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Exon IV of SLC2A1, a multiple facilitator superfamily (MFS)
transporter gene, is particularly susceptible to mutations that
cause GLUT1 deficiency syndrome, a human encephalopathy
that results from decreased glucose flux through the blood-
brain barrier. Genotyping of 100 patients revealed that in a third
of them who harbor missense mutations in the GLUT1 trans-
porter, transmembrane domain 4 (TM4), encoded by SLC2A1
exon IV, contains mutant residues that have the periodicity of
one face of a kinked a-helix. Arg-126, located at the amino ter-
minus of TM4, is the locus for most of the mutations followed by
other arginine and glycine residues located elsewhere in the
transporter but conserved among MFS proteins. The Arg-126
mutants were constructed and assayed for protein expression,
targeting, and transport capacity in Xenopus oocytes. The role of
charge at position 126, as well as its accessibility, was investi-
gated in R126H by determining its activity as a function of extra-
cellular pH. The results indicate that intracellular charges at the
MEFS TM2-3 and TM8 -9 signature loops and flanking TMs 3, 5,
and 6 are critical for the structure of GLUT1 as are TM glycines
and that TM4, located at the catalytic core of MFS proteins,
forms a helix that surfaces into the extracellular solution where
another proton facilitates transport.

Molecules that belong to the major facilitator superfamily
(MES)? class of transporters mediate the translocation of sub-
strates through cell membranes. Transporters exposed to
extracellular or intracellular solutions make available recogni-
tion sites for the binding of nutrients, neurotransmitters, ions,
and other molecules and then allow the emergence and release
of bound substrate at the opposite side of the membrane. In the
case of facilitative transporters, binding to either side of the
transporter initiates translocation, but net flow across an
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ensemble of transporters over a period of time is driven by
substrate concentration gradients across the cell independently
of other cellular energy sources.

MES proteins are loosely related in primary structure, but
they probably fold similarly (1, 2). The structure of three MFS
transporters has been solved: LacY (transporter classification
(TC) 2.A.1.5.1) at 3.5-A resolution (3), GItP (TC 2.A.1.4.3) at
3.3-A (4), and OxIT (TC 2.A.1.11.1) at 6.5-A (5) (for the TC
system, see Ref. 6 and the Transport Classification Database
(7)). Their architectures are superimposable: the transporters
contain 12 transmembrane helices arranged in two six-helical
quasisymmetrical domains situated around a transport path-
way normal to the plane of the membrane. A set of the helices
lines a central catalytic cavity. In the case of LacY (or lactose
permease, a lactose/H™ cotransporter), the helices located at
the catalytic core interact with water-avid substrate to provide a
stabilizing network of hydrogen bonds, van der Waals interac-
tions, and hydrophobic residues capable of decreasing sub-
strate dissociation after binding (3). This transient substrate
stabilization then probably mobilizes adjacent helices, facilitat-
ing translocation across the membrane.

GLUT1(TC2.A.1.1.28), encoded by the SLC2A 1 gene, trans-
ports glucose in and out of many normal tissues and tumors,
including erythrocytes (RBCs) and cerebral endothelial cells
that form the blood-brain barrier (8). GLUT1 is densely
expressed in the RBC membrane where it self-associates and
exhibits modulated kinetics (9). Blood-brain barrier GLUT],
which mediates the entry of glucose into the nervous system
and thus supplies most of the carbon and energy that the brain
consumes, is less well characterized kinetically (10). A topolog-
ical model based on hydropathy analysis (11) has been validated
by the study of glycosylation mutants, establishing GLUT1 as a
canonical 12-transmembrane domain MFS class member (12).
GLUT1 is about 80% a-helical as also established by circular
dichroism and Fourier transform infrared spectroscopy (13,
14), and the pattern of reactivity of substituted cysteines in sev-
eral transmembrane domains is consistent with helical folding
(15). Thus, the experimental evidence converges on the predic-
tion that the structure of the transmembrane core of GLUT1
closely resembles that of MFS (LacY, GlItP, and OxIT) proteins.

The study of pathological mutants offers a complementary
window to the identification of residues and regions of unrec-
ognized relevance. Amino acid-replacing (missense) mutants
that retain correct folding and targeting are of particular value
as they single out residues important for function. Homozygous
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SLC2A1 mutation causing GLUT1 absence is incompatible
with embryonic survival because of the central role of GLUT1-
mediated glucose transport during development (16). In con-
trast, heterozygous mutations cause encephalopathy (17).
Patients afflicted by classic, severe GLUT1 deficiency (18) man-
ifest varying degrees of epilepsy, mental retardation, and other
neurological abnormalities and share two characteristic indica-
tors of GLUT1 transporter dysfunction: diminished cerebro-
spinal fluid glucose (hypoglycorrhachia) and reduced glucose
uptake by the cerebrum detectable by positron emission
tomography (19, 20).

We set out to first identify residues essential for transport by
identifying and genotyping 100 GLUT1 deficiency syndrome
patients. A third of them (33 of 100) carried missense mutations
that were distributed among any one of the 10 SLC2AI exons
with the peculiarity that, of these, nearly a third of patients (13
of 33) harbored mutations in exon IV. The rest of the patients
(67 of 100) exhibited a broad variety of sequence variations not
associated with single amino acid replacement and therefore
were less informative from a structural point of view. Exon IV is
particularly notable because it encodes the fourth transmem-
brane segment (TM4) of GLUT1, an important domain of MFS
proteins given its proximity to the transport pathway that, in
the case of LacY, interacts with substrate (3). The data support
the notion that GLUT1 TM4 exists as an a-helix because it
exhibits a periodic mutation pattern that is consistent with this
folding, and we infer that the side of the helix where the muta-
tions are located provides a surface that is essential for catalysis.

To probe the topology of TM4 relative to the membrane, we
then tested the susceptibility of R126H, a naturally occurring
mutant located near the amino end of TM4, to protonation
from the extracellular solution and also analyzed other charged
and neutral side chain substitutes of this residue. We found that
Arg-126is exposed at the extracellular aspect of the transporter
and that a charge at this position facilitates glucose transport.

Additional missense mutations eliminated conserved gly-
cines and replaced charged intracellular residues delimiting
TMs 3, 4, 5, and 6 and arginines situated in the TM2-3 and
TM8-9 loops, which are part of the two RXGRR signature
motifs present in the MFS (21, 22). These findings support the
folding of TM4 as an a-helix and highlight the essential func-
tion of protein charges located at transporter-membrane
boundaries.

EXPERIMENTAL PROCEDURES

Patient Identification, RBC Glucose Uptake, and Genotyping—
All contacts established with and information obtained about
human subjects followed procedures approved by the Institu-
tional Review Board of Columbia University and were volun-
tarily provided. Patients were identified on the basis of clinical
and analytical criteria including infantile epilepsy and hypogly-
corrhachia with diminished lactic acid concentration in the
cerebrospinal fluid among other symptoms and parameters
compatible with the diagnosis of GLUT1 deficiency (23).

RBC glucose uptake assays were performed in suspected
patients using two control blood samples, which were some-
times obtained from the proband’s normal parents, and were
simultaneously drawn to avoid assay variability, a phenomenon
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that occurs when blood is subjected to shipping or storage (24).
Blood was collected in sodium heparin or citrate-phosphate-
dextrose tubes. Zero-trans uptake of a fixed concentration of
glucose below the apparent transport K,, over time used **C-
labeled 3-O-methyl-p-glucose (30MG; 0.5 mm, 1 wCi/ml) and
was measured at 4 °C and pH 7.4 in duplicate. Influx was termi-
nated at 5-s intervals starting at O s (no label added) and ending
at 30 s. Washed cells were lysed, and retained radiolabel was
quantitated by liquid scintillation counting. The slope of the
plot of In(1 — Ct/Ceq) over time, where Ct represents red cell
label and Ceq represents isotope specific activity, was used to
estimate uptake. Uptake of a series of glucose concentrations (0,
0.6, 1, 1.33, 2, 4, and 6 mMm) during 15 s was similarly measured
in quartets of identical samples. Typically the S.E. of the radio-
active counts obtained from repeat samples did not exceed 6%.
Apparent K, and V. values were obtained from Lineweaver-
Burke plots with regression coefficients r generally greater than
0.96.

Genomic DNA was obtained from each patient and control
blood sample and sequenced over the entire SLC2A1 coding
region over all introns except 1 (which spans 15,312 bp) and
over all intron-exon boundaries. Sequencing was performed on
both DNA strands. All patients carried one mutation in one
allele except where noted, and control blood from relatives was
devoid of mutation except where indicated. After confirmatory
RBC assay and genetic analysis of at least one proband per fam-
ily, the rest of the familial cases sharing typical symptomatology
were confirmed only by genotyping.

Recombinant DNA and Oocyte Culture—Subcloning of
human GLUT1 in a custom plasmid, GLUT1/pM, was achieved
by cloning a 1913-base pair Eco47IIl and HindIII GLUT1
cDNA restriction fragment derived from pcDNA3 (Invitrogen)
into a vector (pM) containing fragments of the 5’'- and 3'-un-
translated regions of the Xenopus B-globin gene to enhance
expression. Substitutions R126H, R126K, R126E, R126L, and
R126C were introduced in GLUT1/pM by PCR performed on
template plasmid cDNA using mutagenic oligonucleotides and
from which a DNA segment was excised and then replaced by
ligation using unique endonuclease sites. All constructs were
subjected to restriction analysis and DNA sequencing extend-
ing over mutant and ligation areas. Capped runoff cRNA tran-
scripts labeled with [PH]UTP were prepared after plasmid lin-
earization with Notl using an mMessage mMachine kit
(Ambion, Austin, TX), verified by denaturing agarose gel elec-
trophoresis, quantitated by liquid scintillation counting, and
stored in water at —80 °C.

Xenopus laevis (Nasco, Fort Atkinson, WI) ovarian lobes
were collected following procedures approved by the Columbia
University Institutional Animal Care and Use Committee.
Stage V and VI oocytes were dissociated using collagenase and
injected with 50 nl of diluted cRNA (0.40 ug/ul for all mutants).
This dosage assured that the transport capacity of wild type-
expressing oocytes remained below saturation. Control oocytes
were injected with 50 nl of water. Cells were maintained in
Barth’s solution (containing 88 mm NaCl, 2.4 mm NaHCO,, 1
mm KCl, 0.33 mm Ca(NOj,),, 0.41 mm CaCl,, 0.82 mm MgSO,,
10 mm HEPES (178 moswm, pH 7.5)) at 18 °C for 2 days before
use.
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GLUTI Transport and Expression Assays— Zero-trans influx
of 30OMG into oocytes was measured as described previously
(25, 26) with minor modifications using groups of oocytes
placed into 0.6 ml of Barth’s solution containing 10 uCi of **C-
labeled 30MG (5 Ci/mmol; PerkinElmer Life Sciences) and 2
mM unlabeled 30MG in the wells of a 24-well plate. For each
data point, six to eight oocytes were used; each point was then
replicated an additional one to three times except where noted.
After incubation for 10 min, the oocytes were washed four
times with ice-cold Barth’s solution containing 0.2 mm phlore-
tin to block GLUT1 activity. Individual oocytes were then
placed into vials, and 0.2 ml of 0.2 N NaOH plus 0.2% SDS were
added and mixed. After cellular dissolution, 5 ml of scintillation
fluid was placed into each vial for disintegration detection.
Zero-trans efflux of 30MG was performed by injecting differ-
ent amounts of "*C-labeled 30MG together with unlabeled
30MG to reach calculated concentrations of 1-50 mm in
oocytes previously expressing wild type and mutant GLUT1
(assuming an average oocyte volume of 0.8 ul). After injection,
immediately before the efflux assay, oocytes were rapidly
washed three times in 2 ml of Barth’s solution and transferred
to a scintillation vial containing 0.5 ml of Barth’s solution. After
2 min, the oocyte was transferred to another scintillation vial,
dissolved, and counted as above. The measured amount of
labeled glucose in both vials was used to estimate intracellular
glucose concentration for efflux measurements. Basal transport
rates from water-injected oocytes were subtracted from trans-
port by oocytes expressing mutant and wild type GLUTI.
Water-injected oocyte transport rates typically reached ~10%
of GLUT1-injected oocytes. For R126H protonation experi-
ments, the pH was lowered to 6.5, and methanesulfonic acid
(Sigma) replaced HEPES. The results were expressed as pmol of
30MG uptake/10 min/oocyte. Transport kinetics were ana-
lyzed by fitting uptake data to the Michaelis-Menten equation
utilizing Origin (OriginLab Software, Inc., Northampton, MA).

Confocal immunofluorescence microscopy permitted detec-
tion of GLUT1 in frozen oocyte sections as described previously
(26) using affinity-purified rabbit primary antibody (Glut-
101AP; FabGennix Inc., Frisco, TX) and donkey anti-rabbit IgG
labeled with Alexa Fluor 488 (Molecular Probes, Eugene, OR) as
secondary antibody, both diluted 1:200. Confocal microscopy
was performed at the Optical Microscopy Facility at Columbia
University.

For protein assay, total cell membranes were prepared as
described previously (25) with the following modifications:
after disruption of defolliculated oocytes by pipetting, cells
were washed free of yolk. Oocyte ghosts were then suspended in
freshly made homogenization buffer (50 ul/oocyte) containing
10 mm HEPES, 83 mm NaCl, 1.0 mm MgCl,, 0.5 mm phenyl-
methylsulfonyl fluoride, 5 pug/ml pepstatin A, 5 ug/ml soybean
trypsin inhibitor, 5 ug/ml leupeptin, pH 7.9, and then stroked
25 times in a glass-Teflon homogenizer. The homogenates
were centrifuged at 1000 X g for 10 min at 4 °C three times,
saving the supernatant. 15 ul of oocyte purified total membrane
samples containing 2 ug of protein were subjected to 4—-20%
SDS-polyacrylamide gradient gel electrophoresis and probed
with purified rabbit Glut-101AP primary antibody at 1:5000
dilution and secondary antibody-horseradish peroxidase
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(Santa Cruz Biotechnology Inc., Santa Cruz, CA) also at 1:5000
dilution. Under these conditions, GLUT1-expressing oocytes
yielded a predominant band of about 55 kDa, corresponding to
the monomeric, glycosylated transporter. A smaller, ~45-kDa
band was less abundant and reflected differential glycosylation
as the ~55-kDa fraction was susceptible to enzymatic deglyco-
sylation and conversion to ~45 kDa (not shown (4)). Additional
~90-100-kDa bands and higher mass species were also detect-
able and possibly represented higher order GLUT1 aggregates.

The fractionation procedure for the collection of a plasma
membrane-rich fraction followed the method of Finidori-Lepi-
card et al. (27). In brief, because oocytes are large cells (1-mm
diameter) densely filled with vacuoles and with a small plasma
membrane to total cell material ratio, it is impractical to purify
plasma membrane-associated GLUT1. Instead we isolated a
cell fraction known to be enriched in plasma membrane protein
as estimated by 5'-nucleotidase (a membrane enzyme) activity
assay (27, 28). When using this procedure, the P-1000 cell frac-
tion is known to retain about 75% of the total cellular 5'-nucle-
otidase activity, and this fraction was used for Western blot
analysis of predominantly plasma membrane material using the
antibodies and procedures described above. Under these con-
ditions, the molecular species detectable in the immunoblot
resembled those identified in the whole-oocyte membrane
extract except for a predominance of the monomeric trans-
porter and an additional ~25-kDa band that may represent a
degradation product. GLUT1 signals were quantified digitally
using Image] software (W. S. Rasband, National Institutes of
Health, Bethesda, MD). The densities of wild type GLUT1 sig-
nals in purified oocyte membranes were used to normalize
mutant GLUT1 densities.

GLUTI Modeling—A human GLUT1 molecular model was
constructed with the homology modeling algorithm Modeler
8v2 (29) based on the crystal structures of LacY (Protein Data
Bank code 2CFQ) (3) and GIpT (Protein Data Bank code 1PW4)
(4). The sequence alignment used in the modeling was based on
(a) sequence-structure alignments of the human GLUT1
sequence and the LacY and GlpT structures with FUGUE (30)
and (b) a pairwise structural alignment of LacY and GlpT cal-
culated by Structal (31) excluding the amino and carboxy]l ter-
mini, which diverge significantly among MFS. The initial
sequence alignment was further refined and validated by com-
paring the accessible residue positions detected in GLUT1 so
far by the substituted cysteine accessibility method (32) by
Mueckler and Makepeace (15) with the solvent-accessible sur-
face of both LacY and GlpT calculated by InsightII (Accelrys,
San Diego, CA). The long cytoplasmic loop between TM6 and
TM?7 and the loop between TM1 and TM2 were not modeled.

RESULTS

Distribution of GLUTI Mutations—Of 100 GLUT1-deficient
patients identified by clinical and analytical criteria, 91 carried a
mutation in one SLC2A1I allele. One patient, reported previ-
ously (33), was a compound heterozygote and was clinically
severely affected. The remainder eight patients did not exhibit
sequence variants associated with abnormal polypeptide
encoding or other obvious pathogenic mechanisms and thus
may carry undetected mutations in either the promotor region
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FIGURE 1. GLUT1 topological model. GLUT1 is represented in the context of the plasma membrane (gray
rectangle) and comprising cytoplasmic amino- (left side) and carboxyl-terminal (right side) domains. The extra-
cellular side of the membrane is situated on the top part of the schematic. The relative length of TMs follows the
crystal structure of LacY, and the length of the extramembranous amino and carboxyl termini and interhelical
loops is also drawn approximately to scale. Numbered circles indicating residue number identify the location of

missense mutations.

or intron I of SLC2A1 (neither was sequenced) or in another
unidentified gene that can also cause GLUT1 deficiency.

A total of 21 independent amino acid loci were susceptible to
missense mutation (Fig. 1 and Table 1). Several patients shared
missense mutations involving one of six individual residues:
three patients at Asn-34, three at Gly-91 (reported in Ref. 34),
three at Arg-93, nine at Arg-126, three at Arg-153, and four at
Arg-333. The most frequent substitution was R126H, a herita-
ble mutation (25) found in five patients (35). The rest of the
mutations in SLC2A1 included a variety of sequence variations
that followed no discernible pattern when mapped on the gene
structure (not shown).

Of note, TM4 included mutations at residues 124, 126, 130,
137, and 146. Interestingly Pro-141, located a third of the way
from the extracellular end of TM4 and thus located near its
cytoplasmic end (Table 2), can be predicted to break the sec-
ondary structure of the segment. Mutation of Arg-333 disrupts
the RXGRR signature of MFS transporters located in the loop
between TM8 and TM9 (21). Three patients exhibited muta-
tions at Arg-93, which flanks the cytoplasmic end of TM3 and is
also part of the TM2-TM3 RXGRR MEFS signature (36).
Another three patients carried mutations at Arg-153, a residue
predicted to lie at an equivalent, membrane-flanking location in
TMS5. Other charge-substituting variants involved Arg-212 at
the carboxyl end of TM6, Arg-218, Glu-247, and Lys-256 (Fig. 1
and Table 1). In summary, of the 21 mutant loci, 13 involved
charged amino acids.
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Function of GLUTI Mutants in
RBC—RBC clinical indexes (mor-
phology, hemoglobin contents, and
volume) were normal in all patients.
Nevertheless GLUT1 constitutes at
least 5% of the RBC plasma mem-
brane protein (37) and can transport
water (38, 39), which in turn may
change cell volume and thus alter
glucose flux during the transport
assay. Therefore, the potential con-
tribution of water permeability to
the transport assay was assessed to
ensure that RBC volume and hence
glucose distribution volume in RBC
were preserved during the assay.
Hematological osmotic fragility
assays (40) were performed in nor-
mal RBC and select mutants to
compare water permeability and
membrane integrity. The fragility
assays included three GLUT1
mutants that caused profound
decreases in RBC glucose uptake
due to truncation of the transporter,
a mutation type associated with
haploinsufficiency (41). A normal
osmotic fragility was observed for
all of the mutants, indicating that
any potential changes in RBC mem-
brane structure and cell volume
resulting from impaired GLUT1 production or function did not
significantly influence the transport assay of GLUT1 mutants.

All GLUT1 mutants exhibited diminished RBC glucose
transport (Fig. 2 and Table 1). Changes in both V. (reduc-
tions to 43— 84% of normal V., ) and K,,, (modest increases or
decreases by less than 2-fold) were observed. The V, ... changes
were variable and did not always amount to the 50% reduction
expected of mutants that behaved as pure hemizygous traits,
probably indicating residual transport by these mutants (see
below). The observed changes in K|, on the other hand, were
inconsistent with the notions of the mutations simply dimin-
ishing the population of carriers and of the carriers working
independently of one another. Instead the measured K,,, prob-
ably reflects a more complex transport kinetics influenced by
factors such as subunit cooperativity arising from transporter
polymerization (42), a phenomenon not taken into consider-
ation in our analysis. An alternative possibility that could also
explain the relatively high (greater than 50% of normal) residual
V nax Observed in some mutants is that the normal SLC2A1
allele compensated for the loss of GLUT1 function by increas-
ing transcription or translation. In this context, our transport
assays would overestimate flux through mutant transporters.
Still in this setting, the results would also imply that the magni-
tude of such compensation would be mutation-dependent.
This possibility, however, is unlikely because Western blot of 26
RBC samples harboring a variety of mutation types failed to
demonstrate any up-regulation of GLUT1 contents over nor-
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TABLE 1
Genetic and kinetic characteristics of missense GLUT1 mutations
NR, not reported; ND, not determined. Normal K,, = 1.6 * 0.2 mm. Normal V,

values varied across groups of samples but were consistently similar (within 10%)miar);
samples subjected to the same processing (see “Results”), ranging from 907 to 2417

fmol X 10° RBC X s~ 1.

Mutation Number of patients SLC2A1 exon K, V nax
mm % of normal

G27V 1 I 0.9 60
N34I 1 1I 1.6 49
N34K 1 1I 1.6 71
N345* 2 I 1.6 55
S66F 1 11 0.7 45
G75W* 1 III NR NR
G91D” 3 v ND ND
R93Q 2 v 14 *+0.1 67 £5
RI3W 1 v 2.7 65
L124R 1 v 2.0 84
R126L¢ 1 v 1.4 43
R126H 5 v 1.6 £ 0.3 74 £ 12
R126C 3 v 1503 43*4
G130S 1 v 1.6 75
T1371 1 v 22 53
E146K 1 v 1.8 50
R153L 2 v 09 *0.1 50+ 0
R153C 1 v 0.9 52
Q161H 1 v ND ND
R212H” 1 \% NR NR
R218H" 1 \% NR NR
E247D 1 VI 2.2 47
K256V 1 VI 1.4 43
T295M 1 VII ND ND
T310I 1 VII 2.2 53
R333W 4 VIII 1.7+01 44 *13
P485L 1 X 1.8 55

“ Indicates one patient reported by Klepper et al. (66) (K, and V,,,, not included in
the report).

? Indicates three patients reported by Klepper et al. (34) (K,,, and V..
in the report).

¢ Mutants occurring simultaneously in both alleles of one patient (33).

4 Data obtained only from two patients.

not included

mal RBC levels (not shown). These experiments included
mutants devoid of transport capacity but capable of targeting to
the plasma membrane based on oocyte studies (26). Addition-
ally allele hemizygosity, the most severe mutation, also failed to
induce an increase in the GLUT1 RBC protein produced by the
only residual (normal) allele (see below), arguing against any
significant compensation by the normal allele.

TM4 mutants at residues 124, 126, and 130 transported glu-
cose with a V. intermediate between normal RBC and one-
half of normal (the uptake expected of functionally hemizygous
mutations), suggesting that they express functional transport-
ers (Fig. 2). These sequence variants constitute the most
informative set among all GLUT1 mutants because they prob-
ably fold and are targeted correctly, exposing residues poten-
tially critical for transport. R126C was associated with a dimin-
ished V., that approached hemizygous magnitude. RBC
Western blot, however, demonstrated no significant change in
R126C protein expression (100 * 1% of normal, # = 2) in con-
trast with RBCs from two hemizygous patients who carried
large scale deletions that comprised the entire SLC2A1 allele
and whose protein expression levels were 54 and 56%. Similarly
mutation R126H, at the same locus, transported inefficiently
but expressed 91 * 10% (n = 3) of protein relative to normal
RBC. Mutation R126L was associated with the lowest measured
Vinax (43%), but this mutation occurred in a compound het-
erozygote patient who also carried K256V in the trans allele.

Expression of Arg-126 Mutants in Oocytes—Functional stud-
ies of Arg-126 in oocytes were of particular interest because ()

16736 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 2
TM4 of GLUT1 and related MFS transporters

Membrane helices 4 of GLUT1 (G1), LacY (LY), and GIpT (GT) were manually
aligned. Conserved proline residues are bold. Outside and inside delimit the extra-
cellular and intracellular boundaries of TM4, respectively.

G1 LY GT
Outside
122 105 121
Val Ala
Gly Val
Leu Ser Met
Ile Ile Phe
Leu” Val Val
Gly Gly Leu
Arg® Gly” Leu
Phe Ile Phe
Ile Tyr Leu
Ile Leu Cys
Gly* Gly Gly
Val Phe Trp
Tyr Cys Phe
Cys Phe Gln
Gly Asn Gly
Leu Ala Met
Thr Gly Gly
Thr” Ala® Trp
Gly Pro Pro
Phe Ala Pro
Val Val Cys
Pro Glu” Gly
Met Ala Arg
Tyr Phe Thr
Val Ile Met
Gly Glu Val
Glu® Lys His
Val Val
Ser Ser
Pro Arg
149 134 148
Inside

“ Missense mutant residues in GLUT1 (124, 126, 130, 137, and 146).
 Important structural features in LacY (Gly-111 and Pro-123 as helix breakers and
Glu-126, a residue essential for transport (3)).

Arg-126 is the locus most often mutated in GLUT1 deficiency;
() it bears a positive charge and was predicted to lie near the
extracellular end of TM4 (11), a substrate-interacting region in
LacY (3); and (c) substitution R126H, the most frequent muta-
tion in GLUT1 deficiency, may be susceptible to protonation.
Arg-126 transitions His, Lys, Glu, Leu, and Cys were associated
(in decreasing order) with diminished plasma membrane
expression by Western blot. A similar pattern was also detected
by confocal microscopy (Fig. 3). In all cases, the amount of
mutant GLUT1 detectable by immunoblot of oocyte plasma
membrane-rich fractions was within 20% of wild type except for
R126C, which was reduced by about 75%. Thus, at least in part,
all mutants were targeted to the cell membrane. A fraction of
each mutant protein was retained in vesicles or in the cytoplasm
(Fig. 3).

Fig. 4 illustrates zero-trans influx into and efflux from
oocytes. Under these experimental conditions, efflux pro-
ceeded slowly (almost linearly) for wild type GLUT1 (Fig. 5). All
of the mutations decreased efflux more than influx. Efflux was
nearly abolished by most substitutions except His and Lys,
which retained 15—-20% of normal transport velocity. Neverthe-
less it was particularly difficult to quantitate efflux because of
the potential contribution of intracellular vesicular transport
revealed by confocal microscopy (Fig. 3). Simple calculations
illustrate this limitation: if the ratio between total vesicular
membrane surface and vesicular volume were small and the
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FIGURE 2. Glucose influx into human RBC. Zero-trans velocity of influx of
glucose into normal and patient RBCs was normalized to normal (control)
maximum velocity (V,.,) obtained from Lineweaver-Burke plots of uptake
and expressed as relative uptake velocity as a function of extracellular glu-
cose concentration. The lower set of symbols (open symbols and crosses) rep-
resents uptake measured in seven normal samples. The fitted line represents a
fitted Lineweaver-Burke relationship using a larger set of normal samples
(n = 30). Filled symbols reflect uptake by mutant RBCs associated with com-
plete loss of function of one allele (M, deletion of nucleotides 616-617 caus-
ing a frameshift; A, R330X, a truncating mutation; 4, R126C, a missense
mutant). Three fitted lines (upper set) indicate Lineweaver-Burke relationships
forthese mutants. Gray diamonds ( # ) indicate transport by G130S; data are fit
by a similar linear relationship.

surface of the oocyte was large, efflux might be rate-limited by
vesicular depletion of glucose. With a 0.5-mm radius, a typical
oocyte surface of m mm? can be estimated. However, capaci-
tance measurements from oocytes by voltage clamp steps
assuming a universal membrane capacitance of 1 microfarad/
cm? (43, 44) indicated that the plasma membrane surface is
much larger than expected, typically measuring ~18 mm? (not
shown). Thus, efflux kinetics from organelle-rich oocytes were
only qualitatively interpretable.

Modification of RI26H—To probe the topology of R126H, a
substitution that replaces an imidazole for the guanidinium
group of the native arginine, the pH of the extracellular solution
was decreased to 6.5. Although the pK, of histidine in solution
is 6.0, it is not feasible to predict the pK, of R126H given its
location in an unknown protein environment possibly subject
to intrinsic electrostatic and membrane potentials (45). Addi-
tionally the predicted a-helical folding of TM4 would generate
a helix dipole near Arg-126 that would decrease the pK,,. Nev-
ertheless we reasoned that if the presence of a positive charge
were important for transport and if the R126H imidazole was
titratable with a proton and this resulted in an enhanced glu-
cose flux, Arg-126 would necessarily be exposed to and acces-
sible from the extracellular solution. The ability of pH to mod-
ulate transport kinetics by protonation of titratable residues has
been documented in disease states (46), as a tool to investigate
membrane protein topology (47), and as a regulatory mecha-
nism of physiological relevance (48).

Decreasing extracellular pH below 6.5 had deleterious
effects on oocyte integrity and glucose transport. However, a
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FIGURE 3. Expression and targeting of GLUT1 and Arg-126 mutants in
oocytes. A, total normal human RBC membranes (RBC, leftmost lane) and
oocyte membrane extracts after reaction with the same antibodies. Addi-
tional water-injected oocyte and purified commercial GLUT1 controls were
added and labeled as in B. B, purified oocyte plasma membrane-enriched
extract stained with GLUT1 antibody. Water-injected oocyte membranes (@,
leftmost lane) and purified GLUT1 (Control, rightmost lane, 45-49 kDa,
obtained from FabGennix, Inc.) were added in parallel as controls to GLUT1-
injected (wild type (WT)) and mutant-injected oocyte membranes. C, confocal
microscopy of oocyte sections using GLUT1 primary antibody. Plasma mem-
brane targeting qualitatively similar to normal GLUT1 was observed for
charged substitutions Lys (K), Glu (E), His (H), and, to a lesser extent, Leu (L),
whereas mutant Cys (C) was associated with diminished membrane signal
relative to cytoplasmic signal. Water-injected oocytes did not exhibit appre-
ciable staining. For both A and B, molecular mass markers are labeled in kDa.
The gelin Arepresents one of seven experiments, and Brepresents one of two
independent experiments, all of which yielded similar results.

pH of 6.5 exerted a modest inhibitory effect on GLUT1,
whereas R126H transport function was augmented (Fig. 6),
indicating that Arg-126 resides in a location accessible to
protons and that, at this residue, charge rather than side
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FIGURE 4. Transport capacity of GLUT1 and Arg-126 mutants expressed
in oocytes. Each solid bar represents 30MG flux through oocytes injected
with GLUT1 or mutant transporters after subtraction of water-injected oocyte
30MG flux. The open bar in each panel represents the actual 30MG flux
through water-injected oocytes used for subtraction. A, influx was measured
in cells exposed to 1 mm extracellular 30OMG in near zero-trans conditions.
B, efflux was determined in cells injected with concentrated 30MG to achieve
~1 mm intracellular 30OMG. Measurements were obtained from a least three
independent batches of oocytes with n = 15. Error bars represent S.D.

Water

chain size (as shown by the transport-defective R126L
mutant) facilitates substrate translocation.

To further probe accessibility, the effect of ZnCl, was tested
on R126H (Fig. 7). At both 10 and 100 uM, ZnCl, caused a
concentration-related block of both wild type and R126H of
similar magnitude, probably indicating that the R126H muta-
tion does not create an accessible metal binding site (Fig. 7).
The lack of a significant effect of ZnCl, on R126H despite the
effects of protons at this site suggests either that Arg-126 is not
exposed into a large, water-filled space, such as a vestibule at the
extracellular mouth of GLUT1, and/or that a single His residue
is insufficient for the coordination of the metal ion due to the
absence of a neighboring binding partner.

TM4 in the Context of the GLUT1 Model—The GLUT1
model illustrates the topology of helices relative to one another
and to the plasma membrane (Fig. 8). As established by the
crystal structures of LacY and GlpT, the transporting (catalytic)
core of GLUT1 is formed by a set of the 12 transmembrane
helices. It is only within this transmembrane core that some
homology exists among the MFS proteins. In the GLUT1
model, helical length, curvature, kinks, and tilt angle vary con-
siderably across the 12 TMs, thus decreasing the number of
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FIGURE 5. Concentration dependence of 30MG influx and efflux. A, con-
centration dependence of 30MG influx into oocytes expressing GLUT1 and
Arg-126 mutants. B, 30MG efflux measured from oocytes injected with
30MG. Transport isotherms were obtained by fitting a Michaelis-Menten
equation to the efflux and influx data. Measurements were obtained from a
least three independent batches of oocytes with n = 15. Error bars represent
S.D. WT, wild type.

potential helix-to-helix contacts and preventing dense packing.
Although loose packing may render the molecule more prone
to large conformational changes such as those proposed for
LacY, our model offers too many degrees of conformational
freedom to be useful for dynamic predictions even accounting
for the relatively short loops between TM1 through TM6 and
between TM7 through TM12. On the other hand, crystalliza-
tion of stabilized transporter in preferred conformations may
make not large but rare movements apparent. Therefore, our
model (comparable in this regard to the crystal structure) offers
only a framework that limits some potential interactions and
suggests others on the basis of TM packing and connecting loop
length.

In this context, TM4 was modeled as a kinked helix (at resi-
dues Gly-130 and Pro-141) situated at the catalytic core and in
close apposition to TM1 and TM5. It was not possible to iden-
tify a potential pairing charge in the vicinity of Arg-126, sug-
gesting that the residue may increase the electrostatic potential
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FIGURE 7. Inhibition of 30MG transport by ZnCl, in GLUT1- (filled bars)
and R126H (open bars)-expressing oocytes. Cells were preincubated in
freshly dissolved ZnCl, for 10 min prior to the assay and maintained in the
same blocker concentration in the presence of 50 mm glucose during the
assay. The efficacy of ZnCl, as a blocker of GLUT1 and R126H was not signifi-
cantly different (t test p > 0.1) under 10 and 100 um ZnCl,. n = 4 oocytes per
assay. Error bars represent S.D.

in the vicinity of the transporter and probably interacts with a
water shell.

DISCUSSION

We undertook the identification of residues essential for
GLUT1 function by analyzing human SLC2A I missense muta-
tions that cause GLUT1 deficiency. The rest of the (non-mis-
sense) mutations identified in SLC2A1 included a variety of
sequence variations that followed no discernible pattern when
mapped on the gene structure. These mutations may cause
GLUT1 haploinsufficiency through a variety of plausible
mechanisms: (4) hemizygosity resulting from large scale
deletion of an entire allele in chromosome 1 (17), (b) primary
or secondary stop codon insertion (the latter arising from
frameshift, insertion, or deletion mutations) resulting in
polypeptide truncation and obligatory complete loss of func-
tion (23), (¢) aberrant targeting of a normally folded protein,
(d) inefficient catalysis due to active site mutation or confor-
mational restrictions (26), and (e) inadequate RNA process-
ing due to splice site mutations (33). In contrast, missense
mutations highlight residues potentially important for fold-
ing, processing, subunit interactions, and catalysis. Of these,
residues involved in establishing protein interactions and/or
transport may be inferred from the fraction of mutants that
retain glucose transport capacity in RBC. Structure-function
studies and comparative topological models based on pro-
teins of known structure can then be used to discern the
subset of amino acids involved in catalysis.

A modest degree of homology and a similar function indicate
that GLUT1 must fold like other MFS proteins (2, 21). Three
MES crystal structures are available (3-5), providing a frame-
work for the interpretation of GLUT1 mutational analyses.
Although these structures represent one (the predominant)
state of the stabilized transporter, substantial evidence from
work on LacY and GLUT1 has indicated that both large scale
conformational changes and small atomic exchanges occur
incessantly (49, 50), many of which affect transport and would
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FIGURE 8. GLUT1 model. TM helices are represented in gray except for TM4,
indicated by a yellow ribbon, and select helices, labeled and shown in color.
The side chains of residues subject to missense mutation are depicted in pink
and numbered. Top panel, view normal to the membrane from the extracellu-
lar aspect of the transporter. Bottom panel, view parallel to the plane of the
membrane. Dotted lines represent the putative boundaries of the plasma
membrane and have been arbitrarily placed. IN and OUT denote the extracel-
lular and intracellular spaces, respectively.

have been difficult to predict from the crystal structure alone.
On the other hand, the functional analysis of site-directed
mutants often is not directly interpretable in structural terms
except in three special instances: (a) when a reactive site is
introduced and then perturbed to yield information about the
local environment (51), (b) when antibody epitopes are inserted
in the protein to probe their location relative to the membrane
(12), and (c¢) when transport is disrupted by mutation or chem-
ical modification of residues that are located at short periodic
intervals in the peptide chain, allowing for the inference of
ordered or disordered secondary structures (32, 52). Yet in
these experimental approaches, as in others, functional infer-
ences are subordinate to (or at least necessitate) complemen-
tary modeling of the rest of the molecule, a subject of intense,
ongoing efforts in the case of GLUT1 (53-58).
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Several GLUT1 mutations revealed a pattern consistent with
a-helical folding: residues 124, 126, 130, 13,7 and 146, all
located in TM4, can be modeled as lining one side of a helix. In
LacY, TM4 constitutes one of the longest helices, extending
into the cytoplasm as a kinked, tilted rod. Kinks occur at LacY
positions Gly-111 and Pro-123, demarcating three approxi-
mately equal length segments in TM4. In the ligand-free LacY,
Glu-126 is part of a helix-to-helix charge pair advanced into the
vicinity of the pore by the kinked configuration of TM4
imposed by Pro-123 on the cytoplasmic third segment of the
helix. LacY Glu-126 dissociates from its paired state in the
occupied permease to allow interaction with the substrate via
water molecules. The rest of the membrane-spanning part of
the helix not facing the substrate translocation pathway is
embedded in the protein core in close proximity to TMs 1, 2,
and 3 (3). In GIpT, a glycerol 3-phosphate and phosphate
exchanger, Arg-45 and Arg-269, located in TM1 and TM?7,
respectively, offer unpaired charges that may also participate
in phosphate binding as the substrate induces a conforma-
tional change. GLUT1 Arg-126, the residue most frequently
mutated in GLUT1 deficiency, is the only charge in TM4
(Table 2). Our GLUT1 model (Fig. 8) did not identify any
potential charge-pairing, acidic residues in the vicinity of
Arg-126, suggesting that Arg-126 may exist in free ionized
form rather than neutralized by a neighboring charge or
embedded in the protein core.

To test the latter possibility, we expressed and probed
access to substitution R126H. The results supported the
hypothesis: first, the histidine replacement affected glucose
influx and efflux but was compatible with the expression of
functional transporters (as were other substitutions at this
locus; Fig. 4 and Table 1), indicating that an arginine at 126 is
not required for function, and second, the residue is acces-
sible to protons (and possibly not to zinc) from the extracel-
lular solution. Thus, Arg-126 may be positioned at a location
near the opening of the transporter from which the branched
guanidinium group is capable of offering two hydrogen
bonds to substrate oxygen atoms and of contributing to the
intrinsic electrostatic potential at the extracellular aspect of
the transporter. The rest of the transmembrane core of
GLUT1 is devoid of charged residues, except for His-337 in
TM9, a peripheral helix in both LacY and GlpT, which is
therefore unlikely to contribute to substrate binding
directly, and for His-160 in TM5 and Glu-380 in TM10.
Although itis not known whether GLUT1 His-160 is ionized,
the latter two residues are located at catalytically important
regions of LacY, suggesting that they may participate,
together with Arg-126, in glucose binding to GLUT1. In par-
ticular, LacY Arg-144, located in TM5, also interacts with
substrate via hydrogen bonding (3). GLUT1 H160C is not
accessible to extracellular p-chloromercuribenzenesulfon-
ate, as no other residue in the cytoplasmic half of TM5 is
(perhaps because of hindered penetration of the reagent),
but mutation to cysteine is associated with reduced trans-
port capacity (59), whereas Glu-380 reacts with p-chloro-
mercuribenzenesulfonate under similar conditions (60).
These results are compatible with the potential role of these
residues in substrate binding. No cysteine-substituted
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mutant in the GLUT1 TM4 region spanning residues 127—
148 reacted appreciably with p-chloromercuribenzenesul-
fonate (15), possibly indicating tight packing of the helix
below position 127. However, mutation of residues 130, 134,
143, and 146, located on the side of the helix identified as
functionally important (see “Results”), abolished transporter
function, expanding the inference made from the location of
the human mutations. Residues 145 and 148, situated near
the carboxyl end of TM4, can be bonded with TM8 residues
by membrane-permeant cross-linkers, consistent with a
cytoplasm-immersed end of a helical TM4 that offers
another side of the helix to the vicinity of TM8 (61).

The majority of the remaining GLUT1 mutations involved
TM-associated glycines and charged intracellular residues
that were previously recognized as structural signatures on
the basis of sequence conservation among many MFS trans-
porters and other related membrane carriers (62). Some of
these signature residues have been subjected to mutational
analysis, and thus their function is known. TM glycines can
induce helical breaks and are also a conserved feature of
numerous membrane helices (62). In LacY, TM4 Gly-111
causes a break in secondary structure as do Gly-150 and
Gly-268 in other substrate-interacting TMs, allowing the
direct exposure of many of the residues directly involved in
catalysis to the vicinity of the substrate (3). Gly-27 (TM1),
Gly-75 (TM2), and Gly-91 (TM2-3 loop) are transporter
signatures mutated in GLUT1 deficiency and thus may be
essential for substrate docking with the recognition site even
if they do not contact the glucose molecule.

The last category of mutations involved charged residues
flanking membrane domains, which generally serve to anchor
TMs to the membrane particularly when membrane helices are
curved (4). Among these, Arg-93 (at the cytoplasmic end of
TM2 or TM2-3loop), Arg-153 (at the intracellular end of TM5
or TM4 -5 loop), and Arg-333 (TM8 —-TM9 loop) are also con-
served across MES transporters. GLUT4 Arg-153, aligned with
GLUT1 Arg-153, diminishes transport capacity and eliminates
cytochalasin B binding to its endofacial aspect while reducing
recognition of 2-N*-(1-azi-2,2,2-trifluoroethyl)benzoyl-1,3-
bis(p-mannosyloxy)-2-propylamine at its exofacial site to a
lesser degree (63). These effects are consistent with an altered
transporter structure incapable of undergoing normal confor-
mational changes. Arg-93 and Arg-333 are part of RXGRR loop
motifs situated at homologous positions in both halves of the
transporter (TM1-TM6 and TM7-TM12) and probably reflect
evolutionary gene duplication (22). Charge reductions in any of
the two RXGRR loops lead to the production of misinserted
transporters devoid of activity (36). In GLUT4, mutation of
Arg-92 in the first loop motif reduces function but does not
impair cytochalasin B binding, whereas combined substitution
of R333L and R334A also reduces transport without affecting
cytochalasin B or 2-]\#-(1-azi-2,2,2-triﬂu0r0ethyl)benzoyl-1,3-
bis(p-mannosyloxy)-2-propylamine binding, indicating that, in
addition to their role in folding, the charged loops participate in
the conformational changes necessary for substrate transloca-
tion (63). Of note, Arg-333 also participates in the regulation of
GLUTT1 kinetics by ATP (64), a phenomenon of probable phys-
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iological and pathological relevance under conditions of
impaired oxidative phosphorylation (65).

Based on the frequency of GLUT1 polymorphisms observed
in normal individuals,®> we conclude that many of the trans-
porter residues are probably replaceable without noticeable
functional consequences. Only a set of conserved amino acids is
essential. These include glycine, capable of inducing helical
breaks, and charged residues mainly involved in the stabiliza-
tion of membrane helices required for conformational changes.
The results, however, do not imply that these or other patho-
genic mutations (in TM4 and elsewhere) alter substrate flow
through the pore directly, a feature incorporated in some struc-
tural models (57, 58). Rather in light of the available MFS struc-
tures, they identify a membrane helix (TM4) ideally situated as
a transducer of substrate binding. We conclude that TM4 may
present a surface of interaction necessary for the intramolecu-
lar rearrangement of this and other helices as the substrate is
translocated.
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