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ABSTRACT. GLUT1-mediated, passive-glucose transport in human erythrocytes is asymmet¥gax

and Kmapp) for p-glucose uptake at 4C are 10-fold lower tharVmax and Kmapp) fOr D-glucose export.
Transport asymmetry is not observed for GLUT1-mediated-@ethylglucose transport in rat, rabbit,

and avian erythrocytes and rat adipocytes whirg for sugar uptake and exit are identical. This suggests

that transport asymmetry is either an intrinsic catalytic property of human GLUT1 or that factors present
in human erythrocytes affect GLUT1-mediated sugar transport. In the present study we assess human
erythrocyte sugar transport asymmetry by direct measurement of sugar transport rates and by analysis of
the effects of intra- and extracellular sugars on cytochalasin B binding to the sugar export site. We also
perform internal consistency tests to determine whether the measured, steady@tatettdylglucose
transport properties of human erythrocytes agree with those expected of two hypothetical models for
protein-mediated sugar transport. The simple-carrier hypothesis describes a transporter that alternately
exposes sugar import and sugar export pathways. The fixed-site carrier hypothesis describes a sugar
transporter that simultaneously exposes sugar import and sugar export pathways. Stead{state 3-
methylglucose transport in human erythrocytes &€4s asymmetric. Vimax andKmapp) for sugar uptake

are 10-fold lower thaimax andKmepp)for sugar export. Phloretin-inhibitable cytochalasin B binding to
intact red cells is unaffected by extracelluluglucose but is competitively inhibited by intracellular
D-glucose. This inhibition is reduced by 13% 4% when saturating extracellularglucose levels are

also present. Assuming transport is mediated by a simple-carrier and that cytochalasin B and intracellular
D-glucose binding sites are mutually exclusive, the cytochalasin B binding data are explained only if
transport is almost symmetri¥gax exit = 1.4 Vpaxentry). The cytochalasin B binding data are consistent

with both symmetric and asymmetric fixed-site carriers. Analysis @-Bethylglucose, 2-deoxy-

glucose, ana-glucose uptake in the presence of intracellul®-8ethylglucose demonstrates significant
divergence in experimental and theoretical transport behaviors. We conclude either that human erythrocyte
sugar transport is mediated by a carrier mechanism that is fundamentally different from those considered
previously or that human erythrocyte-specific factors prevent accurate determination of GLUT1-mediated
sugar translocation across the cell membrane. We suggest that GLUT1-mediated sugar transport in all
cells is an intrinsically symmetric process but that intracellular sugar complexation in human red cells
prevents accurate determination of transport rates.

The passive glucose transport system of human erythro-of a transport system whose catalytic subunit is an integral
cytes is characterized by translocational, stereochemical, andnembrane protein (GLUT31)that lacks internal, primary
biochemical asymmetry (Widdas, 1980Ymax and Kmapp) structural repeats and spans the plasma membrane multiple
for erythrocytep-glucose uptake into sugar-depleted cells times (Mueckler et al., 1985). What is surprising is the
are 5-10-fold lower than the corresponding parameters for finding that GLUT1-mediated sugar transport in rat, rabbit,
efflux into sugar-free saline (Baker & Naftalin, 1979; Hankin and pigeon erythrocytes and in rat adipocytes and CHO
etal., 1972; Lowe & Walmsley, 1986; Miller, 1968b). The fibroblastg is translocationally symmetrit/fax entry= Vmax
transporter shows asymmetric affinities for extracellular and exit; (Helgerson & Carruthers, 1989; Naftalin & Rist, 1991;
intracellular sugars and unigue stereochemical requirementsRegen & Morgan, 1964; Simons, 1983; Taylor & Holman,
for ligand binding at endo- and exofacial binding sites 1981)]. While transport in these tissues is symmetric, the
(Barnett et al.,, 1973, 1975; Basketter & Widdas, 1978). stereochemistry of substrate binding at import and export
Erythrocyte sugar transport is inhibited by intracellular sites resembles that of the human red cell sugar transporter
trypsin but not by extracellular trypsin (Carruthers & (Helgerson & Carruthers, 1989; Holman et al., 1981b;
Melchior, 1983; Coderre et al., 1995; Masaik & LeFevre, Holman & Rees, 1982; Simons, 1983). This asymmetry in
1977). human GLUT1-mediated erythrocyte sugar translocation

These asymmetries in translocation constants, ligandcould result from (1) primary structural elements specific to
binding, and susceptibility to proteolysis are not unexpected
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Homo sapien&LUT1 (Asano et al., 1988; Birnbaum et al., consisted of ice-cold saline plus 4 cytochalasin B, 100
1986; Due et al., 1995; Mueckler et al., 1985; Wagstaff ~ «M phloretin, and 1g¢M HgCl,. All cytochalasin B binding
al., 1992); (2) from experimental difficulties associated with solutions contained 10M cytochalasin D in order to inhibit
the measurement of the high rate of sugar transport in humancytochalasin B binding to actin and other non-GLUT1 sites
red cells [human red cell sugar transport is 500-fold faster (Helgerson & Carruthers, 1987).

that rat erythrocyte sugar transport (Helgerson & Carruthers, Red Cells. Red cells were isolated from whole human
1989)]; or (3) from environmental factors presented uniquely hjood by repeated wash/centrifugation cycles in ice-cold
by human erythrocytes. We discount the relative transport ¢5line. One volume of whole blood was mixed with 3 vol
rate hypothesis as a single explanation because rates of SUgg§f saline and centrifuged at 10 a®@or 5 min at 4 °C.
transport in rat adipocytes (basal and insulin stimulated) are serym and the buffy coat were aspirated, and the wash/
similar to those observed in human red cells (Taylor & centrifugation cycle was repeated until the supernatant was
Holman, 1981). clear and the buffy coat was no longer visible. Cells were
In the present study, we examine the hypothesis thatresuspended in 20 vol of saline and were allowed to rest at
human erythrocyte-specific factors influence GLUT1-medi- room temperature for 30 min in order to deplete intracellular
ated sugar transport in human red cells. The action of sugar levels.
cellular factors on protein-mediated sugar transport could be Net 3-O-Methylglucose Uptake30OMG, p-glucose, and

expressed in two very different ways. The ability of. the 2DODG uptake were measured as described previously
transporter to translopate sugars could be affected d'r_eCtly(HeIgerson etal., 1989). Sugar-free cells (at ice temperature)
(Carrt:ther; & MeJCh'Oé’ 19|?CZ).,ﬁor'cellul?r slequestratlo::j/ were exposed to 5 vol of saline (ice temperature) containing
complexation (reduced self-diffusion) of glucose could a6 concentrations of unlabeled sugar plus labeled sugar.

prevent accurate qletermination of sugar translogation rateﬁ)ptake was permitted to proceed over intervals as short as
and thereby give rise to an apparent asymmetry in ransportg ¢ 1, jntervals as long as 3 h, and then 50 vol (relative to

even if the transporter were intrinsically translocationally cell volume) of stopper solution was added to the cell

Zyrgm_etriiésjkel\lr f‘ I\Il'aftglig, }979; Cligr7r$thNe ri& ]I_-991; LiIEb suspension. Cells were sedimented by centrifugation (1¢ 000
tein, » Na tf"‘ n oiman, ; Nattalin et al,, = ¢, 3, s), washed once in stopper, collected by centrifugation,
1985). Recent studies from this laboratory (Cloherty etal., 4 aviracted in 50@L of 3% perchloric acid. The acid

ég?f) show tlhatfshlga_r N ”t‘rt]efagF W'th. e:_n mftracetlrllulir SU9Ar axtract was centrifuged, and duplicate samples of the clear
Inding compiex following their dissociation from the uman supernatant fluid were counted. Zero-time uptake points

erythrocyte sugar transporter. We therefore exam[ned thewere prepared by addition of stopper to cells prior to addition
humqn erythr.ocyte sugar transport system for internal of medium containing sugar and radiolabel. Cells were
consistencies/inconsistencies that reveal whether Steady'Statﬁnmediately processed. Radioactivity associated with cells

sugar transport measurements in red cells are adequate. o4 ;or4 fime was subtracted from the activity associated with
_ Using methods of steady-state sugar transport determinagj|s following the uptake period. All uptakes were normal-
tion that were used previously to establish rat erythrocyte jzeq to equilibrium uptake where cells were exposed to sugar
sugar transport symmetry (Helgerson & Carruthers, 1989), medium at 37°C for 60 min prior to addition of stopper.

we confirm that human erythrocyte G-methylglucose  yptake assays were performed using solutions and tubes pre-
transport is translocationally asymmetric. We then use a gquilibrated to 4°C

methodologlcally mdependent procedure (ligand binding to Net 3-O-Methylglucose ExiErythrocytes were incubated
e sugar export site; (Helgerson & Carruthers, 1987) to i110.5 25 1 0.5. or 0.1 MM 30MG for 60 min at 3C
assess asymmetry in export site availability. If transport is b wr’nc,h tim'e é l.JiI’ibriun.1 uptake is attained. At this time
mediated by a simple-carrier mechanism, as has been 33{_' 30MG (2 5qC' d% d h C d h'
suggested recently by some groups (Walmsley & Lowe, [°H] (2-54Ci) was added to the suspension and the

1987; Wheeler & Whelan, 1988), the present ligand binding cells were incubated for a further 20 min at 37. Sugar-

studies show that the transporter must be considerably Iesz{s aded c_eIIs were placed on ice, and aliquots were sedimented
translocationally asymmetric (1.4-fold versus 10-fold) than y centrifugation (14 00@for 30 s). The supernatant was

previously believed. Closer examination reveals systematic:gm;:(\:/lfg(’j ((a:)élltl :’/VO?E rjr:]ét)lfl?iieti)éjgtgﬁsemaﬁo f\éﬁ:)\(,\rlﬁllat't\éi
deviations of experimental transport data from the behavior a pro riate exit interval (0.5, 1, 2.5, 5 c;r 10 'min) exitgwas
predicted for classical mechanisms for carrier-mediated sugar, pprop o o ’
transport. terminated by addition of 50 vol of ice-cold stopper. Cells

Th findi lead lude th I ific were sedimented by centrifugation, the supernatant was
ese findings lead us to conclude that cell-specific factors aspirated, and the cell pellet was washed once more in 150
prevent direct determination of GLUT1-mediated sugar

i locati tes in h h ; vol of stopper. The final cell pellet was extracted in
ransiocation rates in human erythrocytes. perchloric acid as above. Zero-time exit points were obtained

by addition of stopper to cells prior to addition of saline.

Equilibrium Exchange 3-O-Methylglucose Uptakén

Materials [*H]-3-O-Methylglucose, 1'C]-p-glucose, {*C]- these experiments, intracellular [30MG} extracellular
2-deoxyo-glucose, fH]cytochalasin B, and®H]H.O were  [30MG] and the rate of cellular equilibration with extracel-
purchased from New England Nuclear. Recently expired |ular tracer radiolabeled 30MG is monitored. The uptake
human blood was obtained from the University of Mas- assay is otherwise identical to net sugar uptake measure-
sachusetts Medical Center Blood Bank. Reagents werements. Cells were pre-equilibrated with varying [3SOMG]
purchased from Sigma Chemicals. (0—60 mM) by incubation in 10 vol of equilibration medium

Solutions Saline consisted of 150 mM NaCl, 5 mM for 1 h at 37°C. Cells were collected by centrifugation,
HEPES, 0.5 mM EDTA, pH 7.4. In some experiments, the resuspended in 1 vol of ice-cold equilibration medium, and,
NaCl content of saline was substituted by KCIl. Stopper following equilibration to 4°C, uptake was initiated by

MATERIALS AND METHODS
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Table 1: Human Erythrocyte Sugar Transport at Ice Temperature

transported sugar

experimerit parametey 30MG n¢ D-glucose 2DODG
zero-transentry Kim(app) 0.38+0.13 3 0.46+ 0.09 0.59+ 0.27
Vin 0.18+ 0.02 0.15+ 0.01 0.29+ 0.04
zero-transexit Kmn(app) 4.35+ 0.62 3
Vin 1.62+0.10
equilibrium exchange Kmn(app) 22.62+6.17 4
Vm 9.17+ 3.44
infinite-transentry Kn(app) 1.57+0.10 3 2.19t+ 0.36 0.76+ 0.19
Vi 5.62+0.11 12.19+-0.88 8.55+ 0.79
infinite-cisentry Km(app) 0.66+ 0.15 3
Kinapp) 0.47+£0.1F 3
Kin(app) 3.35+0.62 2

2 The experimental conditions are as follow=erotrans entry, external sugar levels are varied, internal sugar is ab=enaitrans exit, external
sugar is absent, internal sugar levels are varied; equilibrium exchange, external sugar lievetaal sugar levels at all times, but both are varied;
infinite-trans entry, external sugar levels are varied, internal sugar level is saturatfirgte-cis entry, external sugar level is saturating, internal
sugar levels are varied Kmpp) Parameters have units of mMax parameters have units of mmol/liter of cell water/minute. Results are shown as
mean+ standard error The number of individual experiments made using 30OMG. The number of experiments made-gkicgse or 2DODG
as the transported sugar was three or moreinfinite-transp-glucose and 2DODG uptake experiments, the intracellular sugar was 50 mM 30MG.
4 This result was obtained as that intracellular [30MG] which reduced net 30MG uptake by oneTiedf.result was obtained by use of an
integrated MichaelisMenten equation to obtaikmapp) from a complete time course of saturated (20 mM) 30OMG uptake into cells which were
initially free of intracellular sugar. This result was obtained by determining that intracellular 30OMG level that stimulates saturated, unidirectional
30MG uptake half-maximally.

addition of labeled 3OMG. Stopper contained sucrose at aing the initial rate of 30OMG uptake from a saturating external
concentration identical to intracellular [30OMG]. [BOMG] of identical specific activity to that present within
infinite-trans Homo- and Hetero-Exchange Sugar Uptake. the cell. Net uptake can also be measured by following the
Red cells were preloaded with 50 mM 30MG by pre- time course of saturated 30MG uptake by cells that are
incubation in 20 vol of 50 mM 30MG for 1 h at 37C. initially free of intracellular sugar.
Km(app) for net 30OMG exit at 4°C is 4 mM (see Table 1). In unidirectionalinfinite-cisuptake experiments, cells were
This means that exit sites are90% saturated at 50 mM  loaded with 0, 0.1, 0.25, 0.5, 1, 5, and 10 mM unlabeled
intracellular 3OMG. Sugar-loaded cells were sedimented by 30OMG by incubation in 20 cell volumes of saline containing
centrifugation for 30 s at 4C, 14 00@, and the supernatant these concentrations of sugar for 1 h at°8% Cells were
was removed by aspiration. Uptake of sugar was initiated collected by centrifugation for 30 s at and 14 00§,
by adding 1 vol of loaded cells to 50 vol of ice-cold saline and the supernatant was aspirated. Uptake was initiated by
containing variable concentrations of unlabeled 3OMG+0.1  addition of 50 vol of 20 mM 30MG plus labeled 30MG
10 mM) plus labeled 3OMG. The osmolalities of external and was allowed to proceed for 30, 60, 150, or 300 s. Uptake
and media were balanced by addition of ACS-grade sucrosewas arrested by addition of 100 vol of ice-cold stopper
to the uptake medium such that [SOMG] plus [sucrose]  solution.
50 mM. Uptake was allowed to proceed for 5, 15, 30, 60, In net infinite-cis uptake experiments, a stock 20 mM
or 120 s and was then arrested by addition of 100 vol of 30MG solution containing 1@Ci of [®H]-3-O-methylglu-
ice-cold stopper solution. Cells were sedimented by cen- cose peupmol of 30MG was diluted to produce final 3OMG
trifugation (14 00@ for 30 s), washed once in stopper, concentrations of 0.1, 0.25, 0.5, 1, 5, and 10 mM. Cells
collected by centrifugation, and extracted in perchloric acid. were equilibrated with these solutions by incubation for 1 h
Because 30MG uptake into 30OMG-loaded cells is measuredat 37 °C and then sedimented by centrifugation (30 s at 4
under these conditions, this experiment is a homo-exchange®C and 14 00§), and the supernatant was aspirated. Uptake
uptake experiment. Hetero-exchange uptake experimentswas initiated by addition of 50 vol of the stock 20 mM
were also made in which labeled and unlabeateglucose 30OMG solution to the cells and was allowed to proceed for
or 2DODG were substituted for extracellular 30OMG. 15, 30, 60, 120, and 300 s. Uptake was arrested by addition
Zero-time uptake points were prepared by addition of of 100 vol of ice-cold stopper solution.
stopper to cells prior to addition of medium containing sugar Net uptake of 20 mM extracellular 3OMG was also
and radiolabel. Cells were immediately processed. Radio- measured in cells that were initially free of intracellular sugar.
activity associated with cells at zero-time was subtracted from The time course of uptake was analyzed according to Baker
the activity associated with cells following the uptake period. and Naftalin (1979). Cells were sedimented by centrifuga-
All uptakes were normalized to equilibrium uptake where tion (14 00@ for 30 s), washed once in stopper, collected
cells were exposed to sugar medium at°87for 120 min by centrifugation, and extracted in perchloric acid. Radio-
prior to addition of stopper. Uptake assays were performed activity associated with cells at zero-time was subtracted from
using solutions and tubes pre-equilibrated teC} the activity associated with cells following the uptake period.
infinite-cis Net and Unidirectional 30OMG Uptakeln All uptakes were normalized to equilibrium uptake where
these transport measurements, extracellular 30OMG levels arecells were exposed to sugar medium at°€7for 120 min
saturating, the intracellular 30OMG level is varied, and sugar prior to addition of stopper. Uptake assays were performed
uptake is measured. Unidirectional uptake of 30OMG is using solutions and tubes pre-equilibrated t&C4and were
measured by addition of labeled 30MG to the external carried out in a thermostatically cooled block.
medium only. Net uptake is measured by loading cells with ~ Calculation of Transport Constantd\et sugar uptake at
variable [3OMG] plus radiolabeled 30OMG and then measur- 4 °C is characterized by pseudo-first-order rate constants
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(Vina/Kmapp) 0f 0.5, 0.3, and 0.5 mirt for 3OMG, DG, and Three circumstances could result in underestimation of
2DODG, respectively (see Table 1). These constants cor-inhibition of CCB binding by intracellulap-glucose. (1)
respond to theoretical half-times for 30OMG, DG, and Extracellularp-glucose slightly reduces inhibition of CCB
2DODG uptake of 1.4, 2.3, and 1.4 min, respectively, which binding by intracellulap-glucose. Significant contamination
means that uptake of even the lowest concentration of sugarby extracellulap-glucose under conditions where the sugar
is linear during the first 30 s of uptake determination. This is presumed to be absent could, therefore, result in under-
incubation time was used in all net aridfinite-trans estimation of inhibition of CCB binding by intracellular
experiments for sugar concentrations lower than 1 mM. At p-glucose. (2) Intracellulas-glucose levels may fall rapidly,
concentrations of 1 mM or greater where progressive resulting in underestimation of intracellular sugar levels. (3)
saturation of the import site causes the pseudo-first-order CCB binding at nonGLUT1 sites could give rise to a
rate constant for uptake to fall, uptake was measured over 1significant component of CCB binding that is insensitive to
min intervals. In net uptake experiments, intracellular sugar inhibition by p-glucose. Contamination by extracellular

levels never exceeded 0.15 mM (extracellular [sugar% D-glucose was reduced by use of two additional methods
mM), a concentration 30-fold lower thdfimapp) for 3OMG for CCB binding determination.
exit. Method 2 Sugar-loaded cells were sedimented, the

The pseudo-first-order rate constant for equilibrium ex- supernatant was aspirated, and then the cell pellet was
change 30MG uptake was obtained as the first-order rateresuspended in 1000 vol of ice-cold saline containing 150
constant for label equilibration with cell water. This was mM mannitol and centrifuged for 5 min at 14 G0 The
calculated by nonlinear regression analysis of the time coursesupernatant was aspirated, and cytochalasin B binding was
of label uptake assuming mono-exponential uptake kinetics. measured immediately as described for method 1. This
At the 30OMG concentrations used in the present study{0.5 method avoids the initial presence of significant levels of
30 mM), this assumption is satisfied (Cloherty et al., 1995). extracellularp-glucose but does not prevent increases in

Vimax andKmepp for transport of sugars were computed by extracellularp-glucose levels resulting from sugar export
direct, nonlinear regression analysis of transport velocity (rate of increase is 0.3 mM per min, assuming transport is
Versus sugar concentration data assuming transport followsuninhibited by cytochalasin B).
simple saturation kinetics. Under the conditions of our  Method 3. [*H]Cytochalasin B binding to erythrocytes
experiments, net 30MG uptake is inhibited by more than following 1 min incubation at ice temperature (3D of cells
98% by the sugar transport inhibitor cytochalasin B £50). in 33 mL of cytochalasin B binding medium) was measured
This suggests that nonmediated (nonsaturable) pathways fofollowing cell sedimentation at 14 0§tfor 5 min) as the
sugar transport contribute only a very small proportion to difference between the®Hl]cytochalasin B space of the
total sugar uptake. Ilmnfinite-cis net uptake experiments, erythrocyte pellet and the tritiated water space of the cell
time course data were analyzed using an integrated form ofpellet measured in a parallel tube. Upon addition of
the Michaelis-Menten equation as suggested by Baker and cytochalasin B binding medium to the red cell pellet, the
Naftalin (1979). The software package used in linear and initial extracellular sugar concentration (pellet extracellular
nonlinear regression analyses was KaleidaGraph 3.0 (Synergypace= 10%) is 20uM and the fractional saturation of
Software, PA). import sites is 0.01. If all intracellular sugar were exported

Cytochalasin B Binding.Red cells were loaded with  during the cytochalasin B binding determination, the final
p-glucose or depleted of endogenous sugars by incubationextracellularo-glucose level would be 0.2 mM. However,
at 37°C in 40 vol of saline containing or lacking 100 or this is unlikely for binding experiments require 11 min for
150 mMpb-glucose for 2 h. Cells were then sedimented by completion and less than 10% of intracellular sugar is lost
centrifugation at 14 0apfor 5 min and placed on ice for 20  during this interval (Lowe & Walmsley, 1986). In some
min, and cytochalasin B binding was measured by one of experiments withb-glucose-loaded cells, cell pellets were
three methods. washed in 1000 vol ob-glucose-free (100 mM mannitol-

Method 1 Cells (30uL of a 60%—-80% cell suspension)  containing) saline prior to addition af-glucose-free cy-
were added to an Eppendorf tube and sedimented bytochalasin B binding medium.
centrifugation (1 min at 14 0@) and the supernatant was We also addressed the possibility that intracelluar
aspirated. The cells were resuspended by addition of 120glucose levels become depleted by increasing the concentra-
uL of medium containing3H]cytochalasin B. Aliquots (20  tion of p-glucose used to preload cells. When cells are
uL) of the suspension were mixed with two drops ofQd loaded with 150 mb-glucose, the half-time for depletion
and were counted by liquid scintillation spectroscopy. This of intracellularp-glucose is increased from 18 to 27 min
is a measure of “total” suspension [cytochalasin B]. Cells (Vmax for p-glucose uptake= 2.77 mM/min; Lowe &
were incubated for 055 min on ice, by which time  Walmsley, 1986). Since processing of the cells requires 11
equilibrium cytochalasin B binding is achieved (Helgerson min, intracellular p-glucose levels fall to 120 mM and
& Carruthers, 1987). The cell suspension was centrifuged extracellulam-glucose levels increase tq®84. This means
at 14 00@ for 20 s, and aliquots (2@L) of the clear that intracellulap-glucose binding sites are never less than
supernatant were counted by liquid scintillation spectroscopy. 98% saturatedimeapp) €Xit = 1.4 mM; Lowe & Walmsley,
This is a measure of “free” [cytochalasin B]. Bound 1986) and extracellulap-glucose binding sites are never
[cytochalasin B] is computed as total [cytochalasin-Biree more than 0.4% saturated with Sug&mfapp) infinite-trans
[cytochalasin B]. When binding was measured in cells entry= 2.2 mM; see Table 1). Inhibition of CCB binding
containingp-glucose, cytochalasin B binding medium also to red cells by loading with 150 mM-glucose (82%t 2%;
contained an equimolar concentration of mannitol (to prevent n = 12) is not significantly greater than that produced by
cell lysis) orp-glucose. Cytochalasin B binding was also loading cells with 100 mMb-glucose (74%t 8%; n = 9).
measured in sugar-free cells in the presence of mannitol or We examined GLUT1-independent CCB binding to red
D-glucose or in the absence of extracellular sugar. cells by blocking transporter-associated binding by addition
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Scheme 1. Simple Carrier Scheme 2. Fixed-Site Carrier
b2 N — N — N
e2+82 €2.82 e.S1 S1+e+CCB e .CCB
/] b-2 /| + + +
S2 S2 S2
ko || k-0 k1 || k-1
aK2 K2 BK2
V v
KL\ b1 aKl N\ BK,
e1.CCB CCB+e1+81 N b e1.81 S2.e.S1 S1+S2.e + CCB e S2.e.CCB
-1

and p-glucose to el is mutually exclusive. If human
erythrocyte sugar transport is indeed mediated by a simple-
carrier, then this requirement appears to be satisfied (Car-
ruthers & Helgerson, 1991).

The fixed-site carrier (see Scheme 2) presents binding sites
for extracellular sugar (S2) and intracellular sugar (S1)
simultaneously, which, when occupied by S1 and S2, interact
with the cooperativity constart. The carrier can also bind
CCB. Binding of CCB and S1 is mutually exclusive, while
binding of S2 and CCB is permitted and is characterized by
the cooperativity constaiit. Dissociation constants for S1,
S2, or CCB interaction with the carrier in the absence of
other ligands ar&1, K2, andK,, respectively. CCB binding
to the fixed-site carrier is described by the following
(Helgerson & Carruthers, 1987):

of phloretin (a sugar transport inhibitor). Total saturable
CCB binding was inhibited by addition of unlabeled CCB.
In the present study2H]CCB binding is inhibited by 99%

+ 1% (h = 12) when binding is measured in the presence
of 50 uM unlabeled CCB (Table 5). The sugar transport
inhibitor phloretin (10Q«M) inhibits [*H]CCB binding to a
similar extent (98%+ 1%; n = 9). The constant for
nonspecific (nonsaturable) CCB binding is in the order of
0.5 umol of CCB per 1& erythrocytes perM CCB.

An iso-osmotic control fob-glucose-loaded cells and for
cells exposed to extracellularglucose is exposure of control
cells to an equivalent concentration of mannitol. If mannitol
is contaminated by transported sugars (@glucose), this
could elevate intracellular levels of sugars that compete with
CCB for binding to the transporter and thereby inhibit CCB
binding. This seems unlikely for two reasons: (1) CCB (50 _
nM) binding to red cells exposed to saline (6:11.0 pmol [e.CCB]+ [S2.e.CCBF=

per 1@ cells;n = 3) is not greater than CCB binding to red ; [GLUTJ[CCB] |
cells exposed to 100 mM mannitol (8400.9 pmol per 18 1452,S1, S1S2
cells;n = 3). (2) Extracellulam-glucose (100 mM) does K K2 K1 oKI1K2 +[CCB]
not inhibit CCB binding (Table 5). L S2
Transport Models. Two transport models are considered 1+ BK2

in the present study. The simple-carrier (see Scheme 1)RpsyLTS

exists in either of two states in the absence of sugar or

CCB: el presents a binding site to intracellular sugar (51) 3-O-Methylglucose Transport Is Asymmetridable 1

or to CCB, while e2 presents a binding site to extracellular Summarizes the net 30MG uptake, net 30MG exit, and
sugar (S2).ko, K_o, ki, k-1, b_1 andb_, are first-order rate ~ equilibrium exchange 30MG uptake properties of human
constants describing rates of conformational change or sugag€rythrocytes at 4C. As with erythrocyte-glucose transport
dissociation from the carrier, ard andb; are second-order ~ (Carruthers & Melchior, 1983; Hankin et al., 1972; Lowe &
rate constants describing the interactions of carrier with S1 Walmsley, 1986; Regen & Tarpley, 1974; Widdas, 1980),
and S2, respectively. The dissociation constants for sugarerythrocyte 30OMG transport is also asymmetri€nppand
b|nd|ng to el and e2 ai€l andK2, respective|y, which are Vmax for 3SOMG exit are 10-fold greater than the Correspond-
given byb_1/b; andb_,/b,, respectively. CCB binding to  ing parameters for 30OMG entry.

el is characterized by a dissociation const&at, The steady-state velocity equations for sugar transport
Cytochalasin B binding to the simple-carrier in the Mediated by an asymmetric simple-carrier or by a fixed-site
presence of transported sugar is described by carrier are characterized by one affinitk)( and four
resistance ) constants (Carruthers, 1991; Lieb & Stein,
[CCB][GLUTY/ 1974). These constants can be computed directly Wom
s1, Ky S andKmppparameters for net 30OMG uptake, exit, and 30MG
K. |1+ K1 1+ —sz(l + K—;) + exchange transport and are summarized in Table 2.
kK_,+ k,lK—2 Is Transport Compatible with Existing Models for Sugar
Transport? Using the constants listed in Table 1 or 2, we
Ko 14+ S_Z) + [CCB] can compute theoretic#lmapp) for carrier-mediated 30MG
K 4k S2 K2 efflux into saline containing saturating levels of extracellular
-0 = ™lK2 30MG. The classical, asymmetric simple-carrier (Widdas,

1952) predicts that 3OMG exit is half-maximal when the
(Helgerson & Carruthers, 1987), where S1 and S2 are intra-intracellular 30OMG concentration is

and extracellularp-glucose concentrations, respectively,

[CCB] is the free cytochalasin B concentration, and [GLUT] Ve o KR,

is the concentration of glucose transporters. This analysis 71 1 1\ =

(Helgerson & Carruthers, 1987) assumes that CCB binds only Vv 'O(j +—=- —ee) e
\% Y \Y,

to the el-form of the transporter and that binding of CCB
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Table 2: Macro Constants for Simple-Carrier-Mediated Erythrocyte P 5000 A : -
Sugar Transport B %/u,’o—’—“Q
constarft 30MG? b-glucosé 2DODG ‘S 4000
Roi 5.65+ 0.68 6.49+ 0.46 3.48+ 0.55 E
Rio 0.62+ 0.04 2 30001 [
Ree 0.11+0.03 0.032t 0.00F 0.037+ 0.00Z §
Roo 6.16+ 0.79 & /*/f_,_,./%
d
K 0.39+ 0.03 0.48+ 0.10 0.34+ 0.15 %‘ 20001 i
2R constants have units of minutes per mM. TKeonstant has b=
units of mM. Ry is computed as the reciprocal @f..x for zero-trans <_'?
entry. R, is computed as the reciprocal ., for zero-transexit. Ree o 10001 W
is computed as the reciprocal \¢f.xfor equilibrium exchange transport. g
Roo = Ro + Ry — Ree " The transport data used to compute these © 0

constants are obtained from Table®R.. computed as reciprocal of 0 05 1 s 2
p-glucose exchange and reciprocal of 2DODG exchange at 200 mM
(see Table 3)¢ K was computed froniKmpp) for zero-transuptake as

K = Kmn(appfRoil Roo; from Kmappyfor zero-transexit asKmappfRio/Roo and 0.2 , . L . L
from Kmnapp) for equilibrium exchange am@ppRed Roo- B

Time in minutes

[see Lieb and Stein (1974)]. Because equilibrium exchange
30OMG transport does not deviate systematically from simple
saturation kinetics [Table 1; but see Holman et al. (1981a)],
Kmapp) for fixed-site carrier-mediated 30MG efflux into
saturating extracellular 30OMG is also given by this expres-
sion (Carruthers, 1991). Thus, for these two hypothetical
transport mechanisms, 30MG exit into saturating 30OMG £
should be half-maximal at 21.% 2.7 mM intracellular 0.051

30MG.

We measured this half-saturation constant by three dif- e
ferent methods. Figure 1 summarizes iafinite-cis net 01 5 3 45
uptake experiment in which the time course of saturated net (30MG] mM
sugar uptake is measured at varying initial intracellular i

30MG levels. In this type of experiment, the specific FIGURE 1. Concentration-dependence of n¥C]-3-O-methylglu-

it ; 2.0. . cose (20 mM) uptake by erythrocytes preloaded with varying
a|Ct||V|t|es of Int_:;ice:_lul?r z;n('j:_extraclellula?ﬁl] ﬁ o mter:ht t 30MG concentrations (85 mM) of identical specific activity. (A)
ylglucose are identcal. igure 1 panel shows that net g, uptake data. Ordinate, cpm 30MG pe# tells; abscissa,

uptake is inhibited by more than 50% when intracellular time in minutes. Results are shown as meastandard error of
[3OMG] is <1 mM. In this experimentyappfor inhibition one experiment made in quadruplicate. Data are shown f@)0 (

of net uptake by intracellular 30MG is 0.58 0.06 mM 0.1 ©), 0.5 @), and 1 mM (J) intracellular 30OMG. Curves are
drawn through the points by eye. (B) Initial rates of net 3OMG

(Figure 1B). Table 1 summarizes the results of three similar 4 ;
. : - . uptake (computed from the first 30 s of uptake in A) expressed as
experiments. Figure 2 summarizes the effects of loading g tynction of intracellular [3OMG]. Ordinate: rate of 30OMG uptake
erythrocytes with varying unlabeled 30MG levels on the rate in mmol of sugar per liter of cell water per minute. Abscissa,
of unidirectional 30OMG uptake from saline containing 20 intracellular [30OMG] in mM. The curve drawn through the points

mM 30MG. Uptake is half-maximally stimulated when Was computed by nonlinear regression assuming that net uptake
o ; : falls in a simple saturable manner with increasing intracellular
[SOMG]; = 3.4+ 0.6 mM. Figure 3 shows the time course 30MG] and has the following constants: uptake in the absence

of 20 mM 30MG uptake by cells that were initially free of  of 30MG = 0.17+ 0.01 mM/min; uptake is reduced to 50% when
intracellular sugar. Net uptake is reduced by 50% when [30MG]; = 0.50+ 0.06 mM.
intracellular [3OMG] is 0.47+ 0.01 mM.

Homo- and Hetero-Exchange Transport Tests of Carrier  Table 3 summarizes experiments in which erythrocytes
Mechanisms Table 1 also summariz€gmax and Kmapp) were loaded with 200 mM 30MGy-glucose, or 2DODG.
parameters fop-glucose and 2DODG net uptake by human These cells were then resuspended in 200 mM radiolabeled
red cells at 4°C. The transport parameters forglucose 30MG, p-glucose, or 2DODG, and the rate of sugar uptake
uptake are in close agreement with those reported previouslywas monitored. Homo-exchange uptake of 30MG is slower
for outdated blood (Jacquez, 1983; Lacko et al., 1973; Lowe than homo-exchangeglucose and 2DODG uptake. Uptake
& Walmsley, 1986; Wheeler, 1986). of 30OMG is accelerated when the intracellular sugar is

The availability of Vimax and Kmpp) parameters fom- D-glucose or 2DODG. If we assume that transport at ice
glucose and 2DODG net uptake together with the estimatetemperature is saturated at 200 mM sugar, then we can use
of Ry, obtained from measurements of 30OMG transport these results to predict the concentration dependence of
(Table 2) permit computation of the resistance paranigjer 30MG, p-glucose, or 2DODG uptake into cells loaded with
and K, the intrinsic affinity constant of the asymmetric 50 mM 30MG. Figure 4 summarizes the results of such
simple-carrier forp-glucose and 2DODG uptake at°CL. experiments and contrasts experimental findings with results
These constants are summarized in Table 2 and, in combinapredicted for an asymmetric simple carrier. The presence
tion with measurements &« for unidirectional uptake of  of saturating intracellular 30OMG stimulates unidirectional
30MG, b-glucose, and 2DODG into cells loaded with 30OMG, b-glucose, and 2DODG uptake by 31-, 81-, and 30-
saturating unlabeled 30MG, can be used to predict the effectsfold, respectively.
of preloading erythrocytes with saturating 30OMG on unidi-  Cytochalasin B Binding to Human ErythrocyteEryth-
rectional uptake of 30OMGp-glucose, and 2DODG. rocytes present 3.&mol of p-glucose inhibitable CCB

e
—
il

30MG uptake in mM per min
e
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E 2.5 e Table 3: Homo- and Hetero-Exchange Sugar Transport in Human
E Red Cells at CC
g 24 - sugar influg
% internal sugdr  external sugdr observed predicted
S 1.54 - 30MG 30MG 9.20+ 0.60 7.60
Q p-glucose 30MG 7.7%0.11 9.64
S 2DODG 30MG 7.54+ 0.02 9.64
2 N i 30MG p-glucose 17.12: 0.03 16.69
E p-glucose p-glucose 31.2#0.71 31.16
3 0.5] i 2DODG p-glucose 35.54%0.29 31.16
% 30MG 2DODG 15.29+ 2.32 16.69
C,) p-glucose 2DODG 34.68-0.40 31.16
gl 0 T T T — T 2DODG 2DODG 26.80k 1.54 31.16
0 2 4 6 8 10 - — - .
[30MG] mM aSugar influx is in mmol of sugar per liter of cell water per min.
N i b The intracellular sugar was 200 mM 30MG, 200 nuMylucose, or
FIGURE 2: Concentration dependence of unidirectiod4C]-3-O- 200 mM 2DODG.° The extracellular sugar was 200 mM 30MG, 200
methylglucose (20 mM) uptake by erythrocytes preloaded with MM b-glucose, or 200 mM 2DODG: The measured rate of sugar
varying concentrations (610 mM) of unlabeled 30MG. Ordi-  UPtake is shown as the meah standard error of three separate

nate: rate of 30OMG uptake in mmol of sugar per liter of cell water quadruplicgte determination%SimuIated assuming transport is medi-
per min. Abscissa: intracellular [3OMG] in mM. Results are shown ated by a simple carrier and that saturated exchange predombgtes.
as meant standard error of three experiments made in quadru- (Saturated) exchange isak-4/(k; + k-1) wheren is the concentration
plicate. The curve drawn through the points was computed by ©f cellular glucose transporters (3ol per liter of cell water) ané,
nonlinear regression assuming that uptake increases in a simple?ndk-1 are first-order rate constants describing the rate of e:%1S2
saturable manner with increasing intracellular [3OMG] and has the and e.52—~e.S1 conversion, reSpeft'Ve'y- The values used were, for
following constants: uptake in the absence of 3QMG0.22 + 30MG, k = 50 §1andk,1 =100 s for p-glucose and 2DODG;
0.04 mM/min; maximum increase in uptake produced by 3QMG — k-1 =273.33 s

= 2.47+ 0.15 mM/min; uptake is increased half-maximally when

[SOMG]; = 3.354 0.62 mM. 50 nM. Externab-glucose (150 mM) reduces CCB binding
1 Leeenecccni to red cells by 9%t 4%. Intracellulam-glucose (150 mM)

competitively inhibits cytochalasin B binding to GLUT1
0.8 L 5-fold. Kijapp) for b-glucoseinhibition of 50 nM cytochalasin
B binding to erythrocytes is 128 1.2 mM (n = 3). Table
0.6 L 4 shows that cytochalasin B binding to erythrocytes in the
é‘ presence of 150 mM intra- and extracellulaglucose is
O 0.4 L (1.7 £+ 0.2)-fold greater than that measured in the presence
% of intracellularp-glucose alone.
2 02
DISCUSSION
01 The present study asks two questions: (1) Are human
erythrocyte steady-state sugar transport data compatible with

o 1 2 3 4 3 classical models for sugar transport? (2) Does transport truly
Time min display asymmetry iVmax and Kmapp) parameters for net

Ficure 3: Time course of 20 mM 30MG uptake by erythrocytes uptake and exit? Our find?ngs lead us to conclude that the
initially free of intracellular sugar. Ordinate: intracellular [3OMG] —answer to both questions is no.
in mmol of sugar per liter of cell water. Abscissa: time in minutes. Transport MechanismsAlthough the subunit composition
The curve drawn through the points was computed by fourth-order (Hepert & Carruthers, 1991, 1992; Zottola et al., 1995) and
E:Zi?j%t.?? ngme;:fg\lln:;te:ggﬂ%nn:‘%roaitté?résfpcc;rltl \?V);Stgge"r‘”th subunit membrane topography (Deziel et al., 1985; Hresko
min. et al., 1994; Mueckler et al., 1985; Preston & Baldwin, 1993)
of the human erythrocyte glucose transporter are well-
binding sites per liter of cell water, and CCB binding to these characterized, the molecular mechanism of GLUT1-mediated
sites is half-maximal at approximately 150 nM ligand sugar transport is uncertain.
(Coderre et al., 1995; Hebert & Carruthers, 1992; Helgerson The earliest studies on erythrocyte sugar transport led to
& Carruthers, 1987; Zottola et al., 1995). Sogin and Hinkle the development of theimplecarrier model for protein-
(1980) and Gorga and Lienhard (1981) have shown that mediated sugar transport (Widdas, 1952). This model
analysis of sugar inhibition of CCB binding to the transporter describes sugar transport via a membrane complex that
at low CCB concentrations may be used to determine whetheralternately presents sugar import and sugar export pathways.
the transporter behaves as a simple-carrier or as a fixed-siteA rather different modetthe fixed-site carrierwas later
carrier. If the carrier behaves as a simple-carrier, then this suggested in which the transporter presents import and export
method can also be used to estimate the relative rates ofpathways simultaneously (Baker & Widdas, 1973). Both
isomerization of the carrier between import- and export- models account for many features of passive sugar transport
competent states. (Carruthers, 1991; Lieb & Stein, 1974; Widdas, 1980). The
We have used this approach to estimate translocationalmost striking features include transport asymmeky,{p)
asymmetry in human erythrocyte sugar transport. Table 4 and Vmax entry = Kmapp) @nd Vimax exit) and accelerated
summarizes the effects of extra- or intracellutaglucose exchange transport where unidirectional sugar movements
on cytochalasin B binding to human red cells at [CGB] are accelerated by the presence of sugar at the opposite,
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Ficure 4: Concentration dependence ofBmethylglucose (A)p-glucose (B), and 2-deoxy-glucose (C) uptake by erythrocytes lacking

(O) or containing @) 50 mM 3-O-methylglucose. Ordinate, rate of sugar uptake in mmol per liter of cell water per min; abscissa, extracellular
sugar concentration in mM. The solid curves drawn through the points were computed by nonlinear regression assuming-Michaelis
Menten kinetics and have the following constants: (})Kmpp)= 0.38 MM, Vinax = 0.18 mM/min; @, Kiappy= 1.57 MM, Vipax = 5.62

mM/min; (B) O, Kmapp)= 0.46 MM, Vimax = 0.15 mM/min;®, Kyappy= 2.19 MM, Vimax = 12.19 mM/min; (C)O, Kmngapp)= 0.59 MM, Vinax

= 0.29 mM/min; ®, Kiapp)= 0.76 MM, Vinax = 8.55 mM/min. The dashed curves were computed for transport in the presence of 50 mM
intracellular 30OMG by using the constants in Table 2 and the steady-state velocity equation for simple-carrier-mediated transport (Stein,
1986). This figure summarizes three separate measurements made in quadruplicate for each data point (showh sismnaead error).

hypothesis without critical evaluation (Lowe & Walmsley,
1986; Walmsley & Lowe, 1987) or have resulted in findings
that are consistent with this hypothesis (Wheeler, 1986;

Table 4: Cytochalasin B Binding to the Glucose Transpérter
pmol of CCB bound

[glucose] mM simple-carrier fixed-site Wheeler & Whelan, 1988).

inside outside experimental asymmeétrisymmetri€ carrief Which transport hypothesis (if any) is correct? The
0 0 493+0.11 4.91 4.01 5.00 adequacy of the simple-carrier hypothesis has been chal-
0 150 4.48:0.05 5.24 497 4.50 - -

150 0 093011 o006 003 .93 lenged by the results of steady-state hetero-exchange sugar

transport studies (Miller, 1968a,b) and by results that suggest

a Effects of extracellular and intracellularglucose on cytochalasin a high-affinity sugar export site under conditions where the
B binding to erythrocytes. Cytochalasin B binding was measured using eXtraFeHUIar sugar levels .are saturatlng (Baker & Naft.alm’
Method 3 (see Materials and Methods). Cells were exposed to 150 1979; Cgrruthers & M?|Ch|0r: 1983; QafrUtherS & Me|Ch|0_r:
mM mannitol (control), to 150 mM extracellularglucose, to 150 mM 1985; Ginsburg & Stein, 1975; Hankin et al., 1972; Harris,
intracellularo-glucose, or to 150 mM extracellularglucose plus 150 1964; Lieb & Stein, 1977). Close examination of these

mM intracellularp-glucose. Binding is expressed as pmol of CCB - arguments reveals internal inconsistencies in human eryth-
bound. Experimental results are shown as mgaBEM (h = 3 or
rocyte sugar transport data.

more). Number of cells per assay8 x 10'. ® Results are predicted
for an asymmetric simple carrier mechanism. Constants (see carrier Hetero-Exchange TransporMiller (1968a,b) concluded
schema) were chosen to best mimic thglucose transport properties  that human erythrocyte hetero-exchange sugar transport data
of ery”;rcl’lcyte_skoat_icleier?pfratfrf 4(g°V"le|f‘XV|i"m§'eZ>; 313861)-K1hese are inconsistent with the simple carrier hypothesis for sugar
irezgz ﬁwl\(jl\fv;é P mgM” K’L":_ 130 ngM nl:_&élﬂ_mol pérﬁtér of transport because the extents todins-acceleration ofp-

cell water, [CCB]= 50 nM, amount of transporter in solutica 20 glucose exit produced by extracellular mannose or galactose
pmol. Results are also predicted for a symmetric simple-carrier are inconsistent with the observed rates of self-exchange of
mechanisrhand a fixed-site carrier mechanismConstants for the mannosep-glucose, or galactose and with net mannose or

150 150  1.59+0.19 0.5 151 1.59

sth e ( -ha nstants _ _ : . .
:ylmre_trlgosém;pslﬁ e gséIOI}LC)leosg gzrﬁSMskzkj ;91;]7,\}15 galactose exits. Miller's simple-carrier analysis assumes

y K1 — . y R=1 — . [} - . ’ - a. ’ . .
K. = 130 nM, n = 3.8 umol per liter of cell water. Predictetmax (1) that the rates of translocation of any given sugar are

parameters for sugar uptake into sugar-free cells, sugar exit into sugar-identical in both directionsk(, = kj);

free saline, and equmbrlur_n exchange transport are_12.3, 17.1,_ and 31 (2) that the rate of relaxation is independent of direction
mmol of p-glucose per liter of cell water per min, respectively. (ko = K_o):

Constants used to compute CCB binding to the fixed-site carrier (see —oh

carrier schema) are as follow®1 = 25.75 mM,K2 = 2.57 mM;a. = (3) that transport is symmetrid/ax exit = Vmax entry),
2.53,f = 1.15,K. = 150 nM, [CCB]= 50 nM, [GLUT] = amount of and
transporter in solutior= 20 pmol.® The probability that this value is (4) that hetero-exchange transport is saturated at the sugar

the same as the experimental value is less than 1% (two-taitet). concentrations used (130 mM)

The latter assumption is incorrecKmapp) for exchange
side of the membrane (Baker & Naftalin, 1979; Lacko et p-galactose transport in human red cells is 140 mM (Gins-
al., 1973; Levine et al., 1965; Wheeler, 1986). burg & Ram, 1975). We also know that transport is
Following the development of the simple-carrier hypoth- asymmetric [see Table 1 and Lowe and Walmsley (1986)]
esis, a body of evidence accumulated that led to the rejectionwhich indicates thakt, = k-, (Stein, 1986). Miller observed
of this model as an adequate theoretical description of humanthat glucose exit at 20C into mannose or galactose is
erythrocyte sugar transport (Baker & Naftalin, 1979; Car- significantly faster than into glucose. He reasoned that this
ruthers & Melchior, 1983, 1985; Ginsburg & Stein, 1975; cannot be due to mannose and galactose translocations
Hankin et al., 1972; Harris, 1964; Lieb & Stein, 1977). occurring more rapidly, since if this were the case, then
Subsequent analyses of sugar transport in the absence ofmannose-mannose and galactosgalactose exchanges would
transport inhibitors have either accepted the simple-carrier be faster than glucoseglucose exchange, and this is not
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Table 5: Bounds for the Rate Constants of the Simple-Carrier

constart computed & 30MG® D-glucosé DODG*
ki, ko1, b-1, b 1 39.9 137.1 118.5
NRee
Ko 1 K 1 0.78<k, < 0.79 0.68< k, < 0.68 1.26< k, < 1.27
—_ < _
Ry (R — Red
ko 1 1 7.07< k-, < 8.60
< k70 < —_
nR, n(Rio - Ree)
by 1 1.99x 1C° 141x 16 3.71x 1¢°
NKR;;
b, 1 1.81x 10¢
nKR,

aThe first-order constantsg, k-1, ks, k-, b—1, andb_,, have units of s! and describe the following reactions, respectively: e:S&.S2, e.S2
—e.51, e~ e2,e2—el, e.St—~el+ S1, and e.S2> e2+ S2. The second-order rate constabisandb,, have units of M! s~ and describe
the reactions, respectively: ed S1— e.S1 and e2- S2— e.S2.° Constants were calculated assumm(plucose transporter concentration)
3.8 umol per liter of cell water per min and by using the data of Table 2 as suggested in Stein (1©863%tants were computed for 30OMG,
p-glucose, and 2DODG transport.

observed. However, this conclusion is negated wher= Because rat red cell hetero-exchange sugar transport shows
ki. Assuming only saturated exchange exit occMpgx for such clear deviation from simple-carrier kinetics while human
exchange exit is given by red cell exchange transport does not, we re-examined human
erythrocyte hetero-exchange fluxes under conditions (low
nkk_; temperature) where transport rates can be measured ac-
m curately.

Table 5 summarizes bounds for the first- and second-order

wheren is the concentration of erythrocyte glucose transport- rate constants describing simple-carrier-mediated sugar trans-
ers (Carruthers, 1991). WheKygucose) = K- 1(glucose) > portin red cells at OC. Th(—?se were computed as suggested
kl(mannose)> kl(galactosePUt k—l(glucose)< k—l(galactose)< k—l(mannose) by Lieb (1982) and by Stein (1986) We used these values

exofacial mannose and galactose will stimulate glucose exit@S @ starting point for simulating the saturated homo- and
more than will exofacial glucose. Because Miller measured Netéro-exchange fluxes of Table 3. Our experimental
self-exchange of galactose at a subsaturating concentratiorfndings are simulated adequately by the simple-carrier
(130 MM~ Kinpp), galactose galactose self-exchange will ~ NyPothesis (Table 3) providedtygucose) ~ K-1glucose) ~
be slower than saturated glucesgiucose exchange. Net Xi(deoxy-o—glucose)™ K-1(deoxy-o—glucose)= 3K-1(30me) = ZKizomcy

sugar transport rates are dominated by the slower relaxation] N€S€ Simple-carrier simulations are less successful in
rate constantk, andk_o. If relaxation k_o) is 3-fold slower accounting for the concentration dependence of heteroex-

thanKygiucosey Vimax fOF Net exit nkik o (ks + k_o)] increases c_hange transport in r_ed cells (Figure 4) where, just as with
in the order galactose mannose< glucose< nk,. These simple-carrier simulations of rat erythroqyt_e hetero-exchange
predictions broadly match the results obtained by Miller (Helgerson & Carruthers, 1989), the affinity of the transport

(1968a) and thus cannot be used to refute the simple-carrierSyStem for external sugar is systematically underestimated
mechanism for sugar transport. when the internal sugar level is saturating. The parameters

used in these simulations (Tables 2 and 5) are in close
agreement with those measured in previous studies (Lowe

transport is symmetric and whevg .« for 3-O-methylglucose fgg\gllmsley, 1986; Walmsley & Lowe, 1987, Wheeler,
transport is greater than that for uptake of mannose or~"""/- ) )

2-deoxye-glucose or for exit of mannose. This observation ~ High-Affinity Export Site Table 1 lists the results of
confirms earlier measurements of rat red cell sugar transportinfinite-cis 3-O-methylglucose uptake experiments measured
(Helgerson & Carruthers, 1989), demonstrating that unlike Py three independent methodsm@pp) for intracellular
sugar transport in human erythrocyté&nax for net sugar 30MG inhibition of net sugar uptake is apprOXimately 0.5
uptake in rat cells is strongly dependent on the transportedMM, While Kinepp) for intracellular 30OMG stimulation of
sugar. This result means that if sugar transport in this tissueSugar uptake is 3.4= 0.6 mM. The predicted result for

is mediated by a simple-carrier, it is not rate-limited just by Simple- and fixed-site carrier-mediated transpd{R{/Re.
substrate-independent relaxatiok, or ko) but also by = 21 mM) is significantly greater than the experimental
translocation. Knowing that reduced mannose uptake andobservation. The probability that this experimental result is
exit reflect reduced translocatiok ¢ and k, for mannose accounted for by the simple-carrier and fixed-site carrier
are less thark; and k_; for 3-O-methylglucose), Naftalin ~ hypotheses is less than 1 in 200. These findings are
and Rist were at a loss to explain howa, for mannose consistent with previous studies demonstrating a high-affinity
self-exchange is almost as great\gs, for 3-O-methylglu- sugar efflux site_ when extracellular sugar Ie\{els are saturating
cose self-exchange. They conclude correctly (Naftalin & (Baker & Naftalin, 1979; Carruthers & Melchior, 1983, 1985;
Rist, 1994) that simple-carrier kinetics cannot account for Ginsburg & Stein, 1975; Hankin et al., 1972; Harris, 1964;
this behavior and show that a hypothetical carrier mechanismLieb & Stein, 1977).

that exposes import and export sites simultaneously is more A single analysis is consistent with the predictions of the
successful in predicting this result. asymmetric simple-carrier hypothesis reporting a low-affinity

Naftalin and Rist (1994) have examined hetero-exchange
sugar transport in rat erythrocytes wher®3wnethylglucose
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Km@pp)fOr sugar exit into media containing saturating sugar sugar transport. (2) The reported steady-state sugar transport
levels (Wheeler & Whelan, 1988). This result was obtained properties of human erythrocytes do not accurately reflect
by applying a correction algorithm to transport measurementsthe intrinsic translocational properties of the red cell trans-
obtained at time points far exceeding times normally used porter. Our findings further suggest that if the transporter
to obtain initial transport rates. The central assumption of functions as a simple-carrier type mechanism, the degree of
the correction algorithm used is that transport is mediated translocational asymmetry is severely overestimated by
by an asymmetric simple carrier. We conclude that previous steady-state sugar transport determinations. If the transporter
demonstrations of a high-affinity intracellular sugar export functions as a fixed-site carrier type mechanism, then
site under conditions of saturating extracellular sugar levels transport may indeed by translocationally asymmetric. The
are accurate. If this site is an intrinsic property of the data presented in this study do not distinguish between these
transport system, there is currently no existing transport possibilities.

model that can account for this result.

Cytochalasin B Binding. The failure of extracellular WORKING HYPOTHESIS

p-glucose to inhibit CCB binding to red cells is consistent |t has been suggested (Baker & Naftalin, 1979; Carruthers,
with three possibilities: (1) Transport is mediated by a 1991; Helgerson & Carruthers, 1989; Naftalin & Holman,
strongly asymmetric simple-carriek (/k, = 10) in which 1977) that erythrocyte sugar transport is mediated by a
most of the carrier £90%) exists in the el state in the angjocationally symmetric (simple- or fixed-site) carrier but
absence of substrate (see Table 4). (2) Transport is mediateghat slow, reversible sugar complexation by intracellular
by an almost symmetric simple-carrier (asymmetryl.4) molecules in close proximity to the glucose transporter rate-
that displays weakans-accelerationk, = 0.3«; see Table |imits net transport. If true, this would negatively impact
4). (3) Transport is mediated by a fixed-site carrier that can he apility of the experimentalist to accurately determine
bind intracellular CCB and extracellularglucose simulta- sugar transport rates over intervals as short as even 1 ms
neously (see Table 4). In the simple-carrier simulations, (carruthers, 1991). Measurable cellular transport properties
constants for the symmetric simple-carrier were constrained  nder these circumstances would reflect the sum of both
to produce a maximum exchange rate close to that observecgugar translocation and sugar complexation processes.
in red cells. T_his is important b.ecause' theoretical analyses Cloherty et al. (1995) have demonstrated the existence of
show that, unllkg net fiuxes, this rate is unaffec.ted' by the sugar binding sites within the erythrocyte in functional
presence of unstirred layers of sugar or sugar binding sitesyqyimity to the glucose transporter. Sugar binding to these
within the cell (Carruthers, 1991; Lieb & Stein, 1974). sites strongly impacts net sugar transport into bulk cytosol
The inhibition of CCB binding by intracellulas-glucose  (Cloherty et al., 1995). The present study demonstrates that
and its weak reversal by extracellulglucose are incom-  transport is not mediated by a simple-carrier with 10-fold
patible with the strongly asymmetric simple-carrier (Table translocational asymmetry but rather (if transport is mediated
4). However, this result is predicted for a simple-carrier that by a simple-carrier) is catalyzed by a carrier with 1.4-fold
displays 1.4-fold asymmetry (Table 4) or for a fixed-site asymmetry. These results are consistent with the conclusions
carrier that can bind sugars simultaneously at import and of studies of sugar transport in other cell types indicating
export sites that interact cooperatively (Table 4). We that GLUT1-mediated sugar transport is a translocationally
therefore conclude that although the observed Steady'stat%ymmetric process and support the hypothesis of Baker and
sugar transport properties of human erythrocytes at ice Naftalin (1979) that the steady-state sugar transport properties
temperature support the notion that transport is mediated byof human erythrocytes are the sum of two serial processes:
a strongly asymmetric simple-carrier mechanism, this is translocationally symmetric, protein-mediated sugar transport

rebutted by the equilibrium cytochalasin B binding properties and slow, reversible intracellular sugar binding.
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