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ABSTRACT: In 2000, amino acid residue G75 of the facilitative glucose transporter GLUT1 was identified
by mutagenesis as being essential for transport function [Olsowski, A., et al. (2000)Biochemistry 39,
2469-74]. In 2002, we identified a heterozygous missense mutation substituting glycine at residue 75 for
tryptophan in a 10-year-old girl with intractable seizures and low glucose concentrations in the cerebrospinal
fluid indicative of GLUT1 deficiency. Glucose uptake into erythrocytes of the patient was 36% of controls,
and GLUT1-specific immunoreactivity was normal, indicating a functional GLUT1 defect. In silico three-
dimensional modeling of the G75W mutant provided a smaller gyration radius for transmembrane segment
2 as the potential pathogenic mechanism in this patient. This case illustrates a GLUT1 mutation characterized
in vitro and later confirmed by disease itself and highlights the potential of basic science and clinical
medicine to collaborate for the benefit of patients.

Basic scientists and clinicians share a common interest:
they want to elucidate disease mechanisms and thus con-
tribute to the progress of science for the benefit of patients.
The approaches they use often differ, and increasing sub-
specialities obstruct the dialogue between disciplines. How-
ever, the exchange of ideas and the coordination of research
efforts are essential in achieving optimal results. In 2000,
Olsowski et al. (1) reported that the amino acid residue
glycine at position 75 (G75) of the facilitative glucose
transporter GLUT11 is essential for glucose transport func-
tion. Two years later, we identified a heterozygous mutation
substituting tryptophan for glycine at position 75 in a 10-
year-old girl with an epileptic encephalopathy and low

glucose concentrations in the cerebrospinal fluid (CSF).
These features are characteristic of GLUT1 deficiency
syndrome, a clinical entity resulting from impaired GLUT1-
mediated glucose transport across the blood-brain barrier
(2). In an collaborative effort, we unraveled a possible
structural basis for the disease mechanism in this child.

BACKGROUND

The FacilitatiVe Glucose Transporter GLUT1. As D-
glucose is the essential substrate for energy metabolism,
scientists have long been interested in glucose transport. In
human brain, the transfer of glucose across the blood-brain
barrier is exclusively mediated by the facilitative glucose
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transporter protein GLUT1 (3). GLUT1, encoded by a single
gene located on the short arm of chromosome 1 (1p35-31.3),
is a transmembrane glycoprotein consisting of 492 amino
acids with a molecular mass of 54 kDa and a high affinity
for D-glucose (4). It carries the characteristic signatures of
sugar/polyol transporters: (i) the presence of 12 membrane-
spanning transmembrane segments, (ii) seven conserved
glycine residues in the transmembrane segments, (iii) several
basic and acidic residues at the intracellular surface of the
proteins, (iv) two conserved tryptophan residues, and (v) two
conserved tyrosine residues (5). A 12-transmembrane-span-
ning R-helical model for the Glut proteins proposed by
Mueckler et al. (4) in 1985 places the amino and carboxy
termini intracellularly with every consecutive transmembrane
segment crossing the membrane in alternating directions
(Figure 1A). This model was supported by subsequent
mutagenesis (6). Mutational and affinity labeling studies as
well as site-directed mutagenesis have indicated key residues
and regions involved in sugar and inhibitor binding (7-9).
According to the distribution of hydrophilic and hydrophobic
amino acid residues, transmembrane segments 3, 5, 7, 8, and
11 are amphipathic segments and may form an aqueous
pathway that the glucose molecule could traverse through
the cell membrane (10). The recent advent of the 1SUK
model for Glut1 derived on the basis of homology (11) has
placed all these prior studies on a much more solid footing,
as the 1SUK structure confirms them, and accounts for all
mutagenesis and biochemistry evidence.

D-Galactose,D-mannose, dehydroascorbic acid, H2O, and
glycopeptides (7, 12) have been identified as additional
GLUT1 substrates. GLUT1 is a high-affinity glucose trans-
porter, and aKm of 2-5 mmol ensures function close toVmax

under physiological conditions where blood glucose amounts

are approximately 5 mmol. Kinetic analysis of Glut1-
mediated transport in human erythrocytes supports a simple
alternating conformational model for facilitative transport
(13, 14) with an allosteric pore (15) endowed with a movable
gate (16) such that the substrate induces conformational
changes involving the gate and the rest of the protein.

The Disease. In 1991, De Vivo et al. (17) recognized a
novel disease caused by impaired GLUT1-mediated glucose
transport across the blood-brain barrier and into brain cells.
This entity is now recognized as GLUT1 deficiency syn-
drome. The biochemical hallmark of the disease is a low
CSF glucose concentration (hypoglycorrhachia); this results
in an epileptic encephalopathy with early-onset seizures,
variable developmental delay, and a complex movement
disorder. Currently, the entity has been identified in∼100
patients worldwide. The GLUT1 defect can be confirmed
by quantitative and functional studies of the GLUT1 protein
in erythrocytes. Several private heterozygous mutations in
the GLUT1 gene (1p35-31.3) and autosomal-dominant
transmission have been reported (for reviews see refs2, 18,
and 19). Most importantly, this childhood encephalopathy
can be treated effectively by means of a ketogenic diet. This
high-fat, low-carbohydrate diet mimics the metabolic state
of fasting providing ketone bodies that serve as an alternative
fuel to the brain, thus bypassing the impaired glucose
transport in these patients.

MATERIAL, METHODS, AND RESULTS

The Patient. This 10-year-old Austrian girl developed
several episodes with unconsciousness, cyanosis, and peculiar
eye movements at the age of 8 months. A full medical and
metabolic workup, including neuroimaging, was uninforma-
tive except for a subaortical ventricular septal defect unrelated
to the symptoms. At age 14 months, she developed secondary
generalized seizures. At this time, significant psychomotor
developmental delay was apparent: the child walked unas-
sisted at 17 months with a spastic, ataxic gait, and used first
words at 3.5 years of age. Seizures were unresponsive to
anticonvulsant medication, but improved on sugar intake. At
age 5.4 years, a lumbar puncture showed a low glucose
concentration in the cerebrospinal fluid (CSF) in the setting
of normoglycemia (blood glucose, 4.94 mmol/L; CSF

FIGURE 1: (A) Conformational model for the orientation of GLUT1
in the membrane as proposed by Mueckler et al. (4) with the G75W
mutation (b) and intron-exon boundaries (s). (B) Detailed section
of the amino terminus and transmembrane segments 1-3. The
G75W mutation is shown in transmembrane segment 2 (b).

FIGURE 2: Kinetic analysis of uptake of 3-OMG by erythrocytes
(four determinations per data point). Double-reciprocal plot of the
substrate dependence for 3OMG transport into erythrocytes of the
patient and a parental control. Uptake was assessed over 15 s in
the presence of concentrations of 3-OMG ranging from 0.3 to 5
mmol/L. The inset shows the same 3-OMG uptake data vs [3OMG]
(mmol/L). Y axis units are femtomoles per second per 106 RBC.
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glucose, 2.05 mmol/L; CSF/blood ratio, 0.42), suggestive
of impaired GLUT1-mediated glucose transport into the
brain. GLUT1 deficiency was confirmed, and a ketogenic
diet was initiated. The diet significantly reduced the incidence
of seizures and resulted in developmental improvement. The
further clinical course was complicated by a variable
compliance with the diet that eventually required add-on
anticonvulsive medication.

In Vitro Analysis. Glycine 75 is located in the second
transmembrane segment of the GLUT1 protein (Figure
1A,B). In 2000, the functional importance of this transmem-
brane segment (residues L67-V87) was investigated by
Olsowski et al. (1) by cysteine scanning mutagenesis of the
cysteine-less GLUT1. The majority of the cysteine substitu-
tion mutants were active transporters except for F72C, G75C,
G76C, G79C, and S80C, which exhibited a transport activity
percentage lower than 10% of that of the cysteine-less
GLUT1. The loss of G75 led to an extremely low 2-deoxy-
glucose uptake rate of 3% compared with that of the cysteine-
less GLUT1 control. In particular, the G75C mutant showed
a basal uptake rate of 3( 5% (standard deviation). The
cluster of three glycine residues (G75, G76, and G79)

supported a very tight packing at this particular portion of
transmembrane segment 2 with each glycine being absolutely
essential for transport activity. As these glycine residues are
located on one face of the segment, the authors assumed that
they may provide space for a bulky hydrophobic counterpart
interacting with another segment or lipid side chain.

Molecular and biochemical GLUT1 analyses in the patient
were performed as previously described (20). GLUT1-
mediated 3-O-methyl-D-glucose uptake into patient’s eryth-
rocytes showed a reduced apparentKm value in the patient
compared to the intra-assay control (1.4 and 2.0 mmol/L,
respectively).Vmax was reduced to 36% of the intra-assay
control [909 and 2500 fmol s-1 (106 RBC)-1] (Figure 2).
GLUT1-specific immunoblotting of erythrocyte membranes
probed with an antibody recognizing the C-terminus of
GLUT1 protein (Cymbus Biotechnology, Chandlers Ford,
Hants, U.K.) and normalized to band 3 showed normal
GLUT1 expression. GLUT1 genomic analyses with PCR and
automated sequencing using primers specific to the exon-
intron boundaries of the human GLUT1 (21) detected a
heterozygous single-nucleotide exchange in exon 3 (223G>T)
replacing glycine at position 75 with tryptophan. The

FIGURE 3: Wild-type Glut1 before (A) and after (C) molecular dynamics simulation and the G75W mutant (B and D, respectively). (A)
Ribbon and stick representation of transmembrane segments 2, 4, and 11. Residues for which interactions are described are labeled. Red
denotes residues that when mutated may induce pathogenicity. (B) Like panel A except for G75W. (C) Greater detail of the region of
possible interactions near the fulcrum of transmembrane segments 2 and 4. (D) Like panel C except for G75W. Colors for helical backbones
are those corresponding to the nomenclature of Hirai et al. (32).
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mutation was confirmed by a band shift polymorphism in
the single-stranded DNA conformation polymorphism analy-
sis of exon 3.

In Silico Analysis. Three-dimensional modeling of the
G75W mutant was carried out applying molecular dynamics
simulations (MDS) based on the GLUT1 model (PDB entry
1SUK). The analysis included as isoforms (a) the wild type,
(b) the G75W pathogenic mutant, (c) the T310I pathogenic
mutant, (d) the Cys-less GLUT1 (12), and (e) the G75T
mutant. In the MDS, the GLUT1 was solvated using the
water SPC model (22) and the OPLS force field (23). All
runs were at 300 K with a time step of 2 fs, for 4 ns. During
the simulation, all bonds were constrained using the LINCS
(24) algorithm for the protein and SETTLE (25) for water.
Berendsen’s scheme was used for temperature and pressure
coupling for both protein and solvent (water). Electrostatic
forces were calculated with the PME algorithm (26). Initial
energy minimization was carried out with the steep descent
algorithm (1000 steps) followed by a conjugate gradient to
a maximum force of 0.1 kJ mol-1 nm-1. All simulations were
performed with the GROMACS package, version 3.21 (27).
For trajectory analysis, the tools included in GROMACS
were used; the first 200 ps (equilibration) was neglected (see
rmsd plots).

In the in silico GLUT1 model (PDB entry 1SUK),
transmembrane segment 2 was adjacent to transmembrane
segments 4 and 11, lining the transport channel. Figure 3
shows the relevant areas of GLUT1 before (top panels) and

after (bottom panels) the MDS. Residues S66, G75, G91,
and R126 in transmembrane segments 2 and 4 influence
transport when they are mutated (see Figure 3A). The figure
also shows tryptophan residues 65 and 412 that are crucial
for transport activity, and a cluster of other aromatic residues
that line the putative glucose channel (F72, F127, and F409).
Importantly, Figure 3B shows that in the mutant G75W, W75
interacts directly with the F127 residue in transmembrane
segment 4, and more weakly with residues F409 and W412
in transmembrane segment 11, thus adding support to the
original explanations of Olsowski et al. for the possible
reason for the loss of transport activity in the mutant.
Comparing the wild-type and G75W isoforms before and
after MDS, we found the distance between CR in G75
(transmembrane segment 2) and CR in F127 (transmembrane
segment 4) was decreased in the wild type (from 5.9 to 5.1
Å, Figure 3C) and increased in the mutant (from 6.2 to 8.2
Å, Figure 3D); presumably, the newly inserted tryptophan
residue induced accommodations around its volume. The
G75-G76 glycine cluster was found to affect transport (1).
An alignment for the GLUTs of class 1 (GLUT1-4) revealed
(Figure 4A) that hydrophobic residues were conserved in
transmembrane segment 2, and also that glycines 75 and 76
were well conserved. The assumption that the tryptophan
residue resulting from the G75W mutation could interfere
with protein motions was studied by MDS for the wild type
and the mutant. The system required∼200 ps for stabilization
(rmsd plots, Figure 4B). This interval was considered the

FIGURE 4: (A) Alignment of transmembrane segment 2 in GLUT1-4. Aligment of class 1 GLUTs made with ClustalW (33) and plotted
with Weblogo (34). Green denotes polar amino acids and black hydrophobic ones; conserved residues are enlarged. Panels B-D show the
results for GLUT1 isoforms after a 4 nsmolecular dynamics simulation in water. (B) Root-mean-square deviation for the proteins. The
arrow denotes the equilibration time; the value (0.54) represents the rmsd at that point. (C) Root-mean-square fluctuation for transmembrane
segment 2. (D) Gyration radius for transmembrane segment 2.
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time for equilibration, and data for it were neglected. For
the remaining interval, rmsf, gyration radius, and energy were
calculated. The simulation showed that the structures of the
wild type and the G75W mutant were different; the MDS
backbone rmsd fit was 1.072. The rmsf for the residues of
transmembrane segment 2 was progressively higher, indicat-
ing high mobility for all isoforms except for the mutant
G75W, in which the residues at the intracellular end of
transmembrane segment 2 had fewer fluctuations (Figure
4C). Compared to those of all other isoforms (wild type,
T310I, C-less, and G75W mutants), the gyration radius for
transmembrane segment 2 was much smaller for the G75W
mutant (Figure 4D). This lower mobility of transmembrane
segment 2 had its counterpart in a lower total energy for the
G75W mutant during the MDS (data not shown).

DISCUSSION

For decades, the pivotal role of glucose transport in energy
metabolism has been a main target for research. Within the
family of facilitated glucose transporters (GLUTs), GLUT1
has been most extensively studied. Researchers probed the
structure of GLUT1, characterizing transmembrane segments,
substrate binding sites, and functional domains (28). Indi-
vidual amino acids of interest were investigated by site-
directed mutagenesis and expression of mutants in cell
systems. Important insights were gained by these powerful
in vitro tools, but it was not before the change of the
millennium that specific glucose transporter diseases were
recognized as clinical entities and these techniques applied
to elucidate pathogenic mechanisms in GLUT1 deficiency
syndrome (29, 30). The heterozygous GLUT1 G75W mis-
sense mutation within transmembrane segment 2 replaces
glycine, a small, neutral amino acid, with tryptophan, a
nonionic, polar amino acid. This will effectively disrupt the
cluster of glycine residues within this segment and potentially
any interaction with other segments or lipid side chains. The
report by Olsowski et al. (1) provided the first evidence that
the cluster of glycine residues (G75, GT76, and G79) was
essential for GLUT1 function, and that the G75W mutation
in our patient should indeed be pathogenic. This was further
supported by the three-dimensional modeling of the mutant
described here. The reduced radius of gyration of transmem-
brane segment 2 (Figure 4D) ought to be considered together
with Figure 3, which shows that in the mutant, W75 is in
close interaction with F127, and also close to F409, F72,
and W412. Potentially aromatic interactions generated by
the mutation impart relative immobility to the ensemble of
transmembrane segments 2 and 4. The mutation is near the
fulcrum of segment 2 to segment 4 where it can stabilize
the relative positions of both segments. It is suggestive that
in segment 2 the residues up to residue 77 have increased
mobility (Figure 4C) while those at the intracellular end are
more stabilized; presumably, the mutation resulted in a
reorientation of the rest of the segment. The increased
stability of this intracellular end of transmembrane segment
2 corresponds well with the decreased gyration radius for
this segment (Figure 4D). As glucose transport is associated
with conformational changes (14), the lower mobility of the
mutation site and of the global G75W mutant structure could
potentially interfere with glucose transport.

Assessing the impact of this mutation on GLUT1 structure
and function required in vivo, in vitro, and in silico analyses.

These collaborative efforts eventually identified the mutation
as pathogenic, confirming it as the cause of GLUT1
deficiency in this patient. This is particularly important as
few patients are identified to date and no genotype-
phenotype correlation has yet emerged because of the
complexity and novelty of the disease. The ongoing dialogue
between clinicians and biochemists on the subject of GLUT1
deficiency syndrome has produced previous interesting
results. In 1999, we described a girl carrying a missense
mutation in exon 7 that resulted in impaired GLUT1-
mediated transport for glucose and dehydroascorbic acid,
documenting the multifunctional role of the GLUT1 trans-
porter (20). In 2001, we identified a family with three
affected members and an autosomal-dominant transmitted
heterozygous missense mutation in a highly conserved GRR
motif of the GLUT1 transporter and confirmed its pathoge-
nicity by in vitro mutagenesis and kinetic analysis of the
mutants in theXenopusoocyte system (31). Recently, 10
additional pathogenic mutants have been modeled in silico,
again illustrating the potential of combined basic and clinical
research (11). Such collaborations provide substantial infor-
mation about crucial amino acid residues, their potential
interaction with functional domains, and the impact on the
glucose transport pathway in individual patients, thus
advancing our understanding of the facilitative GLUT1
transporter in health and disease for the benefit of patients.
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SUPPORTING INFORMATION AVAILABLE

Figure 1 showing (3A) a quantitative Western blot of
GLUT1 at 55 kDa in erythrocyte membranes from patient
and a control normalized to band 3 and (3B,C) a fragment
containing exon 3 and intron-exon boundaries amplified
from genomic DNA. SSCP analysis of the resultant DNA
showed an additional band in the patient (3B). Automated
DNA sequence identified a G to T transversion (V) at
nucleotide 223 (nucleotide+1 is the A of the ATG
translation initiation codon, GenBank entry NM_006516)
resulting in the G75W amino acid exchange (3C). Picture 1
showing a 10-year-old girl with GLUT1 deficiency syndrome
caused by the G75W mutation in the GLUT1 gene. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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