that any other ligand binding sites are extraneous to the transport mechanism or selectivity of
the kinetics. The low turnover of glucose transport!'”!® rationalizes the assumption that con-
temporaneous multiple ligand interactions with the transporter must be rare and thus, rela-
tively unimportant. It also justifies the case for steered ligand transits and the Gibbs free en-
ergy profiles derived from these, showing the expected high change in Gibbs free energy for

forced ligand transit through the central barrier. The central binding site is implied to be a



relatively rigid structured region'®!

and the transporter must adopt multiple poses necessary
to effect glucose transfer.?!>> Nevertheless, recent MD simulations of glucose passage within
GLUT]1 have expressed doubts about the need for large scale conformational rearrange-
ments.?* 26 Chen and Phelix?® suggested that there are extracellular gates that are dependent
on asymmetric lipid distributions and at low temperatures and infinite trans-exchange uptake

is dependent on transport of the open chain form of glucose which permits passage through a

narrow aperture.

Here, MD simulations have been employed to investigate at atomistic level whether the struc-
tural changes and interaction patterns of the bilayer phase contribute to structural modifica-
tions in the glucose transporter using GLUT1 embedded in DPPC lipid bilayers under tem-
perature-controlled fluid and gel conditions, in the presence of B-D-glucopyranose and water.
The effects of glucose bonding at the surface, its penetration in the protein and its interactions
with the protein have been characterised as well as the changes in the dimensions of the cen-
tral pore and the salt bridge interactions that affect overall the transporter stability, and in

turn, have effects on both glucose and water mobility.

The question as to whether large-scale protein conformational changes are necessarily re-
quired to achieve glucose transit across GLUT1 remains unresolved to date. Recent papers
have demonstrated that glucose transport by GLUTs and other sugar transporters can be ac-
complished by small-scale perturbations along the entire length of the central pore. These
may occur because of both glucose-dependent local induced fits and glucose-dependent allo-
steric interactions that facilitate global increases in permeability. Our study aims to remove
some of the obscurity surrounding these questions by comparing the differences between sim-
ulations under flooded conditions with high content of glucose and simulations where glucose
is specifically docked within the protein and where the nominal average extracellular glucose

concentration is small, in both cases, using relatively long simulation times.
Materials and Methods
System Set-up

The crystal structure of the human glucose transporter GLUT1 (PDB ID: 4PYP), which has a
nonyl beta-D-glucopyranoside bound,?” was used as a starting point for the computational
work. The initial systems were generated using the Membrane Builder module of
CHARMM-GUI.?® A membrane patch of 100 A x 100 A dimensions was built. The mem-
brane contained 205 molecules of 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC).



This choice was based on a compromise between size and computational resources. Subse-
quently, the GLUT1 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 dis-
tribution with 100 lipid molecules in the cytoplasmic leaflet and 105 lipid molecules in the
external leaflet. The combined system was solvated with water and ions up to a final concen-
tration of 150 mM NaCl to produce a rectangular simulation box of dimensions 95 x 95 x 105
A3 and ~100,000 atoms. Several independent simulations were run using different conditions
and a summary is displayed in Table 1. Two main protocols were followed. The first one cor-
responds to ‘flooding’ simulations where the solution is ‘flooded’ with substrate and allowed
to partition into membrane and protein binding sites over the course of an MD simulation tra-
jectory. An alternative is a structure-based docking protocol followed by MD simulations
where the nonyl beta-D-glucopyranoside ligand bound to GLUT1 in PDB 4PYP was replaced
by a glucose molecule at this binding site. The MD approach holds several advantages as all
protein degrees of freedom are unrestrained, resulting in a fully flexible and dynamic system.
In addition, the MD approach naturally includes explicit water and the membrane lipid envi-
ronment is also included. Furthermore, the MD approach accounts for interactions between
glucose molecules, and can therefore identify multiply occupied sites. Two different tempera-
tures were employed, one greater (323.15 K) and one lower (308.15 K) than the gel-to-liquid
crystalline phase transition temperature of DPPC 314.15 K.

Molecular Dynamics Simulations

The software NAMD?2.13 was employed to perform the MD simulations.?’ The CHARMM36
force field*® was used to model the protein, glucose and lipids. Standard CHARMM parame-
ters®! were used for ions, and the TIP3P model for water.3? Pressure was maintained at 1 atm
by a Langevin piston,*® with a damping time constant of 50 ps and a period of 200 ps. A
semi-isotropic pressure coupling method was used in all the simulations. For the NAMD cal-
culations, the pressure of the piston acted independently in each dimension but maintained a
constant ratio in the x and y axis, corresponding to the plane of the membrane. The tempera-
ture was maintained constant by coupling the system to a Langevin thermostat, with a damp-
ing coefficient of 1 ps™'. The particle mesh Ewald (PME) algorithm was used for the evalua-
tion of electrostatic interactions beyond 12 A, with a PME grid spacing of 1 A, and NAMD
defaults for spline and « values.3* A cut-off at 12 A was applied to non-bonded forces. Both
electrostatics and van der Waals forces were smoothly switched off between the switching

distance of 10 A and the cut-off distance of 12 A, using the default switching function in



NAMD. A Verlet neighbour list with pair-list distance of 13.5 A was used to evaluate non-
bonded neighbouring forces within the pair-list distance.?*> The lengths of covalent bonds in-
volving hydrogen atoms were constrained by the Shake algorithm in order to use a 2-fs time-
step.3® 3’ The multi-time step algorithm Verlet-I/r-RESPA3> 37 was used to integrate the equa-
tions of motion. The systems were subject to 10,000 steps of energy minimization, followed
by an equilibration consisting of sequential release of various restraints added to the system:
(1) harmonic restraints to heavy atoms of the protein and ions, (ii) repulsive restraints to pre-
vent water from entering in the hydrophobic region of the membrane, and (iii) planar re-
straints to hold the position of the lipid headgroups along the z-axis. Subsequently, produc-

tion runs were executed at the selected temperatures.

The program HOLE?® 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 (GBP) at the center of the protein.

Results & Discussion

The major facilitator superfamily transporters share a conserved core fold that comprises 12
transmembrane segments organized into two discretely folded domains, namely the amino-
and carboxy-terminal domains. Within each domain, the six consecutive transmembrane seg-
ments are folded into a pair of ‘3+3’ inverted repeats. The structure of full-length human
GLUTT1 inserted in a model lipid bilayer is shown in Figure 1. The structure of GLUT1 was
resolved in an inward-open conformation with a glucose-derivative bound to the main bind-
ing site.” The D-glucopyranoside of the B-NG molecule found in the crystal structure of
GLUTTI is hydrogen-bonded to the surrounding polar residues in the C domain, which pro-
vides the primary substrate-binding site as residues from the N domain are not involved in
ligand binding. Comparison with ligands found in crystal structures of related proteins sug-
gests the presence of a single sugar-binding site that is alternately accessed from either side of
the membrane.” The relative motion of the N domain would then result in alternating access.’
For the purpose of the simulations, the crystallographic sugar-derivative in the crystal was not

included in the model or it was replaced by B-D-glucopyranose.



" Figure 1. Illustration of the simulation system with the
structure of the full-length human GLUT1 in cartoon repre-
sentation inserted in a model lipid bilayer. Each structural el-
‘ement is labelled; TM stands for transmembrane and IC for

& !’.‘iintracellular.

Two simulation protocols were followed referred to as ‘flooding” and ‘docked’ simulations,
which permit useful comparisons between the effects of both high and effectively zero exter-
nal glucose concentrations on the mobility of the amino acid residues in GLUT1. To consider
how the physical phase of the membrane alters glucose transporter structural dynamics, dif-
ferent temperatures were also adopted, one greater (323.15 K) and one lower (308.15 K) than
the gel-to-liquid crystalline phase transition temperature of DPPC which is reported to be
314.15 K. A list of the simulations considered in this study is presented in Table 1.

Table 1. MD simulations considered in this study and some system details. CBS stands for

Central Binding Site.

c Temperature | Lipid Simulation | Glucose
System Notation Set-up (K) Phase Time [us] at CBS #Water | #Glucose
Flooded-Fluid (FF) . 323.15 Fluid 2
Flooded-Gel (FG) | | 1ooding 308.15 Gel 2 NO 20849 48
Docked-Fluid (DF) 323.15 Fluid 2
Docked-Gel (DG) | o°ked 308.15 Gel 2 YES | 21447 !

The transient trajectories of glucose entry into and exit from GLUT1 were analysed and are
shown in Figure 2 and Supplementary Material Figure S1. It should be noted that the move-
ments of both glucose and water within the entire trajectory are diffusive as no steering forces
were applied; the only forces acting on the ligands are those generated by the fields of the
protein amino acids, membrane lipids and the ions in the solution. In the flooded-fluid simu-
lations, glucose penetrates and crosses the midline several times, whereas glucose does not
penetrate beyond the superficial regions of GLUT1 under the flooded-gel condition during
the period of the simulations. In both, gel and fluid-docked conditions (Figure S1, Supple-
mentary Material), the single docked glucose ligand escapes to the external solution within

250 ns of initiation the trajectory but makes frequent and short-lived returns to the superficial




layers of the transporter, throughout the remaining trajectory. The most notable feature within
the flooded-fluid trajectory is that a glucose ligand crosses and retraces its steps back across
the midline through a ‘high affinity’ central site of the main pore several times during the mi-
crosecond and it remains within the transmembrane domain (Figure 2.B). This is the first in-
stance of un-steered spontaneous transits of glucose across the central ‘high affinity’ binding
site. Given the available computational resources, we opted to run long equilibrium simula-
tions rather than several shorter replicas. The fact that only a single translocation of a glucose
molecule through the central pore of the protein was observed is not surprising considering
there is not a concentration gradient of glucose due to the periodic boundary conditions. In
effect, this observation is a rare event and if we wanted to study translocation per se, en-
hanced sampling techniques (such as metadynamics or the adaptive biasing force method)
would be required instead of equilibrium MD simulations.

Although there is evidence from the simulations of tunnel branching at the internal and exter-
nal surfaces, only one main central channel is apparent for glucose transit. We use the word
‘main’ to distinguish the central pore from any subsidiary channels that might be as during
the simulation, there are at least two portals to glucose and water in the external surface and
probably three or more in the internal. Glucose remains for a significant dwell time in the
central zone of the main pore where it oscillates and fluctuates between H-bonding sites at
G384-T137 and V165-P385 for three periods between 1050-1190, 1210-1290 and 1450-1570
ns. These prolonged dwell times within the central pore could be considered as binding
events. However, examination of the H-bonding behaviour of glucose shows that it does not
remain fixed at any site for more than a few nanoseconds, instead, it moves along with water
within the confines of the central cavity. In addition to the single glucose molecule that trans-
locates through the pore of GLUT1 as shown in Figure 2.A, several other glucose molecules
are also present within the internal and external margins of the GLUT1’s transmembrane re-
gion for periods longer than 40 ns (Figure 2.B and 2C, Figure S1). Glucose at the external
surface of the protein makes frequent, but transient H-bonds with the protein residues ex-

posed to the solution.
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Figure 2 (A) Pathway that a glucose molecule follows through the protein pore referenced to the
crystal structure in PDB id 4PYP that has nonyl beta-D-glucopyranoside from the fluid flooded
trajectory. (B) Glucose forms multiple transient hydrogen bonds with extramembrane domains of
GLUT1. Evolution of the positions of the centre of mass of different glucose molecules either
along the main pore of the protein or outside the protein in the surrounding medium in the flood-
ing simulations. Only glucose molecules that remain either in the pore or bonded with extramem-
branous residues for a period of over 40 ns are shown using different colours. The origin of the
z-axis corresponds to the centre of mass of the lipid membrane.

The backbone atom root-mean-square deviation (RMSD) values were computed for the tra-
jectories taking as a reference the initial x-ray structure. The convergence to a specific value
within the resolution of the initial x-ray structure (3.17 A) suggests that the protein structures
remained relatively stable. Overall, the RMSD values of GLUT]1 in the fluid membrane con-
dition are greater than in the gel membrane condition; the RMSD of GLUT]1 averages =~ 1.9A



and = 1.3 A in the fluid and gel flooded simulations respectively. Furthermore, there are no
significant effects of glucose on the RMSD during the instances when glucose traverses the
central regions in the time interval between 1.0 and 1.5 ps in the fluid flooded trajectory. The
major effect of glucose is on the root-mean-square fluctuation (RMSF) values of the ex-
tramembranous regions, as has been previously reported.”® When comparing the effects of the
presence or absence of glucose in the RMSF of the protein in the fluid flooded system (Figure
3.A), it can be observed that glucose interactions increase the magnitude of the RMSF values
in the fluid membranes in the region of the external linkers between transmembrane helices
by approximately 0.75 A. The magnitude of the glucose-dependent increases in the three C-
terminal external linkers are around twice those seen in the three N -terminal external linkers.
In the case of internal linkers, only the structured elements in the large linker between TMs 6-
7 and the links between TMs 8-9 and TMs 10-11 show glucose-dependent changes. Addition-
ally, there are regions where glucose decreases the RMSFs e.g. the external part of TM1 and
TM3, the external linker between TMs 5-6, and in the unstructured region of the large linker
(residues 230-235). However, these glucose-dependent increases extend from the exposed ex-

tramembranous regions into the TMs, particularly those in the N-terminal half.

Glucose modulation of the dynamics of extra-membranous domains of GLUT1 depend on
membrane fluidity. The effects of fluid-gel transformation of the membrane lipid on the exter-
nal glucose dependent RMSFs are shown by comparison of the red versus green traces (Fig-
ure 3.B). Apart from residues L109-F112 at the outer regions of TM3, gelling leads to a sharp
decrease in the RMSF values. These decreases are most profound in the more mobile extra
membranous regions but also extend into the TM regions, particularly of TM 1,2,4,6, the
outer part of TM7 and TMs 9-12. When examining the fluid flooded RMSFs in various time
intervals during the trajectory (Figure 3C, 3D), correlations can be observed between the
RMSFs in the external linker regions between TM1-2 and 7-8, and TM9-10 at the external
surface, and the linker between TM4-5 and 6-7 and TM8-9 and 10-11 at the endofacial sur-
face e.g. the intracellular side of the membrane. In contrast, the time dependent RMSF
changes related to the positions of glucose in the flooded-gel condition mainly occur at the

external linkers.
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Figure 3. Comparison between the Ca RMSFs of the protein in different trajectories: (A) fluid flooded
trajectories in the presence (red) or absence (blue) of glucose in the pore, (B) fluid (red) versus gel
(green) flooded systems, and fluid flooded simulation divided in several time intervals of 0.2 ps from:
(C)0to 1 pus (0-0.2 red, 0.2-0.4 blue, 0.4-0.6 yellow, 0.6-0.8 magenta, 0.8-1.0 green) and from (D) 1 to
2 us (1.0-1.2 red, 1.2-1.4 blue, 1.4-1.6 yellow, 1.6-1.8 magenta, 1.8-2.0 green).

The relative frequency of glucose interactions with GLUT1 residues was characterized by cal-
culating the H-bond interactions between glucose and residues of the protein along the central
pore axis as a function of time (Figure 4). In the docked simulations, the frequency of glucose
interactions is negligible. Unsurprisingly, the most frequently encountered residues by glucose
are those in the extramembranous regions, particularly around residue Val290 in TM7 and the
external linker between TM7-8 and the internal linker between TM6-7. In the gel state, the fre-

quency of these interactions is greatly reduced in the intramembranous TM regions.
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Figure 4. Most frequent extramembranous glucose hydrogen bonds are observed in external linkers

between TM6-7 and TM7-8. Percentage of hydrogen bonds referenced to the total number of hydro-

gen bonds accounted during the whole trajectory shown for the (A) fluid and (B) gel flooded simula-
tions. The eight residues that established the highest number of H-bonds are labelled. From each sim-
ulation, a snapshot of the protein in new cartoon representation is presented with the residues high-
lighted in the plots shown in licorice representation and coloured according to their position: red (ex-
tracellular side), blue (intracellular side) and green (central position).

The degree of mobility of every amino acid residue was monitored and the influence of glu-

cose on this parameter was mapped for both the flooded and docked conditions as shown in

Figure 5. This measure monitors dynamical changes in residue movements. The residues in

contact with glucose during its progress through the central pore regions move more in the

time interval between 1.5 - 2.0 ps in the fluid flooded simulations in comparison with the

fluid docked. The fluid flooded map shows that the outer half of TM1 is unsettled from 1.7 to

2.2 s, as are the outer parts of TM9-10 and TM11-12. Almost all the glucose-dependent in-

crease in residue movements is confined to the extramembranous regions in the fluid flooded

trajectory. There is significantly less change in residues within the intramembranous regions.
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Figure 5. Glucose hydrogen bonding amplifies extramembranous motion of TM linker segments of
GLUT1. Evolution of the displacement of the protein Ca atoms during the trajectory referenced to the
starting structure as a function of the structural elements in (A) fluid and (B) gel flooded simulations,
and (C) fluid and (D) gel docked.

Glucose also displaces water in the central pore. We had shown previously that water is dis-
placed from the cavities of GLUT1 when the bilayer undergoes fluid to gel phase transition.*
In the present simulations, it is evident that glucose displaces water from the margin towards
the central zone of the pore of GLUT1 in fluid bilayers as well as from marginal zones in the
gel bilayers (Figure S2). Water densities and water displacement by glucose are reflected in
changes of the dimensions of the central pore of GLUT1. At low glucose concentration, in the
fluid docked condition, reductions are observed in the width and dimensions of the pore at
both internal and external margins of the transporter. In the fluid flooding simulations, during
the time from t = 1.1 to 1.7 ps, the presence of glucose in the central region changes the chan-
nel shape by decreasing its length by 6 - 7 A and widening its diameter by a similar distance,

thereby changing the cavity from an oblate to a more spherical structure.

When glucose penetrates the intramembranous regions of GLUT1 att= 1.1 ps, the ratio of
water: glucose H-bonds decreases from around 0.9 at Z = -20 Ato=05as glucose penetrates
to Z=+6.0 A. It is apparent that the more deeply glucose penetrates the transmembrane re-
gion, the more water it tends to displace until it reaches the hydrophobic regions of the pore

between 6 - 12 A (Figure 6).
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Figure 6. Evolution of the protein central pore along the Z axis in the fluid-flooded simulation. (A)
Ratio of glucose (red) and water (blue) around the protein atoms. The distance between two atoms is
considered a contact when <4.5 A. (B) The ratio is averaged along the pore axis with a bin width of 2

A.

Glucose exerts both direct and allosteric effects to modulate the width of the GLUT]1 pore.
The pore radius of GLUT1 has been mapped along the axis perpendicular to the membrane
plane at different times during the trajectory of the flooded simulation in the fluid state (Fig-
ure 7). Three bottlenecks in the central pore have been previously identified as barriers to glu-
cose movement. The widths of these bottlenecks are variable, as was shown previously.*’
Amongst other factors the barrier widths are controlled by membrane fluidity. However,
membrane fluidity as regulated by temperature, is generally fairly constant in mammals, so in
isothermal conditions, the direct influence of transported ligands on the flexibility of the pro-
tein is likely to be more important in determining the mobility of a transported ligand through
bottlenecks.*® Concepts of protein flexibility and rigidity have been associated with static me-
chanical or crystallographically determined structures that are not always entirely relevant to
protein fluctuations when embedded in a fluid environment. Thus, bottlenecks imposed by
adjacency of large aromatic sidechains or salt bridges can be altered by interposing shielding
ligands, e.g. glucose or water. A bottleneck blocking glucose uptake at the extracellular sur-
face has been observed in both GLUT1 and GLUT3, and XylE.!% 2% 2639 Another was re-
ported®>*! in the central cavity of GLUT1 due to movements of sidechains GIn282 and
Tyr292. It has been proposed that the central cavity is obstructed by Tyr291 Tyr292 and
Asn288 whereby an axial rotation results in an outward open to outward occluded confor-
mations.” However, in an earlier docking study involving a relatively short (10 ns) simula-
tion, no high affinity site within the central cavity was observed. Instead, it was found that
glucose captured within the cavity, diffused randomly between several H-bonding sites.** The
current study corroborates this view; another bottleneck was observed at Phe389, Trp388,

Arg400 and H160 at the endofacial end of the central pore.?> 2% 3

A (B)
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Figure 7. The presence of glucose alters pore dimensions and dynamics. Pore profiles of the
protein and radius of the central path along the pore axis in the fluid flooded system is shown for two
representative snapshots at (A) time = 1.05 us when the pore is open towards the external side, and
(B) time = 1.3 us when the pore is open towards the intracellular side. The dotted vertical line indi-
cates the minimal pore radius through which D-glucose would get through.** Next to the pore radius
profiles, a representative snapshot illustrates the 3D central tunnel using the following colour code:
red represents the volume where not even water molecules are able to pass, green represents the vol-
ume where small molecules like water can get through, and blue is the volume large enough where
bigger molecules can cross. The horizontal dotted lines linking the graphs and the 3D hole profiles
correspond to the bottlenecks of the pore. Residues that delimit the bottleneck are represented in lico-
rice. The protein is shown in new cartoon representation in grey and glucose molecules in yellow are
depicted in vdw representation.

In the fluid flooded trajectory, two major bottlenecks are observed at either ends of the pore,
an external one at Z = 16 - 20 A and an internal one at Z=-15 to -10 A. However, these con-
strictions are not permanent features and there is considerable variability in the width of both
the external and internal bottlenecks. These changes are asynchronous. At t =1.055 us, the
external barrier has a radius of = 1.0 A and the internal barrier a radius of 2.3 A, whereas at t
= 1.300 ps, the internal barrier has a radius of 1.2 A and the width of the external barrier is
increased to 2.2 A. When the external barrier is open, two glucose molecules are H-bonded to
adjacent residues, Thr295 and GIn37, both of which are directly accessible to the external so-
lution. When the internal pore opening is at its widest diameter, two glucose molecules are
adjacent H-bonded to Phe291and Pro141. The requirement for glucose proximity to enable
glucose access through the barrier is ratified by the observation that in the fluid docked tra-
jectory, where glucose is initially absent from the external solutions, the pore radii never ex-

ceed the minimum 1.9 A required for glucose passage.

Glucose modifies salt bridge networks of extramembranous domains of GLUT1. The effects
of glucose on GLUT1 dynamics thus far have been considered mainly at a global level. How-
ever, the underlying effects of glucose actions are due to interactions at atomic levels. Several

sets of salt bridges have been observed between either Glu or Asp and either Lys or Arg, at
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both ends of the central pore.?® In several cases, the bridged pairs are in close enough proxim-
ity to switch between pairings. We find that the proximity of glucose perturbs these networks,
notably between Arg400 and Glu393, and Glu247, Argl153 and Glu393. Glucose binding to
this network tends to open gates and permit water infiltration into the central channel (Figure
8). Once glucose penetrates, partial closure of the gate can form a semipermeable barrier

44,45 35 is observed in the

which generates a local intramolecular osmotic flow of water,
flooded simulations in both fluid and gel conditions. In fluid bilayers with 1 mM glucose,

prolonged opening of the gates at the external and internal ends of the pore leads to the entire
central pore filling with large numbers of water molecules (= 30 - 40). During prolonged gate
closure water drains from the central pore. These findings indicate that water does not remain

static within the central pore and that the hydrophobic sidechains lining the channel are per-

missive to water movement.

The effects of glucose proximity on the bottleneck widths in GLUT1 are similar to those pre-
viously observed in acetylcholinesterase, where allosteric ligand opens the bottleneck widths
within the ‘gorge’ that normally prevents access substrate access to the active site at 20A
depth from the solution interface. In this system too, complex multiple allosteric ligand inter-
actions are showed by MD to increase the catalytic functionality of enzyme by causing small
fluctuations in the protein that permit the bottleneck to open sufficiently to provide access to

sites which crystallography deems to be unreachable.*®
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Figure 8. Relationship between the bottleneck radius and the proximity of the nearest glucose mole-
cule in two sets of positions along the Z-axis of the transporter corresponding to the intracellular (-5.0
to +5.0 A) and extracellular (12.5 to 20.0 A) directions from the center as indicated in (A). (A) Crys-
tallographic structure in new ribbons representation colored in cyan and its pore profile in red where
the pore radius is too tight for a water molecule, in green where there is room for a single water and in
blue where the radius is at least double the minimum for a single water molecule. Effects of glucose
proximity on the distribution of the external (red) and the internal (blue) bottleneck for the (B)
flooded fluid and (C) flooded gel systems. The minimal radius of a glucose molecule was considered
to be 1.9 A%

The effect of glucose proximity on the distance separating polar residues forming salt bridges
was analysed (Supplementary Material Figure S3, S4). A systemic examination of all the salt
bridges between Glu or Asp and Lys or Arg yields 17 salt bridges in the flooded simulation in
the fluid bilayer and 20 salt bridges in the gel condition. Some of these pairs are between sin-
gle acidic residues and two alternate basic residues e.g. Glu236-Lys225 and Glu236-Lys229

or Glu299- Lys300 and Glu299 and Lys38. It is apparent that the distances separating the po-
lar side chains of some salt bridges at the external and cytosolic faces of GLUT1 increase ac-
cording to the relative proximity of glucose permitting passage of water and glucose into the

intramembranous regions of the transporter.

These simulations of GLUT1 in fluid and gel phase bilayers demonstrate unforced glucose
transits throughout the length of the central pore of the protein. Glucose facilitates its own

passage through the central pore by interacting with the transporter, both globally and at local
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levels, thereby generating wider pore openings. Several glucose transits through the central
bottleneck are observed during 2 us in the flooding simulations in fluid bilayers. It has been
claimed that asymmetric bilayers with physiological distributions of lipids are necessary to
facilitate glucose diffusion via GLUT1 without large scale conformations motions.*’ Alt-
hough physiological distribution of lipids within the bilayer may improve transport, here, a
standard fluid symmetrical DPPC bilayer permitted un-steered glucose diffusion along the
entire length of the central pore. Similarly, simulations of the SWEET plant glucose trans-
porters in a symmetrical lipid bilayer gave satisfactory un-steered glucose transport rates.** 4
An explanation for the glucose transits observed in the present investigation is that the proto-
col generates multiple contemporaneous glucose-protein H-bond interactions at both internal
and external transporter surfaces. In the absence of a significant glucose concentration in the
external solutions, as in the fluid docked protocol, glucose molecules remain confined to the
peripheral extramembranous regions of the transporter. When GLUT1 embedded in fluid
membranes is exposed to glucose in the flooding simulations, the RMSD and RMSF values
of the extramembranous regions and several TMs, in particular TMs 7-12, are greatly in-
creased. These increases result from the multiple H-bond interactions of glucose with the ma-
jority of exposed extramembranous residues and with the external portions of TM1, TM2 and
TMs 9—-12. The increased mobility of the majority of extramembrane residues, combined with
the more localised direct and indirect actions of glucose on intramembranous protein as it
permeates the central pore, leads to transient widening of the bottleneck regions, which in
turn permits greater glucose mobility than hitherto reported in previously published MD sim-

ulations.>* 3!

When GLUTT is embedded in membranes in the gel phase under flooding conditions, glucose
still leads to H-bonding with the exposed residues, although with a much-reduced frequency
reflected in the reduced RMSD and RMSF values due to the greater restraint on both protein
and membrane movement imposed by the increased lipid viscosity.* >* Perturbations are no
longer transmitted into the intramembranous zones as the allosteric propagation is curtailed.

Hence, glucose is prevented from deep penetration into the transporter.

It can be observed from our MD simulations that flooding with glucose ‘activates’ GLUT1
and increases its permeability to both glucose and water, and possibly other ligands that can
penetrate the GLUT1 porous labyrinth. This view is confirmed by the demonstration that
flooding with glucose increases the probability of wider separations occurring in 12/17 salt

bridges in the fluid flooded condition and in 11/20 salt bridges in the gel flooded state.
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An obvious question is whether there is any experimental evidence to corroborate these in-
silico findings. Although it has been largely dismissed as an epiphenomenon, water flows
through glucose transporters in erythrocyte membranes were observed in the 1970s.3* % Low
concentrations of phloretin (250 uM) reduced both glucose and water permeabilities. Oocytes
expressing GLUT1 have a water permeability in the order of 0.28 — 1.7x10% molecules s™!
that is suppressed by 20 uM phloretin.’® The GLUT1 water permeability is increased by 20 %
by exposure to glucose (5 mM). However, increasing glucose concentration to 10 mM re-
duced the water permeability by approximately 40%.°¢ This biphasic effect of glucose on wa-
ter permeability is also seen with maltose and L-glucose, suggesting that the inhibition of wa-

ter permeability may be affected by non-penetrating ligand binding to external groups.®’

GLUTs are also permeable to arsenicals, As(OH); and CH3As(OH)a, possibly via water path-
ways. However, GLUT]1 inhibitors, Hg(II), cytochalasin B and forskolin reduced uptake of
glucose but not of CH3As(OH),. These results indicate that CH3As(OH). and probably water
partially share a common translocation pathway in GLUT1 with parallel branches for glucose
transport and water>® and are supportive of the view that there are multiple branched path-
ways within GLUTs, some of which are too narrow to permit glucose flows. Similar deduc-
tions about multiple entry ports at the exofacial surface had been derived using maltose as a
59, 60

partial inhibitor of glucose uptake
blocked glucose uptake e.g. T295M.°1: 62

and with various GLUT1 mutants which partially

Maltose, is a non-transported disaccharide with affinity for the external side of the glucose
transporter.%> At concentrations > 1.0 mM, maltose inhibits 3-O-methyl glucose (30MG)
transport (Ki~12 mM).®® However, at concentrations in the range 0 - 1.0 mM, maltose and
maltotriose increase the rate of 30MG transport by = 40%. L-sorbose has a similar low affin-
ity to L-fructose for GLUT1.%* An anomaly with sorbose transport is that its inhibition by
equilibrium glucose concentrations is much greater than predicted by alternating carrier K=
~20 mM.5%> % Low glucose concentrations reduce the Arrhenius activation energy E, of sor-
bose net exit from 63.9 + 13 kJ mol™! in glucose-free solution to 42 + 5 kJ mol!, when glu-
cose was present in the range 5-10 mM.** ¢ Thus, glucose, whilst competing with sorbose
binding sites, also increases its permeability by decreasing the energy barrier for its transport.
This explains why the apparent affinity of glucose-dependent inhibition of sorbose flux de-
creases. These findings are now explicable by the hypothesis that multiple contemporaneous

glucose H-bonding interactions lead to global agitation of GLUT1 which tends to open
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bottlenecks within the protein and leads both to a generalized increase in permeability and a
specific increase in glucose transport.

Conclusions

GLUTL1 is one of the 13 members of the human glucose transport protein family and a mem-
brane-spanning protein that mediates glucose transport into the brain. GLUT1 is necessary
for the maintenance of proper glucose delivery to brain via brain capillary networks, blood
flow and blood-brain barrier integrity, as well as glial function and structure. Thus, it is cru-
cial to understand at the molecular level the mechanisms of glucose transport.®® %° Several pu-
tative mechanisms for protein-mediated transport have been proposed. Among the models are
two competing hypotheses that have been presented. The first is the simple alternating access
mechanism that sequentially presents mutually exclusive exofacial and endofacial substrate-
binding sites. The second is the fixed-site transporter with co-existent exofacial and endofa-

cial sugar-binding sites.

This study has shown the importance of ligand operated gating mechanisms at the bottleneck
which guard the opening orifices of the central channel and within the network of external
water channels in the extramembranous linker regions of the protein. The role of flooding,
that initially activates the solution exposed residues that surround the external vestibule and
the structured elements of the endofacial linkers, and in the fluid flooded condition is trans-
mitted along the length of the central channel, has shed some light into the molecular basis of

glucose transport in GLUTL.

It is apparent that GLUT1 presents multiple substrate and ligand interaction sites. High fre-
quency of ligand interactions with these sites increases the root-mean-squared fluctuations of
the exposed residues and this agitation prises open the portals to the wider central region of
the channel. Our simulations show that glucose remains trapped within the confines of doubly
gated central region where it is relatively free to diffuse as previously observed.** These find-
ings are inconsistent with the orthodox view based on a high affinity central binding site
based mainly on crystallography of the static GLUT1 structure,® " in which glucose is bound
in relatively immobile complex that requires a large conformational change to allow it to

cross this central high affinity binding region.

On the contrary, we observe that the centrally located glucose ligand is relatively mobile and
its access to the external solution is mainly controlled by the ligand operated bottlenecks and
salt bridges at either end of the pore, consistent with the gating processes at either side of the
channel being the main controllers of ligand transit. This shift in emphasis of the control of
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transit frequency from a mobile single centrally located binding site to a widely distributed
network of sites located in the extramembranous zones of the transporter, may also shift the
focal point of search for the ligand stereospecificity sites from the central regions of the trans-
porter where ligand access is seen to be generally hindered, to the much more accessible resi-
dues at the exposed surfaces of the transporter as shown by maps of the glucose-H-bonding

sites.

This paper illustrates that inferences relating to GLUT1’s transport mechanism made solely
based on static crystallographic postures may only give a partial mechanistic view. The find-
ings here indicate that multiple glucose interactions at the external and internal surfaces lead
to increased access of the central intramembranous zone to water and glucose permeation.
Furthermore, we have confirmed that the commonly supposed central ‘high affinity’ site is
not a binding site, but a cavity with bottlenecks at both ends that leads to transitory caging of
entrapped ligands until they encounter an escape route. This implies that the ligand through-
put through the transporter depends on openings and closures at the external and internal
sides of the channel. These apertures at the external surfaces are partially dependent on glu-
cose proximity, suggesting that the sites of the transporter for ligand specificity recognition
are situated within the extra membranous portions of the transporter, rather that exclusively in

the central zones, as the alternating access view suggests.’*

Our study corroborates the findings of a recent extensive search for novel inhibitors of GLUT
showing three regions of interest for ligand binding in GLUTL1. The traditional central zone,
where ligands bind with very high affinity and two other zones with direct access to the exter-
nal and internal bathing solutions, where multiple inhibitor ligands bind with lower affinity.”?
Our findings might suggest that it may be these lower affinity sites the major determinants of
ligand specificity.
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