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Abstract In silico glucose docking to the transporter
GLUTI1 templated to the crystal structure of Escherichia
coli XylE, a bacterial homolog of GLUT1-4 (4GBZ.pdb),
reveals multiple docking sites. One site in the external
vestibule in the exofacial linker between TM7 and -8 is
adjacent to a missense T295M and a 4-mer insertion
mutation. Glucose docking to the adjacent site is occluded
in these mutants. These mutants cause an atypical form of
glucose transport deficiency syndrome (GLUT1DS), where
transport into the brain is deficient, although unusually
transport into erythrocytes at 4 °C appears normal. A
model in which glucose traverses the transporter via a
network of saturable fixed sites simulates the temperature
sensitivity of normal and mutant glucose influx and the
mutation-dependent alterations of influx and efflux asym-
metry when expressed in Xenopus oocytes at 37 °C. The
explanation for the temperature sensitivity is that at 4 °C
glucose influx between the external and internal vestibules
is slow and causes glucose to accumulate in the external
vestibule. This retards net glucose uptake from the external
solution via two parallel sites into the external vestibule,
consequently masking any transport defect at either one of
these sites. At 37 °C glucose transit between the external
and internal vestibules is rapid, with no significant glucose
buildup in the external vestibule, and thereby unmasks any
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transport defect at one of the parallel input sites. Moni-
toring glucose transport in patients’ erythrocytes at higher
temperatures may improve the diagnostic accuracy of the
functional test of GLUTIDS.
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Introduction

Glucose transporter (GLUT1) deficiency syndrome
(GLUT1DS) impacts on medicine and biology. The syn-
drome is caused by diminished glucose transport across the
blood—brain barrier, resulting from a dysfunction of the
passive facilitative glucose transporter (GLUT1, SLC2A1).
This is manifest as a low glucose concentration in the
cerebrospinal fluid, <2.2 mM, termed ‘“hypoglycorrha-
chia” (Rotstein et al. 2010). Infants with the syndrome
have intractable epileptic encephalopathy, associated with
movement disorders that may be exacerbated by exercise
or fasting. The disease results in retarded neurological
development and may lead to acquired microcephali and
mental retardation.

Diagnosis is based on finding hypoglycorrhachia in the
absence of encephalitis or hypoglycemia, together with the
presence of a mutation in the SLC2A1 gene (Klepper 2012),
and is corroborated by observing decreased uptake of 3-O-
methyl-p-glucose (30OMG) into the patient’s own erythro-
cytes, &50 % of control rate, and by observing mutations
in the mRNA sequence of GLUT]I.

To date, over 500 cases have been identified worldwide.
The GLUTIDS phenotype varies widely in severity; the
extent of neurological dysfunction correlates with the
extent of hypoglycorrhachia (Brockmann 2009). Early
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diagnosis of the condition is very important as treatment
with a ketogenic diet can ameliorate the effects of the
disease, particularly with regard to epileptic seizure fre-
quency, by providing the brain with short-chain fatty acids
as an alternative energy source to glucose (Rotstein et al.
2010).

Diagnosis of GLUTIDS depends on accurate assess-
ment of the clinical and biochemical signs. However, in
some cases measurement of the rate of uptake of 30MG
into the patient’s erythrocytes leads to an erroneous diag-
nostic conclusion (Fujii et al. 2011; Wang et al. 2003,
2008; Wong et al. 2007).

With the single-substitution T295M missense mutant,
although the clinical phenotype does not differ from that
of other GLUTIDS patients, particularly with respect to
hypoglycorrhachia and seizure frequency, the maximal
rate of erythrocyte uptake of 30MG is not significantly
decreased compared with controls. These findings con-
trast with earlier reports, where 2-deoxy-p-glucose
(2-DG) was used to monitor uptake in CHO-KI cells after
expression of the transfected control GLUT1 or the
GLUT1 mutant T295M DNA. The missense T295M
mutant had a V,,x for 2-DG uptake around 50 % of
control—no different from six other missense mutants
(Tables 1, 2). In Xenopus oocytes expressing T295M
GLUTI a 30 % reduction in 30OMG influx and an 80 %
inhibition of the maximal rate of 30MG efflux were
observed (Fujii et al. 2011; Wang et al. 2003, 2008;
Wong et al. 2007).

Since the extent of hypoglycorrhachia and the neuro-
logical dysfunction in T295M GLUTIDS patients are
similar to those of others with missense mutants, this might
suggest a differential selectivity between 30MG and 2-DG
for influx via GLUTI. This view can now be dismissed
because influx of both 2-DG and 30MG into erythrocytes

Table 1 Analysis of 30MG kinetics of wild type (WT) and T295M
mutant in Xenopus oocytes

Condition Parameter WT T295M  WT/
T295M
Influx K oue (mM) 9.6 14.3 0.7
Vimax out (pmol/min/oocyte) 747.0 590.0 1.3
Vinax/Km 77.8 41.3 1.9
Efflux Ko in 90.8 8.8 103
Vimax in (pmol/minfoocytey ~ 7:443.0  1,216.0 6.1
Vinax in/Km in 82.0 138.2 0.6
Asymmetry K, /K out 95 06 158
Vinax in/ Vinax out 10.0 2.1 4.8
Haldane ratio 1.1 33 0.3

Vmax in/Km in/
(Vmax out/ Km out)

Data from Wang et al. (2003)
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Table 2 Analysis of 2-DG influx kinetics WT and T295M in CHO
cells

Condition Parameter WT T295M

Influx K our (MM) 2.7 2.9
Vmax out (pmol/min/mg protein) 234 12.2
Vmax/ Km 8.6 4.2

Data from Wong et al. (2007)

with the missense mutant T295M is similar to control
influx (D. C. De Vivo, personal communication, 2012).

A suggested explanation for the paradoxically normal
influx associated with a positive GLUTIDS hypoglycor-
rhachia phenotype is that the sugar fails to exit from the
brain capillary endothelial cells into the brain interstitial
fluid (Klepper 2012). It is assumed that net glucose exit is
retarded at the GLUTIDS export sites situated on the
endothelial basal membrane, which has a low V., and K,;,
for the sugar. However, this fails to account for the
decreased V.« for 2-DG influx reported when the T295M
mutant is expressed in CHO cells (Fung et al. 2011; Wong
et al. 2007) (Tables 1, 2).

Another GLUT1 mutation caused by a four—amino acid
insertion between residues 298 and 299 (glutamine,
glutamine, leucine serine, QQLS) in the exofacial linker
between TMs 7 and 8 has similar characteristics to the
T295M—namely, absence of inhibition of 30MG influx
into erythrocytes—yet this patient too had hypoglycorrha-
chia and epilepsy that responded positively to a ketogenic
diet (Fujii et al. 2011).

An interesting aspect of the reported 30MG transport data
is the large difference in the symmetry of the wild-type
transport system compared with the T295M mutant (Wong
et al. 2007). The ratio of K, values of 30MG for efflux and
influx in wild-type GLUTI is ~5-10. The ratio of V., for
efflux and influx is similarly asymmetric, giving a Haldane
ratio—i.e., (Vo/Kiy effiu)/ (Vi Ko influx)—0f ~ 1.0 (Table 1).
Although these flux parameters are consistent with a passive
alternating single-site carrier (Lieb and Stein 1974), the
model requires that the rates of vacant carrier movement be
asymmetric. This can only be attained by the implicit
assumption that these asymmetric rates are generated by an
exogenous energy source (Naftalin 2008, 2010). The T295M
GLUT1 mutant alters the ratio of K, values of 30MG net
efflux and influx to ~0.6 and the V,,, ratio to 2.1. Both
ratios are smaller than with control GLUT1. Thus, T295M
mutation alters the asymmetry of the transporter for 30MG
transport from a tenfold lower affinity ratio in control cells to
a nearly twofold higher affinity ratio at the inner site. The
mutation also causes a 21 % reduction in V.« for net entry
but an 83 % reduction in V,,, for net exit and raises the
Haldane ratio of the mutant T295M transport system to 3.3.
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A major difference between the protocols used for
observing glucose influx in the patients’ erythrocytes is that
the temperature used to measure sugar influx into eryth-
rocytes is usually 4 °C, whereas the fluxes in CHO cells or
oocytes are measured at 37 °C. The low temperature is
used to measure flux in erythrocytes because at 37 °C
equilibration of 30OMG is complete within a few seconds
and, thus, is unsuited for measurement of radiolabeled
sugar uptake. CHO cells and oocytes have three and six
orders larger volume, respectively, than erythrocyte vol-
ume, 90 fl, and relatively fewer GLUTs expressed within
their plasma membranes; consequently, glucose equilibra-
tion takes longer in these cells and, thus, can be readily
monitored at 37 °C.

However, this temperature difference, besides altering
flux, may also result in a qualitative change in kinetics.
Thermosensitive transport mutations have been described
where the mutant phenotype is observed only at raised
temperature but at lower temperatures is apparently “sta-
ble,” as seen with CFTR (Liu et al. 2012) and thermosensi-
tive mutants of the uric acid/xanthine Uapa™ transporter in
Aspergillus nidulans (Pantazopoulou and Diallinas 2006).

We have previously used a 3D template structure for
GLUTI, as generated by Salas-Burgos et al. (2004) to dock
glucose derivatives and inhibitors of glucose transport
(Cunningham et al. 2006). Recently, a crystal structure of an
Escherichia coli homolog, XylE, of the glucose transporters
GLUT1-4 has been described (Sun et al. 2012). We used this
crystal structure as a revised template of GLUT1. The tem-
plates generated by both Swiss-Model (http://swissmodel.
expasy.org/), a fully automated homology-modeling server, and
another similar program, I-Tasser Online (http://zhang
lab.ccmb.med.umich.edu/I-TASSER), are virtually identical and
similar to the GLUT1 template generated by Sun et al. (2012).

Here, a recently revised version of the molecular docking
program Autodock, Autodock Vina (http://vina.scripps.
edu/download.html), was used to find the possible docking
positions of glucose and other transported ligands on GLUT1
and GLUT1 mutants. Autodock Vina improves the precision
and docking speeds by at least two orders of magnitude,
completing docking searches in minutes where previously
many hours were required. However, it uses a quasi-New-
tonian optimization method where a scoring function and its
gradient are used to reach an equilibrium docking position,
differing from the quasi-Lamarckian algorithm used in the
previous versions of Autodock. The new scoring functionis a
weighted approximation of the standard chemical potentials
of the van der Waals and coulombic interactions of the sys-
tem (Seeliger et al. 2011; Seeliger and de Groot 2010). We
have found that Autodock Vina gives almost identical
docking patterns to those obtained with Autodock III for
glucose docking on the GLUT1 template we used previously
(Cunningham et al. 2006).

We used the new templates for GLUT1 and the T295M
mutation and insertion mutation QQLS between GLUT1
298 and 299 (Fujii et al. 2007) to dock glucose and other
hexose analogs to determine if the mutations alter the
docking pattern in ways which are consistent with the
altered transport activity. Additional computational
resources included Open Babel: The Open Source Chem-
istry Toolbox (http://openbabel.org/) and hand-crafted Perl
scripts run on Sun Microsystems SunOS 5.9. Structures
were viewed in Jmol (http://jmol.sourceforge.net/), an
open-source Java viewer for chemical structure, and
Swiss_pdbViewer 4.1.0 (http://spdbv.vital-it.ch/).

An alternative transport model with some similarities to
totally asymmetric exclusion processes (Chou et al. 2011;
Parmeggiani et al. 2004) has been used here to simulate the
sugar fluxes in control and mutant transporters. In this
model it is assumed that transported ligands diffuse
between adjacent nodes via an intermediate space in a
network of sites traversing the transporter. This model
simulates all the kinetic phenomena observed with the
T295M mutant to date.

Methods
Molecular Docking of Sugar Ligands to GLUT1

The 3D data files were collected from the following sour-
ces: GLUT1 (1SUK) and the crystal structure of a bacterial
glucose transporter, 4GBZ.pdb, obtained from the public
domain Protein Data Bank in Europe (http://www.ebi.ac.
uk/pdbe/).

Modeling of the GLUT1 template displayed here was
performed with Swiss-Model, using the automated mode
requesting that sequence data be aligned to the 3D template
4GBZ.pdb (obtained from http://www.ebi.ac.uk/pdbe/).
Molecular displays were created by Swiss-PdbViewer (http://
spdbv.vital-it.ch/) 4.1.0 and RasMol (openrasmol.org/). The
3D structures of the sugar ligands were generated and cor-
roborated within Chemsketch (http://www.acdlabs.com/
resources/), and PDB files were transferred to Vina. A rect-
angular parallelepiped, aligned with the protein coordinate
system, was drawn around the selected search position; the
search space in any dimension had a minimal value of 22.5 A.
The default settings of Vina (Trott and Olson 2010) were
normally used. Docking of p-glucose, 2-DG and 30MG using
Vina on the template 3D structure of GLUT1 and the mutant
GLUT1 T295M were compared with dockings obtained pre-
viously using Autodock III. In silico mutation of GLUT1 to
the GLUTIDS mutant T295M and other amino acids was
performed using the mutate tool facility in Swiss-Prot Deep-
view. The various rotamer forms of Met-295 were generated
using the torsion tool in Swiss-Prot Deepview, and then the
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PDB file was subjected to energy minimization using the
Groningen machine for chemical simulation (GROMACS)
algorithm within Deepview. The probity and angular con-
formations of these methionine rotamers generated in silico
were corroborated using the online program Molprobity
(http://molprobity.biochem.duke.edu/).

The QQLS Insertion Between Residues 298 and 299
in GLUT1

As mentioned above, a 4-mer insertion mutation between
positions 298 and 299 develops similar kinetic characteris-
tics to those of T295M (Fujii et al. 2007). We investigated
whether this GLUT1 mutation has similar docking charac-
teristics to those of T295M. The QQLS insertion was gen-
erated by using the automatic modeling mode of SwissProt
Deepview in the template version of GLUT14GBZ.pdb (Sun
et al. 2012) and followed by reequilibration of the protein
construct with GROMACS (see below, Fig. 3).

Simulation of Glucose Transport Using a Multisite
Model

A multisite kinetic model of the GLUT! transporter was
generated using Berkeley Madonna (version 8.3.18,
http://www.berkeleymadonna.com/). This multisite model
is an extension of a two-site model described previously
(Carruthers et al. 2009; Naftalin 2010). Two sites in the
external vestibule provide a parallel feed from the external
solution to a third high-affinity central site lying within the
depths of the external vestibule and in series with sites 1
and 2. This central site is connected serially to a fourth
low-affinity site lying within the inner vestibule. This inner
site has access to the internal solution (Figs. 5, 6).
Transported sugars are assumed to accumulate within a
low volume space lying between all three sites in the external
vestibule. When glucose concentrations on either side of the
transport are equal, ligand equilibration occurs within the
intersite space to the same concentrations as present in the
external solutions. The model configuration permits variable
ligand selectivity at the external face of GLUT1 as deletion
of one or the other external sugar binding site may alter the
net resultant selectivity if the affinities at sites 1 and 2 differ.

Results

Docking of p-Glucose on the GLUT1 Template
and the T295M Missense Mutation

The template of GLUT1 on the crystal structure of its
bacterial homolog was used to dock glucose and glucose
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derivatives, i.e., 2-DG and 30MG. Thr-295 is positioned
in GLUTI in the external linker region between trans-
membrane helices 7 and 8 (Mueckler et al. 1985; Salas-
Burgos et al. 2004). In the 3D template of the GLUTI
structure this is situated in the rim of the outer vestibule
(Fig. 1). In addition to the centrally placed high-affinity
docking site for glucose, reported by Sun et al. (2012),
lying midway between the external and internal vestibules
in a confined position, several lower-affinity sites are
evident in both the external and internal vestibules. In the
external vestibule three lower-affinity docking sites lie
within a radial distance of 5 A of Thr-295 in the linker
between TMs 7 and 8. As estimated by Autodock Vina
the K; values of glucose at these docking sites vary from
250 to 500 uM, whereas the highest-affinity docking site
has an estimated K; of 5 &= 1.5 uM. The distance between
Thr-295 and any of these docked sugar residues is too
large to form any H-bonding interaction. Another two
clusters lie between TMs 1, 5 and 7b in the external
vestibule. The more external cluster has a higher esti-
mated K;, 310 uM, than the more centrally sited cluster,
50 &£ 15 uM.

In addition there are four clusters docking in the inner
vestibule. Three of these lie close to the helical regions
within the cytoplasmic linker region between TMs 6 and 7.
This helical region has been revealed by the new crystal-
lographic data (Sun et al. 2012). A fourth cluster is more
isolated from the others. All four clusters have affinities
ranging between 160 and 270 pM. Their main character-
istic is that all lie at entrance sites to the vestibular cage
region surrounded by the C-terminal region, the linker
between TMs 6 and 7 and the cytoplasmic region of TM
11.

Mutating T295 to M295 results in occlusion of one of
the low-affinity glucose docking sites (Fig. 2). There are 27
preferred rotamer conformations of methionine (Butterfoss
and Hermans 2003). Several Met-295 rotamer conforma-
tions either prevent or differentially curtail p-glucose,
2-DG or 30OMG docking, indicating that due to a reduced
size of the docking cavity the number of possible hexose
docking positions is curtailed.

Similarly, insertion of the 4-mer peptide between posi-
tions 298 and 299 lengthens the TM 7b loop and results in
occlusion of the same glucose docking site as is affected by
M295 missense mutation (Fig. 3a—c).

Although it is evident that the larger bulk of the me-
thionyl side chain at M295 than with T295 or the 4-mer
insertion between 298 and 299 can directly occlude the
adjacent glucose binding site, it is also likely that these
mutations block one of the available pathways for glucose
diffusion between the external solution and the high-
affinity central binding site. In the control GLUT1 trans-
porter it appears that two grooves on the external vestibular
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Fig. 1 The docking clusters obtained by docking p-glucose onto a
template version of GLUT1 with Autodock Vina. The figure was
obtained by superimposing 10 dockings, each localized within
parallelepipeds arranged to give overlapping high-resolution searches
over the entire protein structure. The nine ligands with highest
affinities are reported for each docking search, so some clusters which
appear in two or more overlapping searches are more heavily
populated. The affinities (uM = SEM) are obtained from estimates of

surface connect binding sites 1 and 2 at the external surface
with the central binding glucose docking to the central
docking site shown in Fig. 4. One groove is between TMs 5
and 6 and the other, between TMs 7b and 8. This latter may
be subject to blockage by the mutations at T295 or the
4-mer insertion between F298 and E299.

Figure 3d shows the docking poses of several other
mutations, GLUT1 295. Substitution of serine cysteine for
threonine permits docking patterns that are similar to those
in control with threonine at position 295. Alanine substi-
tution of T295, as with some of the methionine rotamers,
prevents docking at the site closest to position 295. Sur-
prisingly, we observed that T295V permits docking at the
adjacent site, albeit with a lower affinity than threonine.
These findings may suggest that amino acids with hydro-
philic side chains are acceptable substitutions for threonine.
However, glycine and alanine give aberrant results: glycine
substitution permits glucose docking but with a fivefold

energy of interaction as obtained by Autodock Vina (Trott and Olson
2010). The color coding of the TM segments is from N- to C-terminal
1-12. As reported by Sun et al. (2012), the internally facing linker
region between TMs 6 and 7 has two alpha-helical segments which
have been unremarked previously. It is evident that the central site has
a much higher affinity than all the others, thereby generating a nuclear
attraction drawing glucose toward the center of the transporter from
either the external or the internal bathing solution

higher affinity than threonine, whereas alanine substitution
prevents docking at the adjacent site.

A Model for Differential Asymmetric Influx and Efflux
of 30OMG and 2-DG

Docking studies (Cunningham et al. 2006; Salas-Burgos
et al. 2004) and mutation studies with various GLUT iso-
forms, particularly involving GLUT7, have suggested that
selectivity motifs for various hexoses are present in the
linker regions at the external face of the transporter
(Manolescu et al. 2005, 2007). Selectivity sites in the
peripheral exofacial zone cannot simultaneously serve as
an exo-endofacial inversion site.

The alternating-access model of glucose transport
requires that the binding site be exposed either to the
outside extracellular or inside cytosolic solution. Central
placement of the binding site is necessary to minimize the
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Fig. 2 Slab view, 20 A thick, centered on the external vestibule of
GLUT]1 templated to E. coli XylE 4GBZ.pdb showing superimposed
dockings of two p-glucose sites close to T295 in the external vestibule
(red) and a rotamer of M295 that occludes glucose docking to one
vestibular site (green) (Color figure online)

energy required for inversion between outside and inside
facing conformations.

The presumed central location of the single binding site
is the basis of several studies involving chimeric forms of
GLUT1 and -2 (Seatter et al. 1998). Thus, from structural
and kinetic viewpoints, any mutation in an external facing
loop that greatly increases the affinity of the inward facing
site and reduces the maximal rate of zero-trans net exit of
glucose defies explanation by the alternating-access model.

Transformation of Wild Type to T295M Hexose
Transport Kinetics

A more plausible explanation for the critical role of the
M295T mutant in altered asymmetry of the glucose
transporter is to regard ligand transport via GLUT1 as the
result of a random walk of the transported sugar between
the two sides of the transporter along the length of the
central hydrophilic channel between sites of varying
affinity. The mutation is assumed to alter the ligand dif-
fusion rate and trajectory mainly in its vicinity. However,
alterations in trajectory within a branched network can
have unexpected consequences at more distant locations.
A simple two-site model describing the observed asym-
metric hexose transport across GLUT1 and the apparent
multiphasic rates of glucose equilibration into human
erythrocytes has been discussed previously (Carruthers
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et al. 2009; Naftalin 2008, 2010). However, an explana-
tion for the observed differences in kinetics between wild
type and T295M requires a more complex network with a
minimum of three to four binding sites. Sites 1 and 2
within the external vestibule face outward to the external
solution and are connected with the central site 3 and to
each other via the intersite space within the external
vestibule. Site 3 is also connected to site 4 in the inner
vestibule via another intersite space lying within the
narrow central channel, which connects the external and
internal vestibules. The intersite spaces between sites 1, 2
and 3 and between sites 3 and 4 are occluded from both
external and cytosolic solutions. Sugar can only enter
these spaces via the adjacent sites (Fig. 5).

This minimal model assumes that substitution of
methionine for threonine at position 295 or insertion of
amino acids between F298 and E299 slows the rates of
hexose association and dissociation to and from site 1
(Figs. 4, 6,7, 8,9, 10, 11, 12). These assumptions permit
simulations in good quantitative agreement with those
observed with the T295M GLUTIDS mutant for both
2-DG and 30MG (Wang et al. 2003, 2008; Wong et al.
2007) (Figs. 9, 10).

Decreased 2-DG Influx

Decreased 2-DG influx at 37 °C in the T295M GLUTI1DS
mutant is readily explained by the multisite model (Figs. 7,
8). In control GLUT1, parallel access to the central site 3 is
via sites 1 and 2 and the intermediate intersite space within
the external vestibule. Sites 1 and 2 for 2-DG uptake into
the wild-type GLUT1 have assigned affinities of 0.2 and
0.1 mM, respectively, and rates of association of 100 s~lat
37 °C. Sites 3 and 4 have affinities for 2-DG of 10 and
1 mM, respectively. The mutation T295M is assumed to
slow rates of both association and dissociation to 1 s™" at
site 1, allowing the affinity to remain unchanged at
0.2 mM. Association and dissociation rates to site 2 are
unaltered. The resultant net flow is a reduced net maximal
rate of zero-trans net influx across the transporter by
~60 % without any substantial alteration of the K.
However, maximal flow through site 1 is reduced by
approximately 98 %. Simulation of 2-DG influx with these
parameters is in agreement with experimental observations
(Wong et al. 2007). The relatively slow sugar permeability
of the path connecting sites 3 and 4 leads to sugar accu-
mulation within the external vestibule. This buildup in
vestibular sugar accumulation retards net influx via both
sites 1 and 2. However, blockage at site 1 reduces vestib-
ular sugar accumulation, and this results in a compensatory
increase in sugar flow via site 2. Because influx via site 2 is
raised by 50 %, the V,,,x of net flow across the transporter
network is reduced by only 60 % (Fig. 8b, c).
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Fig. 3 a Superimposed templates of GLUT1 view from in front, in
which the TMs are colored by order 1-12 (blue to red) and GLUT1
with a QQLS 4-mer insertion between F298 and E299 (Fujii et al.
2011) obtained as described in “Methods section” (green). The
positions of glucose docking for control are shown in CPK colors and
for the 4-mer insert in green. Note the absence of glucose docking at
the more centrally positioned glucose docking site. b Slab view of
glucose docking to the control GLUT1 template as shown in a and
viewed from above. The yellow mesh is the molecular surface as
drawn by Swiss-pdb Viewer 4.1.0. ¢ Similar view to that shown in
b except the docking is to the template version of the QQLS insertion

Simulation of Zero-trans Net Glucose, 2-DG or 30MG
Influx at 4 °C

The maximal rate of glucose influx into human erythro-
cytes is slowed by nearly 100-fold by temperature reduc-
tion from 20 to 0 °C (Sen and Widdas 1962; Brahm 1983;
Lowe and Walmsley 1986; Whitesell et al. 1989). Glucose
net influx exceeds net efflux by more than threefold; hence,
flux asymmetry is enhanced as temperature is reduced. This
is explained in terms of the single alternating-site model by
postulating that return of the vacant carrier from inside to
outside has a higher activation energy than any of the other
rates of loaded or vacant carrier flux. Net hexose influx of
30MG (Fujii et al. 2007) or 2-DG (D. C. De Vivo, personal

between F298 and E299 side chains shown as green spheres. In
contrast with control, no glucose is docked in the foreground.
d Docking of p-glucose to GLUT1 glucose site 1 with various
mutations at position 295. The red side chain shows the position of
T295. There was no docking with A295 or M295 rotamer 5 at site 1.
The glucose ligand in CPK shows glucose docking at T295. The
highest affinity of the ligands docked with other amino acid
substitutions at 295 is shown as follows (K;, mM): T295 CPK 4.6,
T295C yellow 1.28, T295S cyan 1.28, T295G green 0.8, T295V violet
6.4 (Color figure online)

communication) into the T295M mutation does not differ
from control. The only explanation for this that the alter-
nating-access model can offer is that the mutant does not
alter transport at this temperature. Thus, T295M can be
considered to be a thermosensitive mutant.

The absence of any observable decrease in either 2-DG
or 30MG influx at 4 °C can now be explained as due to the
temperature-sensitive slowing of sugar transit between the
external and internal vestibules because of a reduced dis-
sociation rate from site 3 and slower diffusion through the
narrow central channel to site 4 (Fig. 8d—f). This results in
a much higher sugar accumulation into the external vesti-
bule at any external sugar concentration (Fig. 8c, f). Hence,
sugar entry from the external solution via both sites 1 and 2
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Fig. 4 The putative pathways
between docking sites 1 and 4
and sites 2, 3 and 4. Left The
external vestibule has two
delineated pathways which
could be routes for glucose
diffusion between external sites
1 and 2 and the central high
affinity site 4
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Fig. 5 Diagram showing the hourglass model of the transport
network of sites connecting the clusters in the outer vestibule with
the central and inner part of GLUT1. a Model of network of sites and
intersite spaces across the network. Sites 1 (red) and 2 correspond to
the two external sites in the outer vestibule; both are connected to the
external solution and to site 3 via an intermediate space. Site 4 is

is retarded. The reduced glucose permeability via mutated
site 1 reduces sugar accumulation into the external vesti-
bule, but this results in a compensatory increase in sugar
uptake via the unaffected site 2 by more than 200 %
(Fig. 8e). The higher rate of uptake via site 2 entirely
masks the retarded sugar flux via the mutated site 1 as net
flux is unaltered (Fig. 8d). Thus, at 4 °C no change in sugar
influx is detectable between control and mutant GLUT1.

@ Springer

Hourglass model of GLUT1

Molecularsurface composite slab view through GLUT1 control and T295M
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The T295M mutation reduces the
on/off rates of 2-DG binding to

Outside site 1 by 100-fold
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Site 4 K, = 40 mM,
k, = 1000s-1
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Diffusion rate between
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37°Cand0.1s"at 4°C.

inside

connected to site 3 via an intermediate space and to the cytosolic
solution. The approximate positions of the sites within GLUT1 are
shown in b diagrammatically, the position of T295M. It is proposed
that the mutation T295 and the QQLS insertion between 298 and 299
greatly retard ligand association and dissociation rates to site 1 and,
hence, reduce net influx and efflux via this site (Color figure online)

Asymmetric Effects of T295M Mutation on 30MG Fluxes

Modeling 30MG net influx and efflux kinetics via GLUT1
and the alterations observed with T295M is a harder task
than mere simulation of inhibition of 2-DG influx at 37 °C
and masking of this at low temperatures. However, using
only one parameter alteration to accommodate the mutation
at site 1 close to T295M, the four-site model simulates
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Fig. 6 Diagram showing Simulation of 2-DG Influx at 37°C

comparison of net fluxes in Control T295M mutant
control and T295M via sites 1-3
during influx of 2-DG at 37 °C. 10 mM 10 mM

The diagram shows a snapshot
of the fluxes when the external
solution contains 10 mM and
the internal solution contains

0 mM 2-DG. Arrows illustrate
the fluxes via sites 1 and 2.
Mutant flux via site 2 is reduced
to 0.5 nmol min~" from

8.5 nmol min~! in control,
whereas influx increases from 4
to 7 via site 1 because the
retarded influx via site 1 reduces
the vestibular 2-DG
concentration from 4 mM
(control) to 1.5 mM (T295M)

0 mM

| Site 2p.46
"

75
0mM

I I

ligand diffusion rate between sites 3 and 4 =100 s™

these complex kinetics and explains the alterations in terms
of the local structural changes in the transporter.

As observed at 37 °C (Fujii et al. 2007; Wang et al. 2003,
2008; Wong et al. 2007), the simulated V., of 30MG influx
is inhibited by 30 % when the T295M mutation retards access
to site 1. Blocking sugar access to site 1 inhibits V., net
30MG efflux by ~70 %, as seen with the mutation T295M
(Fujii et al. 2007; Wang et al. 2003, 2008; Wong et al. 2007).
The lower V. and higher K, for 30MG than 2-DG have
been noted several times and are generally assumed to be
caused by reduced affinity for the transporter resulting from
O-methylation at C3 position (Cloherty et al. 1996; Miller
1971; Naftalin and Rist 1994). The main kinetic differences
between 30MG and 2-DG are simulated with the four-site
model by reducing the diffusion rate of 30MG through the
narrow central channel between sites 3 and 4 by 50 % and
raising the Kp, of site 3 from 0.2 for 2-DG to 3 mM for 30MG
(Figs. 6, 7, 8, 9, 10, 11, 12). These alterations raise the
apparent K, for zero-trans of 30MG net influx to 15 mM and
reduce the V. by ~50 % (Figs. 8, 10). These relatively
large changes in the functional parameters are ascribable to the
increased 30OMG accumulation in the external vestibule dur-
ing zero-trans influx in comparison with 2-DG (Figs. 9c¢, 10d).
When the external sugar concentration of 2-DG is 10 mM, its
concentration in the external vestibule is4 mM (Fig. 7). With
external 30MG at 10 mM, the vestibular 30MG concentra-
tion is 8.8 mM (Fig. 10). The raised accumulation of 30MG

holds up net influx across the entire network and, in compar-
ison with 2-DG, results in the relatively large changes in the
functional parameters.

The parameters used to simulate the 30 % decrease in
zero-trans influx V., of 30MG at 37 °C with the T295M
mutation also simulate the very different effects of the
mutation on 30MG efflux at 37 °C (Fig. 10). Control 30MG
efflux has fivefold to tenfold higher V.« values than for
influx, and similarly the K, for efflux is fourfold to tenfold
higher than for influx. Simulating the effects of the mutation
T295M that blocks access to site 1 reduces the V,,,, for net
efflux by threefold and decreases the K, for net efflux from
40 to 7.5 mM, i.e., by approximately fivefold (Figs. 9, 11;
Tables 1, 2, 3). The T295M mutation reduces efflux via site
1, resulting in higher 30MG accumulation in the external
vestibule than in control and leading to greater saturation of
site 2 at lower external sugar concentrations and conse-
quently to a reduced V., of net efflux (Figs. 9, 11).

Discussion

Multiple Binding Sites Within the Ligand Trajectory
Across the Transporter

A key attribute of the alternating-access transporter model
is that transported ligands bind at a single centrally situated
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Simulated Net 2-DG influx at 4°C Control and GLUT1DS T295M

Control

10 mM 10 mM

1 I

kg2 =100 0.28 0.55 kg =100

Site 2

0.8
Site 1

Site 2

0.58 0.5%

’ @
Site 4@1

kos=1

T295M mutant

0.01 kgy=1

Site 1

Diffusion between site 3and 4 k=151

0.82

* Inhibition of 2DG influx 98% via site 1 accounts for the inhibited influx observed at 4°

*  However lower vestibular glucose concentration reduces holdup to of site influx from

98% to 2.5% for net flux.

* At 4°C congestion at site 3 due to a temperature sensitive slowing of sugar
diffusion via the narrow aperture between sites 3 and 4 masks the slower

influx via mutant site 1

Fig. 7 Diagram showing simulated net 2-DG influx at 4 °C in control
and T295M. The main difference between the simulations at 37 and
4 °C is that ligand diffusion is slowed at the lower temperature
between sites 3 and 4. This is simulated here by reduction in the
association dissociation rates at site 4 from 100 s™" at 37 °Cto 1 s~
at 4 °C. The slower rate is to retard flux between sites 3 and 4 and
results in sugar accumulation in the interspace between sites 3 and 4
with consequent accumulation of sugar in the external vestibule. This

occluding site (Jardetzky 1966). This implies that both the
affinity and the selectivity toward transported ligand relate
to the way in which the ligand interacts with that site. This
view was first tested for GLUT1 (Barnett et al. 1973). With
the advent of crystallographic structures of transporters,
e.g., leucine transport via LeuT showing multiple binding
sites (Singh et al. 2008), the concept that several coexistent
ligand binding sites may be involved in the transmembrane
transport process is becoming more accepted. A recent
example illustrating multiple binding sites within a trans-
porter has been uncovered in the Aspergillus nidulans uric
acid-xanthine/H™ symporter, using in silico docking and
molecular mechanics combined with mutation studies
(Kosti et al. 2012). Multiple binding sites are situated along
a trajectory, extending from the cytosolic face to the cen-
trally placed major binding site, whose wall is lined with
polar side chains. The possibility of multiple or braided
pathways through a transporter implies, as previously
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in turn retards influx from the external solutions via sites 1 and 2.
However, because of the slower influx via the mutant site 1 2-DG
accumulation in the external vestibule does not increase to the same
extent as in control. With 10 mM in the external solution, the mutant
vestibular concentration rises to 8.8 mM, whereas in the control it
rises to 9.0 mM. This permits a higher influx via mutant site 2 than
with control, which masks the 98 % reduction via mutant site 1 and
consequently masks net flux across the transporter

discussed (Cunningham et al. 2006), that ligand selectivity
may be distributed over several sites. Multiple pathways
with different selectivity toward ligands and water have
been recently suggested as a possible explanation for the
evident water permeability. Jiang et al. (2010) have shown
in several GLUT1 mutants, S66F, F126K and T310I, in
which glucose transport is impaired that both the organic
arsenical, methylarsenate, and water permeabilities are
increased and insensitive to cytochalasin B.

Sugar Binding Sites in the External Vestibule
of GLUT1

The region adjacent to T295 in the linker between TMs 7
and 8 has been examined previously in several GLUT
isoforms. In GLUTY7, Ile-314 in the linker between TMs 7
and 8 is at an equivalent position to Val-290 in human
GLUT1 (Manolescu et al. 2005). In wild-type GLUT7,
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Fig. 8 Simulations of net influx of 2-DG at 4 and 37 °C in control
and mutant T295M. a Simulations of 2-DG influx via control and
T295M GLUTI at 37 °C. The computed net influx is obtained by
varying glucose over a range of 0—100 mM in the external solution.
The flux parameters are obtained by least squares analysis of the
simulated curves fitting to a Michaelis—Menten equation. b Fluxes via
sites 1 (open symbols) and 2 (filled symbols) in control (circles) and
mutant (squares). Negligible influx via mutant site 1 is observed.
Influx via mutant site 2 exceeds influx via control site 2. ¢ 2-DG
accumulation in the external vestibule is much higher in control than
with mutant as influx via mutant site 1 is lower. d The equivalent

both glucose and fructose are transported with high affinity
but the 1314V mutation does not transport fructose,
although glucose transport is unaffected (Manolescu et al.
2007). In GLUT2 the 1322V mutation also loses the
capacity to transport fructose but retains transport capacity
for p-glucose. In GLUTS5 the 1296V mutant also loses
fructose transport capacity without altered D-glucose
transport (Manolescu et al. 2007).

The double QLS motif in TM7 of GLUTI has been
identified as a possible selectivity filter for glucose in
preference to fructose (Seatter et al. 1998). This motif is
within 6 A of glucose docking cluster sites 1-3 within the
external vestibule.

2-DG mM

2-DGmM

2-DG influx as in a except the temperature is 4 °C. No difference
between control and mutant net influx is observed. e 2-DG via sites 1
and 2. Influx via mutant site 1 is negligible. Influx via mutant site 2
exceeds that via control site 1 and site 2 so that there is no net
difference. The major cause of the masking of the decreased influx via
mutant site 1 at 4 °C is due to the raised sugar accumulation in the
external vestibule as a result of the low rate of sugar flux between
sites 3 and 4. Although sugar accumulation in the vestibule is much
greater at 4 °C than at 37 °C (c), the mutant accumulation remains
less than with control; hence, this permits the raised influx via mutant
site 2

In the yeast Saccharomyces cerevisiae hexose trans-
porter Hxt7, a high-affinity GLUT1 isoform, substitution of
cysteine for asparagine at position 340, lying near the
external end of TM7, enhances glucose affinity by 50 %
(Kasahara et al. 2009). p-Glucose protected Cys-340
against reaction with pCMBS, indicating that it lies close to
a sugar recognition site.

Additionally, three GLUT isoforms—LmGT1, LmGT2
and LmGT3—have been identified in the protozoan para-
site Leishmania mexicana. LmGT2 has sixfold higher
affinity for p-ribose than the transporter LmGT3. The high
ribose specificity in LmGT?2 is thought to be conferred by a
pair of threonines in the external linkers, between TMs 3
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Fig. 9 Simulations of 30MG zero-trans net influx and efflux via
control and T295M mutant GLUT1 at 37 °C. a Simulations of 30MG
influx (positive fluxes) and effluxes (negative fluxes). The V,.x of
mutant influx is 143 nmol s~! and K,,, 10.6 mM compared with V.«
influx of 176 nmol s~! and K,,, = 8.6 mM in control. The simulated
net efflux parameters for control are V., 900 nmol s~! and
K, =40 mM; the parameters for mutant efflux are Vi
300 nmol s, K, 7.5 mM. b Net influxes and effluxes via sites 1

and 4 at position 205 and between TMs 6 and 7 at position
365. This is corroborated by the observation that the double
mutant T205A/T365A in LmG3 increased the K, for
ribose from 5.85 to 3.55 mM (Naula et al. 2010).

It has been suggested that the proximity between 1296
and W89 in the outer vestibular rim of GLUT7 creates a
hydrophobic narrowing, which could act as selectivity filter
or gate for glucose and fructose prior to their binding at a
centrally located inversion site (Manolescu et al. 2005). A
similar view is suggested with regard to the threonine
residues T205 and T 365 in L. mexicana LmGt2 (Naula
et al. 2010).

The docking studies shown in Figs. 1, 2, 3, and 4 sug-
gest that the effect of the M295 mutation or insertion
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and 2 in controls and ¢ net influxes and effluxes via sites 1 and 2 in the
mutant. Flux via site 1 predominates in control influx and efflux,
whereas with the mutant fluxes via site 2 predominate and fluxes via
site 1 are negligible. Efflux via site 2 in the mutant is limited by the
relatively high accumulation of 30MG in the external vestibule in the
mutant (d, open symbols). This higher accumulation in the mutant
vestibule is due to the blocked transport via site 1

mutation between positions 298 and 299 on sugar docking
is localized within a radius of 7-10 A, affecting mainly the
affinities at the docking cluster 1, and includes approxi-
mately half of the exofacial surface of the transporter. This
finding in accord with similar direct observations in yeast
Hxt7 (Kasahara et al. 2009) indicates that T295 provides a
hydrophilic surface that guides sugar to one of the optional
entry branches in the outer vestibule (Fig. 2) and modifies
this hydrophilic side chain to a hydrophobic methionyl
residue, M295, or that, as in Fig. 3d, a methyl group can
occlude this branch. The finding that other T295 missense
mutants, e.g., G295 and A295, also affect the docking
affinity at the adjacent site indicates that hydrophobic
interactions are important influences on docking at this site.
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Simulation of net influx of 3-OMG at 37°C into control
and T295M mutant cells
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At 37°C 3-OMG is retarded more than 2-DG in the narrow
channel between sites 3 and 4 so it accumulates more in the
outer vestibule and this results in relatively more masking of
mutant influx via site 1 and also raises the apparent Km for

net flux to = 10mM

Fig. 10 Diagram showing 30MG net influx in control and T295M
mutant at 37 °C. The diagram shows a snapshot of the fluxes observed
when the external solution has a 30MG concentration of 10 mM and
zero 30OMG in the internal solution. Comparison of the fluxes via site
1 show a 97.5 % reduction with the mutant, whereas influx via the
mutant site 2 is increased by 3.45-fold. This is due to the reduced

Thermosensitivity of GLUT1 Mutants

The temperature sensitivity of the glucose transport defects
in T295M and the QQLS insertion between residues 298
and 299 mutants is an intriguing and previously unexam-
ined phenomenon. The temperature sensitivity of channel
and transporter mutants in general has been discussed in
regard to TRP channels (Brauchi et al. 2004; Clapham and
Miller 2011; Kim et al. 2013) and in relation to the
S. cerevisiae monocarboxylate/H" symporter Jenlp
(Soares-Silva et al. 2011). It has been suggested that tem-
perature sensitivity involves large enthalpy or heat capacity
changes requiring large conformational changes. The
position of the cryosensitive mutant S271Q/E in the Jenlp
symporter is consistent with this view (Soares-Silva et al.
2011). The transport defect is observed at 18 °C but not at
30 °C. S271 is thought to have a crucially important

30MG accumulation into the mutant external vestibule and the
intermediate space between sites 3 and 4 as a consequence of the
reduced intake via site 1. The difference between the accumulation of
30MG and 2-DG is mainly due to the higher relative resistance to
30MG between sites 3 and 4

stabilizing role in facilitating helix packing in Jenlp
symporter as it is hydrogen-bonded to the backbone of
adjacent G267. However, the view that temperature sen-
sitivity necessarily involves large conformational changes
is challenged by the finding that a single temperature-
specific residue, Y653C, is present in an extracellular pore
loop of rat TRPV1. This indicates that only a small and
localized conformational change is all that is required to
trigger temperature sensitivity (Kim et al. 2013).
Positioning of GLUT1 T295M and 4-mer insertion
mutants in an external vestibular loop is consistent with the
view that these temperature-sensitive mutants are associ-
ated only with small conformational changes. Paradoxi-
cally, the temperature dependence for net glucose uptake is
known to have a very high activation energy, around
150200 kJ M~'. Raising temperature between 17 and
37 °C increased the V.« for zero-trans entry by ~ 44-fold
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Fig. 11 Diagram showing
30MG net efflux in control and
T295M mutant at 37 °C. The
diagram shows a similar
snapshot of the fluxes in control
and T295 with 30MG
concentration fixed at 10 mM in
the internal solution and zero 0.3(375
30MG in the external solution.

The main difference between

control and mutant fluxes is the

retarded efflux via mutant site 1.

This generates a higher 30MG

concentration in the mutant

external vestibule 0.95 mM

compared with 0.15 mM in

control. This leads to a much

higher saturation of mutant site

2 = 0.65 than in control = 0.3

0 mM

10 mM

81 nmol s1 115 nmol s

196 nmol s

Simulation of net efflux of 3-OMG at 37°C
into control and T295M mutant cells

115nmeol s

0mM
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Rate ky, = 10 5

ligand ditfusion rate

between sites 3 and 4= 65!

|
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175 nmol 5!

Accumulation of 3-OMG in external vestibule
during efflux via mutant leads to slowing of net
efflux also decrease Km and Vm of efflux

Explanation of the temperature-sensitive glucose mutants.
Model with branched access and a junctional choke point.

Control 4°C Mutant 4°C Control 4°C
No inhibition
Control 37°C Mutant 37°C Control 37°C

50% inhibition

Fig. 12 Temperature-sensitive glucose mutants. This model requires
only a small activation energy conformational change in the Y branch
to make the transport defect. A large activation energy is required at
the Y junction to permit rapid flow through to the common pathway

(Whitesell et al. 1989; Lowe and Walmsley 1986). It is
apparent from this, because flow adjacent to T295 is only a
single branch of a wider flow network, that the glucose
uptake process in the vicinity of T295 is only one of pos-
sibly several other branches and more distal steps deter-
mining net glucose uptake from the external solution. The
major enthalpic/entropic event is most likely to occur at the
narrow central part of the molecule situated along with the
high-affinity binding site. This central binding site is in a
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narrow channel surrounded by nine hydrophobic amino
acids, six aromatic—F26, F229, Y292, F279, W388 and
W412—and three aliphatic—I164, 1168 and 1287—as well
as five polar amino acids—T30, Q161, Q282, Q283 and
N288. It is likely that the activation energy of glucose
traversal through this discrete narrow central region is large
as it will inevitably lead to the making and breaking of
many hydrogen bonds.

An explanation for the thermal sensitivity of glucose
transport via the T295M mutant is that at low temperatures
glucose flow is rate-limited by very high resistance to flow
at the central part of the molecule. This results in glucose
accumulation within the external vestibule, which slows
net influx from the external solution to such an extent that
the defective flow via the branch gated by M295 is
obscured. However, at higher temperatures glucose flow
through the central channel is much faster on account of its
high activation energy, and consequently, the deficient
glucose entry from the external solution at the defective
gate at M295 is unmasked (Fig. 12).

This two-stage transit is a possible explanation for the
existence of a thermosensitive mutant in the external linker
where glucose transit has only a low activation energy.

The absence of significant affinity changes obtained
with docking to the various alternative mutants at position
295 in GLUT1 (Fig. 3d) illustrates the difference between
kinetic measurements of affinity which entail a combina-
tion of rates of diffusion from the external solution to the
binding site and the binding affinity at the site, whereas the



P. Cunningham, R. J. Naftalin: Glucose Docking and Transport in GLUT1DS Mutant T295M 509

Table 3 Comparison of flux parameters observed by Wang et al. (2003) with parameters derived from the simulations of 30MG flux as shown

in Fig. 10
Condition Parameter WT T295M WT/T295M
Obs Model Obs Model Obs Model
Influx K oue (mM) 9.6 8.5 14.3 10.6 0.7 0.75
Vmax out (pmol/min/oocyte) 747 176 590 143 1.3 1.2
Vinax/Km 77.8 20.7 41.3 13.4 1.9 1.5
Efflux Kinin 91.0 40.00 8.8 7.5 10.3 53
Vmax in (pmol/min/oocyte) 7s443 900 192]6 300 6.1 3.0
Ve i/ K in 82.0 22.5 138 40 0.6 0.56
Asymmetry Konae i/ Ko out 9.5 4.7 0.6 0.83 16 29
Vinae ind Vinae out 10.0 5.1 2.1 2.1 438 8.6
Haldane ratio 0.95 0.92 0.29 0.33
Vmax oul/Km nut/(Vmaxin/Kmin) 33 2.8

steady-state affinities obtained by equilibrium dialysis or
derived from in silico docking studies are based more
nearly on the intrinsic binding affinity of the groups at the
binding site. The docking affinities are much higher at the
centrally located sites than those obtained by kinetic
measurements (Figs. 1, 3d; Tables 1, 2) and apparently are
independent of any of the mutations that we have
monitored.

T295M and Altered Glucose Flux Asymmetry

Simulation of the parallel entry paths via sites 1 and 2
converging on a central site 3 and continuing to a fourth
inside site reflects the main observed features of the
changes in asymmetric 30MG influx and efflux kinetics.
Simulation of the T295M mutation mirrors the thermal
sensitivity observed with the T295M and the 4-mer QQLS
insertion mutants. The flux asymmetry demonstrated in the
behavior of 30MG transport via the GLUT1 transporter
and illustrated in Figs. 9, 10, 11, and 12 shows that inter-
ference at one node in the network, e.g., at site 1, can cause
asymmetric inhibition of net influx and net efflux. As seen
in Figs. 5, 6 and 12 GLUTI1DS mutations situated in more
central regions of the transporter will affect all the con-
verging influx or diverging efflux streams. A defect in this
central region is unlikely to lead to transporter deficiencies
that have temperature sensitivity or that greatly alter the
flux asymmetry but instead will simply cause a symmet-
rical inhibition of glucose influx and efflux.

The principle of detailed balance requires that the
product of clockwise rate constants around any closed
cyclic network, as envisaged by the single-site alternating-
access transport model at equilibrium, should equal the
product of anticlockwise rates. To conform to detailed
balancing, the Haldane ratio should equal unity (Lieb and
Stein 1974; Lowe and Walmsley 1986; Cloherty et al.

1996; Naftalin 2008, 2010). Reversal of the asymmetric
affinities of 30OMG with the GLUT1DS T295M mutation
has important mechanistic implications as this subverts the
conventional view that glucose transport conforms to an
asymmetric alternating carrier model in which ligand
selectivity is localized at a central site, such as the QLS
motif in TM7 (Seatter et al. 1998).

Interpreting the 30MG flux kinetics via the T295M
GLUTIDS mutant in terms of the conventional alternating-
access model requires that the single T295M mutation
affects the sugar affinity more strongly on the inside than
the outside transporter face. Mutations fixed in the external
linker between TM7 and -8 have no possibility of partici-
pation in sugar binding to the export site yet have large
inhibitory effects on efflux K, and V,,,x. Since the muta-
tion reduces the maximal rate of sugar exit to a greater
extent than the maximal entry rate, the model predicts that
the ratio of inward to outward flux rates of unliganded
carrier is altered by the mutation from 9.5 to 0.6, implying
that the mutation decreases vacant carrier influx by 15- to
16-fold. These kinetics are irreconcilable with the single-
site alternate-access model but, as has been demonstrated
here, are readily accommodated with transport via a net-
work of several fixed sites on opposing sides of the trans-
porter (Naftalin 2008, 2010; Carruthers et al. 2009; Leitch
and Carruthers 2009).

This finding is therefore inconsistent with current per-
ceptions of the mechanism of alternating-access transport.

Implications of this Study for Practical Diagnosis
of GLUTIDS

It is important that the clinical finding of hypoglycorrha-
chia be corroborated with a reliable functional test of
glucose transporter deficiency. Sugar efflux measurements
are technically more demanding than influx measurements,
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so it is desirable that a more reliable method of monitoring
sugar influx is found. The docking data and the simulations
here suggest that either radioactively labeled 2-DG or
D-glucose at higher temperature, around 24 °C, should be
employed instead of 30MG to assay influx as influx of
these sugars is evidently less affected. If higher sugar
concentrations, between 10 and 50 mM, are used, equili-
bration will take between 2 and 3 min and will more likely
show a transport defect than with 30MG, which appears to
be more retarded in the narrow central channel than either
2-DG or glucose.
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