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ABSTRACT. At any instant, the human erythrocyte sugar transporter presents at least one sugar export site
but multiple sugar import sites. The present study asks whether the transporter also presents more than
one sugar exit site. We approached this question by analysis of bindidg]of/fochalasin B (an export
conformer ligand) to the human erythrocyte sugar transporter and by analysis of cytochalasin B modulation
of human red blood cell sugar uptake. Phloretin-inhibitable cytochalasin B binding to human red blood
cells, to human red blood cell integral membrane proteins, and to purified human red blood cell glucose
transport protein (GluT1) displays positive cooperativity at very low cytochalasin B levels. Cooperativity
between sites andqypp)for cytochalasin B binding are reduced in the presence of intracellular ATP. Red
cell sugar uptake at subsaturating sugar levels is inhibited by high concentrations of cytochalasin B but
is stimulated by lower€20 nM) concentrations. Increasing concentrations of the el ligand forskolin also
first stimulate then inhibit sugar uptake. Cytochalasin D (a cytochalasin B analogue that does not interact
with GIuT1) is without effect on sugar transport over the same concentration range. Cytochalasin B and
ATP binding are synergistic. ATP (but not AMP) enhanc#éd]¢ytochalasin B photoincorporation into

GIuT1 while cytochalasin B (but not cytochalasin D) enhange¥PlazidoATP photoincorporation into

GluT1. We propose that the red blood cell glucose transporter is a cooperative tetramer of GIuT1 proteins
in which each protein presents a translocation pathway that alternates between uptake (e2) and export
(el) states but where, at any instant, two subunits must present uptake (e2) and two subunits must present
exit (el) states.

Protein-mediated solute transport across cell membranes We have proposed. () that the human erythrocyte glucose
proceeds via membrane-spanning channels and carriers. Fairansporter is a GluTthomotetramer and that each GluT1
most carrier-mediated transfer systems, the mechanism ofprotein (transporter subunit) provides a sugar translocation
solute transport is consistent with a ping-pong transfer pathway acting as a ping-pong carrier. Although each subunit
process. Here, the carrier alternates between one state (“el”presents the same membrane topology/orientation, coopera-
presenting a substrate export site and a second state (“e2"}ive interactions between subunits are hypothesized to result
exposing a substrate import sitg @). Solute translocation  in a honrandom arrangement of catalytic states within the
occurs when the carriersubstrate complex undergoes the transport complex. At any given instant, two subunits must
el— e2 or e2— el transition. exist in the el state and two subunits must be present the e2

The human red blood cell glucose transporter is one of state. If one GIuT1 protein undergoes the-e®2 transition,
several carrier-mediated transport systems that do not func-ts neighbor must undergo the reverse ore21 transition
tion in this manner 7). Instead, the erythrocyte sugar and vice versa. In this manner, the glucose transporter
transporter presents sugar uptake and sugar efflux sitescomplex, although comprised of individual ping-pong car-
simultaneously §—11). This behavior seems not to result riers, behaves as a simultaneous carrier presenting uptake
from the internal duplication of a catalytic domain because and efflux sites to sugars concurrently.
most carrier proteinsthose functioning as ping-pong carriers ~ Biochemical, biophysical, and molecular biological studies
and those that function as simultaneous carrigresent a  0f GIUT1 quaternary structure and kinetic behavior (transport
fundamenta“y similar Secondary structure o1 mem- and Ilgand blndlng) have resulted in contrary interpretations
brane spanning domains2—15). How can transport systems

; 1 Abbreviations: GIuT1, human erythrocyte glucose transport protein;
that share a common secondary structure and, in somegMG’ 3-O-methylglucose; AMP, adenosine monophosphate; ATP,

instances, homologous primary structure display fundamentalagenosine triphosphate; CCB, cytochalasin B; CCD, cytochalasin D;
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(see Discussion for details). More recently, we have shown Equilibrium Cytochalasin B BindingRed cells were
that the human red cell sugar transporter presents sugadepleted of endogenous sugars by incubation &C3in 40
uptake and sugar exit sites simultaneoudlj) @nd that the  volumes of sugar-free saline. Cells were then resuspended
transporter presents at least two sugar uptake di@sThese in saline (4°C) containing H]CCB (6 «Ci/mL), 10 uM
results are consistent with the simultaneous tetramer hy-CCD, and varying concentrations (5 nM to %0M) of
pothesis which requires that the transporter presents twounlabeled CCB. This suspension was incubated for 20 min
sugar uptake and two sugar exit sites at all times. at 4°C, and fH]cytochalasin B binding was determined by
The present study asks whether the transporter exposed centrifugation procedureg).
multiple sugar export sites. We show, by analysis of Briefly, pelleted, preincubated cells were resuspended by
cytochalasin B binding to the el form of GluT1 and by addition of 120uL of medium containing3H]cytochalasin
analysis of cytochalasin B modulation of GluT1-mediated B. Aliquots (20uL) of the suspension were counted by liquid
sugar transport, that the human red cell sugar transporterscintillation spectroscopy using a Beckman scintillation

presents at least two el conformers simultaneously. counter. This provides a measure of “total” suspension
[cytochalasin B]. Cells were incubated for 30 min at@
MATERIALS AND METHODS with end-over-end rotation by which time equilibrium

cytochalasin B binding is achieveti@). The cell suspension
was centrifuged at 140@0or 20 s, and aliquots (20L) of

the clear supernatant were counted by liquid scintillation
spectroscopy. This provides a measure of “free” [cytochalasin
B]. Bound [cytochalasin B] is computed as total free
[cytochalasin B]. All counts were quench corrected and
expressed as disintegrations per minute. The same procedure
was adopted for measuring cytochalasin B binding to
peripheral protein-depleted red cell membranes and to

' . purified human GIuT1 proteoliposomes. Here, centrifugations
contained 10 mM Tris-HCl and 0.2 mM EDTA, pH 7.2. St0p  \yere for longer time intervals (15 min) to ensure sedimenta-

solution consisted of ice-cold saline plus 2P CCB and tion of membranes and GIuT1 proteoliposomes.

100uM phloretin. Tris medium contained 50 mM Tris-HCI GIuT1 Photolabeling Using®H]Cytochalasin BRed cell
and 0.2 mM EDTA, pH 7.4. i membranes depleted of peripheral membrane proteins were
Red Cells Red cells were isolated from whole human resyspended in saline containing cytochalasin D 4),
blood by repeated wash/centrifugation cycles in ice-cold [*H]CCB (2.54M, 17 Ci/mmol), and ATP, AMP, or GTP
saline. One volume of whole blood was mixed with 3 (2 mm). The final protein concentration was 1 mg of total
volumes of saline and centrifuged at 10gG6r 5 min at 4 /protein/mL. Suspensions were incubated for 10 min on ice
°C. Serum and the buffy coat were aspirated, and the wash/3nd then irradiated on ice for 4 min at 280 nm using a
centrifugation cycle was repeated until Fhe supernatant wasRayonet photochemical reactor (RPR-100). The membrane
clear and a buffy coat was no longer visible. suspension was collected by centrifugation (14p@9 10
Erythrocyte Membrane Ghost®Vashed red cells were  mjn), and the membrane pellet was subjected to two wash/
lysed in 40 volumes of lysis medium, incubated on ice for centrifugation cycles in 40 volumes of PBS to remove free
10 min, and then centrifuged at 22@fdr 20 min at 4°C. }3H]CCB. The final pellet was resuspended in 1 mL of saline
The supernatant was aspirated, and the lysis/centrifugation/and assayed for protein content by the Pierce BCA procedure,
aspiration cycle was repeated. The resulting membranes wereind 50ug of protein from each experimental condition was
resealed by incubation in KCI medium containing or lacking subjected to SDSPAGE on a 10% gel (see below).
4 mM Mg-ATP (pH 7.4) at 37°C for 60 min and harvested  Following electrophoresis, the gel was stained using Pro Blue
by centrifugation at 220@pfor 20 min at 4°C. and archived by quantitative digital scanning densitometry.
Erythrocyte Membranes Depleted of Peripheral Membrane Each lane was cut into 1.5 mm slices, and each slice was
Proteins.Unsealed erythrocyte ghosts were exposed to 2 mM dissolved by overnight incubation in 30% hydrogen peroxide
EDTA and 15.4 mM NaOH, pH 12 (0.8 mg of protein/mL at 30 °C and counted for 3H]JCCB content by liquid
of medium) for 10 min at £#C. Membranes were collected scintillation spectroscopy (Beckman LS 6500 in auto DPM
by centrifugation at 270@pfor 20 min, and the pH of the  mode).
membrane suspension was restored by three wash/centrifuga- Glucose Carrier Labeling with 8-Azidef32P]ATP. Label-
tion cycles each in 5 volumes of Tris medium. This procedure ing was as described previously i22). Briefly, 8-azido}-
depletes red cell membranes of peripheral protei@s18). 32P]ATP in methanol was dried under, lnd resuspended
The protein content of the membrane suspension wasin 500 L of Tris medium, pH 8.5 (9Q:Ci of 32P, 10uM
adjusted to 2 mg/mL using Tris medium, and the membranesfinal [azidoATP]). Purified GLUT1 proteoliposomes (500
were stored at-70 °C. ug of protein) were sedimented by centrifugation at 14000
Purified Glucose Transport ProteinrGIuT1 containing for 20 min and combined with the methanol-free 8-azido-
endogenous lipid was purified from human erythrocyte [y-3?P]JATP solution. The suspension was incubated on ice
membranes depleted of peripheral proteins by ion-exchangefor 30 min to ensure equilibrium ATP binding to GLUT1.
chromatography in octyl glucoside as described previously Samples were placed in a plastic weigh boat on ice and
(19). Protein purity was verified by SDSPAGE 0), and irradiated for 90 s at 280 nm in a Rayonet photochemical
protein function was assessed by analysis of CCB binding reactor. Following UV irradiation (photolabeling), GLUT1
capacity relative to protein content. was washed three times to remove unbound 8-agid]]-

Materials.Human blood was obtained from the American
Red Cross. Radiochemicals were purchased from New
England Nuclear (Boston, MA). All other reagents were
purchased from Sigma Chemicals (St. Louis, MO).

SolutionsSaline consisted of 150 mM NacCl, 10 mM Tris-
HCI, and 0.5 mM EDTA, pH 7.4. KCI medium consisted of
150 mM KCI, 10 mM HEPES, and 0.5 mM EDTA, pH 7.4.
PBS consisted of 137 mM NaCl, 2.7 mM KCI, 8.1 mMNa
HPQ,, and 1.7 mM NaHPQ pH 7.4. Lysis medium
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ATP by centrifugation (14009for 15 min) and resuspended plot inset of Figure 1A) reveals systematic deviations from
in 500 uL of Tris medium, pH 8.5. The effects of CCB on simple behavior at both low and high [CGBThis behavior
azidoATP binding to GLUT1 were examined by varying the is more pronounced with measurements of equilibrium CCB
[CCB] of the Tris medium over the range-@ uM during binding to purified GIuT1 proteoliposomes (Figure 1B). CCB
photolabeling. MgGlwas present at 5 mM in all experiments binding to GluT1 increases monotonically with [CCB] at high
reported in this study. ligand concentrations but cooperatively with [CCB] at very
Net 3-O-Methylglucose Uptak&ugar transport by red  low [CCB] (see inset to Figure 1B). The linear dependence
cells was as described previousB2). Briefly, sugar-free  of binding on [CCB] at high ligand concentrations appears
cells or resealed erythrocyte ghosts at ice temperature werdo result from nonspecific ligand binding because phloretin
exposed to 5 volumes of ice-cold KCI medium containing [100uM, a potent inhibitor of CCB binding1(0, 24)] does
[3H]-3-O-methylglucose and variable concentrations of un- not inhibit this component of binding (Figure 1B). However,
labeled 30-methylglucose and/or competing sugar. Uptake binding at low [CCB] is inhibited by phloretin.
was measured over intervals of 15 s to 1 min; then 50 CCB binding to RBC integral membrane proteins (Figure
volumes (relative to cell volume) of ice-cold stopper solution 1C,D,E) also deviates from simple saturation kinetics. At
was added to the cell/ghost suspension. Cells/ghosts werdow [CCBJ;, binding appears to show positive cooperativity
sedimented by centrifugation (14apfr 30 s), washed once  (see Scatchard plot insets of Figure 1C,D). The presence of
in stopper, collected by centrifugation, and extracted in 500 Mg-ATP (4 mM) appears to inhibit cooperativity and to
uL of 3% perchloric acid. The acid extract was centrifuged, increase CCB binding at low ligand concentrations (Figure
and duplicate samples of the clear supernatant were counted1D,E). This may explain why CCB binding to intact red cells
Zero-time uptake points were prepared by addition of stopper which contain approximately 2 mM ATP2g) shows less
to cells/ghosts prior to addition of medium containing sugar cooperativity than binding to ATP-free, purified GIuT1.
and radiolabel. Cells/ghosts were immediately processed. To examine this further, we photolabeled RBC integral
Radioactivity associated with cells/ghosts at zero time was membrane proteins usingH]CCB by UV cross-linking in
subtracted from the activity associated with cells/ghosts the presence and absence of ATP and the CCB binding
following the uptake period. All uptakes were normalized inhibitor phloretin (10Q:M). Photolabeled membranes were
to equilibrium uptake where cells/ghosts were exposed to washed to remove free radioligand, and proteins were
sugar medium at 37C for 60 min prior to addition of resolved by SDSPAGE. Individual gel lanes were stained,
stopper. Uptake assays were performed using solutions andsubjected to densitometric analysis of protein content, and
tubes preequilibrated to 4C. then sliced into 1.5 mm segments, dissolved, and counted
Dynamic Light ScatteringThe hydrodynamic radii of for associate_d radioligand. Figure 2_shows that the major
detergent micelles, detergent/lipid micelles, and detergent/labeled proteins are resolved as proteinilp$5000-70000.
lipid/GIluT1 micelles were determined at 2@ by dynamic, ~ This corresponds to the mobility of human GIluT22)
laser light scattering and by Rayleigh light scattering by using Phloretin (10Q:M) blocks PHJCCB photoincorporation into
a Precision Detectors PD2000 DLS in conjunction with a these proteins by 76100-fold. Our initial measurements
calibrated YMC Diol 300 column developed at 0.4 mL/min. demonstrated that ATP (2 mM) increaséHJCCB photo-
All detergent solutions were prefiltered using @12 Sterile ~ incorporation into RBC GIuT1 by only 10%. Because the
Acrodiscs. All samples (detergent micelles, detergent/lipid Wavelength for maximum photoincorporation GH[CCB
micelles, and detergent/lipid/GluT1 micelles) were cleared into GluT1 [280 nm 25)] overlaps significantly with the

of large particulates by centrifugation at°@ at 170006 absorbance spectrum of ATP, it is possible that absorbance
using a Beckman Airfuge followed by filtration through 0.2  0f the exciting light by ATP (an inner filter effect) reduces
um Acrodiscs. the efficiency of GIuT1 photolabeling. Inhibition oH]CCB

photoincorporation into GIuT1 was observed using 2 mM
GTP (data not shown), a nucleotide known not to interact

was according to Laemmli2(). Kinetic solutions for with the glucose transport protei@@). However, GTP and
equilibrium CCB binding to and 3MG transport by hypo- ATP absorbance spectra are not sufficiently close to permit

thetical carrier systems were obtained by making the rapid the use of GTP as an inner-filter control for ATP modulation
equilibrium assumption2Q). of CCB photolabeling of GIuT1. In contrast, the absorbance

Curve Fitting Procedures and Kinetic Modelinginetic spectra of 2 mM AMP and ATP over the range= 260~

N L 310 nm are indistinguishable. AMP, in contrast to ATP,
parameters for equmbrlum_ CQB.bmdln.g -a.nd the concentra reduces phloretin-inhibitableH]CCB photoincorporation
tion dependence of CCB inhibition of initial rates of 3MG . , . .

. . . ) into RBC membrane proteins by 50% (Figure 2). Earlier
transport were obtained by nonlinear regression using the

. studies have shown that AMP does not modulate GIluT1
software package KaleidaGraph 3.51 (Synergy Software, . RN
- . . 2 structure or function but does serve as a competitive inhibitor
Reading, PA) and equations for ligand binding and sugar

i . of ATP binding to GluT1 27). These findings suggest that
transport as presented in the Appendix. ATP enhances (relative to the action of AMPH]CCB

RESULTS binding to GIuT1. This result was confirmed in equilibrium
CCB binding measurements using RBC integral membrane
Cytochalasin B BindingThe concentration dependence proteins. AMP is without effect on equilibrium CCB binding
of equilibrium cytochalasin B binding to human red blood to membranes (Figure 1E).
cells is shown in Figure 1A. Although the relationship ATP Binding.If ATP modulates CCB binding to GluT1,
between equilibrium [CCR]and [CCB} appears to follow  does CCB modulate ATP interaction with the glucose
simple saturation kinetics, close inspection (see the Scatchardransporter? To examine this question, we photolabeled

Analytical ProceduresProtein assays were carried out
using the Pierce BCA protein assay procedure. SBAGE
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Ficure 1: Cytochalasin B binding to human GIuT1. (A) Cytochalasin B binding to human RBCs. Ordinate: concentration of bound CCB

in nanomolar. Abscissa: free [CCB] in nanomolar. Each data point represents the average of measurements made in duplicate in at least
three separate experiments. The curve drawn through the points was calculated by nonlinear regression according to etpch the

following parameters were obtained: [GluT#] 1156 nM, K, = 147 nM, a = 0.39, andy = 0.24. The inset shows the same data set

plotted in Scatchard form as [CCRJnd[CCBlsee Versus [CCBJoung (B) Cytochalasin B binding to GluT1 proteoliposomes. Ordinate:
concentration of bound CCB in nanomolar. Abscissa: free [CCB] in nanomolar. Binding is shown in the al@ese presencen) of

100 mM phloretin. Each data point represents the avera§&EM) of measurements made in duplicate in at least three separate experiments.

The curve drawn through the control poin®)(was calculated by nonlinear regression according to egg i which the following

parameters were obtained: [GluT%#] 161 nM, K, = 253 nM, a = 1.56, andy = 0.098. The inset shows the same data set plotted in

Scatchard form as [CCRJund[CCBlsee Versus [CCBouna The line drawn through the phloretin-inhibited points) (was computed by

linear regression according to eq 5 whgre 0.098. (C) Cytochalasin B binding to human RBC integral membrane proteins in the presence

of 2 mM Mg-ATP. Ordinate: concentration of bound CCB in nanomolar. Abscissa: free [CCB] in nanomolar. Each data point represents

the average of measurements made in duplicate in at least three separate experiments. The curve drawn through the points was calculated
by nonlinear regression according to eq 8 in which the following parameters were obtained: [&1@B0 nM,K_ = 700 nM,Ky = 50

UM, a0 =0.1,e = ¢ =0 =5,w = 0.7, andy = 0.2. The inset shows the same data set plotted in Scatchard form asy[GEBICB]see

versus [CCBJoung (D) Cytochalasin B binding to human RBC integral membrane proteins in the absence of ATP. Ordinate: concentration

of bound CCB in nanomolar. Abscissa: free [CCB] in nanomolar. Each data point represents the average of measurements made in duplicate
in at least three separate experiments. The curve drawn through the points was calculated by nonlinear regression according to eq 8 in
which the following parameters were obtained: [GIUFB41 nM,K,_ = 1118 nM,a = 0.034, andy = 0.2. The inset shows the same

data set plotted in Scatchard form as [CERBI{[CCB]Jiree Versus [CCBJoung (E) Cytochalasin B binding to human RBC integral membrane

proteins in the absence of AT®), in the presence of 2 mM ATRJ), and in the presence of 2 mM AMFJ. Ordinate: concentration

of bound CCB in nanomolar. Abscissa: free [CCB] in nanomolar. Experiments were carried out as paired experimnéhid AItP as

the control condition, and each point represents the average of measurements made in duplicate in at least three separate experiments. The
curves drawn through the points were calculated by nonlinear regression according to eq 8 in which the following parameters were obtained.

2 mM ATP: [GIuT1]= 950 nM,K, = 744 nM,Ky =57uM, a =0.1,e = ¢ = 0 =5,w = 0.7, andy = 0.2. 0 M ATP and 2 mM AMP:

[GluT1] = 941 nM, K, = 1580 nM,a = 0.034, andy = 0.2.

purified GIuT1 proteoliposomes with{2?P]azidoATP in the ATP. The solubilized protein was clarified by centrifugation
presence and absence of CCB or its inactive analogueat 17000@ for 30 min at 4°C and then filtered through 0.2
cytochalasin D (CCD). We have previously shown that um membrane filters to remove any remaining particulate
GluT1 lacks ATPase activity and that azidoATP is a useful material. The resulting micelles were subjected to hydrody-

probe of the GIuT1 nucleotide binding domaig2( 27). namic size analysis at 2€ by dynamic light scattering, by
Figure 3 shows that CCB but not CCD increases azidoATP Rayleigh light scattering, or by size-exclusion chromatog-
photoincorporation into isolated human GIuT1 protein. raphy. Figure 4 shows that GluT1 solubilized in 40 mM octyl

Effect of ATP on GluT1 Quaternary Structui&/e have glucoside forms micelles of average Stokes or hydrodynamic
previously demonstrated that both CCB and ATP binding radius (Rh) of 8.5 nm that are stable over a period of 2 days
to GIuT1 are sensitive to GluT1 quaternary structut®, (  at 24°C. As with cholic acid-solubilized GluT22), addition
22, 28, 29). We were interested, therefore, in determining of 2 mM dithiothreitol causes a rapid decrease in particle
whether ATP binding to GIuT1l also modulates GIuT1 size i, = 60 min) to 6.7 nm. MgATP (2 mM) is without
quaternary structure. Purified GIuT1 was solubilized in effect on GluT1/lipid/detergent micelle size. Octyl glucoside
several detergents in the presence and absence of 2 mM Mgmicelles are characterized by an Rh of 1.75 nm. Assuming
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FiGURE 2: Effect of AMP and ATP on GluT1 photolabeling by O o 000

[®H]CCB. Ordinate: dpm offH]CCB incorporated into membrane

proteins. Abscissa: SDSPAGE slice. Integral membrane proteins

were photolabeled with®H]CCB in the absence®, O, A) or in

the presence of the sugar uptake site ligand phloretin (@20 C
tilted A and tilteda). Cells were also exposed to 2 mM ATB,(

tilted A), to 2 mM AMP (a), or to 0 M nucleotide @, tilted 4A)

prior to and during photolabeling. After irradiation, membranes were

harvested, washed in label-free medium, and resolved by-SDS n=3
PAGE. Each lane was cut into 2 mm slices which were counted.

The mobility of molecular mass standards (kDa) is indicated by

the markers above the data points. The inset summarizes the results

of three separate experiments quantitating dpm ¥f]¢CB

incorporated into GIuT1 in the absence (control) or presence of 0

AMP or ATP. Results are shown as the meaiSEM. The results 8
with AMP are significantly less than with the control (one-tailed o
t-test,p < 0.04) while the results with ATP are signifcantly greater

than with the iontrol (one-tailetitest,p < 0.05) and AMP (one-  pgure 3: Effects of cytochalasins on GluT1 photolabeling by
tailed t-test,p < 0.01). [y-22P]azidoATP. (A) Purified GIUT1 (10@g) was exposed in the
dark (on ice) to 10uM [y-32P]azidoATP in the presence of

. increasing concentrations of CCBY or CCD (@) for 30 min.
an octyl glucoside van der Waals volume of 350%mol, Membranes were then irradiated at 300 nm for 2 min, harvested,

this micellular Stokes radius is consistent with a detergent washed in isotope-free saline, resolved by SIPRGE, and
aggregation number of 40 molecules. transferred to Immobilon membranes where they were probed for

. . . GIuT1 content by immunoblot analysis using a luminescence/anti-
Cholic acid forms stable GluT1/detergent micelles of Rh /11 carboxterminal peptide antibody assay and fp%P]-

= 8 nm. Dodecyl maltoside solubilization of GluT1 initially  azidoATP by autoradiography. The digitizegt-P]azidoATP
produces protein/lipid/detergent micelles of Rh9.8 nm, autoradiograms are shown above the line graph. (B) Quantitation

but upon warming to 24C, these particles decay to Rh of the data in panel A. Ordinate: relative photoincorporation of

; » " [y-32P]azidoATP into human red blood cell GluT1. Abscissa:
5.3 nm with a half-time of 2 h. Addition of 2 mM DTT [cytochalasin] in nanomolaryf2P]azidoATP content (detected by

rapidly accelerates this decay proceiss € 7 min), but Mg autoradiography) that comigrated with GluT1 (as detected by
ATP is without effect on particle dissociation. Dodecyl immunoblot analysis) and GIuT1 content were quantitated by
maltoside and dodecyl maltoside/lipid micelles are character-scanning digital densitometry and expressed as the rat#8P]-
ized by an Rh of 2.4 and 3.6 nm, respectively. Table 1 shows azidoATP:[GIuT1]. This ratio is plotted in the figure versus

. ) [cytochalasin]. The curves drawn through the points have no
that other detergents (CHAPS, CHAPSO, Triton X-100, and theoretical significance. (C) Summary of experiments in which the

digitonin) produce 0n|_y _Sma" GluT1/detergent micelles. effect of 54M CCB (five experiments) or CCD (three experiments)

When CHAPS/GluT1/lipid micelles (R 4.5 nm) are on GIuT1 photoincorporation of azidoATP was measured. Ordi-

dialyzed against detergent-free buffer and the resulting nate: azidoATP photoincorporation relative to the control. Results

proteoliposomes are then resolubilized in 40 mM octyl &€ shown as the meah SEM. The results with CCD are not
lucoside, the resulting micelles are characterized by an Rh3|gn|f|cantly different from those of the control (one-tailetest,

9 , 9 y p > 0.09) while the results with CCB are signifcantly greater than

of 9 nm. those of the control (one-tailetestp < 0.015) and CCD (one-
These findings suggest that some detergents stabilizet@iledt-test,p < 0.03).

higher GIuT1l aggregation states while others promote

formation of GluT1 oligomers of smaller aggregation states, transported sugar @-methylglucose (3MG) through the
a process enhanced by inclusion of reductant. ATP appeargemaining import site X6). We were curious, therefore, to
to be without effect on GIuT1 aggregation state in detergent. jetermine whether the multiple, interacting GluT1 CCB
CCB Modulation of Sugar Transport by Red Blood Cells. binding sites detected by equilibrium CCB binding would
Our previous studies have shown that the human red bloodhave a similar action on 3MG uptake by red cells. Figure
cell glucose transporter presents at least two, interacting5A demonstrates that uptake of 12M 3MG by human
extracellular maltose binding sites and that occupation of red blood cells at 4C is stimulated by low €20 nM) [CCB]
the high-affinity site by maltose increases uptake of the but is inhibited by higher concentrations of CCB. CCD is

[Cytochalasin] nM

3 n

15

relative azidoATP
photoincorporation

ccB

Control |
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Ficure 4: Effects of detergents, reductant, and ATP on the
hydrodynamic (Stokes) radius of GluT1/lipid/detergent micelles as
measured by dynamic light scattering. Ordinate: micelle hydro-
dynamic radius (nm; note the logarithmic scale). Abscissa: time
in hours. GIuT1 proteliposomes were solubilized in 40 mM octyl
glucoside 4, a, @) or in 40 mM dodecyl maltoside{, , O) at

ice temperature. At zero time, micelles were warmed t6Q@4n

the presencea, ) or absence/, O) of 2 mM DTT or 2 mM
ATP (@, O). The curves drawn through the data points were
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Table 1: Properties of Various Detergents and GluT1/Detergent
Micelles®

particle hydrodynamic radius, Rh (nm)

detergentt
detergent detergent detergentr  detergentt lipid +
species alone lipid lipid + GluT1 GIuT1+ DTT
cholic acid 1+0 ne 8.0+ 0.6(7.8y 5.7+0.1(6.1)
CHAPS 16£0.1 na 45 0.8 na
CHAPSO 12£01 na 3.9+ 0.2 na
n-octyl3-o- 1.8+0.1 na 8.5+0.1(8.9) 6.7+0.1(6.5)
gluco-
pyranoside
n-dodecyl 24+01 3.6+02 92+03 5.3+0.2
p-b-malto-
side
5.6+0.3
digitonin 39+02 na 4.5+ 0.2 na
Triton X-100 3.7£0.1 na 6.1+ 0.1 na

aThe Stokes radii (Rh, nm) of micelles formed from ionic,
zwitterionic, and nonionic detergents were analyzed by dynamic laser
light scattering. Results shown in parentheses were obtained by size-
exclusion chromatography over a calibrated YMC Diol 300 column.
Concentrations of detergents were 40 mM (cholic acid, octyl glucoside,
dodecyl maltoside), 20 mM (CHAPS, CHAPSO), or 0.5% (w/v, Triton
X-100, digitonin). GluT1 (20@g of protein+ 200ug of red cell lipids

computed by nonlinear regression assuming simple exponentiali 2 mM DTT) was solubilized in 80@L of phosphate-buffered saline

decay of particle size from a starting point to a final value; i.e., the
Stokes radius is given b = M + pe ™, whereM is the final
Stokes radiusp is the change in the Stokes radilsis the first-
order rate constant describing the rate of decay,tasdime. The
following results were obtained: OG (0 M DTD M ATP),M =
9.05 nm ando = 0 nm; OG (2 mM DTT, 0 M ATP)M = 6.35
nm, p = 2.33 nm, anck = 0.44/h; OG (0 M DTT, 2 mM ATP)M

= 8.84 nm anch = 0 nm; DDM (0 M DTT, 0 M ATP),M =5.1
nm, p = 4.1 nm, ank = 0.33/h; DDM (2 mM DTT, 0 M ATP),

M = 4.9 nm,p = 4.3 nm, andk = 1.39/h; DDM (0 M DTT, 2 mM
ATP), M = 5.0 nm,p = 4.47 nm, andk = 0.33/h. Data points
represent the average of at least three separate determinations.

without effect on 3MG uptake. A second el-conformation-
specific GluT1 ligand, forskolin (FSK), also stimulates 3MG
uptake by red cells at low FSK concentrations but inhibits
uptake at higher [FSK] (Figure 5A). Similar studies with

resealed red cell ghosts show that removal of intracellular

ATP shifts the [CCB] dose response of transport stimulation
to higher [CCB] (Figure 5B).

If stimulation of 3MG uptake by cis (e.g., extracellular
maltose) or trans (intracellular CCB) ligands requires func-

tional cooperativity between glucose transporter subunits,

stimulation should be lost when the GIuT1 tetramer is forced
to dissociate by exposure to dithiothreit80( 31). Figure 6
shows that exposure of human red blood cells to 2 mM DTT
reduces net 3MG uptake as reported previouddy but also
inhibits stimulations of 3MG uptake by low concentrations
of extracellular maltose or by CCB.

DISCUSSION

(4 °C) containing detergent. All samples were precleared by centrifuga-
tion at 140009 for 30 min at 4°C and were filtered through a Ou2n

filter prior to DLS analysis at 24C. ® These measurements were not
made.¢ Values in parentheses were obtained by size-exclusion chro-
matography¢ All measurements were made at Z2with the exception

of this determination which was made af@. Results are shown as
the meant SEM of at least three determinations.

Sugar transporter oligomeric structure seems not to be
affected by removal of intracellular ATP.

Our analysis of sugar transport exit site availability is based
on the use of the exit site ligands cytochalasin B and
forskolin. By examining cytochalasin B binding to the
glucose transporter or cytochalasin B inhibition of sugar
transport, it is possible to determine whether one or more
cytochalasin B binding sites exist in any given transporter
at any instant. However, this analysis assumes that cytocha-
lasin B and forskolin bind to the glucose transporter exit

site.

This assumption is supported by several lines of evidence.
Intracellular glucose is a competitive inhibitor of cytochalasin
B and forskolin binding to GluT11(0, 32). Cytochalasin B
and FSK act as competitive inhibitors of glucose exit but
act as noncompetitive inhibitors of glucose entdg,(34).
CCB and FSK binding are also mutually exclusiv@b)
These observations confirm that the CCB/FSK site and the
sugar exit site are mutually exclusive. However, they do not
prove that these sites are identical because a competitive
inhibitor can inhibit substrate binding by (1) competing for
the same site, (2) steric hindrance, (3) sharing a common
binding group on the enzyme, (4) having distinct but

The present study asks whether the human erythrocyteoverlapping sites, or (5) binding at a distinct site that

glucose transporter presents multiple sugar exit sites and, ifPromotes conformational changes in the substrate site and
s0, are these sites modulated by ATP? We examine whetheiice versa 86). In the absence of a GluFligand pair
sugar exit and nucleotide binding site interactions are affectedstructure, this question must remain unanswered. Neverthe-
by GIuT1 quaternary structure, and we ask whether GluT1 less, the correlation between CCB binding site and exit site
oligomeric structure is affected by ATP. Our findings are accessibility validates the use of CCB binding as a quantita-
consistent with the hypothesis that the human red blood celltive measure of exit site availability.

sugar transporter is a GIuT1l oligomer which presents The evidence supporting multiple exit (CCB binding) sites
multiple interacting sugar exit and nucleotide binding sites. is 2-fold. (1) CCB binding to isolated GluT1 and to red cell
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cytoskeletal shell39), indicating that GluT1 and actin do
not interact directly to modulate glucose transport. Forskolin
mimics the ability of CCB to stimulate and then inhibit red
cell 3MG uptake but does not interact with acti40).

Our experiments investigating CCB binding to red cell
FIGURE 5. (A) Effects of cytochalasin BE), CCD (), or forskolin membranes in the presence of ATP suggest that ATP reduces
(®) on the initial rate of 10tM 3MG uptake by human red blood cooperativity between CCB binding sites, increases the

cells at 4°C. Ordinate: initial rate of 3MG uptake imol (L of Lol - o
cell water) min-*. Abscissa: [CCB] (in nanomolar) or [FSK] (in ~ 'Ntrinsic affinity of exit sites for CCB, but leaves the total

micromolar). Each CCB data point represents the average of at leastiumber of CCB binding sites unchanged. The net effect is
six separate experiments made in triplicate. Each FSK data pointthat ATP increases bound [CCB] at low [CCB]. The

represents the average of at least three separate experiments madshservation that ATP increasés{[CCB photoincorporation
in triplicate. The curves drawn through the points were computed jhto human GIuT1 relative to the effect of AMP [a nucleotide

by nonlinear regression analysis using eq 4 and the relationship, . .
rate of sugar uptake, = tS The following results were obtained: that does not modulate sugar transp@T)[ is consistent

0 10 20 30 40 50 60
[CCB] nM

CCB,K = 110uM, K_ = 40 nM, v; = 12 umol L-X min~%, v, = with this hypothesis. While it is possible that ATP/GIuT1
15 ymol L~ min~%, v3 = 110 umol L~ min™%, ¢4 = 135 umol interaction simply increases the efficiency of GIuT1 photo-
L=*min™", o = 0.03,4 = 0.7,y = 0.3; FSK,K = 110uM, K_ = labeling by CCB, it is interesting to note that CCB also

2 uM, v1 =9 umol L= min~2, v, = 10 umol L~ min~%, v3 = 40 ; ; ; 2 : :
umol L1 min%, 1, = 70 gmol L~ min-1, @ = 0.25, = 0.6, y increases photoincorporation ¢£f2P]azidoATP into GIuT1.

= 0.6. (B) Effects of ATP removal on CCB modulation of 3MG 1 hiS suggests that CCB and ATP binding sites interact with
uptake. 3MG uptake was measured in intact célisgnd in ATP- positive cooperativity. This is especially interesting because
free red cell ghosts®). Ordinate: rate of 3MG uptake at ice intracellular ATP serves to increagpp) for glucose exit
temperaturegmol (L of cell water)* min™!]. Abscissa: [CCBa (42), indicating that ATP differentially modulates the binding
in nanomolar. Each point represents the meaSEM of three ¢ o1 jigands. This conclusion may be an oversimplification,
separate measurements. .

however, becausémpp) for glucose transport is a complex

product of both binding and translocation stefg)(
membranes is consistent with at least two populations of sites Given this cooperativity between nucleotide and CCB
that interact with positive cooperativity. (2) As the CCB binding sites and our previous demonstrations that nucleotide
concentration applied to red cells is increased, CCB first (22) and CCB 80) binding to GluT1l are affected by
stimulates and then inhibits 3MG uptake. We believe that reductant-promoted tetrameric GIuT1 dissociation into dimers,
these effects have not been reported previously due to thewe were interested in understanding whether ATP binding
very low ligand concentrations required to elicit these results. to GluT1 affected GluT1 quaternary structure. Our studies
CCB interaction with a non-GIuT1 protein such as actin [a of GluT1/detergent/lipid micelle hydrodynamic radius by
known CCB binding protein37)] might also account for  dynamic light scattering demonstrate that GluT1 quaternary
this result. Several arguments refute this hypothesis. CCBstructure is sensitive to the presence of reductant and to the
binding studies were carried out in the presence of saturatingnature of the solubilizing detergent but that the presence of
CCD, a competitive inhibitor of CCB binding to actin [but ATP is without effect on GluT1/lipid/detergent micelle size
not to GluT1 @8)]. Thus the binding measurements do not or stability.
include significant binding to actin. CCD does not mimic GIuT1 forms particles of 810 nm hydrodynamic radius
the ability of CCB to modulate transport. Solubilization of when solubilized in octyl glucoside or cholic acid. This
red cell membranes by nonionic detergents releat3% particle size is consistent with the results of previous studies
of membrane resident GluT1 but leaves actin behind in the suggesting an aggregation state of 4 GluI9, £8). Dodecyl
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maltoside promotes GIuT1l dissociation into a smaller while nonreduced transporter forms larger 10 nm particles
particle, a process accelerated by the presence of reductantonsistent with a GluT1 tetramet®). Transporter oligomeric
Zwitterionic detergents (CHAPS and CHAPSO) produce structure sensitivity to the presence of reductant appears to
only small GluT1/detergent/lipid micelles. The effects of result from the presence of a single, internal disulfide bridge
CHAPS and dodecyl maltoside on GluT1 quaternary struc- within each GluT1 protein30). Cysteine mutagenesis of
ture are reversible because detergent removal by dialysisGluT1 and N-terminal sequence analysis of peptides derived
followed by resolubilization in octyl glucoside or cholic acid from differentially carboxymethylated, purified GIluT1 in-
results in the generation of GluT1/detergent/lipid micelles dicate that GluT1 cysteines 347 and 421 of putative trans-
of Rh=9 nm. These patrticle sizes were also confirmed using membrane domains 8 and 11 are the most probable candidate
size-exclusion chromatography and Rayleigh light scattering. residues involved in internal disulfide bridge formati@)
The latter technique also permits direct computation of the Reduced GluT1 solubilized by and purified in the presence
GluT1/detergent/lipid micelle mass. In the presence of OG of glycol n-dodecyl ether is resolved as a monomer by size-
and absence of reductant, the mass of the GluT1/detergentéxclusion chromatgographyt4) but as a tetramer when
lipid micelle is 0.40 MDa. Addition of reductant reduces this solubilized in cholic acid19, 28). The anion transporte49),
mass to 0.17 MDa. Assuming 23 lipid molecules per GIuT1 the oligosaccharyltransferaséQf, and the heterotrimeric
protein @3), these masses are consistent with a composition Sec61p complex of the protein-conducting channel of the
of 4 GluT1 and 460 detergent molecules (or 5 GluT1 and endoplasmic reticulum membran&lj are other examples
240 detergent molecules) per large micelle and 2 GluT1 andof multiprotein or multisubunit membrane complexes that
130 detergent molecules per small micelle. A previous study dissociate and/or lose activity when low molecular weight,
(44) has concluded that GluT1 is monomeric in glycol nonionic detergents (e.g., octyl glucoside) are employed.
n-dodecyl ether. The reasons for these different conclusionsinterestingly, octyl glucoside stabilizes higher order GluT1
are unclear. aggregation states while dodecyl maltoside and glycol
Although GIuT1 quaternary structure is unaffected by n-dodecyl ether do not (see here and 44J.
ligand binding, the reverse is certainly not the case. Human Kinetic analysis indicates that reduced GIuT1 behaves as
red cell treatment by extracellular reductant causes GluT1if comprised of two functionally independent ping-pong
reduction and dissociation into GluT1 dime®&0). In the carriers (9, 52, 53). The anion exchangeib{) and the
present study we also show that RBC treatment with aquaporin water channeb%) of human red cells, the
reductant results in the loss of maltose stimulation of 3MG aquaglyceroporin channeb), the NKCCI cotransporter
uptake by red cells. This is consistent with the hypothesis (57), the TetA (tetracycline cation/proton) antiport&8(59),
that subunit interactions are required for maltose or CCB the renal NHE1 (Na/H) antiporte6(), the NhaA Nd/H*
stimulation of 3MG transport and that reductant-promoted antiporter 61, 62), and the LacS Hlactose symporte6Q)
tetrameric GIuT1 dissociation into dimers results in the loss are also comprised of multiple copies of functional subunits.
of functional cooperativity between subunit9). Ligand binding studies demonstrate that the nonreduced form
A Model for Glucose TransporEach GIuT1 protein is  of the glucose transporter most closely resembles that found
proposed to function as a ping-pong (iso-uni-uni) carrdgr ( in intact cells 8—11) presenting el (cytochalasin B reactive)
that alternates between two states, el presenting an exit sitend e2 (extracellular sugar reactive) states simultaneously.
and e2 presenting an import sité5( 46). Conformational Exposure to extracellular reductant depresses red cell sugar
changes between substrate-liganded forms of e2 and el statesansport rates, converts the transporter’s ligand binding
catalyze sugar translocation. We propose (see Figure 7) thaproperties to those expected of a ping-pong carrier, and
the human red blood cell glucose transporter complex causes transporter dissociation into GIuT1 diméi§ 28,
contains four GIuT1 proteins (subunits) arranged as a pair 30).
(cis and trans) of interacting GIuT1 dimers. Subunit interac- ~ Several studies report fully functional Cys-less GluT1
tions within each dimer prevent subunits from adopting (relative to wild-type GIluT1) irXenopus lagis oocytes 64—
identical conformational states. If one subunit in a dimer 70). However, unlike GluT1 expressed in humai)( rat,
presents an exit site, the other (cis) subunit must present arand avian red cells3@), human 3T3L1 adipocyte§{, 72),
import site and vice versa. In this way, each transporter Cos-7 cells 73), CHO cells 80), and HEK293 and K562
complex exposes two import and two export sites at any cells? GluT1 expressed iX. laevis oocytes does not interact
instant. with antibodies directed against tetrameric GluBD)(and
Supporting Physical and FunctionaliElence.Jung has is not inhibited by extracellular reductanBQ; 66). This
demonstrated that the transporter in human red blood cellssuggests that GluT1 expressedXinlaevis oocytes may be
has a radiation target size consistent with that of a GluT1 dimeric. Reduced, red cell-resident and reconstituted human
dimer or a GluT1 tetramed{’). GluT1 isolated from human  GluT1 are functional 30, 74, 75), but comparison with
red blood cells in the absence of reductant and solubilized nonreduced red cell-resident GluTZ6] confirms that
in cholic acid exists as a noncovalent, GluT1 homotetramer reduced GluT1 has a 10-fold lower catalytic turnover (see
(19). Chemical cross-linking of nonreduced GluT1 and red here and ref§7 and78).
cell-resident GluT1 indicates the presence of GIuT1 dimers Details of the ModelOur previous studies have demon-
and tetramers1@, 28). GIuT1 purification in the presence strated that low extracellular [maltose] increases both 3MG
of reductant or exposure of nonreduced purified GIuT1 to uptake by and CCB binding to human red cell GIUTB)(
reductant causes transporter dissociation into GluT1 dimersWe hypothesized that, in the absence of maltose, the affinity
(19, 28). Freeze-fracture EM shows that the reduced glucose
transport protein form a 6 nmdiameter intramembranous 2K. Levine, E. K. Cloherty, and A. Carruthers, unpublished
particle that most likely represents a GluT1 dimé5,(48) observations.
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Ficure 7: A model for CCB modulation of red blood cell sugar transport. The glucose transporter is shown schematically as a GluT1
tetramer in the membrane lipid bilayer. The region above the bilayer represents the cell’'s exterior and the region below the cytosol. The
tetramer is a dimer of GIuT1 dimers. The frontmost dimer is sectioned through the catalytic center to reveal that one subunit has adopted
an el conformation presenting a sugar exit site and the other has adopted an e2 conformation presenting a sugar uptake site. This dimer is
thus an (ede2) conformer. The rearmost dimer is an-@D conformer. In the absence of CCBy)Lthe frontmost dimer would normally

bind extracellular sugar (S2) to form an (€$2) conformer, and the entire complex can slowly undergo the$2)(e2el) to (e2eS1)-

(el-e2) conformational change, resulting in release of sugar at the cytosolic surface of the membrane. When CCB binds-é2)he (el
(e2el) complex, S2 binding to the trans dimer may now proceed with higher affinity, or prebinding S2-¢@)(e2el) to form the
(el-eS2)(e2el) conformer promotes high-affinity CCB binding to the rearmost dimer. In both instances, sugar translocationd8®){el
(e2elL1l) to (e2eS1)(e2elLl) conformational change] proceeds more rapidly. Note that the frontmost dimer can undergo sugar binding
induced conformational changes while the L1 liganded dimer is locked in a dead-eed1(p&tate. Introduction of higher CCB levels fills

both rear and front dimers with L1 to form the catalytically inactive complex {e2je2eL1). ATP modulates ligand binding by increasing

the affinity of the unliganded carrier for CCB or for S2 and by increasing the affinities of the S2 complexed carrier [e§2)E&le2)]

for L1 and of the L1 complexed carrier [e.g., (eE2)(ete2)] for S2 (shown by ATP- +). ATP also reduces the rate of S2 translocation

(shown by ATP— —).

of cis and trans e2 sites for maltose is high and that 3MG inhibiting 3MG transport, and (2) introduces negative co-
transport through cis and trans e2 sites is slow. When operativity between maltose and CCB binding sites. This
subsaturating maltose (a nontransportable import site ligand)hypothesis explains why progressively increasing extracel-
is introduced, occupancy of a high-affinity e2 subunit of lular maltose stimulates and then inhibits 3MG uptaké) (
either dimer (the liganded dimer is now defined as the cis and CCB binding16) to red cell GIuT1. An interesting tenet
dimer) (1) sterically blocks further conformational changes of this hypothesis is the requirement that cis and trans dimers
within both subunits of the cis dimer but enhances 3MG may function independently of one another.

translocation through the e2 subunit of the unliganded (trans)  This hypothesis requires only minor adjustment to account
dimer, (2) reduces the affinity of the trans e2 subunit for for the effects of CCB on 3MG transport reported here. As
3MG, and (3) increases the affinity of the trans el subunit with extracellular maltose occupancy of a high-affinity e2
for CCB. Occupancy of cis and trans e2 subunits by subunit, CCB occupancy of a high-affinity el subunit blocks
extracellular maltose (1) blocks e4 e2 conformational further conformational changes within the cis dimer but
changes within all subunits of cis and trans dimers, thereby enhances 3MG translocation through the e2 subunit of the



15558 Biochemistry, Vol. 40, No. 51, 2001

unliganded trans dimer and increases the affinity of the el
subunit of the unliganded trans dimer for CCB by 3-fold.
Occupancy of cis and trans el subunits by CCB blocks
conformational changes within all subunits, thereby arresting
3MG transport, and introduces negative cooperativity be-
tween maltose and CCB binding sites. This hypothesis
explains why progressively increasing CCB stimulates and
then inhibits 3MG uptake by red cell GIuT1. In the absence
of ATP, the affinities of cis and trans el sites for CCB are
reduced 2-fold, the affinities of cis and trans e2 sites for
3MG are reduced by 1820-fold, and translocation through

e2 subunits is increased 8-fold. Subsequent occupancy of a

cis el site by CCB increases the affinity of the trans el site
for CCB by some 20-fold and increases 3MG translocation
through the e2 subunit of the unliganded trans dimer by
2-fold. This hypothesis explains why ATP depletion increases
red blood cell net 3MG uptake capacity X Vmax iS
increased), why 3MG uptake at subsaturating [3MG] is
inhibited by ATP depletionq9; Vmad/Kn is decreased), and

Cloherty et al.
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and the pseudo-first-order rate constanfor sugar uptake
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why CCB binding shows increased cooperativity in the S LS L
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Kinetics.Consisting of 2 GIuT1 dimers in which intradimer K ak,

subunit interactions prevent subunits from adopting identical

conformational states, each transporter exposes two importVN€re L is the concentration of el ligands, is the

and two export sites at any instant (see Figure 7). For
example, unoccupied carrier could present ase@lete?),

dissociation constant for L binding to el js the dissociation
constant for S binding to e2 in unliganded carrier, and
Vo, V3, @andu, are the product§[GluT 1] translocation rate

as (ele2)(e2el), as (exl)(eke2), or as (ezl)(e2el), ! - ;
where parentheses demark each dimer and e1 and e2 indicafg@nstank for sugar uptake via carrier with only one bound
sugar, two bound sugars, two bound sugars plus L, and one

the conformational states presented by individual subunits :

within the dimer. The implication is that cis and trans dimers Pound sugar plus L, respectively, f, o, y, =, and6 are
are associated but are not linked to one another in anCoopPerativity factors descnbln_g respectively how L pmdmg
obligatory manner. In the absence or presence of the e1t© one dimer affect&, for L bindng to the second dimer,
ligand CCB (here denoted as L), four general forms of NOW S binding to one e2 subunit affedtsfor S bindng to
extracellular substrate (sugar, S) liganded carrier are capabldn€ remaining e2 site, how L binding to both dimers affects

of sugar uptake. These are carriers with one bound suga
but lacking CCB [e.g., (e&S2)(eie2)], carriers with two
bound sugars but lacking CCB [e.g., {€$2)(e1eS2)],
carriers with one bound sugar and one bound CCB [e.g.,
(el-eS2)(eL1e2); note the cis dimer (el&S2) in the (eL1
eS2)(ele2) complex is inhibited, i.e., only one-half of all
possible forms of &-L are functional], and carriers with
two bound sugars but one CCB [e.g., (e£32)(e1eS2); note

the dimer containing cis sugar and CCB (e£%2) is unable

to catalyze sugar uptake]. Solving for sugar transport using

K for S binding to the cis or trans e2 subunit, how L binding

to one dimer affect& for S binding to the cis or trans e2
subunit, how occupancy of the carrier by two S molecules
affectsK, for L binding to either of the remaining el sites,
and how occupancy of the carrier by S and by L affects the
K. for L binding to the remaining el site. If ligand binding
to any given el subunit influences S binding to the cis e2
subunit (i.e., to the same dimer) differently than it does S
binding to the trans e2 subunit (i.e., to the opposite,
unliganded dimer), the denominators of eqs 2 and 3 are

the rapid equilibrium approach requires a stochastic approach®*Panded to yield

in which one includes the number of possible forms of each

carrier species (e.g., four ways to make unoccupied carrier),
the number of transport competent forms, and the number

of substrates translocated through each form [e.g:e@&2)-
(el-eS2) translocates two sugar molecules whereas-(eL1
eS2)(e1eS2) translocates only one]. With these consider-
ations in mind, a rapid equilibrium expression for GIuT1-
mediated sugar transport may be obtained as

_ Vm(app)S

 Kinappt S @)

m(app

where S is the concentration of extracellular transportable
sugar and

45 8L , 8L , 8SL , 8LL
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wherey' is the factor by which L binding affectg for S
binding to a cis uptake binding site andis the factor by
which L binding affectsK for S binding to a trans uptake
binding site. Only the trans sugar can be transported; the
dimer containing cis L and cis S is inactive. The numerators
to egs 2 and 4 and the denominator to eq 4 are unaffected.
Transport measurements do not, therefore, permit distinction
betweeny andy’'. This will require binding studies with
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extracellular sugar and el ligand (e.g., see i€&and11).
At subsaturating S, the rate of sugar uptakeis given by
v=1S

el ligand binding (k) to the transporter in the absence of
S or ATP may be described by

B
L, = m(app)-

—_Tewr Lo
Kaapp) L

(5)

wherey is a constant describing nonspecific L binding and

4+
B oK,
Bax = [GIuT1] oL (6)
4+ —
oK,
and
Ke
Kd(app): L (7)
KL

The effects of ATP (N) on L binding were simulated by
assuming that each subunit (GluT1 protein) is a functional
ATP binding protein and allowing for cooperativity in ATP
binding and also in S and N or S and L binding. This
amplifies the complexity of the analysis considerably since
there are now many more forms of N-complexed carrier with
which S and/or L may interact. Binding of L in the presence
of ATP (N) but in the absence of S is given by

L, = L[GIuTI(aK, + L)/|L?*+ K, af 2L +

@K (N* + 4e@ok3N + 6eoKEIN? + 40K N® + e@oKy)
N* + 4eok3N + 6eoKEN? + 40K NP + epmoKy,

(8)

where N= [ATP], Ky is the dissociation constant for ATP
binding to any available subunit of an ATP-free GIuT1
tetramer, andy, €, ¢, o, and w are cooperativity factors
describing respectively how L binding to one dimer affects
K. for L binding to the second dimer, how N binding to one
subunit affects N binding to the next subunit, how N binding
to two subunits affects N binding to the third subunit, how
N binding to three subunits affects N binding to the
remaining subunit, and how N binding to one subunit affects
L binding to an available el subunit and vice versa.

ATP binding (N,) in the absence of S but in the presence
of L is described by

N = Bm(appf\I ©)
= e
Ka(app T N
where
Brapp= [GIUTI{N® + €@oKg, + 30K N(eKy + N)} x

{L?+ aK (2L + oK)} [L{2aK, + L}{N°+
20Ky (2N? + eK({ 290KN + 3N})}] (10)

and

Biochemistry, Vol. 40, No. 51, 200115559

Kagappy= [€@@oK{L? + amK {K N* + oK (4K N° +

Ky {BK N? 4+ @K (K Ky + 2K\ L + 4K N)})}I/
[L{ 20K, + L}{N®+ 20K (2N* + €K\ { 29K, + 3N})}]
(11)
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