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ABSTRACT: Cytosolic adenosine 5’-triphosphate (ATP) modifies the properties of human red cell sugar 
transport. This interaction has been examined by analysis of substrate-induced sugar transporter intrinsic 
fluorescence quenching and by determination of Michaelis and velocity constants for D-glucose transport 
in red cell ghosts and inside-out vesicles lacking and containing ATP. When excited at  295 nm, human 
erythrocyte ghosts stripped of peripheral proteins display an emission spectrum characterized by a scattering 
peak and a single emission peak centered a t  about 333 nm. Addition of sugar transport substrate or 
cytochalasin B and phloretin (sugar transport inhibitors) reduces emission peak height by 10% and 576, 
respectively. Cytochalasin B induced quenching is a simple saturable phenomenon with an apparent Kd 
(app K d )  of 60 nM and a capacity of 1.4 nmol of sites/mg of membrane protein. Quenching by D-glucose 
(and other transported sugars) is characterized by at  least two (high and low) app Kd parameters. Inhibitor 
studies indicate that these sites correspond to sugar efflux and influx sites, respectively, and that both sites 
can exist simultaneously. ATP induces quenching of stripped ghost fluorescence with half-maximal effects 
a t  20-30 pM ATP. ATP reduces the low app Kd and increases the high app Kd for sugar-induced fluorescence 
quenching. D-Glucose transport in intact red cells is asymmetric ( K ,  and V,, for influx < K ,  and V,,, 
for efflux). In addition, two operational K, parameters for efflux are detected in zero- and infinite-trans 
efflux conditions. Protein-mediated sugar transport in ghosts and inside-out vesicles (IOVs) is symmetric 
with respect to K, and V,, for entry and exit, and only one K, for exit is detected. Addition of millimolar 
levels of ATP to the interior of ghosts or to the exterior of IOVs restores both transport asymmetry and 
two operational K, parameters for native efflux. A model for red cell hexose transport is proposed in which 
ATP modifies the catalytic properties of the transport system. This model mimics the behavior of the sugar 
transport systems of intact cells, ghosts, and inside-out vesicles. 

I n  spite of extensive study, the properties of human red cell 
sugar transport “defy simple description” (Naftalin & Rose- 
laar, 1985;. The properties of erythrocyte hexose transfer 
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AM36081-01, and NIH Biomedical Research Grant SO7 RR05712. 

appear to be consistent with Widdas’ original suggestion (the 
mobile carrier hypothesis; Widdas, 1952) that a single sugar 
binding/transport site is alternately accessible at each surface 
of the plasma membrane (Krupka & Deves, 1981; Gorga & 
Lienhard, 198 1). Nevertheless, the observation of asymmetry 
in Michaelis and VelOCity COnStantS for Sugar influx and efflux 
and the discovery of two operational sugar transport sites at 
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the inner surface of the plasma membrane have resulted in 
rejection of simple symmetric and asymmetric carrier models 
for red cell sugar transport [for reviews, see Naftalin & 
Holman (1977) and Widdas (1980)l. Apparently, the 
transport mechanism is more complex than has been allowed 
for to date, or those transport measurements demonstrating 
anomalous red cell sugar transport behavior are theoretically 
or technically flawed. 

A large body of evidence supports the validity of previous 
transport determinations. Sugar transport asymmetry and the 
presence of two operational sugar efflux sites have been dem- 
onstrated by a variety of experimental methods (Harris, 1963; 
Sen & Widdas, 1962; Hankin et al., 1972; Ginsberg & Stein, 
1975; Foster et al., 1979; Baker & Naftalin, 1979; Carruthers 
& MeIchior, 1983a, 1985), and the Michaelis and velocity 
constants derived from either initial rate or integrated rate 
kinetic analysis of these experiments are in substantial 
agreement. In addition, recent criticisms of integrated and 
initial rate analyses of these transport data (due to a suggested 
differential transport of CY and B anomers of Pglucose; Gorga 
& Lienhard, 1981; Wheeler & Hinkle, 1985) have proven to 
be without experimental basis (Weiser et al., 1983; Carruthers 
& Melchior, 1985). 

Naftalin and Holman (1977) and Baker and Naftalin 
(1979) approached this problem from a different perspective. 
They proposed a model for sugar transport in which the ex- 
perimental properties of transport were governed by factors 
extrinsic to the transport system. Their model proposed that 
sugar fluxes are symmetric but that nonspecific binding of 
cytosolic hexose and water to hemoglobin results in the un- 
derestimation and overestimation of intracellular sugar con- 
centrations in influx and efflux experiments, respectively. The 
net effect is experimental kinetic asymmetry and the presence 
of two operational sugar efflux sites [see Naftalin & Holman 
(1977)l. Sugar transport measurements made with substan- 
tially hemoglobin-free red cell ghosts support this hypothesis 
[Jung et al., 1971; Benes et al., 1972; Taverna & Langdon, 
1973; Carruthers & Melchior, 1983a; Speizer et al., 1985; note, 
however, Challiss et al. (1980) found no effect of 95% hem- 
oglobin removal on sugar transport]. In addition, cytochalasip 
B sensitive transport in inside-out red cell vesicles (IOVs,’ 
where in principle, the cytoplasmic surface of the plasma 
membrane faces an infinite dilution of hemoglobin) is sym- 
metric (Carruthers & Melchior, 1983a; Taverna & Langdon, 
1973). However, the study of Carruthers and Melchior 
(1983a) suggested that the loss of intracellular, low molecular 
weight factors rather than hemoglobin was responsible for this 
effect. 

Weiser et al. (1983) have demonstrated that the K, for 
protein-mediated exchange transport in freshly drawn cells is 
almost doubled after 8 weeks of cold storage. Jacquez (1983) 
has reported that ATP can modulate the red cell sugar 
transport system. It has since been demonstrated (Carruthers, 
1986) that the direct interaction of ATP with the otherwise 
simple, symmetric sugar transport mechanism of IOVs reduces 
both K, and V,,, for sugar efflux from red cell inside-out 

Abbreviations: IOVs, inside-out red cell membrane vesicles; ATP, 
adenosine 5’-triphosphate; AMP, adenosine 5/-monophosphate; ADP, 
adenosine 5’-diphosphate; AMP-CPP, adenosine 5/-(cy,&methylenetri- 
phosphate); AMP-PCP, adenosine 5’-(&7-methylenetriphosphate); 
Ap,A, P1,P‘-di(adenosine-5’) tetraphosphate; EDTA, ethylenediamine- 
tetraacetic acid; Tris-HCI, tris(hydroxymethy1)aminomethane hydro- 
chloride; kDa, kilodalton(s); NATA, N-acetyltryptophanamide; app Kd, 
apparent Kd; DIDS, 4,4’-diisothiocyane2,2’-stilbenedisulfonic acid; SITS, 
5-(acetylamino)-2- [2-(4-isothiocyanate2-sulfophenyl)ethenyl] benzene- 
sulfonic acid disodium salt; RBCs, red blood cells. 
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FIGURE 1: Scans of the electrophoretic patterns of (a) white ghosts 
(15 Wg), (b) stripped (NaOH-treated) ghosts (9 Mug), and (c) “purified” 
band 4.5 protein (6 pg). Membranes were run on 10% polyacrylamide 
gels. Dried gels were scanned at 600 nm with a Beckman DU-8 
spectrophotometer in the gel scanning mode. 

vesicles. Moreover, direct studies of the effects of ATP upon 
the intrinsic tryptophan fluorescence of purified band 4.5 
protein (the sugar transporter) indicated that the transporter 
was subject to modulation by ATP via interaction with a single 
nucleotide binding site on the transporter (Carruthers, 1986). 

This study examines the effects of ATP and a number of 
other nucleotides on red cell sugar transport and the intrinsic 
tryptophan fluorescence of red cell ghosts stripped of peripheral 
proteins. The results of this investigation further support the 
view that erythrocyte hexose transfer is subject to physiologic 
modulation by ATP. 

MATERIALS AND METHODS 
Materials. Freshly outdated, whole human blood was ob- 

tained from the University of Massachusetts Medical Center 
Blood Bank. 

Solutions. Tris medium consisted of 50 mM Tris-HC1/0.2 
mM EDTA adjusted to pH 7.4 by using 1 M Tris base. KCl 
medium contained 150 mM KC1/5 mM Tris-HC1/0.2 mM 
EDTA, pH 7.4. Lysis medium contained 5 mM Tris-HC1/0.2 
mM EDTA at pH 8. Alkaline lysis medium contained 5 mM 
Tris-HC1/0.2 mM EDTA adjusted to pH 12 by using 1 M 
NaOH. Vesiculation medium contained 10 mM Tris-HC1/4 
mM EDTA at pH 7.5. 

Preparation of Red Cell Ghosts and Inside-Out Vesicles 
(ZOVs). Ghosts and IOVs were formed as described previously 
(Carruthers & Melchior, 1983a). 

Preparation of Stripped Ghosts. White ghosts were pre- 
pared from washed human red cells by hypotonic lysis in 40 
volumes of ice-cold lysis medium followed by repeated washing 
in ice-cold lysis medium (Carruthers & Melchior, 1983a). 
When the membranes had a pearly white appearance, they 
were collected by centrifugation and then exposed to 10 vol- 
umes of ice-cold alkaline lysis medium for 20 s. The mem- 
branes were washed in 10 volumes of Tris medium, collected 
by centrifugation, and then repeatedly washed in Tris medium 
until the pH of the supernatant was 7.4 (normally three 
washes). The membranes were frozen rapidly and thawed 3 
times to increase their permeability to sugars and then stored 
at  -25 OC in Tris medium at a concentration of 2 mg of 
membrane protein/mL. These membranes are nominally free 
of all peripheral membrane proteins (see Figure 1) and are 
highly permeable to D-glucose (equilibration with 200 mM 
D-glucose was achieved within 5-15 s). 
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Fluorescence Measurements. Fluorescence measurements 
were performed at  23 f 1 "C by using a Farrand MK 2 
spectrofluorometer with excitation at 295 nm and an emission 
bandwidth of 10 nm. Stripped membranes (200 pg of protein 
in 100 pL) were added to 2 mL of Tris medium. Sugars and 
transport inhibitors (stock concentrations, pH 7.4,  in Tris 
medium) were injected into the cuvette from above. The 
contents of the cuvette were constantly stirred with a Spec- 
trocell Inc. cuvette stirrer. In all instances, steady-state 
emission levels were reached within 5-20 s following addition 
of ligand and (provided the excitation bandwidth was 2.5-5 
nm) remained stable for up to 15 min. When the excitation 
bandwidth was increased to 10 nm, the emission of stripped 
membranes decayed monoexponentially with a half-time of 
some 14 min. This decay of emission has been ascribed to 
photolysis of tryptophan residues (Appleman & Lienhard, 
1985). Initially, all quenching data (measured as the reduced 
emission at  333 nm with excitation at 295 nm) were corrected 
for dilution and nonspecific effects by titration either against 
L-glucose in sugar experiments or against carrier (ethanol or 
dimethyl sulfoxide) plus cytochalasin D or E in cytochalasin 
B experiments. With L-glucose, mannitol, and cytochalasins 
D and E (agents that fail to interact with the sugar transporter 
of red cells), the dilution-corrected emission was within 
98-10096 of control emission levels. This provided a convenient 
correction procedure in these experiments. In studies with 
nucleotides and phloretin, alternative correction procedures 
were adopted. Steady-state fluorescence quenching levels are 
subject to the following systematic errors: ( 1 )  the inner filter 
effect (attenuation of the exciting light by added ligand); ( 2 )  
ligand-induced changes in the fluorescence spectral shape or 
position; ( 3 )  changes in the refractive index of solutions upon 
addition of ligand; ( 4 )  absorption spectral changes; ( 5 )  
fluorescence reabsorption by ligand. Sugars, nucleotides, and 
inhibitors induce a shift in the emission peak of stripped 
membranes to shorter wavelengths by 1-2 nm. The necessary 
correction for this shift was less than 1% in 180 mM &glucose 
and 50 pM cytochalasin B (assuming no quenching). Changes 
in the transporter's absorbance spectrum by added ligand were 
assessed by analysis of the absorption spectra of stripped 
membranes in the absence and presence of the highest con- 
centrations of added ligand. The difference spectra of lig- 
and/buffer/membranes - ligandlbuffer were essentially 
identical (in position, shape, and absorbance) to the absorption 
spectrum of transporter in buffer alone. Refractive index 
corrections range from zero to $ (Chen, 198 1 ) .  The correction 
in 180 mM D-glucose is approximately 2%. Initially, inner 
filter effects were corrected as suggested by Parker (1968) 
where 

F,,, 2.203A(d2 - d l )  _ -  - 
F 10-Adl - 1o-AdZ 

A is the total absorbance at  the excitation wavelength, and 
dl  and d2 refer to the geometry of the observed volume. 
Fluorescence reabsorption was most significant in studies with 
phloretin where the absorption spectrum of phloretin overlaps 
the emission spectrum of stripped membranes. At first, the 
obtained "quenching" data (corrected for dilution and inner 
filter effects) were corrected by calculation of the absorption 
coefficient of each ligand (at each concentration used) followed 
by applying Lambert's law to calculate the original intensity 
of emission. Finally, an empirical approach to the problem 
of correction was adopted [see Torikata et al. (1979)] .  The 
fluorescence of a standard (N-acetyltryptophanamide, NATA) 
was measured as a function of added ligand. The optical 

densities of NATA and stripped membranes were the same. 
After correction for the above-mentioned systematic errors, 
the emission of NATA in the presence of sugars, inhibitors, 
and nucleotides over the range of concentrations employed in 
this study was within 98-100% of control emission. This 
indicates that NATA is not quenched by these ligands. 
Stripped membrane data were then corrected for nonquenching 
errors by using NATA data. The results obtained were not 
systematically different from those obtained by application 
of the initial, calculated corrections. 

All results reported here have been corrected as described 
above. Absorption measurements were made by using a 
Beckman DU-8 spectrophotometer. 

Transport Determinations. Zero-trans efflux, infinite-cis 
exit, and infinite-cis entry in ghosts and IOVs at 20 "C were 
monitored as described previously (Carruthers & Melchior, 
1983a, 1985). The loading D-glucose concentration for 
zero-trans efflux and infinite-cis efflux experiments was 60 
mM. Turbidimetry was used to monitor sugar exits (Car- 
ruthers & Melchior, 1983a,b, 1985). 

All transport determinations were made in the presence and 
absence of cytochalasin B (10 pM) and phloretin (50 pM), 
competitive inhibitors of sugar efflux and influx, respectively 
(Krupka & Deves, 1981). Preparations in which inhibited 
fluxes (transport in the presence of inhibitors) were greater 
than 2.5% of control fluxes were discarded. 

Analytical Methods. Protein assays were as described by 
Lowry et al. ( 1  95 1 ) .  Sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis was carried out on 10% gels as described 
previously (Carruthers & Melchior, 1984). 

Calculation of Michaelis-Menten Parameters f rom 
Fluorescence Quenching Data. Two methods were employed. 
In instances where EadieIScatchard plots indicated the data 
were described by a single set of Michaelis-Menten param- 
eters, these parameters were obtained by fitting the raw data 
to the Michaelis-Menten equation using weighted nonlinear 
regression with "robust" methods for the modification of re- 
siduals (Duggleby, 1981). In instances where Eadie/Scatchard 
plots indicated at  least two sets of Michaelis-Menten param- 
eters, an iterative procedure of successive approximation 
(Spears et al., 1971) was employed to obtain Michaelis con- 
stants for two components of substrate binding. 

RE~ULTS 
Fluorescence Measurements with Stripped Membranes. 

Alkali-treated red cell ghost membranes contain membrane 
protein bands 3 ,  4.5, 7 ,  and PAS 1-3.  Band 3 is the anion 
transport protein, and band 4.5 contains the glucose transport 
protein (8046%; Batt et al., 1976; Kasahara & Hinkle, 1977; 
Hanahan & Jacquez, 1978; Baldwin et al., 1982; Carruthers 
& Melchior, 1984) and nucleoside transporter (4%; Jarvis & 
Young, 1981). It is also probable that the (Na, K)-ATPase, 
Ca-ATPase, Ca-sensitive K channel, and a variety of other 
electrolyte and nonelectrolyte transport proteins are present 
in these membranes. While band 4.5 represents only some 
10% of the total protein content of stripped ghost membranes 
(Baldwin et al., 1979), it was of interest to determine whether 
the well-documented, substrate-induced intrinsic tryptophan 
fluorescence quenching of purified sugar transporter (band 4.5 
protein; Gorga & Lienhard, 1982) could also be detected in 
stripped membranes containing a variety of proteins. 

When excited at  295 nm, stripped ghost membranes display 
a fluorescence emission spectrum characterized by two major 
peaks-one at  295 nm due to scattering of the excitation beam 
and a second centered at 334 nm that presumably results from 
tryptophan fluorescence of membrane protein (Burstein et al., 
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FIGURE 2: Fluorescence quenching of stripped ghosts by D-glucose 
and cytochalasin B. (a) Emission spectra of stripped ghosts (200 pg 
of membrane protein/2.1 mL of Tris medium) in the absence (A) 
and presence of 3 pM cytochalasin B (B) or 132 mM Pglucose (C). 
Excitation wavelength, 295 nm. (b) Effects of cytochalasin B (+ 
dimethyl sulfoxide) and cytochalasin D (+ dimethyl sulfoxide) on 
emission (at 333 nm) of stripped ghosts (initial concentration, 200 
p g  of protein in 2.1 mL) with excitation at 295 nm. The upper trace 
shows the "quenching" produced by successive additions (shown by 
the arrows) of cytochalasin D (100 p M  in Tris medium + 0.1% 
dimethyl sulfoxide). The volumes added were 1, 1, 1, 1, 6, 10, 20, 
40,50,70, 70, and 80 pL. Essentially identical results were obtained 
by using NATA in place of stripped membrane ghosts and cytochalasin 
B rather than cytochalasin D as the added ligand. The lower trace 
is an analogous experiment in which identical additions of cytochalasin 
B (100 pM) in 0.1% dimethyl sulfoxide (Tris medium) to stripped 
membranes were made. The difference between the two records is 
taken as cytochalasin B induced quenching. The cuvette was stirred 
constantly with a Spectrocell Micro-stirrer. Temperature, 23 OC. 
Time base as indicated. They axis represents emission at 333 nm. 
Sensitivity identical for cytochalasi,i D + dimethyl sulfoxide and 
cytochalasin B + dimethyl sulfoxide records. (c) Effects of L- and 
D-glucose on emission (at 333 nm) of stripped ghosts (initial con- 
centration, 200 p g  of protein in 2.1 mL). The upper trace shows the 
quenching produced by successive additions (shown by the arrows) 
of L-glucose (1 M) in Tris medium. The volumes added were 0.5, 
0.5, 1, 1, 1, 1, 6, 10, 20, 40, 50, 70, 70, 70, and 70 pL. The lower 
trace is an analogous experiment in which identical additions of 
D-glucose (1 M in Tris medium) were made. Time base and tem- 
perature as in (b). The y axis is identical for both L- and D-ghCOSe 
records but is of higher (2-fold) sensitivity than in (b). 

1973). Upon addition of the sugar transport inhibitor cyto- 
chalasin B, or the transport substrate D-glucose, the emission 
peak at 334 nm is shifted by 3 nm toward shorter wavelengths, 
and the peak height is reduced by about 18% (see Figure 2a). 
When corrected for systematic errors, the maximum specific 
quenching produced by cytochalasin B is considerably less (6%, 
Figure 2b). Similarly, when D-glucose data are corrected for 
possible nonspecific effects and sample dilution by titration 
of membranes against L-glucose, the maximum specific 
quenching by D-glucose is also reduced (to lo%, Figure 2c). 

Kinetic analysis of corrected cytochalasin B data indicates 
a single population of cytochalasin B binding sites with an app 
Kd of 0.06 f 0.005 p M  (Figure 3). The extrapolated con- 
centration of cytochalasin B binding sites under these con- 
ditions is 0.11 * 0.01 NM. Assuming that fluorescence 
quenching is associated with cytochalasin B binding to band 
4.5 protein (a 55-kDa protein) and a molar stoichiometry of 
binding of 0.86 [see Baldwin et al. (1982) and Carruthers 
(1985)], this means that 200 pg of stripped ghost membrane 
protein contains 15 pg of band 4.5 protein or 1.4 nmol of 
sites/mg of membrane protein-an estimate in close agreement 
with that of Gorga and Lienhard (198 1) (1.8 nmol of sites/mg 
of membrane protein). Cytochalasin B induced stripped 
membrane fluorescence quenching is unaffected by cytocha- 
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FIGURE 3: Cytochalasin B (CCB) induced fluorescence quenching 
of stripped ghosts. Emission at 333 nm was measured with excitation 
at 295 nm. Initial protein concentration, 200 p g  in 2.1 mL. Ordinate, 
1/(1 - R); abscissa, total cytochalasin B concentration/R (pM). R 
is the fractional saturation of the preparation by cytochalasin B. The 
equation for such a plot is Kd = CL(l/R - 1) - nCe(l - R) where 
C, is the total cytochalasin B concentration, CE the total cytochalasin 
B binding protein concentration, and n the stoichiometry of cyto- 
chalasin B binding to the protein. The advantage of such a plot is 
that R is readily measured and nCE may be read directly from the 
x intercept. The experiments (16 in total) were performed by making 
successive additions of cytochalasin B [and parallel, control cyto- 
chalasin D (CCD) + dimethyl sulfoxide runs] until the quenching 
produced by cytochalasin B specifically did not increase upon further 
additions of cytochalasin B (normally at 5-10 pM cytochalasin B). 
R was calculated as observed quenching/saturated quenching. The 
slope of such a plot is l/app Kd, and the x intercept gives n[cytochalasin 
B binding sites] where n is the stoichiometry of binding of cytochalasin 
B to acceptor proteins. Three sets of data are shown: control (0) 
and cytochalasin B induced quenching in the presence of 10 pM 
cytochalasin D (0) or 10 pM cytochalasin E (A) (CCE). Data are 
shown as mean f 1 SE. Number of individual experiments per point, 
three or more. The data fall on a single straight line (R > 0.99) with 
an app Kd for cytochalasin B binding of 60 f 5 nM and an x intercept 
of 0.1 1 f 0.01 p M .  Assuming a stoichiometry for cytochalasin B 
binding to band 4.5 protein of 0.86 (Baldwin et al., 1982; Carruthers, 
1985) and that the average molecular mass of band 4.5 is 5 5  kDa, 
this corresponds to a concentration of cytochalasin B binding sites 
of 1.4 nmol/mg of stripped ghost membrane protein (8% of total 
protein). 

Table I: Binding Constants for Sugar-Induced Fluorescence 
Quenching" 

sugar low app Kd (mM) high app Kd (mM) 
D-glucose 1.33 f 0.12 39.0 f 4.2 

3-0-methylglucose 2.62 f 0.17 98.7 f 5.9 
galactose 6.83 f 2.14 73.6 f 6.3 
maltose 2.90 f 0.10 107.0 f 6.0 
ethylidene glucose 0.69 f 0.04 27.1 f 0.3 

2-deoxy-~-glucose 1.80 f 0.21 43.7 f 3.5 

'Number of experiments per condition, three or more. 

lasin D or E (Figure 3), confirming that the glucose carrier 
independent cytochalasin binding sites (classes I1 and 111; Lin 
& Snyder, 1977; Jung & Rampal, 1977) had been lost upon 
alkali treatment of red cell ghosts. The concentration de- 
pendence of D-glucose-induced fluorescence quenching of 
stripped membrane ghosts confirms the presence of at least . . .. . ,-. .. . . . ^ .  _. 

two D-glucose binding sites (kigure 4). Analysis 01 these data 
indicates the presence of both a high-affinity, low app Kd site 
( K , )  of 1.33 f 0.12 mM and a low-affinity, high app Kd site 
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FIGURE 4: Effects of sugars and phloretin on stripped ghost membrane 
fluorescence. (A) Eadie/Scatchard plots of D-glucose- and mal- 
tose-induced fluorescence quenching. Ordinate, decrease in emis- 
sion/sugar concentration; abscissa, decrease in emission. Two sets 
of data are shown: &glucose (0) and maltose-induced (A) quenching. 
The presence of two slopes for each data set indicates at least two 
components of quenching by each sugar. The app Kd for sugar binding 
in a single-component system is given by Kd = -l/slope. Using the 
method of successive approximation (Spears et al., 1971), we obtain 
for D-glucose K ,  = 1.33 f 0.12 nM and K2 = 39 f 4.2 nM. For 
maltose, we obtain K ,  = 2.9 i 0.1 mM and K2 = 107 f 6 mM. Each 
point represents the mean of at least three separate determinations. 
The emission scale was normalized between separate runs by using 
180 mM sugar as a standard reference point. (B) Effects of &glucose 
(DG), ethylidene glucose (EG), and maltose (Malt) on the app Kd 
for cytochalasin B induced fluorescence quenching. Ordinate, app 
Kd for cytochalasin B binding (pM); abscissa, sugar concentration 
(mM). The lines drawn through the points were calculated by linear 
regression ( R  > 0.95 in each instance). The x intercept corresponds 
to -app K, for competitive inhibition of cytochalasin B binding by 
the sugars. These values are 37.9 i 6.7, 28 f 2.1, and 112 i 9.8 
mM for DG, EG, and Malt, respectively. Individual points are shown 
as mean f 1 SE. Number of experiments per point, three or more. 
(C) Phloretin-induced fluorescence quenching of stripped ghosts and 
the effects of &glume (DG). Ordinate, percent quenching/phloretin 
concentration; abscissa, percent quenching by phloretin. Data are 
shown for quenching in the absence (0) and presence of 2.5 (0) or 
5 (0) mM D-glucose. Each point is shown as mean f SE. Number 
of experiments per point, three or more. The presence of at least two 
slopes in these Eadie/htchard plots indicates at least two components 
of quenching. The method of successive approximation gives the 
following: control, K ,  = 0.1 i 0.02 pM and K2 = 1.0 f 0.1 pM; +2.5 
mM DG, K ,  = 0.1 1 f 0.02 pM and K2 = 2.2 f 0.3 pM; +5.5  mM 
DG, K, = 0.09 f 0.01 r M  and K2 = 4.5 0.7 pM. (D) Effects of 
D-glucose (DG), ethylidene glucose (EG), and maltose (Malt) on the 
app Kd for phloretin-induced quenching of stripped ghost fluorescence. 
Ordinate, app Kd of phloretin-induced quenching in micromolar; 
abscissa as in (B). The lines drawn through the points were calculated 
by linear regression ( R  > 0.96 in each instance). The x intercept 
corresponds to -app Ki for competitive inhibition of phloretin binding 
by the sugars. These values are 1.26 f 0.3, 0.72 f 0.04, and 2.8 f 
0.4 mM for DG, EG, and Malt, respectively. The low app Kd for 
phloretin-induced quenching was unaffected by D-glucose, ethylidene 
glucose, and maltose (0). Individual points are shown as mean f 
SE. Number of experiments per point, three or more. 

(Kh)  of 39 f 4.2 mM. Similar results were obtained with 
D-galactose, 2-deoxy-~-glucose, and 3-Omethylglucose (Table 
I). The sugars maltose and ethylidene glucose (sugars that 
bind to the transporters but, for steric reasons, are not 
transported) also induce two-component, saturable membrane 
fluorescence quenching (Table I). 

Both low and high app Kd sugar binding sites appear to be 
associated with the hexose transport system. D-Glucose in- 

Table 11: Effects of Ouabain and Anion Transport Inhibitors on 
Fluorescence Quenching" 

am Kd 
agent control +SITSb +DIDSb +ouabainc 

D-glUCOSe 1.3 f 0.1 1.2 f 0.1 1.5 f 0.3 1.4 f 0.2 
(mM), 
4 
(mMh 

D-glucose 39 f 4 41 f 3 31 f 6 40 f 4 

K h  
cytochala- 0.06 f 0.01 0.06 f 0.01 0.05 f 0.01 0.06 f 0.01 

sin B 
(PM) 

(uM) 
ATP 26 f 2 21 f 4 28 f 3 39 f 4 

'Number of experiments per condition, three or more. bSITS and 
DIDS concentration, 5 kM. COuabain concentration, 10 pM. 

creases the app Kd for cytochalasin B induced fluorescence 
quenching with an app Ki of 37.9 f 6.7 mM (Figure 4), 
suggesting that the low-affinity sugar binding site is the site 
of competition between Pglucose and cytochalasin B. Maltose 
and ethylidene glucose also increase the app Kd for cytochalasin 
B induced fluorescence quenching with app Ki values of 112 
f 9.8 and 28 f 2.1 mM, respectively (Figure 4). These app 
Ki parameters are indistinguishable from Kh for D-glucose, 
maltose, and ethylidene glucose induced fluorescence 
quenching (Table I) and agree with the study of Sogin and 
Hinkle (1980) where the app Ki values for D-glucose and 
maltose inhibition of [3H]cytochala~in B binding to purified 
band 4.5 were 43 and 120 mM, respectively. Similarly, Gorga 
and Lienhard (1 98 1) report app Ki values for D-glucose and 
ethylidene glucose inhibition of cytochalasin B binding to 
stripped ghost membranes of 59 and 26 mM, respectively. 
These findings suggest strongly that the high Kd site (Kh)  
detected in sugar-induced fluorescence quenching measure- 
ments is analogous to the native, endofacial site of competition 
between D-glucose and cytochalasin B for binding to the 
transport system (Krupka & Deves, 1981; Gorga & Lienhard, 
1981) and the high K ,  site for sugar efflux in red cells 
(Widdas, 1980). Phloretin is a competitive and noncompetitive 
inhibitor of sugar influx and efflux, respectively, in human red 
cells (Krupka & Deves, 1981), indicating that it reacts with 
the external orientation of the sugar transport molecule. 
Phloretin also induces quenching of stripped membrane 
fluorescence (Figure 4). Two saturable components of 
quenching are detected in Eadie/Scatchard plots-one with 
an app Kd of 0.1 p M  and a second with an app Kd of 1 FM. 
D-Glucose, maltose, and ethylidene glucose increase the high 
app Kd for phloretin-induced fluorescence quenching with app 
K ,  values of 1.26 f 0.3, 2.8 f 0.4, and 0.72 f 0.04 mM, 
respectively. The low app Kd for quenching is unaffected by 
D-glucose (Figure 4). These data suggest strongly that the 
high app Kd phloretin binding site detected in fluorescence 
quenching studies is associated with the sugar transporter and 
that the high-affinity sugar binding site, K, ,  is associated with 
the external orientation of the sugar transport molecule. 

ATP and a variety of other nucleotides also induce 
fluorescence quenching of stripped membranes (Figure 5 ) .  
Quenching is normally completed within 20 s. ATP modifies 
the ability of D-glucose to induce fluorescence quenching of 
stripped membranes; 0.5 m M  ATP decreases ( K , )  1.96-fold 
to 0.68 f 0.04 m M  and increases (Kh) 1.91-fold to 74.5 f 5.8 
m M  (n = 4; see Figure 6). This effect on sugar-induced 
quenching is reversed by washing membranes in ATP-free Tris 
medium. 

Fluorescence quenching dose responses to sugars and cy- 
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FIGURE 5: Effects of adenosine nucleotides on fluorescence of stripped 
ghosts. (A) Effects of ATP (0), AMP (A), ADP (A), the nonme- 
tabolizable ATP analogue AMP-PCP (W), the metabolizable ATP 
analogue AMP-CPP ( O ) ,  and Ap4A (0) on stripped ghost fluores- 
cence. Ordinate, percent quenching; abscissa, nucleotide concentration 
(mM). The curves drawn through the ATP and AMP/ADP data 
each correspond to a section of a single rectangular hyperbola with 
app Kd values of 20 and 67 pM and maximum quenching of 3.9% 
and 1.4%, respectively. The curves drawn through the remaining data 
points are of no theoretical significance. (B) Effects of ATP (0.5 mM) 
on fluorescence quenching of stripped ghosts by D-glucose. Ordinate, 
decrease in emission/ [~-glucose]; abscissa, decrease in emission. 
D-Glucose data are shown in the absence (0) and presence (0) of 
0.5 mM ATP. The method of successive approximation gives K, and 
K2 parameters for D-glucose binding of 1.33  f 0.08 mM and 39 f 
3 mM, respectively, in the absence of ATP and 0.68 0.04 mM and 
74.5 f 5.8 mM in the presence of ATP. 

tochalasin B were not significantly affected by the anion 
transport inhibitors DIDS and SITS (5 pM) or by the (Na, 
K)-ATPase inhibitor ouabain (10 pM; Table 11). Ouabain 
did, however, cause a 1.5-fold increase in the app Kd for 
ATP-induced quenching of stripped ghosts. At this point, it 
is uncertain whether this reflects a direct action on the Na  
pump or the ability of ouabain to interact with the transporter 
[ouabain has been shown to mimic the action of ATP depletion 
on sugar transport in muscle and other tissues; see, for example, 
Baker & Carruthers (1983)l. The anion transport inhibitors 
induce fluorescence quenching of stripped membranes although 
the effects of both inhibitors are indistinguishable. Two 
components of quenching are detected, one with an app Kd 
of 17.4 f 1.6 pM and maximum quenching (Q,) of 12.3 f 
1.1% and a second with an app Kd of 0.86 f 0.8 pM and a 
Q, of 3.6 f 0.2%. 

Effect of Nucleotides on Sugar Transport in Inside-Out 
Red Cell Vesicles and Red Cell Ghosts. Two types of red cell 
preparations have been employed in this study-the red cell 
ghost and the inside-out vesicle (IOV). The reasons for 

300 GHOSTSIIOVSIATP INTACT CELLS 30 

GHOSTS IOVS 

IOVStATP 

ot  U d m  o n 0 1 ,  
FIGURE 6: Effects of ATP on K, and V,,, for D-glucose transport 
in red cell ghosts and inside-out vesicles (IOVs). Ordinate, K, (mM) 
and V,,, [mmol (L of cell water)-’ min-’1. Three types of flux 
determinations were made: (A) measurements of K ,  and V,,, for 
sugar efflux into sugar-free medium (zero-trans efflux); (B) mea- 
surements of K, for sugar efflux into saturating glucose medium and 
V,,, for entry into sugar-free cells (infinite-cis entry); (C) mea- 
surements of K, for influx into cells containing saturating levels of 
D-glucose and V,, for exit into sugar-free medium (infinite-cis exit). 
These experiments are indicated above the bar graphs. Intact red 
cell data were obtained from literature values (Naftalin & Holman, 
1977). Two sets of ghosts data are presented-control data and data 
from ghosts formed containing 4 mM ATP. Two sets of IOV data 
are also presented-control IOVs and IOVs preincubated and injected 
into assay media containing 1 mM ATP. IOV V,,, data have been 
“adjusted” for the 3-fold greater surface area of 1 L of IOVs (see 
Results). Ghost + ATP and IOV + ATP have been combined (see 
upper right panel) by assuming that “adjusted” efflux from IOVs is 
equivalent to influx in ghosts. Data are presented as mean f SE. 
Number of experiments per condition, six or more. Temperature, 
20 OC. 

working with IOVs are 2-fold. (1) It is possible to expose the 
normally endofacial surface of the plasma membrane to pre- 
defined media which, during the course of an experiment, 
remain essentially unchanged. (2) Zero-trans influx mea- 
surements in red cells (influx into cells lacking sugar) are 
technically more difficult than the corresponding efflux pro- 
cedure (efflux into sugar-free medium). Thus, an estimate 
of the zero-trans influx parameters may be obtained more 
readily from zero-trans efflux measurements made with IOVs. 
The average IOV diameter was determined by electron mi- 
croscopy to be 2.5 pM. IOV size was not affected significantly 
by ATP. Assuming IOVs are spherical, this means that the 
surface area of that number of IOVs containing 1 L of in- 
travesicular water is approximately 3-fold greater than the area 
of RBCs containing 1 L of water (1013 cells). As the V,,, for 
transport is expressed as moles of sugar per liter of cell water 
per unit time, this means that estimates of the V,,, for 
transport in IOVs will be 3-fold greater than the V,, in ghosts 
under identical experimental conditions. This was found ex- 
perimentally, and all V,,, data in IOVs have been “adjusted” 
for this area factor to facilitate comparison of V,,, data be- 
tween ghosts and IOVs. 

It has previously been established that ATP reduced both 
K ,  and V,,, for zero-trans efflux from IOVs (Carruthers, 
1986). ATP was half-maximally effective at 50 pM and could 
not be substituted for by AMP, ADP, AMP-CPP, or AMP- 
PCP. Figure 6 summarizes a large number of zero-trans efflux 
and infinite-cis determinations made by using both ghosts and 
IOVs. The infinite-cis entry procedure provides estimates of 
V,,, for net entry and K ,  for exit (into saturating glucose 
medium), and the infinite-cis exit procedure measures V,,, 
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1983a; Carruthers, 1986; also see this study). The net effect 
is symmetry in Michaelis and velocity constants for sugar 
transport. On the basis of the general concensus that the K ,  
for entry increases in ghosts, the gated pore model of Naftalin 
and Holman (1977) must be rejected. 

This present study confirms and extends the earlier obser- 
vations by demonstrating that although protein-mediated 
D-glucose transport in substantially hemoglobin-free red cell 
ghosts and IOVs is symmetric with respect to K, and V,,, 
parameters, asymmetry can be restored upon exposure of the 
normally endofacial surface of the plasma membrane to ATP. 
This is consistent with the finding that ATP reduced K ,  and 
V,, for sugar efflux from IOVs (Carruthers, 1986). Jacquez 
(1983) has shown that ATP depletion of red cells by exposure 
to A 23187 and Ca2+ or to metabolic inhibitors reduces the 
V,,, for sugar uptake at 5 "C. Moreover, V,,, was restored 
upon forming ATP-containing ghosts from depleted cells. 
However, Jacquez did not find that K ,  and V,,, increased 
upon ghost formation. The reasons for these discrepancies 
remain uncertain but may be related to the different tem- 
peratures employed in transport determinations [the kinetics 
of red cell sugar transport show a marked sensitivity to al- 
terations in temperature; see Naftalin & Holman (1977)l. 

A number of fundamental observations must be reconciled 
by any model for human red cell hexose transfer. In intact 
cells, these are the following: (1) the asymmetry of zero-trans 
net sugar influx and efflux; (2) the existence of two operational 
efflux sites ( K ,  for unidirectional efflux into medium con- 
taining saturating levels of D-glucose = 2.8 mM; K ,  for exit 
into sugar-free medium = 28 mM); (3) the high V,,, for 
unidirectional equilibrium exchange sugar fluxes ([~-glucoseJ 
= [~-glucose,]); (4) apparent one-site transport kinetics in 
which only one molecule of substrate may be bound to the 
transporter at any point in time (Krupka & Deves, 1981; 
Gorga & Lienhard, 1981). In ghosts and IOVs, these are the 
following: (5) the loss of asymmetry in net fluxes ( K ,  for both 
influx and efflux = 10 mM); (6) the loss of two operational 
transport sites at  the cytoplasmic surface of the membrane; 
(7) the presence of low and high app Kd substrate binding sites 
(K, and Khr respectively) detected in fluorescence quenching 
studies; (8) the ability of ATP to restore the anomolous 
asymmetric kinetics of sugar transport in ghosts and IOVs 
(Carruthers, 1986; see also here). 

A critical starting point for any model relates to the question 
of whether the ternary complex of carrier-intracellular sug- 
ar-extracellular sugar (the two-site carrier) exists or whether 
the occupation of a substrate binding site by sugar excludes 
the possibility of occupation of a second site by substrate (the 
one-site carrier). 

The sugar-induced fluorescence quenching data of this study 
may be used to determine whether two sugar binding sites exist 
simultaneously in stripped membrane preparations or whether 
occupancy of these sites by substrate is mutually exclusive (Le., 
only one site can be occupied at  any point in time). The 
one-site model may be simply described by the scheme shown 
in Figure 7A where X is unoccupied carrier, Go is external 
sugar, Gi is internal sugar, and aq and Pq represent quenching 
produced by the XGi and XG, complexes. For a nontrans- 
ported sugar (e.g., ethylidene glucose or maltose), sugar-in- 
duced quenching, q, is described by 

for exit and K ,  for entry. In some experiments, ATP was 
incorporated into ghosts at 4 mM and transport determinations 
with IOVs were made in solutions containing 1 mM ATP. 
Also included in this figure are intact red cell data [for a 
review, see Naftalin & Holman (1977)l. The major findings 
are as follows: (1) Asymmetry in V,,, and k, parameters 
for zero-trans fluxes is lost in ghosts. Moreover, the two 
operational K ,  parameters for efflux from intact cells are no 
longer detected. (2) Incorporation of ATP into ghosts restores 
not only the asymmetry in V,,, parameters for zero-trans 
fluxes but also the two operational K,  parameters charac- 
teristic of transport in intact cells. (3) K ,  and the adjusted 
V ,  for zero-trans efflux from IOVs are indistinguishable from 
K, and V,,, from both zero-trans influx and efflux in ATP- 
free ghosts. The K ,  for influx into IOVs containing 60 mM 
sugar is identical with the K ,  for both infinite-cis entry and 
exit in ghosts. (4) ATP reduces both K ,  and V,,, for zero- 
trans efflux from IOVs and reduces K ,  for infinite-cis exit. 
Assuming that an influx procedure made with ghosts is 
analogous to an efflux procedure made with IOVs, these results 
demonstrate that ATP essentially restores the properties of 
intact cells to both ghosts and IOVs. 

ATP reduces the K ,  for D-glucose exit from IOVs within 
5 min of exposure of IOVs to the nucleotide. Effects on V,,, 
require preincubation of IOVs in ATP for up to 10-15 min. 
The effects of ATP on the K ,  for D-glucose efflux from IOVs 
are reversed by one wash of ATP-treated IOVs in ATP-free 
medium, but the reduced V,,, for sugar efflux remains de- 
pressed following this treatment (D. N. Hebert and A. Car- 
ruthers, unpublished observations). 

DISCUSSION 
Human red cell sugar transport is believed to be mediated 

via a 55-kDa integral membrane glycoprotein (band 4.5 pro- 
tein; Kasahara & Hinkle, 1977; Baldwin et al., 1979; Pessin 
et al., 1984; Mueckler et al., 1985). This study demonstrates 
that the substrate-induced quenching of purified band 4.5 
protein tryptophan fluorescence [i.e., quenching by sugars, 
cytochalasin B, phloretin, and ATP; see Carruthers (1 986)] 
is also quantitatively reproduced in studies with red cell 
membranes lacking peripheral proteins. These findings add 
additional support to the view that a component of band 4.5 
protein is the red cell sugar transport protein. These studies 
are also interesting for they indicate that one possible source 
of anomaly in red cell sugar transport kinetics [for a review, 
see Naftalin & Holman (1977)l could derive from the in- 
teraction of the transporter with ATP. 

Naftalin and Holman (1977) and Widdas (1980) summa- 
rize the basic features of human erythrocyte hexose transfer. 
These are asymmetry in Michaelis and velocity constants for 
net efflux and influx, high K ,  for zero-trans sugar efflux 
(efflux into sugar-free medium) but low K ,  for infinite-trans 
exit (efflux into saturating levels of sugar), and high V,, and 
K, for equilibrium exchange sugar fluxes ([~-glucoseJ = 
[D-glUCOSe,]). The gated-pore model of Naftalin and Holman 
(1977) accounts for these features but predicts that removal 
of intracellular hemoglobin results in a reduced K ,  for zero- 
trans exit, little change in the K, for zero-trans entry, and an 
increased V,,, for entry. Upon removal of hemoglobin (and 
other cellular contents) by forming ghosts, the K ,  for pro- 
tein-mediated zero-trans exit falls (Carruthers & Melchior, 
1983a; also see this study), the K,  for zero-trans entry in- 
creases (Jung et al., 1971; Taverna & Langdon, 1973; Car- 
ruthers & Melchior, 1983a; Carruthers, 1986; also see this 
study), and the V,,, for sugar entry increases (Jung et al., 
1971; Taverna & Langdon, 1973; Carruthers & Melchior, 

(1) 
Q m [ S l ( a  + P K A / K B )  

KA(l  + + 4 =  

where Q, is the maximal theoretical quenching and S replaces 
Gi and Go (the stripped membranes are freely permeable to 
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predicted with no indication of two-component kinetics. With 
the two-site model, when a = p = y (Le., quenching produced 
by formation of XG,, XGi, and XG,Gi is identical), a single 
straight line is predicted. When y > a = 0 (i.e., quenching 
resulting from the formation of XG,Gi > XG, = XGJ, two- 
component Hofstee plots are produced. Provided that multiple 
sugar binding enzymes are not responsible for the stripped 
membrane results, these considerations permit us to reject the 
one-site model for substrate binding to the transporter. As 
these results have also been obtained by using purified sugar 
transporter in which the number of cytochalasin B binding 
proteins (Le., proteins with the high app Kd binding site) 
comprised more than 80% of the total protein present and the 
number of phloretin binding proteins (Le., proteins containing 
the low app Kd binding site) also comprised more than 80% 
of the total protein present [band 4.5 protein; see Carruthers 
(1986)], it is not unreasonable to conclude that rejection of 
the one-site model is justified. 

Two previous studies have examined this question by two 
methods. Krupka and Deves (1981) modeled inhibitions of 
simple one-site and two site carrier systems produced by 
competitive inhibitors of transport that bind to either intra- 
or extracellular sugar binding sites. They concluded that their 
experimental data were consistent with the one-site model only 
(Le., the ternary complex did not exist). However, they point 
out that should a trans-inhibitor fail to impede the binding 
of substrate to its cis binding site and should the ternary 
complex of transporter-cis and trans-inhibitor fail to be found, 
then their conclusions would be invalidated. These results 
would be in keeping with the ability of cytochalasin B to act 
as a competitive inhibitor of sugar exit and a noncompetitive 
inhibitor of entry and phloretin to act as a competitive inhibitor 
of entry but a noncompetitive inhibitor of exit (Krupka & 
Deves, 1981). This present study suggests that substrate oc- 
cupation of a trans site in a two-site system is unaffected by 
occupancy of the cis site by inhibitor. Sogin and Hinkle (1980) 
have shown that phloretin inhibits cytochalasin B binding to 
purified transporter, indicating that the ternary complex of 
transporter-cis and trans-inhibitor is not found. The arbitrary 
restrictions that are necessary to reject the conclusions of 
Krupka and Deves (198 1) are, therefore, observed experi- 
mentally, and we must conclude that their study does not 
exclude the two-site model. 

Gorga and Lienhard (198 1) employed a different approach 
to this problem. They monitored cytochalasin B binding to 
stripped ghost membranes in the presence of sugars that bind 
preferentially either to internal or to external substrate binding 
sites. They concluded that the ternary complex (transport- 
er-cis and trans-sugar) is not found and that the two-site 
model must be rejected. However, their conclusions were based 
in part upon the assumption that the nontransported glucose 
analogue ethylidene glucose reacted solely with the external 
sugar binding site. The app Ki for ethylidene glucose inhibition 
of cytochalasin B binding to transporter was 26 mM-a value 
very close to that observed in this study (28 mM). They 
concluded that occupancy of the influx site by ethylidene 
glucose blocks occupancy of the internal (efflux) site by cy- 
tochalasin B. It is shown in this study, however, that ethylidene 
glucose reacts with the internal site with an app Kd of 28 mM 
and with the external site with an app Kd of 1.1 mM. Their 
findings are, therefore, also consistent with the view that oc- 
cupancy of the external site has no effect on cytochalasin B 
binding to the internal site and that the observed competitive 
inhibition of cytochalasin B binding by ethylidene glucose is 
mediated via competition for binding solely at the internal site. 

ONE-SITE MODEL 

X G i A  G i + X + G o & - X G o  

i aq 
V 

K A = ~  

a = l  
Kg.30 

TWO-SITE MODEL 

QUENCHING 
FIGURE 7: One- and two-site models for sugar-induced quenching 
of transporter fluorescence. (A) The one-site model. For non- 
transported sugars (e.g., maltose and ethylidene glucose), internal 
sugar and external sugar compete for occupation of the sugar binding 
site. The occupation of X by Gi excludes occupation by Go and vice 
versa. Quenching by Go = aq[XG0], and quenching by Gi = j3q[XGi]. 
The equation describing this kinetic scheme is given in the text (see 
Discussion). KA, KB, and (Y values of 1, 30, and 1, respectively, were 
inserted (q is an arbitrary, fixed value), and 0 was varied. A series 
of parallel lines is predicted for Eadie/Scatchard plots. (B) The 
two-site model. With this scheme, the transporter X can be occupied 
simultaneously by Go and Gi. Quenching is given by aq[XG0] + 
@q[XGi] + yq[XGiG0]. The equation describing this kinetic scheme 
is given in the text (see Discussion). KA, KB, (Y, j3, and 8 values of 
1, 30, 1, 1, and 1 were inserted, and y was varied. When (Y = 0 = 
y, a single straight line is predicted for Eadie/Hofstee plots of 
quenching data. When y > 1, two-component quenching kinetics are 
observed. Similarly, if y = 1 and 8 > 1, two-component quenching 
kinetics are observed (not shown). The experimental data cannot be 
used in their current form to distinguish between two identical sites 
with strong negative cooperativity (y = 1, 8 > 1, KA = KB) or two 
noninteracting, different sites (y > 1, 6 = 1, KA < KB) .  

sugar; therefore, both sides of the membrane are exposed to 
sugar simultaneously). 

With the two-site model, the scheme shown in Figure 7B 
applies. For a nontransported sugar, quenching is described 
by 

Figure 7 illustrates the predictions of both one-site and 
two-site models. K A  and KB values of 1 and 30 mM were 
substituted into these equations, and the parameters j3 and y 
of eq 1 and 2, respectively, were varied. The one-site model 
is dominated by K A ,  and, even if B is increased (j3 > a; i.e., 
quenching produced by XGi is greater than that produced by 
XG,), a series of parallel lines in Eadie/Scatchard plots is 
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Table 111: Predictions of Modulated Two-Site Random Carrier Model 
observed predicted 

intact cells ghosts 2 nM ATP 0 ATP 

KlnO VIb Km' v m b  Km" Vmb Kma v m b  

zero-trans entry 1.6 36 10 185 4 40 10 200 
zero-trans exit 25 190 10 194 20 200 10 200 
infinite-cis entry 2.8 40 11 191 4.4 50 12 200 
infinite-cis exit 1.8 185 11 198 1.6 200 12 200 
equilibrium exchange 31 310 9 300 18 300 

12c 36OC 21d 300d 

'In millimolar. millimoles per liter of cell water per minute. cData taken from Weiser et al. (1983) for freshly drawn red cells. dData taken 
from Weiser et al. (1983) for red cells stored in the cold for 8 weeks. The predicted values were calculated from the relationship influx 

- kl [Go1 + ~ Z [ A T P ]  [Go1 +  GO] [G11 + k6[ATP] [Go] [Gil 
KA PKNKA ~ K A K B  PY~KNKAKB v,= 

[Go1 [Gil [ATPI + [GiI[Gol + [ATPl[GJ + [ATPI[Gol + [ATPl[GiI[Gol 
1 + - + - + -  - 

KA KB KN ~ K A K B  YKBKN PKNKA PY~KNKAKB 
where the various translocation and dissociation constants are illustrated in Figure 8. Efflux is obtained by interchanging k ,  - k,, k ,  - k4 and, in 
terms lacking [Gi], [Go] - [C,], KA - KB, and @ - y in the numerator. The values employed as a first approximation were k ,  = k,  = k4 = 200, 
k5 = k6 = 300, and k2 = 40 mmol (L of cell water)-' min-I. KA = KB = 10 mM, and a = 1, /3 = 0.4, y = 2, and 6 = 0.25. For a passive transfer 
svstem in the absence of ATP. K,/K, = k , / k , .  and in the presence of ATP, BKa/yKR = k, /ka .  

This is consistent with the results reported here indicating that 
ethylidene glucose competitively inhibits cytochalasin B binding 
to stripped membranes with an app K ,  close to the high app 
Kd for binding to transporter. The low app Kd for ethylidene 
glucose binding was unaffected by the presence of cytochalasin 
B. This current study, therefore, supports the view that the 
ternary complex of transporter-external sugar-cytochalasin 
B is found and that cytochalasin B binding is unaffected by 
the occupancy of the external substrate binding site by sugar. 
These considerations permit the development of a two-site 
model for human red cell transport. 

The proposed model incorporates the minimum number of 
steps necessary to predict the properties of red cell sugar 
transport and has the following features (see Figure 8). (1) 
In the absence of ATP, the transporter exists in four forms-X, 
G,.X, X.G,, and G,.X.G, where X is transporter and Go and 
GI refer to external and internal sugar, respectively. (2) In 
the absence of ATP, Go and GI interact with the binary com- 
plexes of X-GI and Go-X noncooperatively. (3) The ternary 
complex G,.X-G, undergoes reaction to form products more 
rapidly than G,.X and X-GI which are only partly reactive. 
(4) In the presence of ATP, four additional forms of carrier 
exist-XaATP, XqATP-G,, G,.X.ATP, and G,.X.ATP.G,. No 
assumptions are made regarding the mechanism of ATP ac- 
tion. ATP may modify sugar transport via allosteric inter- 
action with the transporter or via y-phosphoryl transfer to 
site(s) on the transporter [e.g., see Witters et al. (1986)l or 
to other proteins that interact with the transporter. ( 5 )  ATP 
has a negative cooperative effect on GI binding to X, a positive 
cooperative effect on Go binding to X, and a positive coop- 
erative effect on Go and G, binding to the ternary complexes 
XsATPaG, and GJATP-X, respectively. (6) The ternary 
complex G,.X.ATP is less reactive than its ATP-free count- 
erpart (G,-X), is less reactive than X.ATP.G, (which has equal 
reactivity to XsG,), and, as with the nucleotide-free ternary 
complex, G,.X.G,, G,-X.ATP.G, is more reactive than Go. 
XsATP and X-ATP-GI. This is a complex kinetic scheme 
which, if analyzed without making the rapid equilibrium as- 
sumption, would be of the hybrid ping-pong random type 
(Segel, 1975) including a central random Bi-Bi segment (to 
account for exchange fluxes) and two ordered Uni-Uni seg- 
ments (to account for zero-trans fluxes). Moreover, the model 
would require additional steps resulting from the transporter's 
reaction with ATP. For this reason, a first approximation of 

X G o '  

-+L 
HGURE 8: Model for ATP control of sugar transport in red cells. The 
carrier X can combine with Go, G,, and ATP to form the various 
complexes shown. Sugar binding sites for Go and G, exist simulta- 
neously. The rate-limiting steps for efflux, influx, and exchange fluxes 
(translocation) are given rate constants k3 and k4, k l  and kZ, and k5 
and k,, respectively. The reaction with ATP (X + ATP - XsATP) 
should not be interpreted literally. It is not currently known whether 
ATP modifies the transporter's properties via allosteric or covalent 
(phosphorylation) mechanisms. 

the model's properties has been produced assuming rapid 
equilibrium kinetics (Figure 8) in which only catalytic 
(translocation) steps are rate limiting. Note, however, that 
in order to account for the wide differences between the app 
Kd parameters for sugar binding to transporter and the K ,  
parameters for transport, significant segments of the reaction 
must not be of the rapid equilibrium type, hence, this analysis 
of the model is not complete. Table I11 summarizes the 
predicted kinetic parameters of sugar transport in the presence 
and absence of ATP and those observed in intact cells and 
ghosts. 

The model predicts symmetry in zero-trans Michaelis and 
velocity parameters in ghosts and asymmetry in zero-trans 
kinetics in the presence of ATP and the presence of two op- 
erational Michaelis parameters for sugar efflux in the presence 
of ATP (zero-trans efflux K, > infinite-trans exit K,). The 
major discrepancy between predicted and experimental be- 
havior arises in the equilibrium exchange procedure where the 
model predicts a K, for D-glucose exchange of about 9 mM 
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in the presence of ATP and 18 mM in the absence of ATP. 
The accepted value for exchange D-glucose transport in intact 
red cells is 30 mM [see Naftalin & Holman (1977)]. Re- 
cently, however, Weiser et al. (1983) reported that the K,,, for 
exchange D-ghcoSe transport in freshly drawn intact red cells 
at 20 OC is 12 mM and for exchange transport in 8-week 
cold-stored blood is 21 mM. These values are not very dif- 
ferent from those predicted for the two-site transporter 
(&ATP) and provide corroborative (but not direct) support 
for the model. Any effects of ATP on transport would, ac- 
cording to the model, be amplified in the exchange condition. 
The ATP-sensitive two-site model is, therefore, the simplest 
model that accounts for and mimics quantitatively most of the 
observed red cell and red cell ghost transport data, although 
this, in itself, does not discount the possibility that other, more 
complex models could also mimic the behavior of the transport 
system. 

CONCLUSIONS 
Sugar transport in human red cells is modulated by ATP. 

The molecular mechanism of ATP action remains to be de- 
fined, but the net effect of the nucleotide is to alter the ap- 
parent kinetics of substrate binding to the transport protein. 
Two substrate binding sites have been detected in fluorescence 
quenching experiments-one with high affinity for transported 
and nontransported sugars and the other with low affinity. 
These sites correspond in all probability to the influx and efflux 
sites on the transporter and substantially confirm the view that 
the sugar transport system is intrinsically asymmetric with 
respect to substrate binding constants (Wheeler & Hinkle, 
1985). Occupation of these sites by substrate is not mutually 
exclusive. The available evidence supports the view that 
transport in ATP-free ghosts and inside-out vesicles is sym- 
metric. This apparent contradiction (asymmetry vs. symmetry) 
is easily reconciled if the transport system is not of the rapid 
equilibrium type; i.e., asymmetric binding constants are com- 
pensated by asymmetric translocation constants resulting in 
apparent symmetry of transport. Addition of ATP to ghosts 
restores transport asymmetry and the two operational sugar 
transport sites at the interior of the cell. Moreover, the 
asymmetry in substrate binding constants detected in 
fluorescence quenching studies is further exaggerated by ATP. 
A model is proposed that can account for most of the features 
of red cell sugar transport. This model assumes two sugar 
binding sites can exist simultaneously and that ATP modifies 
both the substrate affinities and catalytic reactivities of the 
various transporter-substrate complexes. 

While red cell sugar transport is not considered to be reg- 
ulated in a classical sense, these findings may be of some 
significance to transport in muscle. Sugar transport in skeletal 
muscle is stimulated by insulin, metabolic depletion, and 
contractile activity [see Carruthers (1984)l. Insulin appears 
to stimulate transport via a recruitment mechanism similar 
to that found in adipose (Wardzala & Jeanrenaud, 1983; 
Cushman & Wardzala, 1980; Suzuki & Kono, 1980; Kono 
et al., 198 1). In adipose tissue, insulin-stimulated carrier 
recruitment is an energy-dependent phenomenon (Kono et al., 
198 1). It seems unlikely, therefore, that metabolic depletion 
stimulates sarcolemmal sugar transport via a recruitment-type 
mechanism. It is possible, however, that as with the red cell, 
ATP interacts directly with plasmalemma1 transporters to alter 
their intrinsic activity. The studies of Baker and Carruthers 
(1981a,b, 1983, 1984) and Simons (1983a,b) are consistent 
with this view and substantially support the hypothesis of 
Randle and Smith (1958) that membrane sugar transport is 
controlled by the phospho content of the transport molecule 
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