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ABSTRACT. Human erythrocyte sugar transport is mediated by the integral membrane protein GLUT1 and
is regulated by cytosolic ATP [Carruthers, A., and Helgerson, A. L. (1®8themistry 288337

8346]. This study asks the following questions. (1) Where is the GLUT1 ATP binding site? (2) Is
ATP—GLUTL1 interaction sufficient for sugar transport regulation? (3) Is ATP modulation of transport
subject to metabolic control? GLUTL1 residues 3@64 were identified as one element of the GLUT1
ATP binding domain by peptide mapping and N-terminal sequence analysis of proteolytic fragments of
azidoATP-photolabeled GLUT1. Nucleotide binding and sugar transport experiments undertaken with
dimeric and tetrameric forms of GLUT1 indicate that only tetrameric GLUT1 binds and is subject to
modulation by ATP. Reconstitution experiments indicate that nucleotide and tetrameric GLUT1 are
sufficient for ATP modulation of sugar transport. Feedback control of GLUT1 regulation by ATP was
investigated by measuring sugar uptake into erythrocyte ghosts containing or lacking ATP and glycolytic
intermediates. Only AMP and ADP modulate ATP regulation of transport. Reduced cytosolic pH inhibits
ATP modulation of GLUT1-mediated 30MG uptake and incre#&ggp for ATP interaction with GLUT1.

We conclude that tetrameric but not dimeric GLUT1 is subject to direct regulation by cytosolic ATP and
that this regulation is antagonized by intracellular AMP and acidification.

The facilitated diffusion of sugars across cell membranes compartment to the cell membrar@ (0). Recent studies
is mediated by a family of integral membrane proteins called also suggest that muscle contains a pool of conformationally
glucose transporters or carriers. Five vertebrate, glucosemasked GLUT4 that becomes exposed during transport
carrier isoforms (GLUTEGLUT5)! have been characterized stimulation (L1). Two major glucose transporter isoforms,
(1), but as many as 70 related prokaryotic and lower GLUT1 and GLUT4, are expressed in cardiac muscle, and
eukaryotic gene products are now known to exist (Swiss- both proteins are translocated from an intracellular compart-
Protein Database). ment to the cell surface in response to ischemia, hypoxia, or

Vertebrates maintain serum glucose levels and deliver contractile activity {2—15). It is not yet certain whether
glucose to tissues at rates commensurate with glucosetransport stimulation in heart muscle results from transporter
utilization. In cells where protein-mediated sugar transport recruitment alone or in combination with cell surface
is rate-limiting for sugar utilization, sugar transport and sugar transporter activation. GLUT1 and GLUT4 are abundant at
metabolism are regulated coordinatedy. (Thus, cardiac and  the cardiomyocyte surface under basal conditions, and
skeletal muscle and nucleated erythrocytes respond to work,quantitations of transport stimulation and carrier recruitment
anoxia, and inhibition of oxidative metabolism with acute to the cell membrane are equivocd, (14—16). Sugar
stimulation of glycolysis and protein-mediated sugar transport transport in nucleated, avian erythrocytes is mediated by
(3—98). GLUT1 which is present only at the cell surfad&’). Under

Sugar transport stimulation in skeletal muscle by anoxia basal conditions, avian red cell GLUTL is incapable of
and contractile activity appears to result from translocation uniport but catalyzes futile self-exchange of sug8)(
of the glucose transport protein GLUT4 from an intracellular Following exposure to metabolic poisons, however, avian
erythrocyte GLUT1 mediates sugar uniport, resulting in

ghis wgrk was support%d by NIHhGrlaént EK 36d0d81. 4 B stimulation of net sugar uptake and glycolysi§)( Antiport
o et s Toemons, (508 see5570. Eac(exchange tansport effcency is unchanged by cel poisor-
(508) 856-6231. ing. The molecular mechanism of GLUT1 antipetiniport

1 Abbreviations: GLUT1, human erythrocyte glucose transport Switching is unknown, but interesting parallels can be drawn

protein; 30OMG, 30-methylglucose; C-Ab, anti-GLUT1 carboxyl- = petween human and avian erythrocyte sugar transport.
terminal peptide antiserum; CB, cytochalasin B; EDTA, ethylenedi-

aminetetraacetic acid; EggPC, egg phosphatidylcholine; EGTA, ethylene Human erythrocyte sugar transport is also mediated by
glycol bis(3-aminoethy! ether\,N,N',N'-tetraacetic acid; HEPESI-(2- GLUT1 (19, 20) which is assembled and functions as an

hydroxyethyl)piperaziné¥'-2-ethanesulfonic acid; HRP, horseradish ; ; _
peroxidase; N-Ab, anti-peptide antibodies raised against GLUT1 allosteric homotetrame(, 22). In freshly isolated eryth

residues 8496; PAGE, polyacrylamide gel electrophoresis; SDS, fOCYtes, nEI_Uptake of G)—methylglucose (a transported but
sodium dodecyl sulfate; Tris-HCI, tris(hydroxymethyl)aminomethane. nonmetabolizable sugar) is slower by as much as 150-fold
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than 30OMG exchange transpo®3j. Following hypotonic against this GLUT1 peptide were obtained from Animal
cell lysis and cellular resealing in ATP-free medium, 30OMG Pharm Services, Inc., of Healdsburg, CA. Whole IgGs were
net uptake (but not exchange) is stimulated byl18-fold purified from crude serum by ammonium sulfate precipitation
(24). When lysed erythrocytes are resealed in ATP-contain- (27).

ing saline, 3OMG net uptake and exchange are indistinguish- Red Cells. Erythrocytes were isolated from whole human
able from transport observed in intact cel4). This blood by repeated wasttentrifugation cycles in ice-cold
suggests that as with avian red cell sugar transport, transporiKCl medium. One volume of whole blood was mixed with
stimulation in human erythrocytes results from accelerated 3 volumes of KCI medium and the mixture centrifuged at
uniport function and that cellular glucose antipeuniport 1000@ for 5 min at 4°C. Serum and the buffy coat were
switching may be regulated by cytoplasmic ATP. aspirated, and the waslgentrifugation cycle was repeated

We have demonstrated that the isolated human erythrocyteuntil the supernatant was clear and the buffy coat was no
glucose transport protein is also a nucleotide binding protein longer visible. Cells were resuspended in 20 volumes of
(25). ATP binding to GLUT1 promotes a GLUT1 confor- KCI medium, and if used in subsequent sugar transport
mational change that leaves the GLUT1 carboxyl terminus assays, the suspensions were allowed to rest at room
less accessible to peptide-directed antibodies. This ATP-temperature for 30 min to deplete intracellular sugar levels.
dependent conformational change is antagonized by AMP  Erythrocyte Membrane GhostsWashed red cells were
and ADP which appear to function as competitive inhibitors lysed in 40 volumes lysis medium, incubated on ice for 10
of ATP binding to GLUT1. What is unclear is whether ATP  min, and then centrifuged at 2209@r 20 min at 4°C.
binding to GLUT1 is sufficient to mediate sugar transport The supernatant was aspirated, and the tyssitrifugation-
regulation or whether other molecular species are requiredaspiration cycle was repeated. The resulting membranes
(26). In this study, we ask the following questions. (1) Wwere resealed by incubation in KCI medium at°&7for 60
Where is the GLUT1 nucleotide-binding domain? (2) What min and harvested by centrifugation at 229d6r 20 min
physiologic factors influence ATP modulation of sugar at4°C.
transport? (3) Is ATP interaction with GLUT1 sufficient ~ Glucose Transport ProteinGlucose transport protein was
for sugar transport regulation? Our findings suggest that purified from human erythrocytes as described ird®&fThe
GLUT1 residues 304364 form an integral part of the ATP  carrier is copurified with red cell lipid and is incorporated
binding domain, that intracellular AMP and acidification into unsealed proteoliposomes upon removal of detergent by
antagonize ATP regulation of sugar transport, and that ATP dialysis @8).
interaction with GLUTL1 is sufficient for transport modula- Glucose Carrier Labeling with 8-Azidp[3?P]ATP. La-
tion. Our findings also support the hypothesis that only beling was carried out as described previously in 26f

tetrameric GLUT1 is regulated by ATP. Briefly, a methanolic solution of 8-azidp{*?P]ATP is dried
under nitrogen and resuspended in »Q00f Tris medium
MATERIALS AND METHODS at pH 8.5 (9Ci %P, 10uM final azidoATP concentration).

) . Purified GLUT1 proteoliposomes (50@g of protein) are
Materials 8-Azido[y-*P]JATP was purchased from ICN.  gadimented by centrifugation at 14@P€r 20 min and
[*H]-3-O-Methylglucose was purchased from New England ¢ompined with the methanol-free 8-azigePPJATP solu-
Nuclear. Rabbit antisera (C-Ab) raised against a synthetic tj5,  The suspension is incubated on ice for 30 min, by
carboxyl-terminal peptide of the rat brain glucose transport \hich time ATP binding to GLUT1 achieves equilibrium.
protein (residues 4806492) was obtained from East Acres Samples are placed in a plastic weigh boat on ice and
Biologicals. Glycoprotein Detection Kits and ECL Qetection irradiated for 90 s at 280 nm in a Rayonet Photochemical
reagents were purchased from Amersham. GradientSDS Reactor. Following UV irradiation (photolabeling), GLUT1
PAGE gels were purchasfed from Integrated Separatlonis washed three times to remove unbound 8-azid@p]ATP
Systems (Natick, MA). Nitrocellulose and Immobilon-P py centrifugation (1000a9for 15 min) and resuspended in
were obtained from Fisher Scientific. Endoproteinase Lys-C 10 mL of Tris medium at pH 8.5. The effects of pH on
was obtained from Boehringer. All remaining materials were g,iqoATP binding to GLUT1 were examined by varying the

purchased from Sigma unless stated otherwise. pH of the Tris medium over the range 5:8.5 during
Solutions. Tris medium consisted of 50 mM Tris-HCl and  photolabeling. MgGl was present at 5 mM in all experi-

5 mM MgCl, (pH 7.4). Sample buffer () contained 0.125 ments reported in this study.
M Tris-HCI (pH 6.8), 4% SDS, 20% glycerol, and 50 mM  Glycoprotein Detection 8-Azido[y-*2P]ATP-photolabeled
DTT. KCImedium consisted of 150 mM KCI, 10 mM Tris-  GLUT1 carbohydrate was detected using the Amersham ECL
HCI, 5 mM MgCh, and 4 mM EGTA (pH 7.4). Stopper  Glycoprotein Detection Kit. Briefly, peptide oligosaccha-
medium consisted of ice-cold KCI medium and A® rides are oxidized using 10 mM sodium metaperiodate and
cytochalasin B, 10@:M phloretin, and 1QuM HgCl; (pH then labeled using 0.55 mM biotin hydrazide. Subsequent
7.4). Lysis buffer contained 10 mM Tris-HCl and 1 mM  detection of biotinylated glycoprotein employs standard
EGTA (pH 7.2). Phosphate-buffered saline (PBS) contained Western blotting techniques using streptavielimorseradish
140 mM NacCl, 10 mM NgHPO,, 3.4 mM KCI, and 1.84  peroxidase (1:10000) and ECL chemiluminescence.
mM KH2PO, (pH 7.3). Proteolysis of the Labeled Carrier8-Azido[y-3?P]ATP-
N-Terminal Antisera.A peptide corresponding to GLUT1  and/or biotin-labeled GLUT1 was sedimented by centrifuga-
residues 8496 was synthesized by the University of tion at 1400@ for 20 min and resuspended in sample buffer
Massachusetts Medical School Peptide Synthesis facility. with or without a.-chymotrypsin, endoproteinase Lys-C, or
This peptide was conjugated to keyhole limpet hemocyanin endoproteinase Glu-C (20:1 protein:enzyme by weight).
using a kit purchased from Pierce. Rabbit antisera (N-Ab) Proteolysis was allowed to proceed for 30 min at'87and
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was arrested by addition of phenylmethyanesulfonyl fluoride assays were performed using solutions and tubes pre-
(PMSF, 0.2 mM). Resulting GLUT1 fragments were equilibrated to 4°C.

separated by gradient gel electrophoresis (10 to 20% poly- Effects of Glycolytic Intermediates on 3-O-Methylglucose
acrylamide-SDS gels) and transferred to nitrocellulose Uptake. Glycolytic intermediates were introduced into

membranes for autoradiography and Western blotting. human erythrocyte ghosts by addition to the ice-cold reseal-
Polyacrylamide Gel ElectrophoresisProteins were re-  iNg medium prior to membrane resealing. The membranes
solved on 10% acrylamide gels as described in2@for were warmed to 37C for 60 min, and then resealed ghosts

where separation of proteolytic fragments was required, Were harvested by centrifugation (22@0for 20 min at 4

gradient gel electrophoresis (10 to 20% polyacrylamide “C) and washed once in 50 volumes of KCI medium to
gradients) was employed. remove extracellular glycolytic intermediates. Ghosts were

then processed for @-methylglucose uptake measurements
as described above.

Effects of pH on ATP Modulation of 3-O-Methylglucose
Uptake. Membrane ghosts were resealed in KCI medium
containing 5 mM MgCJ and ATP at varying concentrations
and adjusted to a pH ranging from 5.5 to 8.0. All other
solutions (uptake media and stopper) were also adjusted to
the same pH. Ghosts were then processed fOrrBethyl-
glucose uptake measurements as described above.

Reconstituted GLUT1-Mediated Sugar TranspdggPC
(40 mg in hexane) and cholesterol (10 mg)80:20 molar
ratio) were dissolved in hexane. The organic phase was
evaporated under a stream of;,Nand remaining trace
guantities of hexane were removed in vacuo for 3 h. The
resulting lipid film was dissolved in Tris medium containing

Western Blotting.Proteolytic fragments containing GLUT1
carboxyl-terminal residues 48@92 and/or GLUT1 N-
terminal residues 8895 were detected by Western blot
analysis. Peptides separated by SIPAGE were trans-
ferred electrophoretically to nitrocellulose or Immobilon
membranes which were subsequently blocked.fo in PBS
containing 10% Carnation nonfat dry milk. Following three
5 min washes in PBS, membranes were incubated foin
primary antibody (C-Ab or N-Ab) diluted 1:1000 in PBS
containing 2% nonfat dry milk. Following three wash cycles
to remove primary antibody, membranes were exposed for
45 min to secondary antibody (protein—orseradish
peroxidase conjugate) diluted 1:3000 in PBS containing 2%
nonfat dry milk. Detection of antigerantibody-protein A

complexes was achieved by chemiluminescence using Am—5% (by weight) sodium cholate and mixed with 10@ of

ersham ECL reagents. GLUT1 solubilized in 50 mM sodium cholate. This mixture
Protein Sequencing8-Azido[y-*P]JATP-labeled GLUT1 (4 mL) was dialyzed overnight agairs L of detergent-free
(100 ug) was sedimented by centrifugation at 149@0r Tris medium, and the resulting suspension of small unila-
20 min and then resuspended in 0.1% SDS/Tris-HCI (pH mellar proteoliposomes was distributed in 0.5 mL fractions
7.4) with or without 5ug of endoproteinase Lys-C. Diges- in microcentrifuge tubes. Each tube was frozen in a dry ice/
tion was carried out for 1824 h at 4°C. GLUT1 fragments  sopropyl alcohol mixture, thawed at room temperature, and
were separated using 1 mM thioglycolate pre-equilibrated then subjected to two additional rounds of freezing and
gradient gels. Separated peptides were transferred electrothawing. The resulting large unilammelar proteoliposomes
phoretically to Immobilon-PVDF membranes, and fO”OWing (mean diameter of 2§m by oil immersion phase Contrast)
detection by autoradiography and/or by Coomassie blue sedimented readily at 140§0and were used for sugar
staining, protein bands of interest were excised from the transport determinations at 2&. 30MG uptake (0.05 mM)
membrane, washed extenSively in distilled water, and was measured in 10@|_ of proteo“posome Suspension (2
subjected to microsequence analysis by J. Leczyk of the#g of GLUT1) at 0, 10, 20, 30, and 60 s in Tris medium
University of Massachusetts Medical School Protein Chem- with or without 104M CB [a transport inhibitorKicapp =
istry facility. 0.2 uM]. Equilibrium uptake was measured by incubation
Net 3-O-Methylglucose UptakeSugar-free cells or ghosts ~ for 2 h at 24°C. Uptake was arrested by addition of 1 mL
at the temperature of ice were exposed to 5 volumes of ice-of ice-cold Tris medium containing 1M CB. Proteoli-
cold KCI medium containing®H]-3-O-methylglucose and  posomes were sedimented by centrifugation at 14005
variable concentrations of unlabeled®methylglucose.  min at 4°C; the supernatant was aspirated, and the liposomes
Uptake was measured over intervals of 15 s to 1 min, and were washed again in Tris medium containing CB. Uptake,
then 50 volumes (relative to cell volume) of stopper solution v, was computed as
was added to the cell/ghost suspension. Cell/ghost suspen-
sions were sedimented by centrifugation (1496 30 s), » = [30MG] (cpm — cpmy)
washed once in stopper solution, collected by centrifugation, (cpm, — cpmy)t
and extracted in 50@L of 3% perchloric acid. The acid
extract was centrifuged, and duplicate samples of the clearwheret is time and cprg cpm, and cpm correspond to
supernatant were counted. Time zero uptake points wereradioactivity associated with proteoliposomes at time zero,
prepared by addition of stopper solution to cell/ghost timet, and equilibrium.
suspensions prior to addition of medium containing sugar Calculation of Mg" and ATP Leels. In some GLUT1
and radiolabel. Cell/ghost suspensions were immediately photolabeling experiments, pH and ATP concentration were
processed. Radioactivity associated with cell/ghost suspen-varied systematically at fixed EGTA (4 mM) and MgQb
sions at time zero was subtracted from the activity associatedmM) levels. Exogenous CagWwas not added; thus, total
with cell/ghost suspensions following the uptake period. All Ca levels were limited to Ca contamination (approximately
uptakes were normalized to equilibrium uptake where cell/ 15uM; 24). Computation of Mg", Mg>*ATP, MgH-ATP,
ghost suspensions were exposed to sugar medium & 37 ATP, Mg EGTA, Mg,H-EGTA, and EGTA levels was
for 60 min prior to addition of stopper solution. Uptake carried out using the WinMaxC prograr8Q) and equilib-
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Ficure 1: Peptide mapping of photolabeled GLUT1. (A) Purified GLUT1 f40and biotinylated on carbohydrate residues) was photolabeled

using 10uM azido[y-32P]JATP and then incubated in sample buffer containinggbof chymotrypsin (30 min at 37C). Peptides were
separated on a 10 to 20% SBBAGE gradient gel and transferred to nitrocelluloge33P]ATP-containing peptides were detected by
autoradiography3P). C-Ab- and N-Ab-reactive peptides were detected using immunoblot analysis. Biotinylated carbohydrate (Glyc) was
detected by stretptavidin blot analysis. C-Ab, N-A#, and Glyc analyses were performed on a single common lane of electrophoretically
separated peptides. Major peptides were assigned a kbR) @nd are indicated by the left-most solid bars. The mobilitiesMpdalues

of molecular mass standards are indicated by the solid bars to the right of the figure. (B) EndoLys-C digestion and sequencing of azido-
[y-32P]ATP-photolabeled GLUT1. Labeled, purified GLUT1 (10) was incubated in 0.1% SDS and 50 mM Tris-HCI medium (pH 7.4)
containing 5ug of endoproteinase Lys-C (EndoLys-C;-134 h at 4°C) or 5ug of endoproteinase Glu-C (EndoGly-C h at 37°C).

Peptides were separated on a 10 to 20% SBS&GE gradient gel which had been pre-equilibrated with 1 mM thioglycolate and subsequently
transferred to Immobilon-PVDF for staining with Coomassie blue. Bands contaipitfPJATP were identified by autoradiographs?R).

C-Ab- and N-Ab-reactive peptides were detected using chemiluminescence immunoblot analysis. Major peptides were assigned a label
(i—o) and are indicated by the left-most solid bars. The mobilitiesMndalues of molecular mass standards are indicated by the solid bars

to the right of the figure. An intensely labeled 19 kDa band (peptideras excised from the membrane, washed 10 times with distilled
water, and subjected to sequence analysis by the University of Massachusetts Medical Center Microsequencing Facility. A single sequence
was obtained as AGVQQPVYAT corresponding to GLUT1 residues-31D.

rium constants cited by Smith and Martedtlf for H*, C&*, 3.33,Kesraca= 4.30, andegramg = 0.19; at pH 7 ar&areca
Mg?*, and K interaction with EGTA and ATP adjusted for = 3.88,Karpmg = 3.89,Kegraca= 6.29, anKegramg = 1.22;
pH and temperature (4C). The apparent dissociation at pH 8 areKarpca= 4.02,Karpng = 4.03,Kegtaca= 8.27,
constants {log) calculated for EGTA and ATP at pH 5.5 andKegramg = 2.39; and at pH 8.5 at€arpca= 4.03,Katpmg
are KATPCa = 291, KATPMg = 291, KEGTACa = 330, and = 404, KEGTACa = 922, and KEGTAMg = 3.10. Our
Keetamg = —0.31; at pH 6 ar&Karpca = 3.32, Katpmg = calculations confirm that Mg levels decline linearly over
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FIGURE 2: Peptide mapping of photolabeled GLUT1. (A) Purified GLUT1 (&) was photolabeled using XM azido[y-3?P]JATP and

then incubated in sample buffer containing@ of chymotrypsin (30 min at 37C). Peptides were separated on a 10 to 20% SBPSGE

gradient gel and transferred to nitrocelluloge3{P]ATP-containing peptides were detected by autoradiograjRy. (N-Ab-reactive peptides

were detected using immunoblot analysis. Major peptides were assigned aplalgland are indicated by the left-most solid bars. The
mobilities andM;, values of molecular mass standards are indicated by the solid bars to the right of the figure. (B) V8 protease digestion
of azidoy-32P]ATP-photolabeled GLUTL. Labeled, purified GLUT1 (108) was incubated in 0.1% SDS and 50 mM Tris-HCI medium

(pH 7.4) containing 8 or 1&g of endoproteinase Glu-C (EndoGly-Ch at 37°C). Peptides were separated on a 10 to 20% -SPSGE

gradient gel and subsequently transferred to Immobilon-PVDF for staining with Coomassie blue. Bands copt&fRijAdTP were identified

by autoradiography?{P). C-Ab-reactive peptides were detected using chemiluminescence immunoblot analysis. Major peptides were assigned
a label ¢y—bb) and are indicated by the left-most solid bars. The mobilitiesMpdalues of molecular mass standards are indicated by the
solid bars to the right of the figure.

the pH range of 558.5 (from 2.4 to 0.5 mM) due to Computation of Transport and Labeling Constants
increasing chelation by EGTA and variable association with some experiments, transport rates and GLUT1 labeling by
ATP. M@ATP and MgHATP levels increase from 2.85 ATP were shown to change in a nonlinear (saturable) manner
mM at pH 5.5 to a peak of 3.5 mM at pH 7.0 and therafter with increasing ATP concentrations (e.g., Figure 5). In these
decline to 3.2 mM at pH 8.5. Free ATP levels are greatest instances, best-fit curves were generated by nonlinear regres-
at pH 5.5 (1.4 mM), are lowest at pH 7 (0.4 mM), and sion using the software package KaleidaGraph 3.08d (Syn-
thereafter increase to 0.8 mM at pH 8.5. ergy Software, Reading, PA) and assuming the following
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relationships. 1 45 88 95 291 480 492
In Figure 5A at pH 8, the rate of uptake ky + kj[ATP]/ <

(Kgatp + [ATP]), wherek; is the basal transport rate in the
absence of ATPk; is the increment in transport produced
by saturating ATP levels, anldyate is the apparenky for
ATP interaction with the transport system.

In Figure 5A at pH 5.5, the rate of uptake k; +
K[ATP]/(Kgatp1 + [ATP]) — k[ATP)/(Kgate2 + [ATP]),
whereky, ko, andKgatp1 correspond to those parameters for
Figure 5A at pH 8 but wherés and Kyatp, describe an
additional interaction with ATP that reduces net uptake.

In Figure 5B at pH 5.5 and 8.0, the extent of labeliag
ks — ks[ATP]/(Kiatp + [ATP]), wherek, is the extent of -
labeling in the absence of unlabeled AKRjs the decrease
in labeling produced by saturating ATP levels, dghp is
the concentration of ATP that inhibits labeling half-
maximally.

RESULTS

Peptide Mapping of the GLUT1 ATP Binding Site

Previous studies from this laboratory have demonstrated
that GLUT1 and azidoATP associate reversibly to form a
binary complex and that azidoATP binding to GLUT1 is
inhibited competitively by ATP, ADP, and AMR2f). UV
irradiation of the azidoATPGLUT1 complex activates the
ATP azido group, resulting in covalent attachment of a bound :
nucleotide to GLUT1. Limited proteolysis studies suggest 1 45 88 95 291 364 480 492
that the point of photoattachment of azidoATP to GLUT1 Fgure 3: Summary of peptide mapping analysis pf3P]ATP-
falls within the carboxyl-terminal half of the protein (residues labeled GLUT1 (Figures 1 and 2). The horizontal axis represents
270-456; 25). We have now undertaken more detailed GLUTL residues +492.3?P-labeled and unlabeled peptides are
peptide mapping analyses to define more precisely the siteindicated by black and white bars, respectively. Data are from

- Figures 1 and 2 and are cross-referenced by peptide labels (
of covalent attachment of the nucleotide to GLUT1. bb). Peptides containing the C-Ab-reactive sequence overlap with

Peptide mapping studies of integral membrane proteins GLUT1 residues 480492. Peptides containing the N-Ab-reactive
such as GLUT1 are complicated by the typically hydrophobic sequence overlap with GLUT1 residues-&5. Peptides containing

nature (high SDS binding capacity) of the resulting peptides biotinylated carbohydrate also contain GLUT1 residue Asn45. When
and by the presence of an N-linked oligosaccharide. For two peptides are linked by a single vertical bar, this indicates that

le. h h band 7 . include th localization is ambiguous, and the range of possibilities is shown
example, human erythrocyte band 7 proteins include the o, ihe jinked peptides. The length of each peptide was computed

multi-spanning integral membrane glycoproteins aquaporin py assuming that the electrophoretic mobility accurately represents
(28 kDa) and RhD NI, = 45 kDa) @2) but are resolved as  the peptide molecular mass. The shaded vertical box spanning
a 32 kDa protein band upon 10% SPBAGE @2). Intact - 0T e e e taches FRIATP The sriped-
— ; ; mos .
GLUT1 (M, =55 kDa) is resolved as a 50 kDa band (Figure bar repregents al9 kDaz,-PZP]XTP—IabeIed, EndoLys-C frag%ent
1A). We therefore resolved to use GLUTL internal markers (peptide n) of GLUT1 whose N-terminal residue (A301) was
to assist in peptide identification. Peptides containing an confirmed by sequencing. Peptidesandy should (but do not)
N-linked oligosaccharide (Asn45) were identified by blot contain p-*P]JATP and are shaded differently for comparison.
analysis (using streptavidin-conjugated HRP) of GLUT1 P.resumed specificities of_ proteolysis are as follows: EndolLys-C,
fragments obtained from glucose transporter biotinylated on K V8 Protease, D and E; and chymotrypsin, F, W, and Y.
carbohydrate residues prior to proteolysis. Peptides contain- Figure 1A indicates that not all N- or C-Ab-reactive
ing GLUT1 residues 8496 (N residues) and/or 48@192 peptides contaif?P or biotinylated carbohydrate. Similarly,
(C residues) were identified by use of rabbit antisera (N-Ab not all 32P-containing peptides include N- or C-Ab-reactive
and C-Ab, respectively) raised against synthetic peptidessequences. Figure 1B shows EndoLys-C and EndoGlu-C
corresponding to these GLUT1 domains. Each experiment (V8) digests of azidgf->’P]ATP-labeled GLUT1 which were
(see Figure 1A) thus involves biotinylation of carbohydrate subsequently probed fé#P and C and N residues. One of
exposed by unsealed GLUT1 proteoliposomes, followed by the 3?P-labeled peptides (peptid® was subjected to N-
GLUT1 photolabeling using azidpf*?P]ATP. The labeled  terminal sequence analysis (see below). Figure 2 summarizes
proteoliposomes are subjected to limited proteolysis; peptidesadditional experiments in which azidoATP-labeled, intact
are resolved by SDSPAGE and transferred to Immobilon GLUT1 was subjected to digestion by chymotrypsin (Figure
or nitrocellulose, and biotinylated andf8P-labeled peptides  2A) or by V8 protease (Figure 2B). Major peptides of
are detected by autoradiography. The very same membrand-igures 1 and 2 have an assigned label and are aligned in
filters are then probed for the presence of peptides containingFigure 3 according to size, sequence content (identified by
N and C residues by chemiluminescence immunoblot internal markers), and assumed proteolytic specificity. This
analysis. analysis permits approximate localization of the site of
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32] i
covalent attachment ofy**P]ATP _tO residues 291364. . Table 1: Effects of Glycolytic Intermediates on Erythrocyte 30MG
Because the masses of hydrophobic and glycosylated proteingptake

obtgined by SD_SPAGE analysis are approximat_e, this 30MG uptake gmol L of cell

region of nucleotide attachment should be viewed with some water 1 min-1)

caution. additior? 0MMg-ATP 4 mM Mg-ATP

Two peptides have properties inconsistent with this 7 qition 195 2 49+ 3

conclusion. Peptide (Figure 1A) and peptidg (Figure AMP (2 mM) 4+1 7+1

2B) cross-react with C-Ab and are characterizedVbypp) ADP (2 mM) 39+ 3 noA

values of 19.9 and 22.4 kDa, respectively, but contain no mgéz(;“mgﬂ) nos noa

detectabIéZP._ Three observations suggest that thgse peptidespyruvate (4 mM) noA noA

are dysfunctional, GLUT1 fragments present in GLUTL1 citrate (2 mM) noA noA

proteoliposomes prior to labeling and digestion. (1) These 'f?lfé?gze(zl”é'\g)isphosphate @ mw ”020 282

C—Ab—regcnve peptides are observed occasm_nally in GLUTL ¢ ciose 2.6-bisphosphate (4 mM) o no A

preparations that are untreated by proteolytic enzyr@&s ( NaHPO, (4 mM) noA noA

E. K. Cloherty and A. Carruthers, unpublished observations). 2h3-di|c;]hosphqgly?frat'\7)(2 mM) rrg n02

: ; _ i . phosphocreatine (1 m no

(2) Peptidey does not correspond to any possible V8 specmc phosphoenolpyruvate (0.1 mM) e oA

GLUT1 cleavage pro_duct. 3) _Pe_ptlde_ Qverlap_s_ Wlth fructose 6-phosphate (0.1 mM) o noA

peptidese andy, contains®?P, and is identified definitively glucose 6-phosphate (0.1 mM) no noA

by N-terminal sequencing (see below). glyceraldehyde 3-phosphate (0.1 mM) Ao noA
2-phosphoglycerate (0.1 mM) o noA
adenosine (52M) noA noA

N-Terminal Microsequencing

a Erythrocyte ghosts were resealed in KCl medium containing 5 mM

To further refine the definition of the site of nucleotide MgCl. plus the addition shown and adjusted to pH P.Ao A indicates
attachment, azidg[32P]ATP-labeled GLUT1 was subjected thfﬁ ‘t?ge iz no Signiﬁfagé ‘2“‘23”0‘1 hbe‘g"eegd_tpe teith;neasulroeeme'}t
to en.d.OprOtemase Lys-C d_|gest|on. EndOprOte_mase Lys-C ?nneasurer;nerizuprg?]ce;nditiosn C\:as txvrlee gr maorel. Ig‘;:'sults arneu rghov[/noas
specifically hydrolyzes amide, ester, and peptide bonds atihe meant SEM.
the carboxylic side of lysine3@). If it is assumed that the
conditions of proteolysis reveal each cleavage site and also,
favor specificity, this enzyme is expected to produce a 16
kDa GLUT1 fragment corresponding to residues 3@56.
Purified, azidoATP-labeled GLUT1 was exposed to En-
doLys-C for 18-24 h at 4°C, and the resulting peptides
were resolved on 10 to 20% gradient SBIRAGE gels.
Following transfer to Immobilon-P membranes, the blots
were exposed to film for autoradiography and stained with
Coomassie blue. Bands of interest were excised from the
membrane and subjected to N-terminal microsequence
analysis. Figure 1B indicates that a 19 kDa band (peptide
n) is heavily labeled by-*2P]ATP but lacks recognition
sites for both N- and C-Ab. N-terminal sequence analysis
of this peptide yielded 10 pmol of a single sequence of
AGVQQPVYAT corresponding to GLUT1 residues 301
310.

tion of transport is inhibited by intracellular AMP (2 mM).
Extracellular AMP has no effect on basal or ATP-modulated
30MG transport. This result is not unexpected because
previous work in this laboratory has shown that AMP
though unable to mimic the action of ATBn transport,
competes with ATPfor access to the transport systeRb)(
Resealing ghosts with 2 mM ADP stimulates basal transport.
The remaining glycolytic intermediates have no effect on
basal or ATP-modulated transport whether they are applied
at the cytoplasmic or extracellular (not shown) surface of
the erythrocyte membrane.

Intracellular pH. The experiments describing the effects
of glycolytic intermediates on basal and ATP-modulated
30MG uptake were performed at pH 7.4. Under physiologic
conditions in muscle and erythrocytes, increased glycolysis
elevates cellular lactate levels, resulting in an acid@ (
Factors Influencing ATP Modulation of Sugar Transport Ve therefore examined the ability of altered;péimodulate

ATP regulation of GLUT1-mediated sugar transport. Red

Glycolytic Intermediates Glycolysis and GLUT1-medi-  blood cell ghosts were resealed in KClI medium with or
ated transport appear to be regulated coordinately in certainwithout 4 mM MgATP adjusted to pH 5.5, 6.0, 7.0, or 8.0.
tissues 18). We were intrigued by the possibility that Both extra- and intracellular media were adjusted to the same
GLUT1-mediated sugar transport might be subject to regula- pH to avoid pH changes due to transmembrane proton flow.
tory feedback mechanisms similar to those found in the Earlier studies have demonstrated that the extracellular sugar
glycolytic pathway. uptake site is remarkably insensitive to alterations in external

Intracellular (but not extracellular; see r2f) Mg-ATP pH (35). KCI medium was employed in both extra- and
converts 30MG transport by resealed erythrocyte ghosts fromintracellular media to avoid transmembrane KCI gradients
a high-capacity low-affinity transport system[.x = 1069 and K transport-induced volume changes.

+ 84 uM/min, Kmgpp)= 12.3+ 0.8 mM] to a low-capacity Figure 4A shows that as pH decreases from 8.0 to 5.5,
high-affinity system Ymax = 220 £ 19 uM/min, Km@pp) = ATP modulation of 100uM 30MG uptake is reduced.
386+ 24 uM, n=4]. The net effect of ATP is to increase Subsequent experiments (see Figure 5A) show even stronger
30MG uptake at 0.1 mM sugar by-5-fold (see also ref  inhibition of ATP-modulated transport. Basal transport rates
25). We used this simple assay of 30MG uptake at 0.1 mM are unaffected. Calculation of free Mg, free ATP, and-Mg
sugar to determine how resealing erythrocyte ghosts with or ATP levels indicates that this inhibition is unrelated to
without glycolytic intermediates affect basal and ATP- systematic (pH-dependent) alterations in the ionization state
modulated sugar transport. Table 1 shows that ATP modula-of ATP (see Materials and Methods). The loss of ATP
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Ficure 4: Effects of pH on ATP modulation of sugar transport
(A) and GLUT1 labeling by azidof3?P]JATP (B). (A) Erythrocytes
were lysed and resealed in KCI medium containi®y ¢r lacking
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Ficure 5: Effects of pH on the concentration dependence of ATP
modulation of sugar transport (A) and ATP inhibition of GLUT1
labeling by azido}-32P]JATP (B). (A) Erythrocytes were lysed and
resealed in KCI medium containing 5 mM MgQind increasing
concentrations of ATP at pH 8.@j or 5.5 (©). On the ordinate
are the initial rates of 100M 30MG uptake (micromoles per liter

(©) 2 mM exogenous ATP. The pH of the resealing and extracel- of cell water per minute). On the abscissa is the ATP content of
lular media is shown on the abscissa. On the ordinate are the initialthe resealing medium in' micromolar. The results summarize three

rates of 10«M 30MG uptake (micromoles per liter of cell water

separate experiments each made in triplicate. Lines drawn through

per minute). These results summarize triplicate measurements. Lineshe data points were computed by nonlinear regression (see
drawn through the data points were computed by the method of Materials and Methods). These analyses assume that ATP modula-

least squares. (B) Purified GLUT1 was incubated in Tris-HCI
medium containing 1M azido[y-32P]JATP at the pH indicated
for 15 min at 4°C. Each sample was UV irradiated for 1 min and
30 ug of labeled protein resolved on 10% SBBAGE minigels.

tion of transport at pH 8 is comprised of basal transprséen at
0 M ATP) and a simple, ATP-dependent Michaeldenten
component wheré; is the increment in transport produced by
saturating ATP levels andqatp is the apparenKy for ATP

Peptides were transferred to nitrocellulose, and labeled bandsinteraction with the transport system. The computed constants are

containing [-32P]JATP were identified by autoradiography.

modulation of transport at lower pH could result from altered
binding kinetics (affinity or capacity of GLUT1 for ATP)

or from the pH-dependent binding of a regulatory molecule
to the ATPGLUTL1 complex. To examine these possibilities,
purified GLUT1 was photolabeled at pH 5.5, 6.5, 7.5, and
8.5 with 10 uM azidoATP. Protein was separated on

as follows: k; = 46 uM/min, k; = 30 uM/min, andKgatp = 89

uM ATP. ATP modulation of transport at pH 5.5 is similar to that
at pH 8 but is characterized by an additional interaction with ATP
that reduces net uptake wheke is the decrement in transport
produced by saturating ATP levels aKgarp: is the apparenk;

for ATP inhibition of transport. The computed constants are as
follows: k; = 48 uM/min, k, = 259 uM/min, Kgatp1 = 189 uM
ATP, ks = 259 uM/min, and Kgatpz = 199 uM ATP. (B) ATP
inhibition of GLUT1 photolabeling by azidgf3?P]ATP at pH 5.5

minigels and labeling quantitated by autoradiography. Figure (O) and 8.0 @). Purified GLUT1 was incubated for 15 min at 4

4B shows that contrary to our expectations, ATP incorpora-
tion into GLUTL1 is reduced as the pH increases from 5.5 to

8.0.

°C in Tris-HCI medium containing 5 mM Mgghnd 15«M azido-
[y-32P]JATP at pH 5.5 or 8.0 in the presence of increasing
concentrations of ATP. Each sample was UV irradiated for 1 min
and 30 ug of labeled protein resolved on 10% SBBAGE

To better understand this phenomenon, we measured theminigels. Peptides were transferred to nitrocellulose, and labeled

ATP dependence of 30MG uptake in resealed red cell ghost

at pH 5.5 and 8.0. Figure 5A shows that 1081 30MG

ghbands containing)}-32P]JATP were identified by autoradiography.

On the ordinate is the relativey££2PJATP incorporation into
GLUT1 as judged by densitometric analysis of resulting autorad-

uptake increases in a saturable manner with ATP concentrajograms. On the abscissa is the [ATP] during photolabeling

tion at pH 8.0. At pH 5.5, however, transport is maximally
stimulated at 20M ATP, but is inhibited at 2 mM ATP.

(millimolar). These data are a summary of two separate experiments.
Lines drawn through the points were computed by nonlinear
regression (see Materials and Methods). This analysis assumes that

Figure 5B summarizes three separate experiments in whichy S5"ihe extent of labeling in the absence of ATP and that ATP

azidofy-*?P]ATP labeling of GLUT1 was carried out at pH

competitively inhibits labeling ks is the decrease in labeling

5.5 and 8.0 in the presence of increasing concentrations ofproduced by saturating ATP levels aKghre is the concentration

a competing unlabeled ligand, ATP. ATP inhibition of
GLUT1 labeling by azidoATP shows simple competition

of ATP that inhibits labeling half-maximally). The computed
constants are as follows: pH 8K, = (1.1 + 0.1) x 10, ks =
(1.04+ 0.1) x 10, andKiarp = 0.54+ 0.2 mM ATP; and pH 5.5,

kinetics at both pH 5.5 and 8.0, but the maximum level of , = (4.7 + 0.3) x 10, ks = (4.1 + 0.5) x 105, andKiarp = 1.3

labeling by azidoATP andKapp for ATP inhibition of

+ 0.5 mM ATP.
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Table 2: Effect of Reductant on ATP Modulation of Erythrocyte [
30MG Uptake 3
601
30MG uptake 2
condition (umol-L cell water* min—?) g 50]
control 41.2+ 7.4 2
2mM DTT 57.3+7.1 g 40
2mM ATP 97.7+11.6 -
2 mM ATP and 2 mM DTT 48.1+ 3.4 § 304
a Hypotonically lysed erythrocytes were resealed with or without 2 g 201
mM ATP and then incubated with or without 2 mM DTT for 30 min =
at 37°C. 30OMG uptake at 100M 30MG was measured at“€. The 3 10]
table summarizes results as the meanSEM of three separate R
experiments made in triplicate. 0 1
0ATP  2mMATP
DTT - + FIGURE 7: ATP stimulates 30MG uptake into reconstituted, purified

GLUT1 proteoliposomes. GLUT1 (1Q@g) was reconstituted into
eggPC-cholesterol proteoliposomes, and uptake ofi8M30MG

105 — By was measured at 2TC in the presence of 5 mM Mgg&With or
82 — without 2 mM ATP, and in the presence or absence ofu®0
49 — L I cytochalasin B (CB). On the ordinate is the 30OMG uptake expressed
as a percentage of the equilibrium 30OMG space of proteoliposomes
33.3 — accessed during 15 s of uptake. On the abscissa is the [ATP] of
286 — the medium during reconstitution and uptake determination (O or

2 mM ATP). Uptake in the presence of CB is shown by the black
bars. This figure is representative of three separate experiments.

194
FIGURE 6: Azido[y-32P]ATP labeling of dimeric and tetrameric ~ Smallest GLUT1 cassette that contains covalently attached
GLUT1. Purified GLUT1 was incubated in Tris-HCI medium and  [3?P]JATP. This result is consistent with previous indirect

5 mM MgCl, with or without 4 mM DTT for 30 min at 4°C. studies suggesting that GLUT1 residues 2380 may be

Following labeling with azidoATP, 3@g samples of protein were . : : s :
resolved on 10% SDSPAGE minigels. Peptides were transferred |r}v0!\{ed m. hucleotide binding 25). Thls study offers
to nitrocellulose, and bands containing®P]ATP were identified  Significant improvement over our earlier analyses because

by autoradiography. The presence)(or absence ) of DTT we have employed internal markers to indicate the ap-
treatment is indicated above each lane. proximate origin of proteolytic fragments previously assigned
labeling are reduced at pH 8.0. The ATP content of on the basis of peptide mass and assumed proteolytic enzyme
erythrocyte ghosts resealed with 4 mM ATP at pH 5.5 or specificity alone. These markers are GLUT1 residues 84
8.0 is not significantly different (pH 5.5, [ATRF 3.1 mM; 96 (N residues), GLUT1 residues 48892 (C residues), and
and pH 8.8, [ATP]= 3.1 mM; ATP content of ghosts asparagine-linked carbohydrate (Asn45). Even using these
reasealed in the absence of exogenous ATP, pH 5.5, [ATP]markers, however, interpretation of GLUT1 peptide mapping
= 0.07 mM; and pH 8.0, [ATPE 0.069 mM). studies is complicated by the frequently anomalous mobility

Transporter Oligomeric Structure Erythrocyte-resident  of GLUT1 fragments upon SDSPAGE. For example, a
GLUT1 exists as a homotetramer but dissociates to form a[y-3?P]ATP-labeled EndoLys-C GLUT1 fragment with an
homodimer upon erythrocyte exposure to extracellular re- intact carboxyl terminus is resolved as a 23 kDa fragment.
ductant 21, 36). In this study we ask the following question. EndoLys-C specifically hydrolyzes amide, ester, and peptide
Does ATP modulate both dimeric and tetrameric GLUT1- bonds at the carboxylic side of lysine. If we assume
mediated sugar transport? Table 2 shows that erythrocytespecificity in proteolysis (an assumption supported by
ghost exposure to reductant (2 mM DTT) inhibits ATP sequence analysis of a smaller EndoLys-C GLUT1 fragment),
modulation of 30OMG uptake but has no effect on basal this peptide could derive from cleavage at lysine 300 or
uptake measured in the absence of ATP. A reduced capacitylysine 256. The predicted masses of these peptides (21 and
to modulate GLUT1-mediated sugar transport in reductant- 25.8 kDa, respectively) differ significantly from the observed
treated erythrocyte ghosts could result from reduced ATP mass.

binding to GLUT1 or from altered interaction of ATP- The smaller §-32P]ATP-labeled EndoLys-C GLUT1 frag-
liganded GLUT1 with regulatory cellular components. ment (19.1 kDa) was subjected to N-terminal sequence
Figure 6 shows that incorporation offPJATP into reduced  apalysis. This confirmed the origin of th&P]ATP-labeled
GLUTL1 is significantly impaired. GLUTL1 fragment as Ala301 with hydrolysis occurring at
) ; Lys300. If we assume specificity and precise molecular mass
Bﬁgi@lp Modulate GLUT1-Mediated Sugar Transport determination, this result places the site 8PJATP incor-
poration within a GLUT1 cassette comprised of residues
3-O-Methylglucose uptake by reconstituted GLUT1 pro- 301-477 (theoretical molecular mass of 19 223 Da). Our
teoliposomes is inhibited by cytochalasin B (@8I) and is peptide mapping studies suggest tR&RJATP incorporation
stimulated by MgATP (2 mM; Figure 7). occurs between GLUT1 residues 291 and 364. This permits
further refinement of the azidoATP incorporation domain
DISCUSSION to residues 301364. This GLUT1 domain contains primary
GLUT1 ATP Binding DomainThe results of our peptide  sequence that is 50% identical with a region of adenylate
mapping studies point to GLUT1 residues 2864 as the kinase previously shown to form a hydrophobic strand of a
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parallel S-pleated sheet flanking the adenine ribose and flow from glycolysis, is subject to allosteric inhibition by

triphosphate chain of M@A\TP (37). This sequence ATP and to stimulation by fructose 1,6-bisphosphat8, (
50).
adenylate kinase, |y, GQPTLLLYVDAG Human erythrocyte GLUT1 is subject to allosteric inhibi-
(R | tion by ATP @4, 25) which converts low-affinity high-
GLUT 1,3, 345 GRRTLHLIGLAG capacity net sugar uptake to high-affinity low-capacity

uptake. Maximum rates of exchange transport and net sugar
is also found in the adenine nucleotide binding proteins exit appear to be unaffected by cellular ATP levéld)( In
glycogen phosphorylase3§), RAD3 (39), the ATP/ADP this study, ATP reduce¥max and Kmpp) for net 3S0OMG
translocase40), the human brown fat uncoupling protein uptake in erythrocytes at the temperature of ice from 1069
(41, 42), phosphofructokinasé8), and theo- ands-subunits + 84 umol per liter of cell water per minute and 12430.8
of Fi-ATPase 44). Assignment of this GLUT1 domain to mM to 220+ 19 umol per liter of cell water per minute and
the glucose transport nucleotide-binding pocket, while 386 &+ 24 uM, respectively. ATP thus increases the ratio
strengthened by our peptide mapping studies, remainsVma/Kme@pp) by some 5-6-fold. This is not markedly
inferential in the absence of a detailed GLUT1 structure. It different from the 3-fold increase reported previousty)(
is interesting to note that GLUT1 also contains the consensusThe net effect of ATP on 30MG uptake at subsaturating
Walker motif GXXXXGKS/T found in a great many ATP  sugar levels (56100 M) is stimulation of transport by a
and GTP binding proteins37). In GLUT1, this sequence factor proportional to the increase in the ra¥i@ayKmapp)
(residues 11%118) may be exposed to the exterior of the while transport at 30MG levels greater th&qpp) (saturated
cell (45), suggesting that it assumes no role in intracellular transport) is inhibited.

nucleotide binding. We examined whether ATP regulation of transport in
ATP Affects GLUT1 Function Directlylsolated GLUT1 resealed ghosts is subject to modulation by glycolytic
is an ATP binding protein. Incorporation of M§TP into intermediates known to regulate glycolysis. Only AMP

the interior of resealed erythrocyte ghosts results in sugarantagonizes the action of ATP on 30MG uptake. Citrate,
uptake stimulation at subsaturating 30OMG concentrations andfructose 1,6-bisphosphate, and fructose 2,6-bisphosphate (key
produces uptake inhibition at saturating 30OMG concentra- regulators of PFK or pyruvate kinase) have no effect on basal
tions 25). Addition of 2 mM MgATP to reconstituted  or ATP-stimulated sugar uptake. Other intermediates were
GLUT1 proteoliposomes results in stimulation of 30OMG similarly inactive. ADP, however, mimics the ability of ATP
uptake at subsaturating (50M) 30MG levels. ATP to modulate transport. These effects of AMP and ADP on
modulations of purified GLUT1- and erythrocyte resident sugar transport in erythrocyte ghosts are similar to those
GLUT1-mediated sugar transport are, therefore, fundamen-reported previously 25). External application of ADP
tally similar. We conclude that ATP modulation of GLUT1 inhibits ATP modulation of sugar efflux from inside out
function requires the presence of only ATP and GLUT1. erythrocyte membranes vesicles and, like AMP, antagonizes
This conclusion contrasts with that of Wheeler, who the action of ATP to slow C-Ab binding to purified GLUT1
demonstrated that ATP does not modulate the activity of (25). This suggests that residual adenylate kinase present
reconstituted human GLUT1 proteiag). However, Wheel- in erythrocyte ghosts converts ADP to ATP, a hypothesis
er’s studies employed reduced (DTT-treated) GLUT1 which supported by ATP assays of ADP-loaded gho28).( We
we have shown to exist as a GLUT1 dim2d), Our studies conclude, therefore, that ATP regulation of sugar transport
employ the physiologic, nonreduced form of GLUT1 [a is subject to inhibition by AMP and possibly by ADP. The
GLUT1 tetramer 21)]. We therefore asked two questions. glucose transporter, an enzyme of glycolysis, is characteristi-
(1) Is reduced GLUT1 susceptible to ATP regulation? (2) cally sensitive to the energy charge of the cell.
Does reduced GLUT1 bind ATP? Our studies show that All experiments used to investigate the action of glycolytic
reductant treatment of erythrocytes converts resident tet-intermediates on ATP modulation of sugar transport were
rameric GLUT1 to dimeric GLUT122), and our findings performed at a fixed pH (7.4). Under normal circumstances,
in this study indicate that reductant also abates ATP increased glycolytic flux gives rise to elevated lactic acid
modulation of 30OMG transport. Reductant (DTT) treatment levels and reduced pk84, 51, 52). We therefore examined
of purified GLUT1 results in the loss of azidoATP labeling. the effect of altered pH on basal and ATP-regulated sugar
These results provide a rational explanation for Wheeler’s transport. To our surprise, we observed that while reduced
findings and suggest strongly that dimeric GLUT1 does not pH inhibited ATP modulation of sugar transport, the level
present binding sites to nucleotide. They further reinforce of azidofy-*?P]JATP labeling of GLUT1 was increased.
the view that red cell-resident GLUT1 exists as the ATP- Reduced pH serves to increase both the level of maximum
sensitive GLUT1 tetramer2Q). photoincorporation ofyf-32P]JATP andKieapg) for ATP inhibi-
Factors Modulating ATP Regulation of GLUTThe ATP tion of photolabeling. ATP stimulation of transport at pH
sensitivity of human erythrocyte sugar transport suggests that8.0 increases in a saturable manner with nucleotide concen-
regulation of glycolysis and sugar transport in nucleated tration. However, ATP stimulation of transport at pH 5.5
erythrocytes §, 17, 46) and cardiac tissue3( 47) is increases with nucleotide concentrations up to 20Dand
coordinated through a common regulatory principle. The thereafter falls with increasing ATP. ATP assays indicate
major site of glycolytic regulation is phosphofructokinase that intracellular ATP is not degraded to a significantly
(PFK) which catalyzes the committed step in glycolysis. PFK greater extent at low pH. Computation of free MgATP,
is subject to allosteric inhibition by ATP and by citrate and and MgATP levels indicates that these observations are not
to stimulation by fructose 2,6-bisphosphate and by AMP and explained by systematic (pH-dependent) changes in these
ADP (48). Pyruvate kinase, the enzyme controlling the out species. We conclude that intracellular ATP exerts antago-
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nistic actions on sugar transport at pH 5.5. The nature of
the inhibitory action is presently unknown. An increased
level of GLUT1 labeling by azidoATP at reduced pH raises
the possibility that a unique, transport-antagonistic ATP
binding site is revealed at acidic pH. Future studies must
address this possibility.

Relationship to Sugar Transport Regulation in Other
Tissues Sugar transport in avian erythrocytes is subject to
regulation by cellular metabolic status. Under basal condi-
tions, protein-mediated net sugar uptake is barely detectable
Exposure to anoxia or to inhibitors of oxidative metabolism
results in a robust stimulation of net sugar upta&e7).

Biochemistry, Vol. 37, No. 35, 19982231

Under the prevailing nucleotide conditiornGyappequals 1.4
mM ATP, the transporter is 65% saturated by ATP, ¥Rgk

for net sugar uptake is inhibited by 59%. If ATP levels were
to fall 20% and ADP and AMP levels were to increase 30-
and 50-fold, respectively, as in a hypoxic hedas8,(59),
Ka@pp) Would equal 29 mM ATP, the transporter would be
7% saturated by ATP, andax for net sugar uptake would
be inhibited by only 6%. The result would be a 2.3-fold
increase in net uptake during metabolic inhibition.

. Erythrocytes also contain high levels of reduced glu-
tathione [approximately 4 mMvbQ)]. While reductant causes
tetrameric GLUT1 to dissociate into GLUT1 dimeB2) and

Recent studies have demonstrated that avian erythrocytethereby lose allosteric regulation by ATP, reductant acts only

GLUT1 is present at the cell surface at all timéds)(but
functions as an antiporter in basal cell8). This means

at an extracellular site2f). GLUT1 quaternary structure
and regulation by ATP are, therefore, unaffected by intrac-

that sugar uptake proceeds only when it is coupled to sugarellular reductant.

exit. Following metabolic disruption, avian red cell GLUT1
can now catalyze sugar uniporig), allowing net sugar
uptake in the absence of intracellular sugar. Antiport
function appears to be unaffected by cellular metabolic status.

While avian erythrocyte GLUT1-mediated sugar uniport
is controlled more completely by cellular metabolic status
than is human erythrocyte sugar uniport, the similarity
between transport regulation in both tissues is striking.
GLUT1-mediated uniport but not exchange (antiport) is
accelerated under conditions of cellular ATP depletion.
Uniport function requires that the transporter undergo a full
catalytic cycle in the absence of sugar at one or even both
sides of the membran&g, 54). Exchange function repre-
sents only one-half of the transporter’'s catalytic cycle in
which conformational changes can proceed exclusively when
the substrate is bound to the carrier. Our findings suggest
that those substrate-independent GLUT1 conformational

changes that are necessary to complete the full catalytic cycle

and thereby permit uniport function are strongly inhibited
when ATP is bound to GLUTL1. It is noteworthy that the

GLUT1 carboxyl terminus is less accessible to peptide-
directed antibodies under conditions where uniport is inhib-
ited [in the presence of ATR2E)]. In addition, the GLUT1

carboxyl terminus truncation prevents substrate-independent

conformational changes necessary for unip6Bg, 66). It
is interesting to speculate, therefore, that conformational
changes in the GLUT1 carboxyl terminus control antiport
uniport switching and that this, in turn, is regulated by ATP
binding to GLUTL1.

ATP Regulation of GLUTL1 in ErythrocytesSaturating
intracellular ATP reduce¥max for net uptake by 90%1Q).
The consequences of GLUT1 allosteric interaction with ATP,
ADP, and AMP on net glucose transport can be predicted
assuming nucleotide interactions with GLUT1 are mutually
competitive and that AMP and ADP antagonize the effect
of ATP on net sugar uptak@%). Human erythrocyte AMP,
ADP, and ATP levels are approximately 2.6 mM, 0.14 mM,
and 12uM, respectively §7). Kqfor ATP binding to GLUT1
at pH 8 is 0.5 mM (Figure 5), whil&;epp) values for AMP
and ADP inhibition of ATP binding to GLUT1 are 120 and
80uM, respectively 25). Kgappfor ATP binding to GLUT1

in the presence of ADP and AMP is given by
K —kl1+ [AMP] + [ADP]
d(app) d KdAMP KdADP

Conclusions Upon assembly into its native tetrameric
form, human erythrocyte GLUT1 is an adenine nucleotide
binding protein. GLUT1 residues 36B64 are closely
associated with the nucleotide binding domain. When it is
liganded by ATP, the net sugar import capacity of tetrameric
GLUT1 is reduced 5-fold. Intracellular AMP and acidifica-
tion antagonize the inhibitory action of ATP on net import.
ATP modulates sugar transport in reconstituted, tetrameric
GLUT1 proteoliposomes, indicating that GLUT1 and ATP
are sufficient for transport regulation. Our studies suggest
that dimeric GLUT1 neither binds nor is modulated by ATP.
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