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The Human Erythrocyte Sugar Transporter Presents Two Sugar Import Sites
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ABSTRACT:. The human erythrocyte sugar transporter presents sugar import (e2) and sugar export (el)
sites simultaneously. This study asks whether the sugar transporter exposes only one or multiple import
sites. We approached this question by analysis of cytochalasin B binding to the human erythrocyte sugar
export site in the presence of sugars that bind to the sugar import site. Extracellular maltose does not
enter human erythrocytes. High concentrations of maltosd (D mM) inhibit cytochalasin B binding to
human red cells. Low concentrations {Z500«M) increase the level of erythrocyte cytochalasin B binding.
Maltose modulation of cytochalasin B binding is mediated by altered affinity of sugar export sites for
cytochalasin B. Similar results are obtained with other cell-impermeant inhibitors of sugar uptake.
Extracellular p-glucose (a transported sugar) stimulates cytochalasin B binding atplgiucose
concentrations (16250uM), but this effect is lost at higher concentrations. Intracellokgtucose inhibits
cytochalasin B binding. Low concentrations of extracellular maltose and other nontransported inhibitors
stimulate 30-methylglucose uptake in erythrocytes. Higher sugar concentrations0 mM) inhibit
transport. These data support the hypothesis that the erythrocyte sugar transporter presents two sugar
import sites and at least one sugar export site. This conclusion is consistent with the proposed oligomeric
structure of the sugar transporter, a complex of four GluT1 proteins in which each subunit presents a
translocation pathway.

The human erythrocyte sugar transporter is comprised of glucose dissociation. These observations suggest that the
four copies of the glucose transport protein GI&TL, 2). human erythrocyte sugar transporter presents additional sugar
This complex functions as a fixed-site carri8r 4) present- binding sites or that the exofacial sugar binding site cycles
ing sugar import and sugar export sites simultaneously ( between high- and low-affinity states.

It has been proposed) that each sugar transport site is  This study examines the hypothesis that the human
contributed by a single GluT1 subunit which alternates ¢ ihrocyte sugar transporter contains only one exofacial
between import (e2) and export (e1) competent staies (- g qar hinding site. We monitored extracellular sugar binding
0. Dependlng upon the nature_of the occupying ligands, to the glucose transporter in red cells by analysis of the
sugar import and sugar export sites exhibit varying degreeseﬁects of extracellular sugars on cytochalasin B binding to

of gosmv? obr nega;we cooperatu;/rllt)?)(. tive fixed-sit the sugar export site and by examination of extracellular
carr(iaevrerrarlmeochsaer:i\;?nlogzr?rfgtgefﬁl| 2;38:?{’%? I\:ﬁelxseu 'Z'resugar modulation of ®-methylglucose uptake. Our findings
X y the sug support rejection of the single-exofacial sugar binding site
transport properties of human erythrocytes. Unidirectional . . . . . .
. . - . hypothesis and are consistent with a mechanism in which
sugar efflux from red cells into medium containing saturating oL : - . )

. ) . sugar binding to a high-affinity, exofacial site promotes
sugar levels is characterized b¥aapgthat is almost 1 order cvtochalasin B binding at the sugar export site and sugar
of magnitude lower than that predicted by the cooperative tryn location throuah 9 nd irg rt Fi)t 9
fixed-site carrier mechanisn8); Kmapp) for unidirectional ansiocatio ough a seco port site.
3-O-methylglucose (3OMG) uptake by red cells containing
saturating 30OMG levels is significantly greater thigg,p) MATERIALS AND METHODS

for extracellular 30OMG inhibition of net 30OMG exit). Materials. Human blood was obtained from the American
Naftalin (10) has demonstrated that sugar binding to the Ry Cross. Radiochemicals were purchased from New

human derythrocytﬁ_ glucose_ transpo_rterl can _Ieaddtofan England Nuclear (Boston, MA). All other reagents were
activated state which remains transiently activated after - opaced from Sigma Chemical Co. (St. Louis, MO).

T This work was supported by NIH Grant DK 44888. Solutions Saline consisted of 150 mM NacCl, 10 mM Tris-
*To whom correspondence should be addressed. E-mail: HCI, and 0.5 mM EDTA (pH 7.4). Lysis medium contained

anthony.carruthers@umassmed.edu. Telephone: (508) 856-5570. . ;
Fax: (508) 856-6231. 10 mM Tris-HCl and 0.2 mM EDTA (pH 7.2). Stop solution

1 Abbreviations: GIUT1, human erythrocyte glucose transport protein; consisted of ice-cold saline with M CCB and 100uM
30MG, 3-O-methylglucose; CCB, cytochalasin B; CCD, cytochalasin phloretin.
D; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol bis- .
(B-aminoethyl etherN,N,N',N'-tetraacetic acid; Tris-HCI, tris(hydroxy- Red Cells.Red cells were isolated from whole human

methyl)aminomethane. blood by repeated wasttentrifugation cycles in ice-cold
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saline. One volume of whole blood was mixed with 3 0.4 L L 1 L L L
volumes of saline and the mixture centrifuged at 1@P0

5 min at 4°C. Serum and the buffy coat were aspirated, and 0.35 1 L
the wash-centrifugation cycle was repeated until the super-

natant was clear and the buffy coat was no longer visible. — 03 1 3

Erythrocyte Membrane Ghost¥ashed red cells were 8
lysed in 40 volumes of lysis medium, incubated on ice for % 0.25 ] !
10 min, and then centrifuged at 22@pfdr 20 min at 4°C. o
The supernatant was aspirated, and the tysemtrifugation- 8
aspiration cycle was repeated. The resulting membranes were = 0.2 1 3
resealed by incubation in KClI medium containing or lacking
4 mM MgATP (pH 7.4) at 37C for 60 min and harvested 0.15 1 -
by centrifugation at 220@Pfor 20 min at 4°C.

Cytochalasin B Binding.Red cells were depleted of 0.1 T T r r r r
endogenous sugars by incubation at87in 40 volumes of 0 20 40 60 80 100
sugar-free saline. Cells were then preincubated with various [sugarjmM
sugars at varying concentrations for 20 min at’87 Cells Ficure 1: Effect of maltose @) and maltotriose @) on CCB
were harvested by centrifugation (14@d0r 5 min at 4°C) binding to the glucose transporter in human erythrocytes 4€24

and resuspended in saline (22) containing (1) sugar  On the ordinate is shown the ratio of [CG&]to [CCBJhouns On
species at concentrations identical to those in the preincu_th_e_absmssa is shown the maltose or maltotriose concentration in
. o . millimolar. Each data point represents the average of at least four
bation condition or (2) H]CCB (6 «Ci/mL), 100 nM separate experiments made in triplicate. The curves drawn through
unlabeled CCB, and 1@M CCD. This suspension was  the points were computed by nonlinear regression assuming CCB
incubated for 20 min at 22C, and the extent of3H]- binding is described by eq 1 and that the mechanism of binding is

cytochalasin B binding was determined by a centrifugation described by Figure 6F in whicKypy) is given by eq 10. The
procedure §). following results were obtained. For maltose){ Bmax = 1052

. . nmol/L of cell water,K. = 168 nM CCB,Ky = 29.3uM, o =
Briefly, pelleted, preincubated cells were resuspended by g g7, g = 564, 7 =5.2, andR (coefficient of fit correlation)=

addition of 120QuL of medium containing3H]cytochalasin 0.99. For maltotriose®), Byax= 1003 nmol/L of cell waterkK, =
B. Aliquots (20uL) of the suspension were counted by liquid 149 nM CCB,Ky = 32.3uM, o = 0.89,8 = 873,7 = 2.7, and
scintillation spectroscopy using a Beckman scintillation R (coefficient of fit correlation)= 0.99.

counter. This provides a measure of the “total” suspension nadium at 37°C for 60 min prior to addition of stopper.

cytochalasin B concentration. Cells were incubated for 30 ypiake assays were performed using solutions and tubes pre-
min at 22 °C with end-over-end rotation, by which time equilibrated to 4C.

equilibrium cytochalasin B binding is achievetl). The cell Curve Fitting ProceduresEquilibrium CCB binding and
suspension was centrifuged at 14900r 20 s, and aliquots  the concentration dependence of the sugar inhibition of the
(20 uL) of the clear supernatant were assessed by liquid jhitia| rates of 30MG transport were analyzed by nonlinear

scintillation spectroscopy. This provides a measure of the regression using the software package KaleidaGraph 3.08d
“free” cytochalasin B concentration. The bound cytochalasin (Synergy Software, Reading, PA).

B concentration is computed as totalfree cytochalasin B Analytical ProceduresProtein assays were carried out

concentration. All counts were corrected for quenching- using the Pierce BCA protein assay procedG@utions for
induced errors and are expressed as disintegrations Pekquilibrium CCB binding to and 30MG transport by

minute. hypothetical carrier systems were obtained by making the
Net 3-O-Methylglucose Uptak&ugar transport by red rapid equilibrium assumption.

cells was as described previousli?2). Briefly, sugar-free

cells or resealed erythrocyte ghosts at ice temperature were

exposed to 5 volumes of ice-cold KCI medium containing RESULTS

[3H]-3-O-methylglucose and variable concentrations of un-

labeled 30-methylglucose and/or competing sugar. The rate  Cytochalasin B BindingCytochalasin B interacts with the

of uptake was measured over intervals of 15 s to 1 min, and substrate efflux site of the human red blood cell sugar
then 50 volumes (relative to cell volume) of ice-cold stopper transporterf) to serve as a competitive inhibitor of exit3)
solution was added to the cell/ghost suspension. The cellsand as a honcompetitive inhibitor of sugar uptaké)(In

and ghosts were sedimented by centrifugation (14d00 the presence of 1M cytochalasin D [a competitive

30 s), washed once in stopper, collected by centrifugation, inhibitor of CCB binding to actin X5)], more than 98% of
and extracted in 50@L of 3% perchloric acid. The acid the saturable CCB binding to human red cells can be ascribed
extract was centrifuged, and duplicate samples of the clearto CCB binding to GluT18&, 11). Previous equilibrium CCB
supernatant were counted. Time zero uptake points werebinding studies in this and other laboratories have examined
prepared by addition of stopper to the cells and ghosts prior the effects of extra- and intracellular sugars on CCB binding
to addition of medium containing sugar and radiolabel. Cells over the sugar concentration range e6f260 mM (7, 11,

and ghosts were immediately processed. Radioactivity as-16, 17). In the study presented here, we extend these analyses
sociated with cells and ghosts at time zero was subtractedto lower sugar concentrations.

from the activity associated with cells and ghosts following  Figure 1 shows the concentration dependence of maltose
the uptake period. All uptakes were normalized to equilib- and maltotriose modulation of equilibrium CCB binding to
rium uptake where cells and ghosts were exposed to sugathuman erythrocytes. Maltose is not transported by human
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70 : : ' Table 2: Effects of Sugars on CCB Binding to Red Cell GIuT1
60 1 1 sugai“ Bmaxb K¢ KMd o ﬁf 79
24°C

50 [ maltose 1052 168 29.3 0.87 564 5.2
= maltotriose 1003 149 322 089 873 27
Q 40 maltotetraose 848 113 128 0.89 81  0.85
O E 3 maltopentaose 965 153 18.8 0.88 902 1.1
—e 4°C
B 30 - maltose 846 135 718 086 886 217
&) p-glucose 799 144 31  0.82 41 1.02

20 4 C a Effect of sugars on CCB binding to red blood cells was measured
at 24 and 4°C. This table summarizes the results of at least three
- experiments carried out with each sugar. The concentration dependence
of sugar modulation of CCB binding was determined as described in
0 ; . ; the legends of Figures 1 and 3 and analyzed assuming the model of
0 5 10 15 20 Figure 6F and using nonlinear regression analysis according to the
expression [CCBLJ[CCBJhound= [CCBJired/Bmax + Kdapp/Bmax Where
[CCB]b umol/L cell water Kad@pp) IS given by eq 10. The following parameters were obtained.
FIGURE 2: Scatchard analysis of the effect of 5001 (®) and 10 b Bnax Maximum CCB binding capacity of the human erythrocyte
mM (O) maltose on the concentration dependence of CCB binding (nanomoles per liter of cell water)Ky, Kq for CCB binding to GLuUT1
to the glucose transporter in human erythrocytes &t@40n the in the absence of sugars (nanomoldiy, Kq for sugar binding to
ordinate is shown the ratio of [CCR]ing to [CCBlree On the the first sugar binding site in the absence of CCB (micromofa).
abscissa is shown [CCR]nqin micromoles per liter of cell water.  factor by which sugar binding at the first import site affelss for
Each data point represents the average of at least three separatéCB binding to the export sité, factor by which sugar binding at
experiments made in triplicate. The curves drawn through the points the first import site affect&y for sugar binding to import site 2.7,
were computed by linear regression assuming CCB binding is factor by which sugar binding at import sites 1 and 2 afféGtsfor
described by eq Kqyepp)is defined as Hslope, andBnaxis defined CCB binding to the export site.
as thex-intercept. The following results were obtained. For control

g% ,-E’ Tg)(()e:fﬁ]gig?# Q%:{chirg?;lﬁ\évg)tgrblfg(s?p'):zr%%%SMnmaigi Several other nontransportable sugars known to interact

(®), Brax = 1.67 umol/L of cell water,Kq(pp = 269.8 M CCB, with the GIuT1l sugar import site5( 7, 18) were also
andR (coefficient of fit correlationy= 0.99. For 10 mM maltose =~ examined for their ability to modulate CCB binding over a
(0), Bmax = 1.63umol/L of cell water,Kyapp)= 920.6 nM CCB,  wide range of sugar concentrations. Each sugar produced
andR (coefficient of fit correlation)= 0.93. biphasic modulation of CCB binding (Table 2). Methb-
glucopyranoside is without effect on CCB binding to
erythrocytes over the concentration range of~0L00 mM.

10

Table 1: Effect of Maltose on CCB Binding to Red Cells

Kuappf (NM) The effects of three transportable sugars were also examined
500uM 100 mM (Figure 3). Unlike the nontransportable sugars, incubation
control  maltose  maltose of erythrocytes with a transported sugar leads to equilibration
346.9 269.9 921 of cytosol with extracellular sugar. Biphasic modulation of
431.3 332.4 1084 CCB binding by a transported sugar could therefore reflect
ggi'g gigg i%ﬁ sugar interaction with GluT1 sugar import and sugar export
mear 3827 2056  1149.3 sites (L1, 18).
standard error of the mean 18.8 29.9 47.2 We therefore compared the effectsmfilucose on CCB

% Kqapp for CCB binding to red blood cells was determined by 0inding at 24°C (where p-glucose rapidly equilibrates
Scatchard analysis of the concentration dependence of CCB bindingbetween the interstitium and the cytosol) and &C4where
(see Figure 2). Results are shown for four paired experiments wherep-glucose is restricted to the extracellular spa;e {)]. This
the level of CCB binding was mbeasured in the absence and presenceéaxperiment was also performed using the nontransported but
of 500uM or 100 mM maltose” Results are shown as the means. 4 site reactive sugar, maltose. At ice temperature, low

¢ Probability thatqyappyfor binding in the presence of 5¢M maltose . .

is identical to that for control binding< 0.0077 (two-tailedt test). concentrations ob-glucose 0.5 mM) increase the level

4 Probability thatq(pp for binding in the presence of 100 mM maltose  of CCB binding to red cells but higher concentrations restore
is identical to that for control binding: 0.0014 (two-tailed test). CCB binding to control levels (Figure 3). Red cells equili-
brated withp-glucose exhibit inhibition of CCB binding at

- .. both ice temperature and 2£. These data indicate that
throcyt bel dth t modify CCB binding . T > .
erythrocytes (see below) and thus must modi nding intracellularo-glucose inhibits CCB binding but that increas-

to GIuT1 by acting at an exofacial site(s). Low concentrations .

. o ing concentrations of extracellularglucose stimulate and
(IQ_SOQ”M) of sugar Increase the_ level of CCB binding, then restore binding to basal levels. Extracellular maltose
while higher concentrations inhibit CCB binding by an

. ) C - modulation of CCB binding at ice temperature resembles
allosteric mechanism. Allosteric inhibition of CCB binding ¢ produced at 24C. In this instance, however, the

was expected on the basis of previous studs (7). concentration dependence of CCB binding modulation is
Stimulation of binding was an unexpected result. Maltose is ghifted to lower sugar concentrations.

without significant effect on the maximum binding capacity  Close examination of the concentration dependence of
of erythrocyte GIuT1 for CCB but reducé&app) for CCB maltose modulation of CCB binding indicates variations
binding at low maltose concentrations and incred&gs, between units of blood. We considered the possibility that
for binding at high maltose concentrations (Figure 2 and variations in erythrocyte metabolic status could account for
Table 1). this behavior. We therefore hypotonically lysed human
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Ficure 3: Effect of nontransportable and transportable sugars on
CCB binding to the glucose transporter in human erythrocytes at

24 (A) or 4°C (B). (A) On the ordinate is shown the ratio of
[CCBlee to [CCBJoound On the abscissa is shown the sugar

concentration in millimolar. Each data point represents the average
of at least four separate experiments made in triplicate. Cells were

equilibrated with sugars fal h prior to CCB binding determina-
tions. The sugars that were used were malt@er{-glucose Q©),
and p-galactose 4). The curves drawn through the points were
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Ficure 4: Effect of maltose on CCB binding to the glucose
transporter in resealed human erythrocytes ghosts &€ 24cking

(O) or containing ®) 4 mM MgATP. On the ordinate is shown
the ratio of [CCBjee t0 [CCBJhouna On the abscissa is shown the
maltose concentration in millimolar. Each data point represents the
average of at least four separate experiments made in triplicate.
The curves drawn through the points were computed by nonlinear
regression assuming CCB binding is described by eq 1 and that
the mechanism of binding is described by Figure 6F in whighyp)

is given by eq 10. The following results were obtained. For 0 mM
ATP (O), Bnax= 1121 nmol/L of cell waterK, = 187 nM CCB,

Ku = 224.6uM, o = 0.70,8 = 0.7, 7 = 1.1, andR (coefficient

of fit correlation)= 0.99. For 4 mM MgATP @), Bnax = 1228
nmol/L of cell water,K_. = 175 nM CCB,Ky = 168 uM, a =
0.82,5 = 6.2, r = 1.5, andR (coefficient of fit correlation)=

0.98.

erythrocytes and resealed the resulting membranes in the

computed by nonlinear regression assuming CCB binding is presence or absence of MgATP and assessed the effects of
described by eq 1 and that the mechanism of binding is describedintracellular ATP on the extracellular maltose modulation

by Figure 6F in whichKqpp) is given by eq 10. The following
results were obtained. For malto®®)( Bmna.x = 965 nmol/L of cell
water,K, = 153.4 nM CCB Ky = 28.39uM, o = 0.87,3 = 580,
m = 5.2, andR (coefficient of fit correlation}= 0.99. Fom-glucose
(O), Bmax = 967 nmol/L of cell waterK_. = 163 nM CCB,Ky =
131 uM, o = 0.84,5 = 131.9,7 = 3.0, andR (coefficient of fit
correlation)= 0.99. Forp-galactose 4), Bnax = 995 nmol/L of
cell water,K, = 150 nM CCB,Ky = 34.2uM, a = 0.89,83 =
454.1,t = 1.45, andR (coefficient of fit correlation)= 0.99. These

of CCB binding. These experiments demonstrate that ATP
depletion reduces the concentration of extracellular maltose
necessary for reversal of maltose stimulation of CCB binding
(Figure 4).

Sugar TransportExtracellular maltose and maltotriose
(1—100 mM) inhibit 3OMG uptake by human red blood
cells. We were surprised to observe, however, that lower

analyses assume that the transported sugars do not penetrate theoncentrations of maltose or maltotriose stimulate 30MG
cells. The inset in panel A explodes the ordinate and abscissa toyptake (Figure 5). This behavior was also observed for

more clearly illustrate data in the sugar concentration range 0 to

10 mM. (B) On the ordinate is shown the ratio of [CGR]to

[CCBlbouna On the abscissa is shown the sugar concentration in

several nontransported and transported sugars (Table 3). Low
concentrations of maltose serve to rediggapp) for SOMG

millimolar. Each data point represents the average of at least four uptake [controlVmax= 86 + 8 umol L of cell water! min1,
separate experiments made in triplicate. Cells were equilibrated with Km(app)= 607 = 179 uM; with 250 uM maltose Vimax = 75

sugar-free, ice-cold saline prior to mixing with ice-cold saline
containing sugar and CCB for 2 min prior to binding determinations
at 4°C. The sugars that were used were maltageandp-glucose

+ 5umol L of cell water! min=?, Kmgppy= 161+ 23 uM].
Higher (inhibitory) concentrations increas@npp) for net

(O). The curves drawn through the points were computed by 3OMG influx [with ;I-O MM maltoseVmax= 125+ 24 umol
nonlinear regression assuming CCB binding is described by eq 1L of cell water! min™, Knypp= 1158+ 381 uM].

and that the mechanism of binding is described by Figure 6F in

which Kyeapp)is given by eq 10. The following results were obtained.
For maltose &), Bnax= 846 nmol/L of cell waterK, = 134.7 nM
CCB, Ky = 56.3uM, a = 0.88,4 = 122.1,7 = 2.2, andR
(coefficient of fit correlation)= 0.99. Forp-glucose Q©), Bmax =
799 nmol/L of cell waterK, = 144 nM CCB,Ky = 31uM, o =
0.51,5 = 4.1, = 1.02, andR (coefficient of fit correlation)=
0.99. The black circles®) and the inverted black triangle¥)
represent a paired experiment in triplicate in which the level of
binding was measured in the presence of extraceliiglucose
alone @) or intracellularp-glucose alonex). The inset of panel

Maltose is not transported by human red blood cells.
Incubation of erythrocytes withPiijmaltose at 37C for 2
h hours leads to less than 1% equilibration of the 30OMG
space of the red cell (Table 4). Addition of 108 or 100
mM 30MG is without effect on maltose uptake.

DISCUSSION

The study presented here describes two novel actions of

B explodes the ordinate and abscissa to more clearly illustrate dataloOW concentrations of extracellular sugar on human eryth-

in the sugar concentration range from 0 to 10 mM.

rocyte sugar transporter function. GluT1l-mediated CCB
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200 T Table 4: Transport of Sugars by Human Red Cells
c rate of uptak&(umol L~ min™?)
% 1504 L sugar control with 50@M b-glucose
° 30MG 78 25
g maltose 2 2
% 100+ r aThe rate of sugar (30MG or maltose) uptake (100 at 4 °C)
§- was measured in quadruplicate in the absence (control) or presence of
o 500 uM p-glucose.
3 50 -
» . .

import and sugar export pathways simultaneou3)\b(14).
o Some clues to the physical basis of this behavior were

obtained from the demonstration that the sugar transporter
is comprised of four copies of the sugar transport protein
FIcURE 5: Effect of maltose ) and maltotriose®) on 100M GIuT1 (6, 19). Each GIuT1 molecule functions as a basic

30MG uptake by human erythrocytes at@. On the ordinate is Catalyt'c unit 6, 20, 21) and al'ter'nates between two
shown the rate of 30MG uptake in micromoles of 3OMG per liter functional states. The e2 state is import competent and
of cell water per minute. On the abscissa is shown the maltose orpresents a substrate binding site to extracellular sugar. The
maltotriose concentration in millimolar. anh data point represents g1 state is export competent and presents a substrate binding
the average of at least four separate experiments made in trlpllcatesite to intracellular sugar. Subunit conformational changes

The curves drawn through the points were computed by nonlinear o
regression assuming 30MG transport is described by eq 3 and tha?€tween the el and e2 states represent those steps mediating

0 20 40 60 80 100
[sugar] mM

the mechanism of binding is described by Figure 6G in wigh translocation of bound sugar between the cytosol and the
is gi\llten by eqbg;nzgmggﬁpgzlt%iég)r} \l/)y eq1 6152 n:gF I_f%"foc\:,\(/eilrllg interstitium and vice vers&p, 23).

results were ootained. 1= 15oumol L of The structural topology of each GIuT1 protein (subunit)
mtoe'rl_l gg Igellllvyétgr??ﬁiﬁmﬂ(t gfgf ,!fl PY‘,(/? t??givlrg,nK; \433_2;%?/? within the transport qomplex is identipal and invariant [amino
maltose,d = 0.53,8 = 102,y = 0.23, andR (coefficient of fit and carboxyl termini are cytosolic24)]. It has been
correlation)= 0.99. For maltotriose®), V; = 95 umol L of cell hypothesized, however, that cooperative interactions between
water* min~?, V, = 460umol L of cell water* min—%, V3 = 299 subunits produce an antiparallel, functional arrangement of
umol L of cell water® min™, Ks = 376 uM 30MG, Ku = 586 subunits ). Thus, when one subunit presents a sugar import

uM, 0 = 0.45,3 = 25, y = 0.49, andR (coefficient of fit

correlation)= 0.99. (e2) site, the adjacent subunit must present a sugar export

(el) site and vice versa. In this way, each transporter would

Table 3: Effects of Sugars on 30MG Transport by Red Cells present two sugar import and two sugar export sites at any
time. This study presents the first evidence that each glucose

sugaF Ve ViV K o Ke' ¥ A transporter presents at least two sugar import sites and at
' 555 550 51t 0% stk 53 '%24 east one sugar expon site at any nstan.
ethylideneglucose 93 327 181 462 0.4 57 0.16 147 1he inhibitory effects of high concentrations of extracel-
galactose 87 286 149 460 053 59 0.31 7.3 lular sugars on CCB binding and sugar uptake reported here
p-glucose 96 491 119 405 0.35 64 036 56 were expected on the basis of previous studiesly, 13,
Qgﬁgar d error of 1% 41‘? 42; g'gf 14, 17). Transported (e.gp-glucose anc-galactose) and
the mean ' nontransported but GluT1 reactive sugars (e.g., maltose and

= The rate of 30MG (100M) uptake by erythrocytes at 2 was maltotriose) serve as competitive inhibitors of net 30OMG

measured in the presence and absence of various sugars (e.g., see Figu\’lfptake when present in th? e_Xtrace”L“ar mediu.m becaqse
5). P Data for each test sugar represent the averaged results of at leastnese sugars compete for binding at a common (import) site
three separate experiments. Data were analyzed by nonlinear regressio(l4). Extracellular sugars modulate CCB binding at the sugar
assuming the transport mechanism of Figure 6G and using eqgs 3, 11.export site by promoting cooperativity between the el and
and 12. The following parameters were obtainfed, maximum rate o5 o,y njts. For example, extracellular maltose occupation
of 30OMG transport through a transporter occupied by only a single . . 0
extracellular 30MG moleculé’.\/,, maximum rate of 30MG transport  Of the €2 site on one GIuT1 subunit reduces the affinity of
through a transporter occupied by two extracellular 30OMG molecules. the el site on an adjacent GluT1 subunit for CCB and vice
€ Vs, maximum rate of 3SOMG transport through a transporter occupied versa b, 6, 11, 17). Extracellular-glucose is known to be
by one extracellular 30OMG molecule and one extracellular test sugar \yithout effect on the CCB binding affinity8( 11).
molecule.f Ks, dissociation constant for 30OMG binding to an unoc- Th fi £l trati t t and
cupied transportef ¢, factor by which binding of the first 30MG e E_iC |_0ns or low sugar concen ra_lons on ranspor an
molecule affects the dissociation constant for binding a second 30MG CCB binding were unexpected. Previous studies have not
molecule." Ky, dissociation constant for the test sugar molecule binding systematically examined this concentration range for the
to an unoccupied transportéty, factor by which binding of a test sugar sugars used in the study presented h&rd 1, 14). Maltose
molecule affectKs. J{S, factor by which binding of the first test sugar and its oligomers produce increased levels of CCB binding
molecule affectKy. K Means were calculated fafy, Vs, Ks, ando. .
at low concentrations (30500 M) and thereafter reduce

binding and 30MG uptake are stimulated when low con- the level of CCB binding. Both behaviors are very revealing
centrations of certain extracellular sugars are present but arevith respect to import siteimport site interactions and
unaffected or inhibited in the presence of higher concentra- import site-export site interactions.
tions of these sugars. Inhibition of CCB binding at high concentrations of sugar

Sugar transport by human erythrocytes is consistent with is inconsistent with simple competitive inhibition. If CCB
a mechanism in which the glucose transporter presents sugaand maltose were to compete for binding at identical sites
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Ficure 6: Models for maltose modulation of CCB binding to and 30OMG transport by the sugar transporter. Each panel isAltiag
representation. Three types of models are represented: noncatalytic maltose binding site me@glsafPactivatior-relaxation model

(D and E), and a carrier with two uptake sites (F and G). With the noncatalytic maltose binding site models, the carrier (e2) presents
mutually exclusive high- and low-affinity maltose binding sites. Thus, the carrier can exist-&2 Mr as e2M. Dissociation constants

for maltose (M) interaction with e2 aiéy, andKy,. CCB (L) can interact with e2 with the dissociation consténtBinding to M—e2 or

e2—M is described by dissociation constei€, or aK,, respectively. Transported sugar (S) interacts with e2eldl, or e2-M (panel B)

with dissociation constarKs, SKs, or aKs to form e2(S), M-e2(S), or (S)e2M, respectively, and is subsequently translocated into the

cell at rateV,, V,, or Vs, respectively. In panel C, one maltose binding site corresponds to the sugar uptake site and is thus mutually
exclusive with e2(S). With the activatiemrelaxation model of Naftalin10), the carrier exists in a basal (e2) or activate@) state and
isomerizes between these states at rates described by the first-order rate cégstadts_, (panels D and E). Maltose binding to e2
(described by dissociation constadi,) accelerates the rate of carrier activati@n,(> k-,). Transported sugar (S) binds to e2 af@lwith
dissociation constantss, and5Ks,, respectively, and is transported more rapidly by the activated complex than by the basal camplex (

> V). With the carrier containing two sugar uptake sites (panels F and G), maltose and transported sugar (S) compete for binding at either
of the two sugar uptake sites, although only S is translocated and maltose occupation of one uptake site does not prevent S translocation
through the second site. CCB (L) can bind to e;- &) e-M, or M—e—M with dissociation constants,, aK,, oK, andzK,, respectively.

Maltose occupation of one uptake site affects the dissociation constants for maltose or S occupation of the remaining site by factor
p or y, respectively. Rates of S translocation througtSe(or S-e), S-e—S, and S-e—M (or M—e—S) are given by, V,, and Vs,
respectively.

6Ky

or at different but mutually exclusive sites, maltose inhibition cooperativity between ligand binding sites. Thus, if an

of CCB binding would be of the linear competitive typg ( external (e2) site is occupied by maltose, the internal CCB
25) in which the ratio of free CCB concentration to bound binding site (el) exhibits a reduced affinity for CCB and

CCB concentration increases linearly with maltose concen- vice versa.

tration. The relationship is, in fact, nonlinear (see Figure 1 ~ How is an increased level of CCB binding explained? If

here; 11, 17) and, rather, is consistent with negative the unoccupied glucose transporter has a high affinity for
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extracellular sugar, saturation of import sites would require and the Michaelis constant for transport
relatively low maltose concentrations. If occupation of this

high-affinity e2 site by maltose were to promote increased 14 M n M

affinity for CCB at an el site, the level of CCB binding at Ky, Ky

limiting CCB concentrations would be increased by low Ko = Ks 2 ! (5)
maltose concentrations. How then do we account for the M 4 M

biphasic action of maltose on CCB binding? Could two PRy, oKy,

maltose-binding sites exist in which occupancy of one site

promotes CCB binding while occupancy of a second inhibits \yhereV, is Viay for 3OMG transport through the Me2(S)
CCB binding? We modeled this possibility in several ways. complex andV; is Vinax for 30OMG transport through the

Our first approach was to assume that the glucose (S)e2-M complex. Because the ternary 2-M complex

: ; cannot be formed, the high-affinity state will dominate and
transporter presents two mutually exclusive sugar import (e2) . . ) e
sites (Figure 6A). Addition of maltose to the high-affinity Ereansgi;)riww )bte;lftlt::gtr Eg?]u'ated (e.¥3 > V1) or inhibited
e2 site increases the level of CCB binding at the export site _?h 2 q 1| b d:f' d h to allow for th
and prevents maltose binding at the low-affinity e2 site. € model can be moditied, however, 1o alow for the
Addition of maltose to the low-affinity e2 site inhibits CCB possibility that both mutually exclusive maltose binding sites

L . — are noncatalytic, allosteric sites and allow the formation of
binding at the export site and ablates maltose binding at thea carriermaltose-30MG ternary complex (Figure 6B). If
high-affinity e2 site. Equilibrium CCB binding follows y P 9 )

. ) . T . 30MG transport through the ternary complex is faster or

simple Michaelis-Menten kinetics in which slower than transport through the carfi@OMG complex,
the addition of maltose can affect 30OMG transport. However,
as with CCB binding, transport can be stimulated or inhibited

(1) by maltose but biphasic behavior is not permitted.
A variant of this scheme allows for 30OMG and maltose
competition for a single import site but also for maltose
whereBnaxapp= the GIUT1 concentration, and binding at an add_itional allosteric site (Figure 6C). 30OMG
transport is described by eq 3.
The maximum rate of transport

[CCB] Bmax(app)

[CCBlhound= o r~m1
PN K y(appy T [CCB]

M M
1+ —+_—
_ KMl KM2 VM
Kaaom = K| = LM 2 Vit i
OLKMl ﬁKM2 Vmax(app): [GlUTl]—M (6)
1+
aKy,

wherea andf are cooperativity constants indicating positive

or negative cooperative effects of CCB binding on maltose and the Michaelis constant for transport

binding at sites 1 and 2 (see Figure 6A) aNtis the M M

extracellular maltose concentration. Thi{gapp) alone is 1+ Ko + Ko

affected by the presence of maltose. This model predicts that K =K M, My @)
the high-affinity term dominates and that biphasic behavior m(app) S 14 M

is not observed. oKy

1

This model also cannot account for the effects on sugar _ o
uptake (Figure 6B) because maltose would compete directlyAgain, transport can be stimulated or inhibited by maltose,

for 30MG binding at each import site. 30MG transport is But biphasic behavior is not permitted because a ternary
described by the equation GluT1-M—M complex is not permitted.

A rather different mechanism was also considered. Naftalin

(10) has made the interesting suggestion that sugar binding
Vinax(appl3OMG], to the sugar import site causes the transporter to become
Kn(appy+ [BOMG], ) activated. Thus, maltose might associate with an import site

and activate the carrier and, following maltose dissociation,

will leave the carrier in a transiently activated stat&(e
where [3OMG] is the extracellular 30OMG concentration. Figure 6D). Thus, any available transportable sugar might
The maximum rate of transpo/faxapp) be transported more readily in the presence of low concen-
trations of maltose than in its absence (Figure 6E). As
maltose levels rise, however, they will competitively inhibit

[3OMG]uptake:

V,+M L + A carrier interaction with transportable sugar and thus lead to
PRy, oKy, transport inhibition. Similarly, CCB binding to the export
= [GluT1] M M (4) site of the “activated” carrier might be characterized by a
1+ ﬂT + K higher affinity than binding to the ground state carrier (Figure
My Py 6D).
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Cytochalasin B binding to this carrier (Figure 6D) is
described by eq 1 whemmaxapp= [GluT1], and

Katapp) =
M kM M kM
) (1+ KM)(k°+,BKM) + (l+ﬂKM)(k‘°+ o )
L 1+-M ( +k1—M)+ 1+ M (5’ k‘lM)
( aKM) ot Bk, ( 6/3KM) y K
(8)

The rate of 30OMG uptakey, by this mechanism (Figure
6E) is described by

L SQ+9 ©
QOO + SQl + SSQ

where
VK, V,k_
( > 1) 8K,
Q= i
1k_2+V2k2
Quo=
{ ( ko, k ) M } )
k,+ Kk ,+M k0+—+ +l@1 2(k1+kg BKs
M
VK, + Vo,
Q=
K, M[kl kK, k kz']
+ 2+ 24k, S+ 4 2+ K
{k° B T CR AR |
VK, + Vo,
K ,+k,

Qe = Vi, TV,
with the constraints26)

K_oKy
ko1

Kok
ko2

o= and

As with the previous models, high-affinity maltose binding
terms dominate, and since a ternary cafri@altose-30OMG
complex is not permitted, this model is unable to predict
biphasic CCB binding and biphasic sugar transport with
increasing maltose concentrations.

Biochemistry, Vol. 38, No. 51, 19996981

Equilibrium CCB binding to this carrier is described by
eq 1 whereBmaxapp)= [GIuT1] and
2M |, M
1+ Kwu * oKy Ky,
M M?
PRy arKyKy

Kd(app) KL (10)

1+

This model permits biphasic modulation of CCB binding
because the carrier can be occupied by either one or two
maltose molecules and the CCB binding properties of each
form are different. This model can also account for the effects
of maltose on 30OMG uptake (Figure 6G) if 30OMG trans-
location through a carrier occupied by a single maltose
molecule and a single 30OMG molecule is faster than 30OMG
translocation through a carrier occupied only by a single
30MG molecule. Addition of the second maltose molecule
inhibits 3OMG uptake because there are only two possible
uptake sites and maltose occupies both.

30OMG transport is described by eq 3 in which

V,S  2V,M
6_Ks 7Ku

S . ou
0Ks YKy

2V, +
V

max(app)

[GIuT1] (11)

2+ >+

and

(12)

Since maltose (10@M) is not transported by red cells in
the presence or absence of low concentrations of 30MG,
we must conclude that 30OMG transport through one import
site of the carrier is independent of the translocational
competency of the second e2 site.

Analysis of our findings within the context of this model
indicates that the first sugar molecule binds to unoccupied
transporter with significantly greater affinity (3@2000-fold
depending on the suga#;>= 30—2000) than does the second
sugar. Maltose binding data are consistent with our previous
findings 6, 11, 17) that occupancy of both extracellular
maltose binding sites increasggapp) for CCB binding at
the export site by 5-fold#£ = 5). We now know, however,
that occupancy of only one of the two extracellular maltose
binding sites reduceypp for CCB binding at the export
site by 15% ¢ ~ 0.85). A similar result is obtained for
occupancy of the first sugar binding site byglucose (a

Our third approach was to assume that the glucosetransported sugakt ~ 0.85). However, unlike that of its
transporter presents two coexistent sugar import (e2) sitesnontransportable counterpamsglucose occupancy of both
(Figure 6F). In the absence of extracellular ligand, both e2 extracellular sites is without effect on CCB binding €

sites have a high affinity for maltose. Addition of maltose
to either of the high-affinity e2 sites redud€gappfor CCB
binding at the export site by the factarand reduces the
affinity of the second e2 site for maltose by the fagfor
Addition of the second maltose molecule at the low-affinity
e2 site increaseKygpp) for CCB binding at the export site
by the factorz.

1). A similar result has been reported previously for the
effects of saturating extracellularglucose concentrations

on CCB binding 8, 11). Occupancy of a single import site

by the nontransportable sugar maltose increasgs for
30MG transport through the remaining import site by 1.75-
fold (Va/V, = 1.75). Occupancy of the first import site by
other sugars (nontransportable and transportable) increases
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of a single e2 subunit reduc&g,pp) for CCB binding to el
subunits and increaséapp) for 30OMG binding to and the
rate of 30OMG translocation through the remaining e2 subunit.
In this way, the unoccupied e2 subunit of the second dimer
can catalyze sugar import when the e2 subunit of the first
dimer is inhibited by maltose. Maltose occupancy of both
e2 subunits of the tetramer increasgg,pfor CCB binding

at el sites and arrests transport completely.

CONCLUSION

This study demonstrates that low concentrations of extra-
cellular substrate or inhibitor increase the levels of GluT1-
mediated sugar transport and CCB binding while higher
concentrations inhibit transport and ligand binding. These
data can only be explained if the glucose transporter presents
two exofacial sugar binding sites that interact cooperatively
with each other and with the sugar export (CCB binding)
site. Because occupancy of both extracellular sites competi-
tively inhibits sugar import, at least one of these sites must
be a sugar import site. The simplest model suggests that both
sites are sugar import sites. These findings also suggest that
one sugar import site can mediate sugar uptake under
conditions where the other uptake site is locked in an
inhibited state (liganded with maltose).

Ficure 7: Model for GluT1-mediated sugar transport in human
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