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ABSTRACT: Transmembrane helix 9 of the Glut1 glucose transporter was analyzed by cysteine-scanning
mutagenesis and the substituted cysteine accessibility method (SCAM). A cysteine-less (C-less) template
transporter containing amino acid substitutions for the six native cysteine residues present in human Glut1
was used to generate a series of 21 mutant transporters by substituting each successive residue in predicted
transmembrane segment 9 with a cysteine residue. The mutant proteins were expressed in Xenopus oocytes,
and their specific transport activities were directly compared to that of the parental C-less molecule whose
function has been shown to be indistinguishable from that of native Glut1. Only a single mutant (G340C) had
activity that was reduced (by 75%) relative to that of the C-less parent. These data suggest that none of the
amino acid side chains in helix 9 is absolutely required for transport function and that this helix is not likely to
be directly involved in substrate binding or translocation. Transport activity of the cysteine mutants was
also tested after incubation of oocytes in the presence of the impermeant sulfhydryl-specific reagent,
p-chloromercuribenzene sulfonate (pCMBS). Only a single mutant (T352C) exhibited transport inhibition
in the presence of pCMBS, and the extent of inhibition was minimal (11%), indicating that only a very small
portion of helix 9 is accessible to the external solvent. These results are consistent with the conclusion that
helix 9 plays an outer stabilizing role for the inner helical bundle predicted to form the exofacial substrate-
binding site. All 12 of the predicted transmembrane segments of Glut1 encompassing 252 amino acid residues
and more than 50% of the complete polypeptide sequence have now been analyzed by scanning mutagenesis
and SCAM. An updated model is presented for the outward-facing substrate-binding site and relative
orientation of the 12 transmembrane helices of Glut1.

The members of the GLUT/SLC2A family are membrane
proteins that mediate the facilitative transfer of sugars across
cellular membranes (1). These proteins belong to the major
facilitator superfamily (MFS)1 that contains nearly 3600 mem-
bers in all three Kingdoms and represents the largest superfamily
of membrane transporters (2-4). GLUT proteins and other
MFS proteins are ubiquitously expressed and have been dis-
covered in virtually every organism examined. At least five of the
14 mammalian GLUT proteins are glucose transporters that are
expressed and regulated in a cell-specific fashion and that play
distinct roles in cellular and organismal glucose homeostasis
(5, 6). Because glucose is an important or essential nutrient
for most mammalian cells, defects in its transport are associated
with several disease states, including diabetes (7), Glut1 defi-
ciency syndrome (8), and Fanconi-Bickel disease (9). Most of the

available kinetic and biophysical data suggest that GLUT
proteins operate via an alternating conformation mechanism
(10, 11), although their kinetic behavior can be altered by various
factors (12-15). Despite the physiological importance of these
proteins, virtually nothing is known at the molecular level about
the mechanism by which they bind and transport their substrates
across lipid bilayers.

Glut1 was the first mammalian glucose transporter to be
purified (16) and cloned (17, 18) and is one of themost intensively
investigated of all membrane transporters. It is widely expressed
in mammalian cells, often in conjunction with other glucose
transporter isoforms, and is the major glucose carrier of human
erythrocytes and brain endothelium (19, 20). It also appears to
play an important role in the uptake of reduced dehydroascorbate
in certain cells (21). Glut1 is a protein of 492 amino acid residues
and contains a single N-linked oligosaccharide (17). Analysis of
the amino acid sequence predicted the presence of 12 membrane-
spanning domains, and this has been confirmed by glycosylation
scanning mutagenesis studies (22) and is consistent with the
results of proteolytic digestion experiments (23). These observa-
tions indicate that∼50% of the molecule is embedded in the lipid
bilayer. Evidence suggests that Glut1 may function as an oligo-
mer in some cell types, including human erythrocytes (24, 25).
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Scanning mutagenesis studies have been reported for 11 of the
12 predicted transmembrane helices of Glut1 (26-36). These
studies, together with other site-specific mutagenesis experi-
ments (37-46), have identified several amino acid residues that
appear to be critical for substrate binding or translocation.Along
with homology modeling (47) based on the known structures of
two bacterial transporters, the lac permease (48) and glycerol-3-P
antiporter (49), scanning mutagenesis combined with the sub-
stituted cysteine accessibility method (SCAM) has helped in the
formulation of models for the bundling and orientation of the 12
predicted transmembrane segments and the substrate-binding
site in the exofacial configuration of the transporter.

Herein, we report the results of cysteine-scanning mutagenesis
and SCAM analysis of transmembrane segment 9 of Glut1, the
last membrane domain of the transporter to be analyzed by these
procedures. The results are consistent with amodel in which helix
9 is one of four outer helices that stabilize an inner bundle of eight
helices that form the substrate-binding site. The cumulative
experimental data are discussed with reference to a published
structural model based on homology to bacterial transporters.

EXPERIMENTAL PROCEDURES

Materials. Imported female African Xenopus laevis frogs
were purchased from Xenopus Express (Homosassa, FL), [3H]-
2-Deoxyglucose and diguanosine triphosphate were purchased
from Amersham Pharmacia Biotech (Arlington Heights, IL).
Megascript RNA synthesis kits were purchased from Ambion
Inc. (Austin, TX), and Transformer Site-Directed mutagenesis
kits were obtained from Clontech (Palo Alto, CA).
General Procedures. Procedures for the site-directed muta-

genesis and sequencing of human Glut1 cDNA and the in vitro
transcription and purification of Glut1 mRNAs (50), isolation,
microinjection, and incubation of Xenopus oocytes (51), pre-
paration of purified oocyte plasma membranes and indirect
immunofluorescence laser confocal microscopy (39), SDS-poly-
acrylamide gel electrophoresis and immunoblotting with the
Glut1 C-terminal antibody (38), and 2-deoxyglucose uptake
measurements (52), have been described in detail previously.
Treatment with pCMBS. Stage 5 Xenopus oocytes were

injected with 50 ng of wild-type or mutant Glut1 mRNA. Two
days after injection, groups of ∼20 oocytes were incubated for
15 min in the presence or absence of the indicated concentrations
of p-chloromercuribenzene sulfonate (pCMBS), in Barth’s saline
at 22 �C. The 100� concentrated reagent stock was prepared in
100% dimethyl sulfoxide, and control oocytes were treated with
the appropriate concentration of vehicle alone. After a 15 min
incubation period, the oocytes were washed four times in Barth’s
saline and then used for the determination of [3H]-2-deoxyglu-
cose uptake (50 μM, 30 min at 22 �C).
Specific Activity Determinations. Membranes were pre-

pared 2 days following injection of 50 ng of mutant RNA per
oocyte. Western blot analysis of each of the mutant transporters
was performed on ∼1 μg of total membrane protein, and the
intensity of the upper Glut1 band, representing the fully glyco-
sylated form of the protein present in the plasma membrane,
was quantified by scanning densitometry using a Molecular
Dynamics Phosphorimager SI. Absolute expression levels were
determined on the basis of a standard curve derived using
previously titered aliquots of human erythrocyte membrane ana-
lyzed on the same blots. Analysis was performed using Image-
Quant NT (version 4.0). The [3H]-2-DOG uptake (picomoles per

oocyte per 30min) of eachmutantwas concomitantly determined
in each set of experiments. Specific activity is expressed as the
2-deoxyglucose uptake per nanogram of mutant Glut1 protein
expressed per microgram of total oocyte membrane protein, and
the data were then normalized by assigning the uptake activity
of the parental C-less protein a value of 1.0. In one instance
(G343C), because of the low expression level of the mutant,
expression levels of C-less Glut1 and the mutant were titered by
injecting variable amounts of their corresponding mRNAs. The
relative specific activity was then determined on the basis of the
calculations obtained at similar levels of protein expression.
Statistical Analysis. Uptake data were analyzed for statis-

tical significance using the two-tailed, unpaired Student’s t test.

RESULTS AND DISCUSSION

Eleven of the 12 predicted transmembrane segments in the
human Glut1 glucose transporter have previously been analyzed
by cysteine-scanning mutagenesis and the substituted cysteine
accessibility method (26-36). The former analysis permits iden-
tification of amino acid residues that are critical for transport
activity, and the latter analysis identifies residues that are acces-
sible to the external solvent, enabling a determination of the
relative orientation of the transmembrane helices. The cDNA
region of Glut1 encoding helix 9, the final Glut1 transmembrane
segment to be analyzed by these procedures, was subjected to site-
directed mutagenesis to create a series of 21 mutants with single
cysteine substitutions (single-C mutants) along the helix. The
mutations were generated using a parental Glut1 cDNA template
in which all six native cysteine codons were altered to encode
either glycine or serine residues (30, 53). The resulting cysteine-
less (C-less) Glut1 protein is fully functional when expressed in
Xenopus oocytes. Helix 9 is presented in helical wheel format in
Figure 1. It is the second most hydrophobic helix in Glut1. The
specific mutations introduced into C-less Glut1 to produce the 21
helix 9 single-C mutants are listed in Table 1.

Synthetic mRNAs encoding each of the single-C mutants and
the parental C-less Glut1 molecule were injected into X. laevis
oocytes, and the expression and function of the mutant trans-
porters were assessed 48 h later. Figure 2A shows representative
confocal immunofluorescent micrographs of sections of oocytes
expressing each of the mutants and stained with an antibody
that recognizes the cytoplasmic C-terminus of Glut1. All of the
mutants were detected in the oocyte plasma membrane and
in internal membrane structures. As we have reported pre-
viously (50), Glut1 expressed in oocytes appeared as two broad
bands by immunoblot analysis (Figure 2B). The lower band
represents core glycosylated protein that had not yet traversed the
Golgi apparatus. The upper band represents fully glycosylated
transporter protein that had largely matured to the plasma
membrane. The relative prominence of the lower bands is due
to the extremely slow transit time of Glut1 through the early
biosynthetic compartments of oocytes (50). As observed in many
previous experiments (26-36), the expression levels of the
different mutants were somewhat variable. The upper bands
were quantified by comparison to the previously determined
Glut1 content of red blood cell membranes loaded as standards
on the same gels. The absolute amount of Glut1 detected in the
oocyte plasma membranes was used to normalize the mutant
transporter activity levels (see below).

The function of the mutant transporters was assessed by
measuring the uptake of [3H]-2-deoxyglucose. Figure 3 shows
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uptake data after normalization to account for different levels of
expression of the single-C mutants. The uptake values are
compared in each case to that of the C-less parental protein
analyzed using the same batches of oocytes. Only a singlemutant,
G340C, exhibited a statistically significant reduced specific
activity relative to the C-less control. G343C protein was
expressed at very low levels relative to C-less Glut1 in oocytes.
Therefore, to accurately determine the activity of this mutant
relative to the control, we injected different levels of C-less Glut1
and G343C mRNAs into oocytes to obtain varying levels of
expression of the two proteins. The specific transport activities of
G343C and the C-less control were then compared directly in
independent experiments at very similar levels of protein expres-
sion. These are the results shown in Figure 3 for G343C.

The accessibility of the helix 9 residues to the external solvent
was assessed by measuring [3H]-2-deoxyglucose in oocytes after
incubation in the presence or absence of the sulfhydryl-specific
reagent, p-chloromercuribenzene sulfonate (pCMBS) (Figure 4).
Reaction of pCMBS adds a bulky charged aromatic group to
accessible cysteine side chains and inhibits transport activity to
varying degrees, depending on the residue (37). The activity of
only one mutant, T352C, was inhibited after incubation of
oocytes in pCMBS, and the magnitude of the inhibition was
very modest (∼10%). V165C, a helix 5 mutant, is a well-
characterized positive control for the pCMBS reaction (37).
Transmembrane helices that appear to comprise the inner helical
bundle and are thus predicted to have faces that are in direct
contact with the external solvent contain between four and eight
pCMBS reactive residues (26-36). These results are consistent
with helix 9 acting as an outer stabilizing helix that has minimal
contact with the exoplasmic fluid.

With the analysis of helix 9 described in this study, all 252
amino acid residues comprising the 12 predicted transmembrane
segments of human Glut1 have been subjected to cysteine-
scanning mutagenesis and SCAM analysis. These data are
summarized schematically in Figures 5 and 6. Forty-five of the
252 predicted transmembrane residueswere accessible to pCMBS

from the external solvent (purple residues in Figure 5 and
numbered residues in Figure 6). The results permit a crude but
reliable approximation of the relative orientation of most of
the transmembrane helices in the exofacial conformation of the
transporter. The data are mostly consistent with a basic model
for the helical packing of Glut1 (32, 47) that is similar to the
known crystal structures of theEscherichia coli lac permease (48),
glycerol-3-P antiporter (49), and EmrD multidrug transpor-
ter (54) (see Figures 5 and 6) in which a central aqueous cavity
formed by eight inner helices is stabilized by four outer helices.
Helix 4 exhibited no pCMBS-sensitive residues, but the orienta-
tion shown in Figure 6 is consistent with the results of chemical
cross-linking experiments involving dicysteine mutants (ref (55);
see the discussion below). The orientation of helices 1 and 12
could not be assigned unambiguously because their pCMBS
sensitivity exhibited no periodicity and their reactive residues
probably lie outside of the membrane within the exoplasmic
fluid (see the discussion below). They were oriented in the most
thermodynamically favorable way such that their polar side
chains face either the aqueous cavity or an adjacent helix and
that only hydrophobic side chains directly face the fatty acyl core
of the bilayer.

It is important to emphasize that the crystal structures appear
to represent the cytoplasmic-facing orientations of the two
bacterial transporters and that the SCAM results summarized
in Figures 5 and 6 apply to the exoplasmic-facing orientation of
Glut1. The latter assertion follows from the fact that pCMBS is
membrane impermeant (56) along with the strong preference for
reactivity with Glut1 residues that are predicted to reside in the
exofacial halves of the 12 transmembrane segments. The crystal
structures of the three bacterial transporters indicate that their
prominent cytoplasmic substrate-binding cavities are tightly
sealed off at the periplasmic face of the membrane, strongly
suggesting a carrier model for transport function in which a
substrate-binding site (or two distinct sites) are alternately

Table 1: Mutations Used To Create Helix 9 Single-Cysteine Mutantsa

residue amino acid change codon change

338 Leu f Cys CTC f TGC

339 Ile f Cys ATA f TGC

340 Gly f Cys GGC f TGC

341 Leu f Cys CTC f TGC

342 Ala f Cys GTC f TGC

343 Gly f Cys GGC f TGC

344 Met f Cys ATG f TGC

345 Ala f Cys GCG f TGC

346 Gly f Cys GGT f TGC

347 Ser f Cys AGT f TGC

348 Ala f Cys GCC f TGC

349 Ile f Cys ATA f TGC

350 Leu f Cys CTC f TGC

351 Met f Cys ATG f TGC

352 Thr f Cys ACC f TGC

353 Ile f Cys ATC f TGC

354 Ala f Cys GCG f TGC

355 Leu f Cys CTA f TGC

356 Ala f Cys GCA f TGC

357 Ile f Cys CTG f TGC

358 Ile f Cys CTG f TGC

a cDNA encoding cysteine-less (C-less) human Glut1 was subjected to
site-directed mutagenesis, creating a series of 21 mutant cDNAs in which
each of the 21 residues within transmembrane helix 9 was individually
changed to cysteine. Residue refers to the amino acid numbering for human
Glut1 given in ref (17). Amino acids are designated by the three-letter code.

FIGURE 1: Helical wheel representation of helix 9. Transmembrane
helix 9ofGlut1 viewed fromthe exoplasmic surface of themembrane.
Amino acids are represented by the single-letter code. The red arrow
points to the residue where cysteine substitution resulted in an
inhibition of transport activity, and the black arrow points to the
single residue that is exposed to the external solvent according to
pCMBS reactivity.
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exposed at opposite faces of the membrane in two mutually
exclusive transporter conformations (57). An alternating con-
formation/accessmodel is also strongly suggested by the presence
of a bound high-affinity disaccharide substrate within the
cytoplasmic cavity of crystallized lac permease and the absence
of bound ligand at the periplasmic face of the membrane (48, 57).
An alternating accessmodel for glucose transport is supported by
a large body of kinetic and biophysical data collected over the
course of several decades (discussed in refs (10), (58), and (59)).
Although kinetic anomalies have been observed for Glut1 (12),
it is unclear to what extent these reflect the basic transport
mechanismas opposed to regulatory phenomena or experimental
limitations. It is also noteworthy that Glut4 exhibits simple
symmetric carrier kinetics in rat adipocytes (60), consistent with
an alternating access carrier model. It seems unlikely that two
closely related mammalian glucose transporters would exhibit
fundamentally different mechanisms.

Three of the four predicted outer helices of Glut1 (helices 3, 6,
and 9) possess only a single pCMBS-sensitive residue, consis-
tent with very limited accessibility to the external solvent. The
exception is helix 12, which contains five pCMBS-sensitive
residues. The five reactive residues in helix 12 are contiguous
and are predicted to lie very near the exoplasmic end of the helix
(see Figures 5 and 6). It is therefore probable that these residues
reside outside the lipid bilayer in direct contact with the external
fluid when the transporter is in its exoplasmic configuration.
Seven of the eight predicted inner helices possess between four
and eight residues that are reactive with pCMBS, most of which
lie in the exoplasmic halves of their respective helices. These data
are consistent with solvent-accessible helical faces that line a
putative exoplasmic substrate-binding cavity analogous to the

cytoplasmic substrate binding cavities evident in the crystal
structures of the bacterial transporters. The sole exception is
helix 4, which does not possess any pCMBS-sensitive residues.
This observation strongly suggests that helix 4 has little if any
exposure to the external solvent. The four pCMBS-reactive
residues in helix 1 are contiguous and, like the pCMBS-sensitive
residues in helix 12, are predicted to lie at the extreme exoplasmic
end of the helix (see Figures 5 and 6). It is therefore probable that
these residues are positioned in the extracellular fluid outside of
the membrane when the transporter is in its exofacial configura-
tion and that the bulk of helix 1 may be shielded from the
exoplasmic fluid in the external orientation.

Helix 4 lines the aqueous cavity present in the cytoplasmic
configurations of the lac permease (48) and glycerol-3-P anti-
porter (49) and participates directly in substrate binding in the
case of the lac permease. If we assume that the basic cytoplasmic
folding pattern of the two bacterial transporters is conserved in
Glut1 (32, 47), then the lack of solvent accessibility of helix 4 in
the exofacial configuration suggests that the exoplasmic helical
bundling patterns of the MFS transporters may differ from that
of their cytoplasmic structures. Additional evidence in support of
this possibility is provided by chemical cross-linking experiments
conducted on dicysteine mutant Glut1 molecules expressed in
oocytes (55). This study demonstrated that Leu325 and Val328
near the cytoplasmic end of helix 8 are positioned within∼6 Å of
Gly145 and Ser148, both of which are located near the cyto-
plasmic endof helix 4. These twopairs of residues are predicted to
be positioned much further apart (∼26 Å) in the Glut1 structure
modeled on the cytoplasmic configuration of the glycerol-3-P
antiporter (49). Thus, either this Glut1 model is not accurate, or
the cytoplasmic and exoplasmic structures of the transporter

FIGURE 2: Expression of helix 9 single-Cmutant transporters inXenopus oocytes. Stage 5Xenopus oocytes were injected with 50 ng of wild-type,
C-less, or mutant C-less mRNAs; 2 days later, frozen sections were prepared and analyzed by indirect immunofluorescence laser confocal
microscopy, or oocytes were used to prepare purified membrane fractions for immunoblot analysis. (A) Confocal micrographs of oocytes
expressing each of the 21 single-Cmutants. (B) Immunoblots of 10 μg of total oocyte membrane protein loaded per lane. Rabbit antiserumA674
raised against the 15C-terminal residues of humanGlut1was used at a 1:500 dilution.Numbers above the lanes at the right represent the amounts
in nanograms of human erythrocyte Glut1 loaded in each lane as a quantitative standard.



5938 Biochemistry, Vol. 48, No. 25, 2009 Mueckler and Makepeace

differ considerably. If themodeling is accurate with respect to the
positioning of these two pairs of residues, then the cross-linking
data presumably reflect the exoplasmic configuration of Glut1 in
which an exofacially exposed cavity is sealed off at the cytoplas-
mic end, thus explaining the close apposition of the cytoplasmic
ends of helices 4 and 8. A similar conclusion was reached in a
comparison of chemical cross-linking data obtained on dicysteine
mutants of the lac permease and the cytoplasmic-oriented crystal
structures (61); i.e., the cross-linking data indicate the existence of
a conformation of the permease that is distinct from the crystal
structure.

What experimental evidence exists regarding the exofacial
substrate-binding site of Glut1? Elegant studies using a series
of deoxy, epimeric, halogeno, and O-alkyl glucose analogues
suggest that the transporter forms hydrogen bonds with glucose
at the C-1, C-3, C-4, and possibly the C-6 and ring oxygen
positions (62, 63). Additionally, glucose binding appears to be
stabilized by a hydrophobic interaction between C-6 and an
aromatic side chain of the transporter (62). It is not known
whether all of the interactions between the sugar andGlut1 occur
simultaneously in the exofacial cavity. It is possible that some
interactions occur sequentially as relative movement occurs
between glucose and the transmembrane helices. Movement of
glucose in the cavity would presumably be accompanied by
solvation and desolvation of the sugar and protein at specific
sites as sugar-protein interactions form and break. Several
amino acid residues in Glut1 whose possible interaction with
glucose is consistent with experimental mutagenesis and SCAM

results are shown in diagrammatic form in Figure 6. Note that
not all potential substrate-binding residues in Glut1 have been
analyzed, so that the residues shown represent an incomplete
subset of candidates. The experimental constraints used to
identify these residues were as follows. (1) The residue must be
exposed on a helical face in contact with the external solvent as
determined by pCMBS sensitivity. (2) Alteration of the side chain
by mutagenesis must inhibit the rate of substrate influx. (3) The
residue must possess a side chain that is capable of donating or
accepting a hydrogen bond or possessing an aromatic side chain
(in the case of interactionwith the C-6 region of glucose).Most of
the putative substrate-binding residues lie within the middle third
of their respective helix. This is consistent with the cytoplasmic
substrate-binding sites in the lac permease (48) and the glycerol-
3-P antiporter (49) but was not used as an absolute constraint
because of the uncertain location of the ends of the transmem-
brane segments. Additionally, as discussed above, the precise
molecular interactions between the transporter and glucose may
be altered with the commencement of the conformational change

FIGURE 3: 2-Deoxyglucose uptake activity of helix 9 single-C
mutants. [3H]-2-Deoxyglucose uptake (50 μM, 30 min at 22 �C)
and the plasma membrane content of each single-C mutant were
quantitated 2 days after injection of mRNAs. Results represent the
mean ( standard error of 5-10 independent experiments, each
experiment employing 15-20 oocytes per experimental group. The
star denotes a p of <0.001 for the single-C mutant compared to
parental C-less Glut1. Background values observed in sham-injected
oocytes were subtracted.

FIGURE 4: Effect of pCMBS on the transport activity of helix 9
single-C mutants. Three days after injection of mRNAs, groups of
15-20 oocytes were incubated in the presence or absence of 0.5 mM
pCMBS in Barth’s saline at 22 �C for 15 min. Oocytes were washed
four times in Barth’s saline and then subjected to 2-deoxyglucose
uptake measurements under the conditions described in the legend
of Figure 3. Results represent the mean ( standard error of 5-11
independent experiments, each experiment employing 15-20 oocytes
per experimental group. Data are expressed as relative uptake
activity, i.e., uptake observed in the presence of pCMBS divided by
the uptake observed in the absence of pCMBS. C-less represents the
parental cysteine-less Glut1 construct. V165C is a well-characterized
positive control whose activity is inhibited by pCMBS (37). A star
denotes a p of<0.05, activity with vs without prior incubation in the
presence of pCMBS.
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FIGURE 5: Summary of mutagenesis data and SCAM analysis of Glut1. The membrane is represented by a black rectangle, and the 12
transmembrane segments are numbered consecutively from the N-terminus to the C-terminus. The termini of the transmembrane segments are
assigned as proposed in ref (17). Amino acid residues are identified by the single-letter code. Amino acid residues that have been subjected to
mutagenesis are colored green. Residues that represent sites of pCMBS sensitivity are colored purple. Residues corresponding to mutations that
inhibit transport activity by>90% are colored yellow. Putative substrate-binding residues are colored red. See the text for a detailed discussion.

FIGURE 6: Low-resolution cartoon for the arrangement of the 12 transmembrane helices and of the exofacial binding site of Glut1. Proposed
model of the exofacial glucose-binding site as viewed from the outside of the cell. For the sakeof simplicity, all transmembrane segments are drawn
as perfect helices perpendicular to the plane of the membrane. Glucose is not drawn to scale. The dotted lines represent possible hydrogen bonds
formedbetweenglucosehydroxyl groupsand various side chainsonGlut1.Numbered residues are accessible topCMBS fromthe external solvent.
The arrows on the right represent the probable displacement of helices 1 and 4 in the exofacial configuration of the transporter as compared to the
cytoplasmic configuration. Residues in helices 4 (G145) and 8 (L325) that are within∼6 Å of each other as determined by chemical cross-linking
experiments are indicated. Most helices are positioned such that their pCMBS-accessible residues face a proposed central cavity open to the
extracellular fluid.Helices 1 and 12 exhibit noperiodicity in their pCMBS reactivity. They are oriented such that only hydrophobic side chains face
the lipid bilayer. The orientation of helices 4 and 8 is consistent with the results of chemical cross-linking experiments (55).
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that ensues after initial substrate binding. This possibility is not
addressed by the static crystal structures and represents a major
challenge in deducing the mechanism of membrane transport.
Because of the failure to meet the first constraint, no residues
in helix 1 or 4 are predicted to be involved in exofacial sub-
strate binding. As discussed above, each of the four contiguous
outermost residues in helix 1 reacts with pCMBS, but this is
likely because they actually reside in the exoplasmic fluid outside
of the bilayer. Thus, the bulk of helices 1 and 4 may lie outside
of the inner helical bundle in the exoplasmic configuration, as
indicated by the rightward arrows in Figure 6, suggesting a
difference between the cytoplasmic and exoplasmic folding
patterns.

The biochemical data summarized here cannot unequivocally
identify substrate-binding residues. However, the experimental
evidence supporting a role for Q161, Q282, and W412 is reason-
ably compelling. Q161 is highly conserved among members of
the Glut family, and substrate influx is dramatically inhibited by
mutations at this site (38). Even the conservative substitution of
an asparagine residue at this position reduces transport activity
by 1 order of magnitude, indicating that the precise spatial
positioning of the carbonyl and amide side chain groups is critical
for function. Substitution of an asparagine at Q161 reduces the
apparent affinity for the exofacial substrate-binding site of a
nontransported glucose analogue by 18-fold. However, kinetic
analysis is also consistent with Q161 residing at a critical spatial
position such that mutations at this site inhibit the inward to
outward conformational change of the unloaded transporter and
thus tend to lock Glut1 into an inward-facing orientation (38).
Similar kinetic and inhibitor analyses support a role for Q282 in
exofacial substrate binding (40). However, the caveat concerning
mutants at this site possibly being locked into the cytoplasmic
configuration does not apply, because a leucine substitution at
Q282 has no effect on transport activity, despite decreasing
transporter affinity for exofacial ligands. This would not be the
case if amino acid substitutions at this site inhibited the rate-
limiting step involving the inward to outward conformational
change. There is evidence that the QLS motif at positions 279-
281 is involved in discriminating between glucose and fructose as
substrates, perhaps by affecting hydrogen bond formation at the
C-1 hydroxyl group (64). However, none of the QLS motif
residues appears to be accessible to the external solvent, and thus,
the motif may function to orient other residues in its vicinity that
are directly involved in substrate binding. Because Q282 lies
adjacent to the QLSmotif in helix 7, it is possible that this residue
forms a hydrogen bond with glucose at C-1 as indicated in
Figure 6. Studies conducted more than 30 years ago with glucose
analogues suggested that a Glut1 residue interacts with the C-6
position of the pyranose ring in a complexmanner involving both
polar and aromatic interactions (62), with a tyrosine or trypto-
phan residue being the most likely candidate. Of the tryptophan
or tyrosine residues that are predicted to possess side chains that
are facing the external aqueous cavity, W412 is the most likely to
fulfill this function. Glycine, leucine, and cysteine substitutions at
this site impair transport activity (29, 39), whereas mutation of
W412 to other aromatic residues (phenylalanine and tyrosine)
has a minimal impact on transport activity (M. Mueckler,
unpublished observations). W412 has been directly implicated
in the photolabeling of Glut1 by the inhibitory ligand cytocha-
lasin B (41). These observations suggest that an aromatic side
chain is important at position 412 and are consistent with a
role for W412 in substrate binding via interaction with the C-6

position. The seven putative substrate-binding residues are
colored red in Figure 5. Interestingly, all of the side chains
lie within the middle third of their respective transmembrane
helices.

There is clearly a need to determine the structure of glucose
transporters by X-ray diffraction analysis, a goal that has not yet
been achieved for any eukaryoticMFS protein. Toward that end,
we have developed a simple procedure that permits the purifica-
tion of milligram quantities of monomeric recombinant mam-
malian glucose transporters expressed in Pichia pasteuris.
Attempts at crystallization are ongoing.
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