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Homology modeling and scanning cysteine mutagenesis stud-
ies suggest that the human glucose transport protein GLUT1
and its distant bacterial homologs LacY and GIpT share similar
structures. We tested this hypothesis by mapping the accessibil-
ity of purified, reconstituted human erythrocyte GLUT1 to
aqueous probes. GLUT1 contains 35 potential tryptic cleavage
sites. Fourteen of 16 lysine residues and 18 of 19 arginine resi-
dues were accessible to trypsin. GLUT1 lysine residues were
modified by isothiocyanates and N-hydroxysuccinimide (NHS)
esters in a substrate-dependent manner. Twelve lysine residues
were accessible to sulfo-NHS-LC-biotin. GLUT1 trypsinization
released full-length transmembrane helix 1, cytoplasmic loop
6-7, and the long cytoplasmic C terminus from membranes.
Trypsin-digested GLUT1 retained cytochalasin B and p-glucose
binding capacity and released full-length transmembrane helix
8 upon cytochalasin B (but not p-glucose) binding. Transmem-
brane helix 8 release did not abrogate cytochalasin B binding.
GLUT1 was extensively proteolyzed by a-chymotrypsin, which
cuts putative pore-forming amphipathic a-helices 1, 2, 4, 7, 8,
10, and 11 at multiple sites to release transmembrane peptide
fragments into the aqueous solvent. Putative scaffolding mem-
brane helices 3, 6, 9, and 12 are strongly hydrophobic, resistant
to a-chymotrypsin, and retained by the membrane bilayer.
These observations provide experimental support for the pro-
posed GLUT1 architecture; indicate that the proposed topology
of membrane helices 5, 6, and 12 requires adjustment; and sug-
gest that the metastable conformations of transmembrane heli-
ces 1 and 8 within the GLUT1 scaffold destabilize a sugar trans-
location intermediate.

The major facilitator superfamily (MFS)? of transport pro-
teins comprises more than 1,000 proteins that mediate passive
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and secondary active transfer of small molecules across mem-
branes (1). The facilitative glucose transport proteins (GLUT1-
12) catalyze monosaccharide uniport in vertebrates (2) and dis-
play tissue-specific isoform expression. GLUT1 is expressed in
most tissues but is especially abundant in the circulatory system
(3) and at blood-tissue barriers such as the blood-brain barrier
(4).

GLUT1 comprises 492 amino acids; is hydrophobic; contains
a single, exofacial N-linked glycosylation site (5); and is pre-
dominantly a-helical (6). Hydropathy analysis (5), scanning gly-
cosylation mutagenesis (7), proteolysis, antibody binding, and
covalent modification studies indicate that GLUT1 contains
intracellular N and C termini and 12 transmembrane domain
(TM) a-helices (8). Amphipathic a-helices are proposed to
form an aqueous translocation pathway for glucose transport
across the plasma membrane (9-11). However, the detailed
three-dimensional structure of GLUT1 is not known, and
GLUT1 conformational changes catalyzing transport are
unclear.

The structures of bacterial MFS transport proteins offer new
insights into carrier structure (12). The lactose permease (LacY
(13)), the glycerol 3-phosphate antiporter (GlpT (14)), a multi-
drug transporter (EmrD (15)), and the oxalate transporter
(OxIT (16)) display little sequence similarity but share similar
structures suggesting a common MFS protein architecture.
Although mammalian MFS proteins, such as GLUT1, can be
refractory to three-dimensional crystallization (12, 17), they
may be homology-modeled using crystallized homologs as tem-
plates (12).

Salas-Burgos et al. (11) and Holyoake et al. (18) have modeled
a GLUT1 structure using the GlpT template and biochemical
and mutagenesis data to validate their results. GLUT1 cysteine-
scanning mutagenesis studies (10) broadly support the result-
ing GLUT1 MEFS a-helical packing arrangement but also note
significant accessibility in TM regions that, according to the
model, should be inaccessible (10). Docking analysis of cytocha-
lasin B (a transport inhibitor) binding to homology-modeled
GLUTT1 positions the binding site within the cytoplasmic loop
linking TMs 2 and 3 (11), whereas biochemical studies suggest
that cytochalasin B binds close to cytoplasmic loop 10-11 (19—
21). This discrepancy is consistent with a recent demonstration

GLUT1, human erythrocyte glucose transport protein; LacY, the lactate:
proton symporter of E. coli; MS, mass spectrometry; OxIT, oxalate transport
of Oxalobacter formigenes; RhD, Rh blood group D antigen; HPLC, high
performance liquid chromatography; ESI, electrospray ionization; sulfo-
NHS-LC-biotin, sulfosuccinimidyl-6-(biotinamido)hexanoate; TM, trans-
membrane domain; NHS, N-hydroxysuccinimide; L, loop.
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that homology modeling approximates carrier topology and
architecture but is less successful at defining the spatial
arrangement of specific residues (22). Deviations between
experimental and modeled structures may also reflect struc-
tural and functional differences between template and target
proteins.

The proposed GLUT1 architecture is inherently accessible to
experimental evaluation. GLUT1 contains 16 lysine and 20
arginine residues (5) located within proposed intra- and extra-
cellular loops, within the N and C termini, and at the mem-
brane/solvent interface. Water-exposed lysine residues should
be accessible to primary amine-reactive, polar covalent probes.
Water-exposed lysine and arginine residues may also be acces-
sible to trypsin. This study examined the accessibility of mem-
brane-resident GLUT1 to proteases and to primary amine-re-
active covalent probes. To maximize in vivo relevance, we
specifically studied human erythrocyte GLUT1 purified under
conditions where native function and quaternary structure are
preserved (23). Our findings provide direct experimental sup-
port for the proposed GLUT1 architecture, suggest that the
topology of some membrane helices requires minor adjust-
ment, and illustrate that transmembrane helix 8 undergoes sig-
nificant conformational change upon GLUT1 ligand binding.

EXPERIMENTAL PROCEDURES

Materials—Fresh, de-identified human blood was from Bio-
logical Specialties Corp. (Colmar, PA). Protein assays, Pro Blue
Coomassie stain, sulfo-NHS-LC-biotin, fluorescein isothiocya-
nate, and SuperSignal chemiluminescence kits were from
Pierce. Glycerol-free endoglycosidase peptide-N-glycosidase F
was from New England Biolabs (Ipswich, MA). Nitrocellulose
and Immobilon-P were from Fisher Scientific. Purified rabbit
IgGs raised against a synthetic cytoplasmic C-terminal peptide
of human GLUT1 (C-Ab, residues 480 —492) were from Animal
Pharm Services, Inc. (Healdsburg, CA). All other reagents were
from Sigma-Aldrich.

Solutions—Saline comprised 150 mm NaCl, 10 mm Tris-HCI,
and 0.5 mm EDTA, pH 7.4. Lysis medium contained 10 mm
Tris-HCland 0.2 mMm EDTA, pH 7.2. Tris medium contained 50
mM Tris-HCl, pH 7.4. Kaline consisted of 150 mm KCl, 5 mm
HEPES, 4 mm EGTA, and 5 mm MgCl,. Phosphate-buffered
saline containing Tween comprised 140 mMm NaCl, 10 mMm
Na,HPO,, 3.4 mm KCl, 1.84 mm KH,PO,, and 0.1% Tween, pH
7.3.

Human Erythrocyte Membranes and Glucose Transport
Protein—Glucose transporter and endogenous lipids were
purified from human erythrocyte membranes in the absence of
reductant as described previously (24, 25). The resulting
unsealed GLUT1 proteoliposomes (26) contain 90% GLUT]1,
8% RhD protein, and 2% nucleoside transporter (by protein
mass) and contain equal masses of lipid and protein (27).

Cytochalasin B Binding—[*H]cytochalasin B (CB) binding to
GLUT1 proteoliposomes was measured as described previously
(23).

GLUT1I Deglycosylation—GLUT1 (50 ng in 50 ul of kaline
buffer) was incubated with 1,500 activity units of peptide-N-
glycosidase F for 1 h at 37 °C.
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Gel Electrophoresis and Western Blotting—GLUT1 protein
was resolved on 8% polyacrylamide gels (28). Immunoblot anal-
ysis used C-Ab at 1:10,000 dilution as described previously (27).

GLUTI1 Covalent Modification—GLUT1 (25-100 png) was
incubated with EZ-Link sulfo-NHS-LC-biotin (10 mm; pH 7.4,
4.°C), with fluorescein isothiocyanate (500 um; pH 8, 4 °C), or
with ["*C]phenylisothiocyanate (50 pm; pH 8.0, 4°C) at
GLUT1:covalent probe molar ratios ranging from 1:0.2 to
1:2,000 for 1 min to 1,800 min (29). Reactions were quenched
with 50 mm Tris-HCI or glycine, and membranes were sedi-
mented, washed several times with additional quench solution,
and resuspended in medium appropriate for follow-up analysis.

ELISA—Biotin incorporation was quantitated by ELISA.
Wells were precoated with C-Ab (200 pl of a 1:5,000 dilution;
300 min at 37 °C) and then blocked with 3% bovine serum albu-
min (120 min at 37 °C). Biotinylated GLUT1 was solubilized
(2% Triton X-100 in phosphate-buffered saline for 60 min at
4. °C), clarified by centrifugation (=200,000 X g for 15 min), and
applied to triplicate wells (200 ul/well, 2-h incubation at 4 °C).
Wells were washed and blocked in phosphate-buffered saline
containing 3% bovine serum albumin and 2% Triton X-100.
Horseradish peroxidase-conjugated streptavidin was added (1
pg/ml; 1 h at 20 °C), and following washing, product develop-
ment was measured as absorbance at 415 nm using a Bench-
mark Microplate Reader (Bio-Rad).

Tryptic and a-Chymotryptic Digested GLUT1 Peptides—
Unmodified or pretreated reconstituted GLUT1 in kaline
(0.5 mg/ml, 55-pul total reaction volume) was digested with
trypsin or a-chymotrypsin ata 1:10 ratio (enzyme:GLUT1 by
mass) for 0-2 h at 30 °C. Peptides were subjected to HPLC-
ESI-MS/MS immediately or were processed further. Digests
were separated into aqueous and membrane fractions by
centrifugation for 30 min at 4 °C in a Beckman air-driven
ultracentrifuge (~200,000 X g).

HPLC Separation of GLUTI Peptides—Peptides (25 ug of
GLUTT1 in 50 ul of kaline) were resolved by reverse phase
chromatography (30) using a polystyrene divinylbenzene
copolymer column (5 wm, 300 A, 150 X 2.1 mm; PLRP-S,
Polymer Laboratories, Amherst, MA)) at 40 °C. Peptides
were eluted using one of two gradients comprising solvent A
(5% 1:1 (v/v) acetonitrile:isopropanol in water) and solvent B (1:1
(v/v) acetonitrile:isopropanol). Both solvents contained 0.1% for-
mic acid and 0.01% trifluoroacetic acid (30, 31). Supernatant frac-
tions were resolved using 15-min equilibration in 98% solvent A
and 2% solvent B followed by raising the percentage of solvent B to
10% over 3 min, to 45% over 37 min, and to 95% over 2 min where
it was held for 10 min prior to re-equilibration. The flow rate was
200 wl/min. Resolution of membrane fraction peptides required
longer exposure to organic solvents: after 15 min of exposure to
95% solvent A and 5% solvent B, the percentage of solvent B was
raised to 20% over 4 min and then to 95% over 56 min where it was
held for 10 min prior to re-equilibration.

Electrospray lonization Mass Spectrometry—ESI-MS analy-
sis was performed using a Thermo Fisher LCQ or an LTQ elec-
trospray ionization mass spectrometer. Operational parame-
ters included positive ion mode; spray voltage, 4.5 kV; capillary
temperature, 225 °C; and scan range, m/z 400-2,000. MS/MS
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FIGURE 1. Putative GLUT1 topology and helix packing. A, GLUT1 topology adapted from the GIpT
homology model (11). Group 1 TMs are highlighted in white. Group 2 and Group 3 TMs are highlighted in
gray and black, respectively. Some TMs extend beyond the bilayer boundaries (indicated by horizontal
lines). The bilayer-embedded region of TMs 1-12 comprise amino acids 17-39, 64-86, 93-112, 120-141,
157-178, 187-207, 267-291, 305-325, 335-356, 362-385, 401-421, and 431-452, respectively. GLUT1 is
glycosylated at Asn*>. TMs 6 and 7 are linked by the large cytoplasmic loop (L6-7). B, putative helix
packing arrangement viewed from the cytoplasmic surface. TMs are numbered and colored as in A. Cyto-
plasmic and exofacial loops are indicated by solid and dashed lines, respectively. The figure is adapted

from Refs. 11, 13, and 14.

fragments of isolated peptide species were produced in the ion
trap by collision-induced dissociation with helium gas at 35 V.
Acquisition methods were created using Xcalibur (version 1.2).
MS/MS spectra were identified using the Bioworks Sequest ver-
sion 3.2 data base search program and the human red blood cell
proteome data base compiled by Kakhniashvili et al. (32).

RESULTS

Experimental System—All experiments used GLUT1 proteo-
liposomes comprising purified GLUT1 and co-purified, native
erythrocyte lipids. These proteoliposomes are unsealed and
simultaneously expose endo- and exofacial GLUT1 domains to
exogenous ligands, proteolytic enzymes, and antibodies (26,
33). All analyses were performed using untreated GLUT1 or
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GLUT1 exposed to trypsin or
a-chymotrypsin for 2 h at 30 °C by
which time proteolysis is complete
as judged by SDS-PAGE or immu-
noblot analysis (29).

GLUT1 residues comprising in-
dividual TM a-helices, intra- and
extracellular loops, and the N and C
termini were assigned according to
the homology model of Salas-Bur-
gosetal. (11) (Fig. 1A) in which TMs
are organized by location and func-
tion: those forming the aqueous
translocation pathway (group 1
(TMs 1, 4, 7, and 10) and group 2
(TMs 2, 5, 8, and 11)) or those com-
prising the lipid bilayer-embedded
scaffolding region (group 3 (TMs 3,
6,9, and 12); Fig. 1B (13, 14)). Loops
describe the TMs they connect. For
example, L1-2 is the exofacial loop
connecting TMs 1 and 2.

GLUT1 Accessibility to Proteo-
lytic Enzymes—GLUT1 contains 35
potential tosylphenylalanyl chlo-
romethyl ketone-treated trypsin
proteolytic sites (16 lysine and 19
arginine residues (5)). These resi-
dues are located within proposed
intra- and extracellular loops,
within the N and C termini, and at
the membrane/solvent interface.
Our results show that 32 sites were
detected by MS/MS analysis of tryp-
sin-treated GLUT1 (Fig. 24). Only
residues Arg'®® and Lys'®’ flanking
TM5 and Lys**! at the C-terminal
end of TM12 appear to be inacces-
sible to trypsin digestion.

a-Chymotrypsin is less specific
and in our hands consistently
cleaved GLUT1 at the C-terminal
end of phenylalanine, tyrosine, tryp-
tophan, leucine, alanine, methio-
nine, and glutamic acid. These residues are located both in
putative, water-exposed domains and in membrane-embedded
protein domains. Each putative TM contains at least five poten-
tial a-chymotrypsin cleavage sites, but we observed TM-spe-
cific proteolysis (Fig. 2B). Although groups 1 and 2 TM a-chy-
motrypsin cleavage products were detected, group 3 TM
proteolysis was not detected (Table 1 and Fig. 3A). The number
of detected cleavage sites declined in the following order: group
1 (15 sites) > group 2 (10 sites) => group 3 TMs (one site; see
Table 1). Putative, extramembranous regions revealed more
proteolytic products than membrane-embedded domains, and
the longest contiguous regions of the protein (N and C termini,
L1-2, and L6-7) produced twice as many cleavage products
than shorter loops.

477
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FIGURE 2. Topography of protease-accessible sites. Membrane-resident
GLUT1 was digested with trypsin or a-chymotrypsin and then analyzed by
reverse phase HPLC-ESI-MS/MS. Peptides containing the indicated cleavage
sites were positively identified by MS/MS. A, GLUT1 contains 35 potential
trypsin cleavage sites (16 lysine residues and 19 arginine residues). Thirty-two
are cleaved by trypsin. %, observed lysine cleavage sites; @, lysine residues not
observed as cleavage sites; ¢, observed arginine cleavage sites; 4, arginine
residues not observed as cleavage sites. Arg*® (gray ) is flanked by N- and
C-terminal proline residues and is not a potential trypsin cleavage site.
B, GLUT1 contains 197 potential a-chymotrypsin cleavage sites (Phe, Tyr, Trp,
Leu, Met, Ala, and Glu). The 52 detected cleavage sites are indicated by ».
Potential a-chymotrypsin (a-CT) cleavage sites are present in all TM domains.
TM:s are colored as in Fig. 1.

SDS-PAGE-denatured GLUT1 was more uniformly accessi-
ble to protease (Fig. 3B). Residues Arg'>® and Lys'®? flanking
TM5 were detected as tryptic cleavage sites in SDS-PAGE gel-
eluted GLUT1. CD analysis demonstrated that gel-eluted
GLUT1 contains significant a-helical structure, which may
explain the persistent protease resistance of strongly hydropho-
bic TMs in the presence of SDS.

GLUTI Peptide Water Solubility—GLUT1 proteolytic di-
gests may be separated into membrane and aqueous fractions
by centrifugation. Trypsin digestion released GLUT1 N and C
termini, a portion of L1-2, and all of L6-7 into the aqueous
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TABLE 1
Susceptibility of GLUT1 side chains to proteolytic attack
. I Potential Sites Cleavage e
Grouping and region sites” cleaved® rate? SSR
%
1
T™M1 7 4 57 38.7
T™M7 10 6 60 55.1
™2 9 4 44 65.8
TM8 5 2 40 45.8
TM3 13 1 8 68.1
™9 12 0 0 65.5
TM4 9 4 44 59.5
TM10 11 1 9 76.3
T™M5 7 2 29 56.8
TM11 8 2 25 46.4
TM6 9 0 0 81.4
T™M12 12 0 0 101.4
2
Group 1 TMs (1, 4, 7, and 10) 37 15 41 57.4
Group 2 TMs (2, 5, 8, and 11) 29 10 34 53.7
Group 3 TMs (3, 6,9, and 12) 46 1 2 79.1
3
N terminus 10 5 50
L1-2 10 7 70 44.1
L6-7 37 24 65 54.1
C terminus 19 10 53 37.5
Others 46 13 28
Total 122 59 48
4
Membrane 112 26 23
Extramembrane 122 59 48
5
GLUT]1 total 234 85 36

“ Regions are delineated as 1) individual, membrane-embedded a-helices; 2) mem-
brane-spanning helix groups; 3) loop, tail, and regions not embedded within the
membrane; 4) summation of the individual membrane-embedded a-helices
versus all other regions; and 5) the proteolytic susceptibility of the entire trans-
port structure.

® The potential number of cleavage sites.

¢ The number of sites detected as cleavage sites.

@ The percent accessibility of the region to proteolysis.

¢ The relative hydrophobicity of each region was calculated using the sequence spe-
cific retention (SSR) calculator developed by the Manitoba Center for Proteomics
(42). For membrane-spanning o-helices, this calculation covers only peptide
sequence that is embedded in the bilayer domain according to Salas-Burgos et al.
(11) (Fig. 1).

buffer. The L1-2 peptide was detected only following GLUT1
deglycosylation by peptide-N-glycosidase F. Full-length TM1,
cleaved at intracellular Arg'' and outer bilayer-hemileaflet
Lys®%, was also detected in the aqueous fraction (Fig. 4A).
a-Chymotrypsin digestion released a similar pattern of GLUT1
extramembranous regions into the aqueous fraction includ-
ing the N and C termini, a portion of L7-8, and all of L1-2,
L6-7, and L10-11. The isolated aqueous fraction also con-
tained TM1 in its entirety as well as portions of TMs 2, 4, 7,
8, 10, and 11 (Fig. 4B).

TMS (residues Ala*°" through Arg®*°) was released into the
buffer when trypsin digestion was carried out in the presence of
the transport inhibitor CB (10 uwm; Figs. 44 and 5) or when the
membrane fraction of a CB-free trypsin digest was resuspended
in buffer containing CB. Cytochalasin D, DMSO, p-glucose,
and maltose were unable to displace TM8 from trypsin-di-
gested membranes. Dot-blots of a-chymotrypsin-digested
GLUT1 using peptide-directed antibodies confirmed that
GLUT1 N and C termini and loop 7— 8 peptides were released
by chymotrypsin but that loop 8 =9 peptides (residues 325-338)
were released only when CB was present during proteolysis.

JOURNAL OF BIOLOGICAL CHEMISTRY 36419



GLUTT1 Topology, Architecture, and Dynamics

o
3

Group 1
0.6} —

Group 2 Group 3

05}
04}
0.3}
0.2}

0.1
UL

14710

Fractional Accessibility to Protease >

2581
TM o-Helix

0.5}
8

04} 0o i

0-3 - 11 -1

02} i

3 /10 e
01T o O ™™ .

Protease accessibility in membrane w

(fraction of available sites cleaved)

0 01 02 03 04 05

Protease accessibility following GLUT1 gel elution
(fraction of available sites cleaved)

C
60% - o -
= 1 4 2 i
s} 8 o o
@ 40% A o) -
(0]
Q 5
3 E 11 o -
o
% 20% - -
% | 3 10 i
a 9 6 12
0% - [} L
40 60 80 100
Relative  hydrophobicity

FIGURE 3. Protease accessibility of bilayer-embedded TMs. TMs are col-
ored asin Fig. 1. A, GLUT1 TM protease accessibility (ordinate) arranged by TM
number (abscissa) and group classification (above the bars). Accessibility is
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FIGURE 4. GLUT1 peptides released into the aqueous environment. Mem-
brane-resident GLUT1 was digested with trypsin or a-chymotrypsin and sedi-
mented, the aqueous fraction was collected, and its peptide content was
identified by reverse phase HPLC-ESI-MS/MS. A and B show the GLUT1 mem-
brane topology map of Fig. 1A. Horizontal dashed lines represent the mem-
brane/water interface. Domains colored in black are detected in the aqueous
fraction. A, trypsin digestion releases the N terminus, TM1 in its entirety (cut at
Arg'" and Lys*®), a portion of L2, all of L6, and the C terminus. If CB (10 um) is
included during digestion or if the membrane pellet is resuspended in 10 um
CB, TM8 (cleaved at Lys*°° and Arg>>°; thick dashed black line) is released into
the aqueous fraction. B, a-chymotrypsin-released fragments include the N
terminus; TM1; L2; portions of TM2; TM4; all of L6; portions of TM7, TM8, TM10,
L10, and TM11; and the C terminus.

Ligand Binding to Proteolyzed GLUTI—Trypsinization
increased the CB binding capacity of GLUT1 (Table 2),
increased K,,,, for CB binding, and decreased K, for
D-glucose inhibition of CB binding. Displacement of TM8 by
trypsinization in the presence of 10 um CB was without addi-

the ratio of experimentally observed to potential cleavage sites (trypsin and
a-chymotrypsin). B, GLUT1 TM protease accessibility in membranes (ordinate,
see A) versus GLUT1 TM protease accessibility following SDS-PAGE elution
(abscissa). Lines were calculated by linear regression. The solid line is drawn
throughTMs 1,2,4,5,7,8,and 11.The dashed line is drawn though TMs 3, 6, 9,
10,and 12. C, observed TM protease accessibility (ordinate) versus TM relative
hydrophobicity (abscissa; calculated as sequence-specific retention score
(42)). The S-shaped curve was obtained by nonlinear regression assuming pro-
tease accessibility (P) is related to TM hydrophobicity (H) through the logistic
functionP = a/(1 + m X n~")wherea, m,and nare 58.7 = 15, (3.13 £ 0.14) X
107¢, and 0.82 = 0.09, respectively. The inflection point (arrow) occurs at
62.5% relative hydrophobicity. TMs are numbered.
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FIGURE 5. MS/MS spectrum of CB-released TM8. TM8 is released by CB
during or following trypsin digestion. The peptide sequence is
K3°° |, AGVQQPVYATIGSGIVNTAFTVVSLFVVER®*® |, A corresponding to L7-8
and TM8 at the membrane/cytoplasm interface (Fig. 1A). This peptide elutes
from the HPLC column at 42.73 min (43% organic solvent). The indicated y-
(read Cto N terminus, blue) and b (read N to C terminus, red)-ion series confirm
the identity of this peptide with the following Sequest scoring parameters:
XCorr, 5.53, peptide probability, 7.43 X 10~% ACn, 0.75; and preliminary
score, 1471.6.

1600 2000

TABLE 2
Ligand binding to GLUT1
Cytochalasli’n p-Glucose
Experiment” B binding binding®
Kd(app) Bmax I<i(app)
nm nm mm
Control 133 £ 18 68 =9 8.6 +1.2
Post-trypsin 495 = 80 118 + 15 3.1+05
Post-trypsin/CB 474 =73 119 =11 50=*0.8

a-Chymotrypsin — — —

“ [®H]Cytochalasin B binding to GLUT1 proteoliposomes. CB binding was meas-
ured using GLUT1 proteoliposomes in saline buffer (control); GLUT1 proteoli-
posomes were incubated with trypsin to remove fragments L1, L2, L6, N and C
termini, and TM1 (trypsin); GLUT1 was trypsinized in the presence of 10 um CB
to additionally remove TM8 (post-trypsin/CB); and GLUT1 proteoliposomes
were treated with a-chymotrypsin. Results are shown as mean * S.E. “—” indi-
cates that CB binding was not detected.

? CB binding was measured in triplicate at 50 ~5000 nm CB. Two or more separate
experiments were made per condition, and the entire data set was averaged for
each [CB] in each condition. Binding displays simple Michaelis-Menten kinetics.
Binding isotherms were analyzed by nonlinear regression to obtain the maximum
binding and half-saturation constants (B, and K, ), respectively).

¢ Binding was also measured in the presence of D-glucose, a competitive inhibitor of
CB binding to GLUT1 (19). Kj(,p,,) for p-glucose (Glc) inhibition of CB binding was
calculated from R, the ratio (CB bound in the absence of Glc):(CB bound when Glc
is present), as K, = [GI)/(R(K appy + [CB])) = [CB])/Kappy — 1)-

i(app)

tional impact on CB or p-glucose binding. CB binding to a-chy-
motrypsin-treated GLUT1 was undetectable (Table 2).

Covalent Modification of GLUTI Residues—We examined
covalent modification of GLUT1 lysine residues by the aqueous
probe sulfo-NHS-LC-biotin, which reacts with the lysine pri-
mary amine side chain to form a covalent amide bond that
withstands MS/MS ionization. Studies with isothiocyanates
(fluorescein isothiocyanate and phenylisothiocyanate) demon-
strate sugar and CB modification of probe incorporation, but
these probes, although detected in ESI time-of-flight analyses,
were not detected by MS/MS suggesting that they do not with-
stand MS/MS ionization.

GLUT1 modification by sulfo-NHS-LC-biotin is a second
order reaction as evidenced by the linear dependence of the
pseudo-first-order constant for GLUT1 modification on [sulfo-
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NHS-LC-biotin] at fixed [GLUT1] (Fig. 6, A and B). The extent
of modification became saturated at probe to protein ratios
above 200:1 and was half-maximal at a probe to protein ratio of
15.5 = 3.2:1 (Fig. 6B). Biotin incorporation, as judged by ELISA
analysis of biotinylated bovine serum albumin as a standard,
became saturated at 4.3 mol of biotin/mol of GLUT1. GLUT1
modification by sulfo-NHS-biotin (spacer arm = 13.5 A) was
significantly less (as judged by ELISA) than GLUT1 modifica-
tion by sulfo-NHS-LC-biotin (spacer arm = 22.4 A; data not
shown).

Maltose and p-glucose (50 mm) increased maximum GLUT1
biotinylation by 19 * 4 and 33 * 4%, respectively (n = 3),
whereas CB (10 um) was without effect on GLUT1 biotinylation
(n = 3). GLUT1 CB binding capacity was unchanged by GLUT1
biotinylation, but GLUT1 affinity for CB was reduced with half-
maximal inhibition at a probe to protein ratio of 43 * 17:1 (Fig.
6C). Modified GLUT1 peptides were identified by searching for
the expected 339.16-Da lysine adduct using the Sequest analysis
program. Comparison of MS/MS spectra for unmodified (Fig.
7A) and modified (Fig. 7B) GLUT1 peptides containing Lys***
showed how the m1/z ratio differs in the b- and y-ion series peaks
that correspond to the unlabeled or labeled lysine. Cytoplasmic
lysine residues in L6 —7 and the C terminus are equally accessi-
ble to NHS ester at probe:protein ratios of 20:1 and 200:1 (Table
3 and Ref. 30).

Table 3 summarizes the putative locations, susceptibility to
trypsin proteolysis, and accessibility to covalent modification of
GLUT1 lysine residues. Of the 14 trypsin-accessible GLUT1
lysine residues, 12 were detected as biotinylated products.
Lys''* of extracellular L3~ 4 and Lys**® at the C-terminal end of
TM12 were not detected as labeled amino acids. This could
mean that these sites are not modified or that modification
blocks trypsin cleavage and subsequently prevents production
and detection of these peptides by MS/MS.

Alkylation of membrane-resident, non-reduced GLUT1
using iodoacetamide yielded alkylated cysteine residues at posi-
tions Cys'*?, Cys**', and Cys***. GLUT1 reduction prior to
alkylation also yielded alkylated Cys**” and Cys**'. GLUT1 cys-
teine Cys>*” was neither detected as an alkylated or unmodified
residue but was detected as an acrylamide-modified residue in
digested, gel-eluted, SDS-denatured, reduced GLUT1.

DISCUSSION

This study represents the first extensive analysis of
GLUTT1 structure by chemical footprinting. Our goal was to
map membrane-resident GLUT1 accessibility to aqueous
probes. Our findings provide new insights into the role of
specific membrane-spanning helices in GLUT1 conforma-
tional states and indicate that modeled GLUT1 topology
requires some adjustment.

GLUT1 proteoliposome trypsinization revealed the follow-
ing. 1) Proteolysis is complete within 2 h. 2) Thirty-two of 35
possible tryptic cleavage sites are accessible to trypsin. 3) SDS
denaturation exposes two of the three resistant cleavage sites. 4)
Trypsin-treated GLUT1 retains pD-glucose binding affinity and
twice the ligand (CB) binding capacity of nonproteolyzed
GLUT1. 5) Proposed water-exposed loops (loops 1-2 and 6 -7
and the C terminus) are released into the aqueous buffer. 6)
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FIGURE 6. GLUT1 modification by sulfo-NHS-LC-biotin. A, time course of
GLUT1 labeling at 20 °C. Each data point represents the mean = S.E. of at least
four separate measurements. Curves were computed by nonlinear regression
assuming pseudo-first-order kinetics described by the following: labeling =
B, + B..(1 — e "), B, the results of A are plotted as the rate of GLUT1 modifi-
cation (k, O) versus the probe to protein molar ratio or as the maximum extent
of GLUT1 modification (B.., @) versus the probe to protein molar ratio. Curves
were calculated by nonlinear regression. The rate of labeling increases lin-
early with [probe] and is described by rate = (2.92 X 107° = 0.30 X
10~ %)[probe] + (0.0021 =+ 0.0003 min~ "), R* = 0.984. The extent of labeling
increases in a saturable fashion with [probe] and is described by B, ., =
1.70 = 0.06 and Ki/» = 15.5 + 3.2:1, x> = 1.9 X 1072 (, effect of GLUT1
biotinylation on GLUT1 CB binding. Ordinate, biotinylated GLUT1 CB binding
capacity (@) or K, (O) relative to untreated GLUT1; abscissa, NHS-LC-bio-
tin:GLUT1 molar ratio. Results are shown as mean = S.E. of three experiments
made in quadruplicate. For control GLUT1, B,,,,, = 0.45 = 0.01 mol of CB/mol
of GLUT1 and Koy = 265 = 16 nm. The line through the K, data was
computed by linear regression and extrapolates on the abscissa to a probe to
protein molar ratio of —43 * 17.
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FIGURE 7. MS/MS spectra of a GLUT1 peptide modified by sulfo-NHS-LC-
biotin. Sulfo-NHS-LC-biotin covalently modifies lysine side chain primary
amines producing a covalent mass addition of 339.16 Da. A, MS/MS spectrum
of a GLUT1 tryptic peptide R**? |, GTADVTHDLQEMKEESR?**° |, Q from L6-7.
The peptide elutes at 10.47 min (26% organic solvent). The y- and b-ion series
(blue and red, respectively) confirm the identity of the unmodified peptide
with Sequest scoring parameters as follows: XCorr, 4.636; peptide probability,
3.4 X 10 % ACn, 0.740; and preliminary score, 1975.5. B, the same peptide,
except modified at Lys*** by sulfo-NHS-LC-biotin. Modification is first
observed at ys and b, 5, which show a 339.16-Da lysine adduct. All sequential
ions in each series show this mass adduct. The modified peptide elutes at
19.64 min (31% organic solvent). The MS/MS spectrum and Sequest scoring
parameters confirm its identity (XCorr, 4.652; peptide probability, 5 X 10~
ACn, 0.615; and preliminary score, 1235.2
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Putative TM1 is released into the aqueous buffer. 7) Putative
TMS is retained until GLUT1 interacts with CB whereupon
TMS8 is also released from the membrane.

GLUT1 covalent modification by sulfo-NHS-LC-biotin indi-
cated the following. 1) GLUT1 is modified only at lysine resi-
dues. 2) Modification kinetics are second order. 3) Each GLUT1
molecule incorporates a maximum of 4.3 molecules of biotin. 4)
Twelve of 16 potential biotinylation sites are detected as mod-
ified lysine residues by MS/MS. 5) Biotinylated GLUT1 retains
CB binding capacity but loses affinity for CB with increasing
biotinylation. These results suggest that GLUT1 biotinylation is
underestimated by the ELISA assay or that biotinylation is sto-
chastic and progressively autoinhibitory. Reduced GLUT1
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TABLE 3
Accessibility of GLUT1 lysine residues to covalent modification
Detected
as labeled,¢
Lysine Putative [NHS-LC-biotin]: Detected
residue” location” [GLUT1] as cleaved”
2:1 20:1  200:1
Lys® N terminus — Yes Yes Yes
Lys” T™M1 —  Yes Yes Yes
Lys®® TM1 — — Yes Yes
Lys''* 13-4 — — — Yes
Lys'!” L3-4 — — Yes Yes
Lys'®3 L5-6 - - -
Lys**® L6-7 Yes  Yes Yes Yes
Lys®* L6-7 Yes Yes  Yes Yes
Lys>*° L6-7 Yes  Yes Yes Yes
Lys** L6-7 Yes  Yes Yes Yes
Lys>*® L6-7 Yes Yes  Yes Yes
Lys>*® L6-7 Yes  Yes Yes Yes
Lys®® L7-8 —  Yes Yes Yes
Lys*! T™M12 — - — —
Lys**® C terminus ~ — — — Yes
Lys*”” Cterminus  Yes  Yes Yes Yes

“ GLUT]1 lysine residues.

® Their location within GLUT1 putative domains.

¢ Their biotinylation by sulfo-NHS-LC-biotin as detected by MS/MS (at the three
molar ratios of sulfo-NHS-LC-biotin:GLUTI. “Yes” indicates that the modified
residue was observed; “—” indicates that the modified residue is not detected.

% Their propensity to cleavage by trypsin as detected by MS/MS.

labeling by sulfo-NHS-biotin (spacer arm = 13.5 A) relative to
modification by sulfo-NHS-LC-biotin (spacer arm = 22.4 A)
suggests that quantitation of biotinylation by ELISA is limited
by accessibility to horseradish peroxidase-streptavidin.

Thirty-two lysine and arginine residues were accessible to
aqueous probes supporting their proposed assignment to
GLUT1 extramembranous regions. Arg'>3, Lys'®3, and Lys**!
were not detected as tryptic cleavage sites. Lys''*, Lys'®?,
Lys**!, and Lys**® were not detected as sulfo-NHS-LC-biotin-
reactive sites. These results suggest that Arg'®?, Lys'®?, and
Lys**! are inaccessible to polar probes.

TM5 adjustment to relocate putative cytoplasmic (but tryp-
sin-inaccessible) Arg'>® to the cytoplasm/membrane interface
(a translation of six residues toward the interstitium) also relo-
cates Lys'® of exofacial loop 56 to the interstitium/mem-
brane junction of TM6. This explains the trypsin and/or NHS
ester inaccessibility of Arg'®® and Lys'®? (this study), the unex-
pected accessibility of mutants Q161C and 1164C of TM5 to
interstitial 4-(chloromercuri)benzosulfonic acid (10), and the
SDS-dependent accessibility of Arg'®® and Lys'®? (this study).

TM12 adjustment to relocate Lys**' one additional helix
turn into the lipid bilayer (direction cytoplasm to interstitium)
would explain the trypsin inaccessibility of Lys**! (this study)
and, by displacing N-terminal TM12 sequence into the inter-
stitium, may also explain the unexpected accessibility of TM12
Y432C through 1436C to interstitial 4-(chloromercuri)benzos-
ulfonic acid (10). These interpretations must be tempered by
the possibility of residue occlusion by local structure. The sig-
nificant a-chymotrypsin resistance of TMs 3, 6, 9, and 12 is
consistent with the hypothesis that these TMs are the most
hydrophobic and most closely associated with the membrane
bilayer.

The GLUT1/GlpT homology model does not address the
suggested roles of Cys®” (in TM9) and Cys**' (TM11) in pro-
moting GLUT1 oligomerization in mammalian cells (23, 27,
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34). The present study confirmed that Cys**! in TM11 is avail-
able for alkylation only following GLUT1 reduction and that
modification of Cys**” requires GLUT1 reduction and
denaturation.

The present study indicated that CB and p-glucose binding
do not require intact GLUT1 N and C termini, L1-2, 1L2-3,
L6-7, TM1, or TM8. GLUT1 CB binding is lost following
a-chymotrypsin digestion suggesting that the loss of loop
10-11 and/or more extensive proteolysis eliminates binding.
These observations are consistent with the suggested role of
L10-11 in CB binding (35) and argue against the role of L2-3
suggested by docking simulations (11). Trypsin-dependent
increased GLUT1 CB binding capacity is consistent with previ-
ous reports of trypsin-induced uncoupling of GLUT1 oli-
gomers that normally present only one CB binding site for every
two GLUT1 subunits (36).

Mueckler and Makepeace (see Ref. 10 to review this extensive
body of work) show by scanning cysteine mutagenesis that
GLUT1 a-helices are amphipathic and vary in accessibility to
interstitial polar molecules. Except for TMs 4 and 12, the exam-
ined TMs show solvent accessibility predicted by the MFS
helix-packing model.

The alternating conformer hypothesis for carrier-mediated
transport (37) proposes that uniporters isomerize between
export (el) and import (e2) conformers in the absence and
presence of substrate. Membrane-spanning helices that
undergo reorganization during the GLUT1 transport cycle
have not been identified. The present study sheds new light on
this question.

Trypsinolysis cut TMs 1, 2, 3, 7, and 8 at N and C termini
thereby isolating each TM from the remaining intact mem-
brane domains (Fig. 24). Reverse phase chromatography dem-
onstrated that the hydrophilicity of these TMs follows the order
1>8>7>2>3(Fig.3). Only TMs 1 and 8 were released into
buffer indicating that each is poised at the limits of membrane
solubility and is constrained only by the intact polypeptide
backbone. TM1 was released in the absence of substrate. CB
(but not p-glucose) promoted TMS8 release from trypsinized
GLUT1 indicating that TM8 is unstable only in the GLUT1-CB
complex. CB binding also promotes GLUT1 proteolysis by
thermolysin at a cytoplasmic, C-terminal site in TM7 (19). Our
previous studies have demonstrated that the combination of
GLUTT1 trypsinization and exposure to cytochalasin B pro-
motes sugar occlusion within the GLUT1 translocation path-
way (38). Thus, although the metastable association of TMs 1
and 8 with the GLUT1 TM scaffold exerts only a minor influ-
ence on GLUT1 ligand binding affinity, the release of these
TMs from the scaffold stabilizes a GLUT1-sugar translocation
intermediate. TMs 1 and 8 may act to destabilize the transloca-
tion intermediate and thereby accelerate sugar translocation.

The ligand-coordinating domains of GLUT1 are only poorly
defined. Disaccharide binding to LacY involves TMs 1,4, 5,7, 8,
and 11 (13). TMs coordinating glycerol phosphate binding to
GIpT are proposed to include TMs 1 and 7 (14). Homology
modeling suggests involvement of GLUT1 TMs 2, 4, 5,7, 8, and
10 in substrate binding (11), although caveats with this
approach have been noted (22). Scanning cysteine mutagenesis
implicates GLUT1 TMs 1, 5, 7, 8, and 11 in sugar binding (10).
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CB interacts with a GLUT1 region comprising residues Trp*®
through Trp*'? (19), which form the cytoplasmic loop and TM
segments of the TM10-TM11 hairpin (11).

GLUT1 behavior is strikingly similar to that of the a subunit
of the primary active carrier Na,K-ATPase. The Na,K-ATPase
TM5-TM6 hairpin is released following trypsinolysis, but
release is prevented by the pump inhibitor ouabain or by Rb
occlusion (39). P1 ATPase crystal structures reveal that the
TM5-TM6 hairpin forms the major cation binding site of this
family of primary active carriers (40, 41). Thus an amphipathic
region of an el-e2 primary active carrier undergoes conforma-
tional change upon ligand binding and is released from the car-
rier scaffold only in the absence of substrate. Modeled GLUT1
(a passive el-e2 carrier) reveals at least 13 and 16 helix-helix
contacts between TMs 8 and 10 and TMs 7 and 10, respectively
(11). We propose that TM10 displacement upon CB/TM10-
TM11 hairpin interaction alters TM8/TM10 and TM7/TM10
associations causing TMS8 release from the membrane and
TM?7 partial displacement into cytosol where it becomes ther-
molysin-accessible. TM1 is only weakly associated with the
GLUT1 TM scaffold, and its release into solvent water reveals
the inherently amphipathic character, aqueous exposure, and
metastability of translocation pathway-forming TMs.

CONCLUSIONS

We observed close correspondence between experimental
and proposed GLUT1 membrane topographies. The locations
of TMs 5, 6, and 12 require small adjustments to account for
solvent inaccessibility of Arg'®?, Lys'®3, and Lys**'. An unan-
ticipated result was the concurrence between the hydrophilic-
ity of GLUT1 putative membrane-spanning a-helices and their
experimental in situ accessibility to a-chymotrypsin. TMs 1
and 8 are poised at the limits of bilayer solubility, are released
into the aqueous medium upon GLUT1 trypsinization (TM1)
or subsequent addition (TMS8) of ligand, illustrate the intrinsi-
cally metastable organization of translocation pathway TMs
within the carrier scaffold, and may serve to destabilize a trans-
port cycle intermediate in which sugar becomes occluded
within the translocation pathway.
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