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ABSTRACT. The human erythrocyte sugar transporter is thought to function either as a simple carrier (sugar
import and sugar export sites are presented sequentially) or as a fixed-site carrier (sugar import and sugar
export sites are presented simultaneously). The present study examines each hypothesis by analysis of the
rapid kinetics of reversible cytochalasin B binding to the sugar export site in the presence and absence of
sugars that bind to the sugar import site. Cytochalasin B binding to the purified, human erythrocyte glucose
transport protein (GLUT1) induces quenching of GLUT1 intrinsic tryptophan fluorescence. The time-
course of GLUTL1 fluorescence quenching reflects a second-order process characterized by simple
exponential kinetics. The pseudo-first-order rate constant describing fluorescence ldggancteases

linearly with [cytochalasin B] while the extent of fluorescence quenching increases in a saturable manner
with [cytochalasin B]. Rate constants for cytochalasin B binding to GLUGL gnd dissociation from

the GLUTZcytochalasin B complex(,) are obtained from the relationshiBess= k-1 + ki[cytochalasin

B]. Low concentrations of maltose;glucose, 39-methylglucose, and other GLUT1 import-site reactive
sugars increas& i(app) and reducekapp) for cytochalasin B interaction with GLUT1. Higher sugar
concentrations decreakgapp)further. The simple carrier mechanism predicts thappyalone is modulated

by import- and export-site reactive sugars and is thus incompatible with these findings. These results are
consistent with a fixed-site carrier mechanism in which GLUT1 simultaneously presents cooperative sugar
import and export sites.

Various models have been suggested for protein-mediatedconformation, reducing the amount of carrier available for
passive sugar transpdit), but only two are supported by  reaction with intracellular inhibitor. In this way, extracellular
significant bodies of experimental data. The simple carrier inhibitor will act as a competitive inhibitor of intracellular
hypothesis proposes that the glucose transporter sugar imporinhibitor binding and vice versa.
and sugar export pathways are presented sequentially to
available substrat@?, 3). The fixed-site carrier proposes that
the transporter presents sugar import and sugar export
pathways simultaneousfiii, 4, 5.

Krupka and Devg (6) recognized that simple measure-

The results of their studies (using cytochalasin B and
phloretin as export- and import-site reactive inhibitors,
respectively) suggested that the human erythrocyte sugar
transporter was either a simple carrier or a modified fixed-

ments of the concentration dependence of the initial rates of e carr|_er(6). The modified fixed-site carmer is a f|xe_d?
sugar transport can be insufficient to distinguish these carrier 't carrier that allows for ;trong neggtlv_e_ cooperativity
mechanisms. Their analysis led to the important suggestion?&tWeen import and export sites. Thus, inhibitor occupancy
of measuring zero-trans sugar fluxes (sugar uptake or exit®f one site causes markedly reduced affinity of the opposite
in the absence of transported sugar at the opposite side ofit€ for inhibitor. Subsequent steady-state transport and
the membrane) in the presence of two reversible, transportequ'“b”um ligand binding St_udle_s from this Ia_boratc(r?y— _
inhibitors. One inhibitor must compete with transported sugar 9) have supported the modified fixed-site carrier hypothesis.
for binding to the sugar import site while the second inhibitor ~ The central assumption of these earlier studies requires
must compete with transported sugar at the export site.that competitive inhibitors of sugar transport interact with
Because import and export sites of the fixed-site carrier are sugar import or export sites. This assumption has not been
presented simultaneously for occupancy by substrate, thetested directly. It is not necessary for a ligand pair to interact
presence of extracellular inhibitor should be without effect at the same site in order to show competitive bindih).

on intracellular inhibitor b|nd|ng to the eXpOI‘t site. Con- B|nd|ng sites can be distinct but mutua”y exclusive be-
versely, if the carrier were a simple carrier, the presence of cayse: (1) bound inhibitor and substrate share overlapping
extracellular inhibitor would trap the carrier in the import  gpace heyond the carrieligand contact sites (extrinsic steric
overlap); (2) binding of inhibitor at one site promotes a
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These considerations prompted us to evaluate the pos- Sugar Transport in RBCS8-O-Methylglucose uptake by
sibility that the sugar transport inhibitors cytochalasin B (a p-glucose-free red cells at 100M sugar and 4°C was
competitive inhibitor of sugar export) and phloretin or measured at 0 and 30 s and expressed relative to the
extracellular maltose (competitive inhibitors of sugar import) equilibrium 3-O-methylglucose space of the cell as described
do not bind directly at transport sites. Instead, these inhibitors previously(9).
bind within and block pathways that direct substrate to the [3H]Cytochalasin B Binding to Isolated GLUT1 and to
transport site. If cis-inhibitor and substrate binding sites are Red Cell Membrane-Resident GLUTytochalasin B bind-
mutually exclusive through extrinsic steric overlap or nega- ing at 4°C was measured as described previo(@)yBriefly,
tive cooperativity, this allows for competition between membranes containing GLUT1 (260 ug of protein) were
substrate and inhibitor for binding at the same side of the resuspended in-23 volumes of Tris medium containing
membrane. Binding of cis- and trans-inhibitors at opposite [3H]-CCB, unlabeled CCB (62000 nM), and cytochalasin
ends of the transport pathway need not be exclusive and carD (CCD, 10uM). CCD competitively inhibits CCB binding
even show cooperativity. If the transport mechanism located to non-GLUT1 red cell proteingl3). Aliquots of total PH]-
within such a transport pathway were a simple carrier, CCB were sampled, the membranes containing GLUT1
transport would appear to be mediated by a simple carrier sedimented by centrifugation (14@pGor 10 min), and
mechanism, but its inhibition by cis- and trans-inhibitors samples of free3H]-CCB obtained from the supernatant.
would suggest a fixed-site mechanism. Bound FH]-CCB is computed as the difference between total

In the present study we examine the transient kinetics of and free H]-CCB.

CCBt! binding to the purified glucose transport protein Steady-State, GLUT1 Intrinsic Fluorescend8LUT1
(GLUT1) to ask the following: Does GLUT1 present maltose intrinsic tryptophan fluorescence at 2C was monitored
and CCB binding sites simultaneously? We demonstrate thatusing a Spex Fluoromax 2 fluorometer. Excitation was at
CCB and high-affinity maltose binding sites coexist in 284 nm, and emission was monitored at wavelengths between
GLUT1. We then ask whether maltose and CCB binding 250 and 750 nm. Slit widths of 5 nm were used for both
sites are intrinsic or extrinsic to the GLUTL1 catalytic center. excitation and emission. The light path was 1 cm. Unsealed
Our findings support the hypothesis that maltose and CCB GLUT1 proteoliposomes (5@g of protein/mL of Tris
binding sites correspond to substrate binding sites. We medium) were titrated against ligand (CCB in Tris medium
therefore conclude that the glucose transporter functions ascontaining unsealed GLUT1 proteoliposomes at§onL 1),

a fixed-site carrier. and steady-state fluorescence was measured following each
addition of ligand. Maximum GLUT1 emission was observed
MATERIALS AND METHODS at 333 nm. The reduced fluorescence promoted by ligand

Materials Human blood was obtained from the American Pinding was not associated with a red or blue shift of the

Red Cross. Outdated human blood was obtained from the&MISSIon spectrum. .
University of Massachusetts Blood Bank. Radiochemicals Stopped-Flow Fluorescence Measuremeniiae time-
were purchased from New England Nuclear (Boston, MA). course.of ligand blhdlng Induced GLUT1 flu'orefs.cence
Octyl-3-glucoside was purchased from Calbiochem (La Jolla, dU€nching was monitored using a Hi-Tech Scientific SF-

CA). All other reagents were purchased from Sigma Chemi- 81DX2 stopped-flow system. GLUT1 (3L of a sample
cals (St. Louis, MO). containing 2Qug of GLUT1/mL of saline) was mixed with

Solutions Saline consisted of 150 mM NaCl, 10 mm CCB (S0uL of saline containing 68 M CCB) and driven

TrisHCI, 0.5 mM EDTA, pH 7.4. Tris medium consisted of MO the light path of the flow cell within 1 ms by using &
50 mM,TrisHCI 0.2 m,M EDTA, pH 7.4. Lysis medium pneumatic drive system. Excitation was at 280 nm, and
contained 10 mM TrisHCI. 0.2 mM EDTA pH 7.2 emission at all wavelengths above 320 nm was collected by

Human Erythrocytes and Purified GLUTHuman red use of a photomultiplier. Excitation slit widths of 5 nm were
' used. A reference photomultiplier was used to monitor

lIs (RB were harv from whole bl ntrifu- . . o
cells (RBCs) were harvested fro ole blood by centrifu fluctuations in the output of the source of excitation and

gation at 30009 for 15 min at 4°C. Serum, white cells, : .
and platelets were aspirated, and the erythrocyte pellet Wasthereby reduce background noise. The flow cell and solution

resuspended in 10 volumes of saline. This red cell suspensior{ eseirvl(l)lri vyerel TalntalTedbaE[hZ()l:D utsmg a tempelr a(tjure-
was subjected to two additional centrifugation/wash cycles. controfied circulating water bath. Lala were sampied every
The final red cell pellet was resuspended in 40 volumes of 104s and, in most experiments, averaged over a time interval
saline and incubated at 20C for 20 min to deplete of_l}hmsd. qii f the mixi th firmed
intracellular p-glucose levelsp-Glucose-depleted erythro- b N Ie“’?‘ 'fr?ﬁ Ot' € mixing gfa (t Irtns) twaﬁ con |_r(rjne
cytes were collected by centrifugation and stored in saline y analysis of the ime course dracetyltryplophanamide
on ice. (NATA) fluorescence quenching bi-bromosuccinamide

Tetrameric GLUT1 was purified from washed, human (NBS) a(th_O (l::) f';lATA (11.”.'\/') a;g NII?/IS (1020(4)‘“&\’\’95
erythrocytes as described previouglyl). Erythrocyte mem- Klrelfﬁga-lro u I—? rGC; nEalnlr;% | mm mTA n dmNBS
branes containing only integral membrane proteins were a e, pH 6.9, Equal VoIUmeS o a ;
prepared by alkaline extraction of hypotonically lysed were driven into the light path. Fluo_rescence was normalized
erythrocytes as described {2) to Eo(100%) — fluorescence obtained when NATA- and

Y 4 ' NBS-free buffer are mixed. The fluorescerieg(measured

— at the start of data capture when solution driven by the

1 Abbreviations: GLUT1, human erythrocyte glucose transport

protein: 30MG, 30-methylglucose; CCB, cytochalasin B: EDTA, pneumatic drives forces the piston of the stopping syringe

ethylenediaminetetraacetic acid; NATAJ-acetyltryptophanamide;  tO hit the stopping block a_nd to trigger_ data 00”6(_3“0”) is
NBS, N-bromosuccinamide; Tris-HCl, tris(hydroxymethyl)aminomethane. related toE, and the dead timéed) of the instrument in the
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following manner: RESULTS
E, GLUT1 Proteoliposomessolated, nonreduced, detergent-
ty=kln— solubilized GLUT1 copurifies with solubilized erythrocyte
E lipid (16). In the absence of exogenous phospholipid,

detergent removal produces small proteoliposomes of 0.25
wherek is the first-order rate constant describing the rate of um diameter or less as judged by phase contrast microscopy.
NATA quenching by NBS. The time-course of NATA Two lines of evidence indicate that GLUT1 proteoliposomes
guenching is consistent with a first-order process and is are highly permeable to macromolecules present in bulk
characterized byk = 336 + 3 s (n = 11) under the solution. (1) Proteoliposomal GLUTL1 is simultaneously
conditions described above. This compares with an expectedaccessible to antibodies that bind specifically to endo- or to
value of 366 5! as extrapolated frorfill4). E/E; averaged exofacial GLUT1 epitopes(17). (2) Trypsin exposure
1.67 + 0.02, indicating a dead time of 1.58 0.03 ms. produces quantitative removal of the GLUT1 carboxyl

In experiments where sugar modulation of CCB binding terminus as judged by immunoblot analysis using anti-
was measured, GLUT1- and CCB-containing solutions also GLUT1 carboxyl-terminal peptide antibodi¢$8).
contained equal concentrations of the sugar of interest (e.g., Steady-State Ligand Binding to GLUT1 Proteoliposomes.
p-glucose) prior to mixing and injection into the light path. CCB is an export-site-reactive, GLUT1 ligal 8). Kyapp)
Since sugar concentrations were varied over the rard®0 for equilibrium CCB binding to purified GLUT1 was
mM, saline also contained 100 mMglucose or sucrose to  obtained by measuring ligand-induced quenching of GLUT1
control for changes in osmolality-Glucose and sucrose do intrinsic tryptophan fluorescence and by measurit}-CCB
not interact with GLUT1(15). Saline containing 100 mM  binding to GLUTL1 in the presence or absence of competing
active sugar (e.gp-glucose or maltose) was mixed with unlabeled substrate. GLUT1 CCB binding capacity was
saline containing 100 mM-glucose or sucrose to produce obtained from {H]-CCB binding studies.3H]-CCB binding
appropriate concentrations of active sugar. GLUT1 intrinsic to isolated, nonreduced GLUTL1 is characterizedKappp)
fluorescence as measured in the Hi-Tech Scientific SF-= 184 + 36 nM CCB and byBnax = 0.50 + 0.14 mol of
61DX2 stopped-flow system is not affected significantly by CCB/mol of GLUT1 (9.1 pmol of CCB/g of GLUT1
the sugars employed in this study. protein;n = 8). These results are consistent with previous

Curve-Fitting Procedures Time-course data acquired measurements from this laboratddy?).
using the Hi-Tech Scientific SF-61DX2 stopped-flow system  Rapid Kinetics of Ligand Binding to GLUT1 Proteolipo-
were analyzed using the software package KinetAsyst 2 (Hi- somesGLUTL intrinsic fluorescence falls by approximately
Tech Scientific, Salisbury, U.K.). Fluorescence decay records 5—10% when purified, nonreduced, human GLUTL1 (&f
were analyzed by nonlinear regression assuming that decaymL) is mixed with 4uM CCB (Figure 1). Analysis of the
was described by single or multiple exponential components. steady-state fluorescence of the GLUTCB complex versus
Time-course data were also exported to text files for unliganded GLUT1 indicates that CCB binding quenches
subsequent analysis by nonlinear regression using thefluorescence uniformly at all wavelengths (32800 nm).
software package KaleidaGraph 3.08d (Synergy Software, Thus, altered fluorescence above 320 nm does not result from

Reading, PA). a ligand-induced shift in the emission spectrum of nonre-
In experiments where sugar modulationkgfs for CCB duced GLUTL1.
binding to GLUTL is presented graphically in the fokgas The time-course of CCB-promoted fluorescence decay was

versus [sugar], data were analyzed by nonlinear regressionobserved over intervals of-110 s and is consistent with a
according to the fixed-site model for ligand binding (see single exponential decay process. Analyses that assume two
Discussion for rationale). The equation takes the form (seeor three time-resolved exponential quenching components
Discussion): do not significantly improve correspondence between data
and predicted results. CCB-promoted fluorescence quenching
Kops = is characterized by a first-order rate constiggtand by an
M2 M2 extent of fluorescence chang&R; see Figure 1)kos may
kit ko' ki tk' o directly reflect CCB binding to GLUT1 (a second-order
M2+ [ccH M2 process). If the binding reaction is too rapid to resoksg,
M2 14+ M1 + M2 + _MimM2_ may represent the time constant of a putative, conformational
oKy Kui  Kuz ARz change (a first-order reaction) promoted by CCB binding to
GLUTL.
where To distinguish these possibilitidls,nswas determined over
a range of CCB concentrations. Figure 2A shows thQgt
T increases linearly with [CCB]. This result is expected for a
o= k_l'k_l second-order reaction and takes the form (sed @gf

1+

The curves drawn through the points were computed using [GLUTL] = [GLUTL]. + ([GLUTL],
these expressions, and the resulting parameters are sum- [GLUT1] e (taCCBHal
marized in the figure legends.

Analytical ProceduresProtein assays and SDS-slab (18%) where [GLUT1], [GLUTL1], and [GLUT1}, are the concen-
polyacrylamide gel electrophoresis of membrane proteins trations of unliganded GLUT1 present at timegsat equi-
were carried out as described previougly). librium, and at time zero, respectively, akgdandk_; are
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Ficure 1: Time course of CCB-induced, GLUT1 intrinsic tryp- 4r
tophan fluorescence quenching. On the ordinate is the relative
GLUT1 fluorescenceR;) in arbitrary units. On the abscissa is time
in seconds. Excitation was at 280 nm. Emission was collected at
all wavelengths above 320 nm. Data were sampled at 10 kHz and T,
averaged over 2 ms intervals. At zero time,/800f GLUT1 (20
ug/mL of saline) was mixed with 50L of saline containing &M
CCB. Mixing is complete within 1.5 ms (see Materials and
Methods), and fluorescence decays until a new steady-$igtes (
achieved at approximately 1 s. Mixing GLUT1 and CCB-free saline 0 . . . -
produces a stable fluorescence record which does not decay over 62 4 6 8 10
intervals of 10 s or greater (data not shown). This is the record (CCB] uM
shown prior to zero time. The curve drawn through the data points Ficure 2: Effect of [CCB] onkonsandAF for GLUT1 fluorescence
was computed by nonlinear regression assuming a single exponendecay. The experiment of Figure 1 was repeated 4 or more times

AF (%)

tial decay process described by at several CCB concentrations. Time course data were averaged
—kopd for each CCB concentration and analyzed as in Figure 1 to obtain
Fi=F.+ AF, kobs aNdAF. (A) Dependence dfyps on [CCB]. On the ordinate is

whereF. is that fluorescence observed when the reaction between Kobsin ™. On the abscissa is [CCB] wM. The line drawn through
GLUT1 and CCB achieves equilibriumAF is the difference the points was computed by linear regression and takes the form

between GLUT1 fluorescence at zero time and equilibrium, and Kype=Kk_; + K [CCB]
kobs is a first-order rate constant. For this data $et= 33.29+ bs™ "-1 T ™
0.03,AF = 4.2+ 0.1, andkops= 7.2+ 0.3 s (R? = 0.87). wherek_; (y-intercept) is a first-order rate constant describing CCB

dissociation from the GLUTCCB complex andk; (slope) is a
second- and first-order rate constants describing CCB as-Second-order rate constant describing CCB and GLUT1 association

sociation with and dissociation from GLUT1, respectively. tzoiozrg ithg &bﬁtﬁ%&iﬁg?Filix'lpégcirg'gg ?f(hF'; inglggg’

The rate constarkops is thus (B) Dependence oAF on [CCB]. On the ordinate iAF in arbitrary
units. On the abscissa is [CCB] iM. The curve drawn through
kobsz k,[CCB] + k_, the points was computed by nonlinear regression and takes the form

) AF = AF,,JCCBJ/(Kyapp) + [CCB])
4 and -k_l are obtained as the slope e_lr}dntercepts, where AFmayx is the maximumAF produced at saturating [CCB]
respectively, of a plot o_kobsversus [C(_:lB]_(lFlgure ZA_)' The and Kd(app)ni]gxthat [CCB] producing[;F = 0.5AFmax Accorging to
computed values aig = 2.8 x 1M~ " andk-1= 0.7 this analysis AFax = 4.5 + 0.1 andKeap) = 0.24 % 0.024M

s™L. The ratiok-i/k; (0.25uM CCB) is Kgpp) for CCB CCB (R2 = 0.99).

binding to GLUT1.

The change in equilibrium fluorescenceAF) produced reducing the amount @fl-state carrier available for reaction
upon CCB binding is related to [CCB] by a simple Michae- with CCB. Addition of anel ligand such as intracellular
lis—Menten function with &ypp) Of 0.24uM CCB and a maltose also reduces the amount of frekstate carrier
maximum fluorescence quenchingAF,) of 4.5% (Figure available for reaction with CCB by direct competition. In
2B). The close correspondence betwé&gpp,) obtained by both instancesk,,s for CCB binding is decreased because
analysis of the ratekf,y of fluorescence quenching aitdpp) the rate of CCB binding is proportional ke JJCCB]. Thus,
obtained from the extent{AF) of fluorescence quenching the simple carrier model predicts that CCB binding and
supports the conclusion that the rate-limiting step in CCB- maltose (intra- and extracellular) binding show simple
induced GLUTL1 fluorescence quenching is CCB association competitive inhibition.
with GLUT1. The fixed-site carrier predicts a rather different result.

Effects of GLUT1 Ligands on CCB Bindinghe simple Because externaep) and internal €¢1) ligand binding sites
carrier hypothesis requires that the glucose carrier cyclescoexist, are2reactive ligand will not affect the availability
between two states in the absence of sugar. @hstate of the el site and therefore fails to affect CCB binding at
presents a sugar import site, and #isstate presents a sugar el However, a competingel-reactive ligand such as
export site. CCB is ael-reactive ligand only. Addition of  intracellular maltose would reduce the amount of fixed-site
an e2reactive but nontransportable ligand such as extra- carrier el site available for reaction with CCB by direct
cellular maltose will trap the carrier in &2 state €2maltose), competition for binding. If the fixed-site carrier ligand
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Ficure 3: Effect of [maltose] orky,s for CCB (4 uM)-promoted

GLUT1 fluorescence decay. GLUT1 and CCB solutions contained
identical [maltose] (6240 mM) prior to rapid mixing. The

experiment of Figure 1 was repeated at least 4 times at each maltose
concentration. Time course data were averaged for each [maltose]

employed and analyzed as in Figure 1 to obkgjgfor fluorescence
decay. On the ordinate lgpsin s™1. On the abscissa is [maltose]
in mM. The curve drawn through the points was computed by

nonlinear regression assuming that CCB and maltose binding to

GLUT1 is consistent with a fixed-site carrier mechanism (see
Materials and Methods). According to this analydis; = 1.53
sk =4.99st Ky, = 1.72 mM,Ky; = 22.6 mM,k; = 3.03
uM~ts1 k' = 6.39uM 1571, andf = 0.47 R = 0.92). This

experiment was repeated 5 times with similar results (see Table

1).

binding sitesé1ande?) interact cooperatively, ag2-reactive
ligand could affect CCB binding @&land vice versa. Thus,
occupation of a fixed-site carrieg2 site by extracellular
maltose could increase (positive cooperativity) or reduce
(negative cooperativity) the affinity of thel site for CCB.
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Ficure 4: Effect of [maltose] on CCB-dependent erythrocyte
integral membrane protein fluorescence quenching. Erythrocyte
integral membrane proteins (1@ of protein/mL of saline) and
CCB solutions (+8 uM) contained identical [maltose] (€200
mM) prior to rapid mixing. Membranes and CCB solutions were
mixed, andkgs for fluorescence decay was calculated for each
[CCB] and [maltose] as in Figures 1 and 3. (A) On the ordinate is
kobsin s71. On the abscissa is [maltose] in mM. Data are shown for

Figure 3 shows the effects of increasing concentrations [CCBJna = 0.5u4M (M), 1 uM (O), 2 uM (®), 3 uM (»), and 4

of maltose orkgy,s for CCB binding to purified GLUT 1Kgps

uM (a). Each point represents,,s computed for four or more

increases at low maltose concentrations and then decrease@/eraged runs. The curves drawn through the points were computed

in a saturable manner at high [maltose]. This observation is

as in Figure 3 and have the following constants: #AMbCCB, k_;
0.08 s1, k-, = 0.64 s, Kme = 0.52 mM, Ky, = 165 mM, k;

not a purific_ation artifact because a similar r(_es_ult i_s also =1.02uM-1-s1 k' = 3.28uM 151, andB = 0.04 R2 = 0.97);
obtained using erythrocyte membranes containing integral 1 uM CCB, k_; = 0.08 s, k_y' = 0.90 s, Ky = 0.14 mM, Ky
membrane proteins but lacking peripheral proteins (Figure = 27.8 mM,k; = 1.02uM"1:s™%, k{' = 3.04uM~1-s7%, andf =

4A).

Analysis of the [CCB] dependence &f,s at varying
[maltose] allows direct determination of the mode of action
of maltose onk; and k-;. Figure 4B shows that maltose
increasek 1 pp) but reduces app for CCB interaction with
membrane-resident GLUT1. Similar experiments with puri-
fied GLUT1 (Figure 5A) show that low [maltose] reduces
ki@app)but increasek 1 ppy At higher maltose concentrations,
Kiapp) IS further reduced. Increasédipp) is not predicted

0.37 R2=0.80); 2uM CCB, k-1 =0.08 s, k_y = 1.36 51, Ky

= 0.10 mM, Ky; = 32.69 mM,k; = 1.02uM~1s71, k' = 3.53
uM~ts71 andp = 0.33 R = 0.89); 3uM CCB, k-; = 0.08 s'%,

ki = 1.82 st, Ky = 0.07 mM, Kyy = 31.92 mM,k; = 1.02
uM~Ls71 k' = 4.00uM~1-s71, andf = 0.36 (2 = 0.90); 4uM
CCB,k-; = 0.08 s, k- = 2.31 s%, Kyp = 0.11 mM, Ky =
26.98 mM,k; = 1.02uM~1-s7%, k' = 4.99uM~1-s1, andf =
0.28 (R? = 0.95). (B) Effect of [maltose] oty appy @andK_1(app) for
CCB binding to GLUT1 in erythrocyte membranes depleted of
peripheral membrane proteins. Data of Figure 4A were recast in
the form of [CCB] (abscissa) verslg,s (ordinate) for each maltose

by the simple carrier hypothesis and suggests that CCB andconcentration employed. Linear regression analysis was performed

extracellular maltose can bind to GLUT1 simultaneously but
that CCB dissociates more rapidly from the malt@ieJT1-
CCB complex than it does from the GLUTQCB complex.
Ka@pp) for CCB binding increases rapidly and in a saturable
manner at low [maltose] but increases linearly at higher
[maltose] (Figure 5B). This result is similar to that observed
for ethylidene glucose modulation 8fpp) for equilibrium
CCB binding to erythrocyte membrangg) and is also

observed for maltose modulation of CCB binding to eryth-

as in Figure 2A to obtailk_; (y-intercept) andk; (slope) for CCB
binding at each [maltose]. These results are then plottédg®,

in sY) or k; (@, uM~1-s71) on the ordinate versus [maltose] (in
mM) on the abscissa. The curves drawn through the points were
computed assuming simple saturation kinetics and take the form

k= k, + [Ak[maltose]/KymaroseyT [Maltose])]

wherek is k; or k- in the absence of maltos&k is the increment

in k; or k_; produced upon addition of saturating [maltose], and
Kamaltose)iS that [maltose] producing haltk. The results are: for
~1, k=0.08 s, Ak = 0.39 s, andKgmaitosey= 0.19 mM; forky,

rocyte membranes depleted of peripheral membrane proteink = 1.02uM~1-s7%, Ak = —0.59uM~-s7%, andKgmaitosey= 23.5

(Figure 4B). This finding is consistent with the hypothesis
that CCB and maltose compete directly for binding at the
el (exit) site (a low-affinity maltose site) but indirectly (with
negative cooperativity) when maltose occupies #2

mM.

(import, high-affinity maltose site) and CCB occupies
This result is incompatible with the simple carrier hypothesis
for glucose transport.
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Ficure 5: Effect of [maltose] onk;, k-1, and Kgapp) for CCB
binding to purified GLUT1. Purified GLUT1 was titrated against
varying [CCB] (see Figure 2) at varying [maltose] (e.g., see Figure
4). Linear regression analysis was performed as in Figure 2A to
obtain k_; (y-intercept) andk; (slope) for CCB binding at each
[maltose]. (A) These results are plottedkas (O, in s71) or k; (@,
uM~1-s71) on the ordinate versus [maltose] (in mM) on the abscissa.
The curves drawn through the points were computed allowing for
two saturable components of maltose modulation of CCB binding
and take the form

k =k, + [Aky[maltosel/{K y maiosey+ [Maltose])+
Ak [maltosel/tK yarosey ™ [Maltose])]

wherek, is k; or k_; in the absence of maltosak; and Ak, are
the increments irk; or k-, produced by saturable components 1
and 2 upon addition of saturating [maltose], afmaiosejand
2Kg(maltose) @re those [maltose] producing haXk for saturable
components 1 and 2. The results are: Kor, k= 1.03+ 0.05 s,
Ak; = Ak, = 1.66+ 0.06 S_l, andle(ma|mse)= 2Kd(maltose): 53+

7 uM (R? = 0.993); fork;, k = 2.97 + 0.05uM~1-s71, Ak; =
—1.21+ 0.10uM~1-s71, Ak, = —1.83+ 0.27uM 1571, K ymaitose)

= 0.52+ 0.14 mM, anc®Kgmaitose™ 62.2+ 30.4 mM R = 0.998).
(B) Ky(appyfor CCB binding M, ordinate) is calculated &s 1appf
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for CCB binding to the M2GLUT1 complex)k-1' (the first-
order rate constant for CCB dissociation from the ‘M2
GLUT1-CCB complex), andf (a cooperativity factor
describing how extracellular maltose binding to GLUT1
affects intracellular maltose binding to the export site).
According to this analysis, rate constants describing CCB
interaction with M2GLUT1 (k;' and k-;") are 2-3-fold
greater than the corresponding parameters for interaction with
GLUT1 (k; andk-;), and intracellular maltose binding to
M2-GLUT1 occurs with greater affinity than intracellular
maltose binding to GLUT1/4 < 1). Table 1 summarizes
the results of several similar experiments made using maltose
and purified GLUTL1.

Unlike maltose, the2reactive ligand phloretin acts only
to increase,,sfor CCB binding (Figure 6). The transported
(el- and e2reactive and translocation-competent) sugars
D-glucose and &-methylglucose and the nontransported but
el- and e2reactive sugars-methylglucose, 4,&-ethyl-
ideneglucose, and maltotriose mimic the actions of maltose
on kops for CCB binding (Table 1).

DISCUSSION

The glucose transporter of human erythrocytes is com-
prised of four copies of the membrane-spanning protein
GLUT1 (17). Each GLUT1 protein undergoes a reversible
conformational change between two states. Efiestate
presents a sugar export pathway, andeBstate presents a
sugar import pathway20, 2. This reversible conforma-
tional change is instrumental in effecting translocation of
bound sugar across the membrgBg We have proposed
that cooperative interactions between GLUT1 proteins give
rise to more complex transport behavi@®2). Specifically,
when one GLUT1 protein of the transporter complex presents
anelstate, the adjacent subunit must presergstate. In
this way, each transporter (GLUTL1 tetramer) can present two
e2 and twoel states simultaneously. The most important
observation resulting from the present study is the demon-
stration that maltosee@) and cytochalasin Bell) binding
states coexist in the purified glucose transporter. This allows
critical evaluation of several hypotheses for GLUT1-mediated
sugar transport.

The methods used in the present study differ from
measurements of equilibrium CCB binding to the glucose
transport proteir7). The stopped-flow experiments reported

kuapp) (Figure 5A) and expressed as a function of [maltose] (mM, here measure rate constants for CCB association with and
abscissa). The solid curve drawn through the points was computedcCB dissociation from GLUT1 present in unsealed proteo-

by nonlinear regression assuming a fixed-site carrier according to

eq 3 and has the following constants; = 0.37uM, Ky, = 55.8
mM, Ky, = 0.057 mM,3 = 0.93, ando. = 3.92 R? = 0.993). The
dashed lines represent negative cooperative inhibition of CCB
binding promoted by maltose binding to the import site(;2)
alone (- - -) or competitive inhibition of CCB binding produced by
maltose binding at the export sit&y,) alone ¢ —).

Accordingly, the data of Figures 3 and 4A have been

liposomes. CCB binds only to GLUT1 expdetl)sites; thus,

the topology of CCB binding is unambiguous. Maltose, on
the other hand, is a GLUT1 ligand that interacts with GLUT1
sugar import €2 and sugar exportefl) sites. Because
GLUT1 proteoliposomes are unsealed, maltose has unre-
stricted access to exofacial and endofacial domains of each
GLUT1 molecule and can interact with bathh ande2 sites

analyzed assuming a fixed-site carrier mechanism. Theif presented by the transporter.

curves drawn through the data were computed by nonlinear

The time-course of CCB-promoted GLUT1 fluorescence

regression assuming a fixed-site carrier (see Materials andguenching is consistent with a second-order process limited
Methods and egs 5 and 6 of the Discussion). This allows by CCB interaction with the transport protein. It is important

determination ok,, k-1, Ku: [the dissociation constant for
intracellular maltose (M1) binding to the export sit&jy.
[the dissociation constant for extracellular maltose (M2)
binding to the export sitek;’ (the second-order rate constant

to ask, therefore, whether CCB access to the interior of
GLUT1 proteoliposomes is limiting for GLUT1 fluorescence
guenching (GLUT1 and thusl sites are randomly oriented
in the plasma membrane). Two lines of evidence argue
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Table 1
fixed-site carrier parameter
sugaP ki Ky ky'© ky' d Kee Kd © af i K1 Kz n"
none 1.0 2.9 0.4
D-glucose 2.3 2.6 3.8 3.4 0.9 1.1 1.3 0.6 32.3 0.1 8
maltose 0.9 3.6 2.9 6.1 0.3 0.5 2.0 0.5 32.1 0.1 5
maltotriose 1.9 2.6 7.2 51 0.7 1.4 1.9 0.6 30.3 0.1 3
30MG 2.0 3.0 6.0 51 0.7 1.2 1.8 0.4 26.3 1.0 2
ethylidene glucose 1.9 2.9 2.6 4.0 0.7 0.7 1.0 1.4 5.9 0.3 3
phloretin 1.5 2.6 165.9 4.5 0.6 37.3 64.6 0.3 3
mean 1.74+0.2 2.9+ 0.1 0.57+ 0.1

a Parameters are described in Figure 7a and were computed by linear regression analysis of CCB modkigf{&iigofe 2A) or by nonlinear
regression analysis of sugar modulationkgf for CCB binding to GLUT1 as in Figure 3.CCB binding was determined in the absence (none)
or presence of the sugars listédk_; andk_1' have units of st. ¢k, andk,' have units otM1-s7%. € Kg andK4' have units of«M and are calculated
ask_1/k; andk-,'/ky’, respectively! o and are dimensionless cooperativity factot&u; andKy, have units of mM" The number of times each
experiment was performed in quadruplicate or mbiighe averaget SEM of all experiments.

50 The basis of ligand-induced GLUT1 intrinsic tryptophan
a5k fluorescence quenching is not fully understood but may
40 involve relocation of GLUTL1 tryptophan 388 or 412 from
o ] an aqueous to a hydrophobic environméu—26). In the
g 3¢ present study, we were unable to detect alterations in GLUT1
g aof intrinsic fluorescence upon addition of GLUT1-reactive
A o5t mono- or disaccharides whereas CCB binding promoted
2 GLUT1 fluorescence quenching of about B0%. Previous
] equilibrium fluorescence measurements have reported that
15 GLUT1-reactive mono- and disaccharides also promote
L[1] S T qguenching of GLUTL intrinsic fluorescence although to a
o1 [Phl2 ) ]3 . 4 5 lesser degree than does CEB6—28). CCB is known to
oretin] p

differ from maltose anab-glucose in its effects on Stern

FiGURE 6: Effect of phloretin orkos for CCB (4 uM)-promoted  v/olmer plots of GLUT1 fluorescence quenching by Kl or
GLUT1 fluorescence decay. GLUT1 and CCB solutions contained acrylamide (24). Circular dichroism studies indicate that

identical [phloretin] (6-10 uM) prior to rapid mixing. The o .
experiment of Figure 1 was repeated at least 4 times at eachP-glucose binding to GLUT1 promotes increased GLUT1

phloretin concentration. Time-course data were averaged for eachordered secondary structy@&9). CCB, while acting to inhibit
[phloretin] employed and analyzed as in Figure 1 to obkaigfor D-glucose modulation of GLUT1, does not alter GLUT1

fluorescence decay. On the Ordinat(k(j&in s~ 1. On the abscissa Secondary Structur(eg) These f|nd|ngs Suggest that Sugars

is [phloretin] in uM. The curve drawn through the points was f . o .
computed by nonlinear regression assuming that CCB and phloretinand CCB interact with GLUT1 through distinct mechanisms.

binding to GLUT1 is consistent with a fixed-site carrier mechanism 1 Nis behavior, in conjunction with differences in cell optics

(see Materials and Methods). According to this analysis= 1.47 and wavelengths of emission sampling, may account for the
% ko =165.95", Ky = 0.27uM, binding at the export siteis  apparent lack of effect of sugars on GLUT1 fluorescence in
undetectablel, = 2.55uM s, andk,’ = 4.45uM s (R* = the present study. Studies of GalP (a bacterial homologue

0.97). This experiment was repeated 2 additional times with similar

resuits (see Table 1). of GLUT1) also show that CCB but not substrate (galactose)

promotes GalP intrinsic fluorescence quenchigg).

against the hypothesis that the present measurements are CCB binding to GLUT1 may be reduced to a simple
diffusion-limited. (1) The time-course of CCB-induced réaction of the type:

fluorescence quenching is consistent with a single exponen- K

tial process. If CCB access to 50% of thksites was limited GLUT1 + CCBk= GLUT1-CCB

by diffusion, one would expect either biphasic quenching -

kinetics or an instantaneous quench (resulting from CCB \\herek, andk_; are second- and first-order rate constants
interaction with GLUT1el sites at the outside of proteo- ¢, ccB interaction with GLUT1. At 20C, k; andk_; are
liposomes) followed by a slower quench (resulting from CCB 5 g 106 M-L-s% and 0.7 s, respectively. The ratié 1/
diffusion to and interaction wittel sites available at the ks [0.254M CCB; Kqgappyfor CCB binding to GLUT1] is in
interior of.proteoliposomes). Neither result was qbserved. close agreement withios for CCB-induced equilibrium
(2) The distance %9 that a sugar of average diffusion  f,qrescence quenching (0.24M CCB) and withKapp for
coefficient © = 1 x 107° cnv-s™) (23) travels in 1.5 Ms  [31.cCB binding to GLUTL (0.2:M). This result confirms

(the dead time of the instrumeny) is estimated as that CCB-promoted GLUT1 fluorescence quenching reflects
a second-order process and forms a basis for additional
Aavg= 4/2Dtg=1.5um experiments that can distinguish various carrier models for

GLUT1-mediated sugar transport.
This distance is 6-fold greater than the upper diameter of The simple carrier hypothesis (see Figure 7b) proposes
unsealed GLUT1 proteoliposomes. These considerationsthat the glucose transporter alternately presents sugar import
argue strongly against a diffusion-limited process. and sugar export sites to available subst(ate). The fixed-
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Ficure 7: Models for GLUT1-mediated sugar transport shown in
schematic King-Altman form. Each carrier state represents a

hypothetical section (normal to the plane of the membrane bilayer)
through the carrier. The upper and lower surfaces of each carrier
state represent extra- (out) and intracellular (in) domains, respec-

tively. (a) The fixed-site carrieg] presents import and export sites

simultaneously and may thus bind CCB and extracellular maltose

(M2) simultaneously. Intracellular maltose (M1) and CCB compete
directly for binding to the export site. Dissociation constants for
M1 binding Km1 andpKwi) and M2 binding Kuz, SKmz, andaKyz)
are indicated. First-k{; andk-;") and second-ordek{ andk;")

rate constants for CCB interaction with the export site are indicated.

(b) The simple carrier presents impog2( and export €¢1) sites
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site carrier (Figure 7a) proposes that the transporter presents
sugar import and sugar export pathways simultaneo{sly
4, 5).

Maltose (a nontransportable b@l- and e2reactive
disaccharide) interactions with the simple carrier should be
of the form:

el1sM1

LM %m
COB o fecs
2 e1ecCB

Kive Koo

M2ee2 M2 + e2 el

ko

whereKy; andKy; are dissociation constants for intra- and
extracellular maltose (M1 and M2, respectively) binding to
el ande2 respectivelyKceg is k-1/k; (see above), ank,

and k-, are first-order rate constants describing GLUT1
interconversions betweerl ande2 states in the absence of
transportable sugars. Maltose is expected to competitively
inhibit CCB binding by reducing availabksl for interaction
with CCB. According to this mechanisriccg is given by

k
—1 1
Keeg =7 wherek; o=
kl(app) (o) 14 M1 4 ﬁ(l + ﬂ)
Kur Ko Kyviz
1)

Thus,Kccg increases linearly with increasing [maltosie}s
(the pseudo-first-order rate constant) for CCB binding is

I(l
k_, + [CCB] 2
a ’1+m+ﬁ(l+m) @
KMl k—o KMZ

Thus, k-1 is unchanged by maltose, bl gy falls with
increasing concentrations of maltose.

The fixed-site carrierg, can exist in any of six possible
states in the presence of maltose and CEBe(M1, e-M2,
e-M1-M2, e-CCB, ande-CCB-M2). Kccg for CCB binding

sequentially. Catalytic domains of the simple carrier are indicated tg e is given by(7, 8
to the right of each carrier state as depressions and are superimposed

on the shaded arrows drawn below each carrier isoform. Noncata-
Iytic, inhibitor binding domains are indicated by unshaded depres-

sions on the left half of each carrier state. Wheghis presented
but unoccupied, an extracellular inhibitor binding sit@) (is
available.i2 cannot exist when the carrier preseais Occupation
of i2 by extracellular maltose (M2) preven&2 occupation by
extracellular transportable sugar (S2) and vice versa. V¢ies
presented but unoccupied, an intracellular inhibitor binding &ife (
is availableil cannot exist when the carrier presea®si2 cannot
exist when the carrier presergd Thus,il andi2 are mutually
exclusive for the simple carrier. Occupationibfby intracellular
maltose (M1) or CCB preventel occupation by intracellular
transportable sugar (S1) and vice vems2andel interconvert in
the absence of S1 and S2 via relaxation stepandk_,. S1 and
S2 are translocated via stepsand k—,. M2-e2 and MZ1el are
dead-end complexes. (c) The simple carrier with partial fixed-site
inhibition. This form of the simple carrier can pres&a&andil
simultaneously but does not presetitandi2 simultaneously. Thus,

the carrier can be occupied simultaneously by S2 and CCB and by

M2 and CCB but not by S2 and S1. (d) The simple carrier with
fixed-site inhibition. The catalytic center of this carrier is the simple
carrier, which undergoesl — e2interconversion. The carrier also
contains intracellulari{) and extracellulari®) inhibitor bind-
ing sites.il andelare mutually exclusive as ai2 ande2andel
ande2 However,il andi2 can coexist as mail ande2 andi2
andel

M1 M2

- _|_ -

KMl KM2
M2

oKz

M1M2

1+ L L
ﬁKMlKMZ

+

3)

Kaappy = Kd .

whereKy = k_1/k; anda and s are dimensionless cooper-
ativity factors describing how extracellular maltose binding
to e affects the dissociation constants for CCB or intracellular
maltose binding, respectively. Thu&appis affected by M2
only whena < 1 oro. > 1 (CCB and M2 show cooperative
binding). Kyapp) increases linearly with M1.

If k; andk-; for CCB interaction withe differ from those
for CCB interaction withe-M2 (k;" andk-1'):

k., kg
TR @
, M2
ko, + k4 Ko
kfl(app): M2 (5)
oKy,
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Table 2
Vmaxa
carrier mechanisim zero-trans entry equilibrium exchange
simple carrier (7b) [GLUT1]K_,k, [GLUT1]kk_,
k0+k_2{1+m} ket ke
Kwi
simple carrier with partial fixed-site [GLUT1]kk_, [GLUT1]kk_,
inhibition (7c) M1 1+ M1 M1
1+ + ko kg 1+ + Kk
ko{ VKM1} 2{ K1 } 2{ VKMl} 2
simple carrier with fixed-site [GLUT1]kk , [GLUT1]kk_,
inhibition (7d) ML L ML, M2 MIM2 ) ML M2
1+ + 1+—-—+ + 1+ +kAL1+——
ko{ VK2M1} 2{ K Kimz ﬁKMlKlMZ} 2{ 7K2MJ} 2{ 5K1MJ
fixed-site carrier (7&) [GLUT1]k_, [GLUT1](ks + k_3)
14 CCB n M1 2

oKeeg Ky

2 Vmax IS the maximum rate of transport achieved at saturating sugar concentrations. The steady-state solMigne/éoe obtained as in ref
8 and are expressed in terms of the constants shown in Figure 7 for each carrier mecBardanS2 are intra- and extracellular concentrations
of transportable sugar, respectivelyl andM2 are intra- and extracellular concentrations of nontransportable, transport inhibitors (e.g., maltose),
respectively CCBis the cytochalasin B concentration and is interchangeable with’Nihie carrier mechanisms are those depicted schematically
in Figure 7a-d. ¢ Steady-state sugar uptake in the absence of intracellular stigaidirectional sugar uptake or exit when intracellular [sugar]
extracellular [sugar]¢ k-, is the rate of translocation of sugar through th&,e&omplex.ks andk-3 are rate constants for translocation afefid
S, through the eSS, complex, respectivelya andr arekik-1/k—1ki' when the ligand pairs are;&nd CCB and Sand M1, respectively.

K+ k' M2 exclusive. Similarly, the extracellular binding site for M2
1 oKy, does not correspond &2 (the S2 binding site), yet the carrier
kl(app)= (6) cannot bind S2 and M2 simultaneously. This mechanism does
M1 | M2 M1M2 . :
1+ K. + K + K K allow for simultaneous occupancy of GLUT1 by trans ligands
M1 vz PRuiKyz (e.g., M1 and M2, M1 and S2, S1 and M2 but not by S1
_ _ and S2).
Thus, |fk,1’ # k-1', K-1app)increasesk-, < k-1') or decreases The simple carrier with partial fixed-site inhibition (Figure
(k-1 > k-1') in a saturable manner with M2 witko s for 7, mechanism c) is a variant of the simple carrier mechanism
M2 = oKy (see eq 5). In the absence and presence of M2, with fixed-site inhibition. This mechanism allows for simul-
kuapp) decreases in a saturable manner with M1 (eq 6).  taneous occupancy of GLUT1 by only some trans ligands

Our results show thako,s for CCB binding increases at  (e.g., M1 and M2, M1 and S2, but not by S1 and S2 or by
low [maltose] and falls at higher [maltose]. Analysis of the S1 and M2).

[CCB] dependence of this phenomenon indicateskhagpy) We examined the predicted effects (see Table 2) of M1
increases in a saturable manner with low [maltose] whereasand M2 on zero-trans and equilibrium exchange sugar entry
kiapp) decreases in a biphasic mann&ig = K1) with mediated by either of these theoretical mechanisms. This is

increasing [maltose]. This result is inconsistent with predic- particularly useful because the effects of M1 and M2 on
tions of the simple carrier hypothesis_{ is unchanged by  human erythrocyte zero-trans and equilibrium exchange sugar
maltose) and supports rejection of this model as an adequatdluxes are well characterizéd, 8). Zero-trans entry describes
description of ligand binding to the sugar transporter of sugar uptake into sugar-free cells. Equilibrium exchange
erythrocytes. transport describes unidirectional sugar uptake or efflux when

This conclusion (maltose and CCB binding are not the concentration of sugar on either side of the membrane is
mediated by a simple carrier) assumes that CCB and maltosddentical. M1 is known to be a noncompetitive inhibitor while
interact with GLUT1 catalytic sites. It is possible, however, M2 is a competitive inhibitor of zero-trans sugar uptake in
that the transport pathway of GLUT1 indeed functions as a human red cell§8). M1 and M2 are competitive inhibitors
simple carrier but that the inhibitor binding domains are of human erythrocyte equilibrium exchange sugar transport
unrelated to and, thus, independent of catalytic sites. (4, 8.

We therefore considered ligand binding to two variations  Solutions for steady-state zero-trans and equilibrium
of simple carrier. The simple carrier with fixed-site inhibition ~exchange transport mediated by the simple carrier with fixed-
(Figure 7, mechanism d) describes a simple carrier mecha-site inhibition show that M2 acts as a noncompetitive
nism in which inhibitor and sugar binding sites are distinct. inhibitor of zero-trans entry and M1 and M2 serve as
Thus, the intracellular binding site for M1 does not cor- noncompetitive inhibitors of equilibrium exchange (Table
respond tel(the S1 binding site). Nevertheless, the carrier 1). For the simple carrier with partial fixed-site inhibition,
cannot bind S1 and M1 (M1 represents intracellular maltose M1 serves as a noncompetitive inhibitor of equilibrium
or CCB) simultaneously because these sites are mutuallyexchange. These predictions run counter to experimental
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findings. We therefore conclude that simple carriers with extracellular ethylidene glucose promotes a GLUT1 state in
fixed or partial fixed-site inhibition cannot account for CCB  which k_1/k; < k_{'/k" (7). It is possible that strong UV
and maltose binding to and inhibition of the glucose absorption by ethylidene glucose compromises the accuracy
transporter of erythrocytes. of the present measurements.

At this time, no variation of the simple carrier mechanism
accounts adequately for sugar modulation of CCB binding CONCLUSION
to the human erythrocyte sugar transporter (see here and ref
9) or for sugar modulation of CCB inhibition of erythrocyte ~ The purified, nonreduced glucose transporter of human
sugar transport8). We conclude that the continued use of erythrocytes and the erythrocyte membrane-resident glucose
this hypothetical transport mechanism to describe humantransporter bind sugars and cytochalasin B simultaneously.
erythrocyte GLUT1-mediated sugar transport and ligand Occupation of transporter sugar binding site(s) by a variety
binding is no longer justified. of sugars modulates cytochalasin B binding to and dis-

The fixed-site carrier, however, continues to present a sociation from the cytochalasin B binding pocket. If cyto-
useful framework for interpretation of human erythrocyte chalasin B and high-affinity sugar binding sites correspond
sugar transport and sugar transporter ligand binding. Non-to sugar export and sugar import sites, respectively, the sugar
linear regression analysis of maltose modulatiofkdg§ for transport does not function as a simple carrier. Rather, the
CCB binding to GLUT1 within the context of the fixed-site  transporter must present sugar import and export sites
carrier mechanism permits computation of all parameters for simultaneously.
fixed-site carrier interaction with CCB, M1, and M2 (see
Table 1 and Figures 3 and 4). These parameters have alsiREFERENCES
been computed for modulations of CCB binding by malto-
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