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A Rapid Method of Reconstituting Human Erythrocyte Sugar Transport 
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A. Carruthers* and D. L. Melchior* 

ABSTRACT: A rapid reconstitution procedure for human 
erythrocyte hexose transfer activity is described. The proce- 
dure (reverse-phase evaporation) avoids exposure of the iso- 
lated proteins to detergent, organic solvent, sonication, or 
freeze-thaw steps during insertion into synthetic membranes 
and may be effected within 15 min. The so-formed vesicles 
are unilamellar structures with a large encapsulated volume, 
narrow size range, and low passive permeabilities. Contam- 
ination by carry-through of endogenous (red cell) lipids is less 
than 1%. Reconstituted hexose transfer activity was examined 
by using unfractionated proteins (bands 3, 4.5, and 6) and 

%e sugar transport proteins of the human erythrocyte 
membrane have been reconstituted into synthetic membranes 
by a variety of means. These methods include reconstitution 
by detergent dialysis (Goldin & Rhoden, 1978), reconstitution 
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purified proteins (bands 4.5 and 3). With unfractionated 
proteins, hexose transport activity is low [0.34 pmol.(mg of 
protein)-'.min-l], is inhibited by cytochalasin B, and increases 
monotonically with protein concentration. Kinetic analysis 
indicates that V,,, values for both influx and efflux of D- 
glucose are identical. Reconstitution of the cytochalasin B 
binding protein (band 4.5) results in hexose transport with high 
specific activity [5 pmol.(mg of protein)-'min-'] and symmetry 
in transfer kinetics. Band 3 proteins also appear to mediate 
cytochalasin B sensitive D-glucose transport activity. 

by insertion into planar black lipid membranes (Jones & 
Nickson, 1978), or reconstitution by a freeze-thaw, sonication 
procedure (Kasahara & Hinkle, 1977; Wheeler & Hinkle, 
1981). Here we report a rapid reconstitution procedure that 
obviates the need for exposing proteins to detergent, organic 
solvent, sonication, or freezethaw cycles during insertion into 
synthetic membranes (reverse-phase evaporation; Szoka & 
Paphadjopoulos, 1980; Diizgunes et al., 1983). The vesicles 
formed by this procedure are large unilamellar structures of 
a narrow size range, with hexose transfer characteristics similar 
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of Wheeler & Hinkle (1981) then proceeded unmodified. 
With the reverse-phase evaporation procedure, 1.5 mL of 

diethyl ether was added to the lipids, followed by 0.25 mL of 
buffer (25 mM NaCl, 5 mM Tris-HC1,0.2 mM EDTA, pH 
7.5). This mixture was sonicated in a bath sonicator for 2 min, 
forming a visually homogeneous suspension. The ether was 
removed completely by rotary evaporation, resulting in a lipidic 
gel. Large unilamellar vesicles may then be formed by dis- 
persion of the gel in buffer (Szoka & Paphadjopoulos, 1980; 
Carruthers & Melchior, 1983b). Membrane protein recon- 
stitution was effected by inclusion of the protein in the buffer 
(25 mM NaC1,5 mM Tris-HC1,0.2 mM EDTA, pH 7.5) used 
to disperse the gel. The size of these large unilamellar vesicles 
was determined, by negative-stain electron microscopy, to be 
0.12 f 0.02 pm. This size range is close to that of vesicles 
formed by the method of Kasahara & Hinkle (1977). This 
vesicle size is, however, somewhat lower than that of vesicles 
formed by reverse-phase evaporation in the absence of protein 
(0.2 hm; Duzgunes et al., 1983). The calculated Triton X- 
100:lipid molar ratio of vesicles formed by both procedures 
was always less than 1:1200. Vesicles formed by both pro- 
cedures were packed by centrifugation at 20000g for 15 min. 

Hexose Transfer Determinations. D-Glucose uptake and 
efflux in the reconstituted systems were measured either by 
use of radiolabeled D-glucose or by the turbidimetric method 
(Lefevre, 1948; Sen & Widdas, 1962; Masaik & LeFevre, 
1977; Carruthers & Melchior, 1983a,b). Sugar efflux was 
measured under zero-trans conditions (external sugar absent) 
and influx under infinite-cis conditions (external concentration 
of sugar saturating). The initial rate of D-glucose flux was 
obtained by regression analysis of the initially linear segment 
of the time course data. 

With radiolabeled sugar efflux experiments, vesicles were 
loaded with 30 mM ~-[U-'~C]glucose by incubation at  4 OC 
for 12 h. At this time the calculated intravesicular glucose 
concentration is 33.4 f 0.2 mM (DGlui/DGlu, = 1.1 f 0.01). 
Washed, packed vesicles ( 5  pL) were placed into 2-mL plastic 
tubes by using a 20-pL glass Hamilton syringe, and the efflux 
experiment was initiated by addition of 1 mL of isotope-free, 
sugar-free buffer. After the required efflux interval, fluxes 
were arrested by addition of 0.5 mL of ice-cold buffer con- 
taining 1.5 mM HgCl, [see Wheeler & Hinkle (1981)l. The 
tubes were centrifuged (2 min, Eppendorf bench centrifuge, 
5414) and the pellets washed in 1.5 mL of ice-cold buffer 
containing 500 pM HgCl,. The tip of the plastic tube was 
removed and counted. Control experiments indicated that this 
procedure reduces the extravesicular activity by more than 
99%. Influx of labeled D-glucose was measured by filtration. 
Packed vesicles (2 pL) were placed on Millipore filters (0.2-pm 
pore) by using a preset 20-pL glass syringe, and flux was 
initiated by addition of a 50-pL solution containing radiolabel. 
After 15 s the flux was arrested by rapid mixing with ice-cold 
buffer containing 1 mM HgClz followed by rapid filtration. 
Filters were then collected and counted. 

Glucose transport measurements using the turbidimetric 
method are based on the osmotic behavior of the vesicles. The 
vesicles have a water permeability some 1000-10 000-fold 
greater than protein-mediated glucose permeability and behave 
as perfect osmometers (Carruthers & Melchior, 1983b). 
Vesicles swell when D-glucose penetrates the intravesicular 
space and shrink when glucose is lost from the vesicles. As 
the vesicles act as osmometers, their size is related directly 
to intravesicular glucose concentration. The time course of 
sugar transport induced vesicle size change may be monitored 
conveniently by measuring the turbidity of the suspension of 

to those of vesicles produced by other methods (Kasahara & 
Hinkle, 1977; Goldin & Rhoden, 1978; Baldwin et al., 1981; 
Shelton & Langdon, 1983). Our findings support the views 
that more than one protein type may mediate native transport 
(Goldin & Rhoden, 1978; Jones & Nickson, 1981; Shelton 
& Langdon, 1983) and that more than one reconstitution 
procedure may be necessary to demonstrate this. 

Materials and Methods 

Preparation of Red Cell Ghosts. Human erythrocyte ghosts 
were prepared from outdated blood bank whole blood as de- 
scribed previously (Carruthers & Melchior, 1983a). 

Membrane Protein Solubilization and Purification. Red 
cell ghosts were incubated in 25 mM NaCl, 5 mM Tris-HC1,' 
0.2 mM EDTA, and 0.5% Triton X-100, pH 8, for 30 min at 
4 OC (1 mL of ghosts per 5 mL of buffer). The resulting 
suspension was centrifuged at  45000g for 30 min and the 
supernatant collected and stored on ice. This initial purifi- 
cation procedure solubilizes red cell membrane protein bands 
3,4.5, and 6 (50% of total membrane protein) and 95% of the 
lipid (Yu et al., 1973; Maddy, 1982). The pellet formed from 
the remaining proteins (bands 1,2,4.1,4.2,5, and 7 and 25% 
of total bands 3, 4.5, and 6 proteins), and lipid was washed 
once more with the same solution followed by centrifugation. 
The combined supernatants were concentrated by ultrafil- 
tration (Diaflo YMlO membranes) and stored at -70 OC. This 
protein solution is the unfractionated membrane protein 
fraction described under Results. 

Band 4.5 proteins were separated from band 3 and 6 proteins 
by application of the membrane extract to a DEAE-cellulose 
column (20 X 1.8 cm) equilibrated with 0.5% Triton X-100 
in 25 mM NaCl, 5 mM Tris-HC1, and 0.2 mM EDTA, pH 
8. The flow-through fraction contains band 4.5 protein, re- 
sidual hemoglobin, and lipid/Triton x- 100 mixed micelles 
(Kasahara & Hinkle, 1977). Band 3 and 6 proteins were 
eluted with 1 M NaCl, 5 mM Tris-HC1,0.2 mM EDTA, pH 
8, and 0.5% Triton X-100 (Kasahara & Hinkle, 1977). Band 
4.5 and 3 fractions were further concentrated by ultrafiltration. 
The band 3 fraction was dialyzed against 100 volumes of 25 
mM NaCl solution (see above) to reduce the NaCl concen- 
tration (4 OC; 14 h). Both fractions were stored at  -70 OC. 

Reconstitution of Hexose Transfer Activity. Triton X-100 
was removed from the protein fractions by addition of Bio- 
Beads SM-2, followed by gentle agitation at  4 OC for 4-14 
h [0.6 g of beads/2 mL of protein solution (10-1000 pg of 
protein/mL); Holloway, 19731. This produces a suspension 
of small unilamellar vesicles formed from residual lipid and 
protein. The Triton X-100 content of this suspension was 
reduced by more than 99.8%. The protein content of this 
nominally Triton X-100 free extract was reduced by 26%. This 
percentage seemed to be independent of the starting protein 
concentration. The Triton X-100 free protein suspension was 
used immediately for reconstitution into synthetic membranes. 

Reconstitution was effected by two different procedures- 
reverse phase evaporation (Szoka & Papahadjopoulos, 1980; 
Carruthers & Melchior, 1983b) and the method of Kasahara 
& Hinkle (1977) as modified by Wheeler & Hinkle (1981). 
With both methods, 25 mg of phospholipid in 0.25 mL of 
hexane was dried down to a thin film on the bottom of a 50-mL 
round-bottom flask under N,. The remaining organic solvent 
was removed in vacuo overnight. Reconstitution by the method 

I Abbreviations: Tris-HCI, tris(hydroxymethy1)aminomethane hy- 
drochloride; EDTA, ethylenediaminetetraacetic acid; LUVs, large uni- 
lamellar vesicles. 
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vesicles, as turbidity is inversely proportional to vesicle-en- 
capsulated volume (Bangham et al., 1965; Carruthers & 
Melchior, 1983b). Turbidity was measured on the comput- 
er-controlled digital Micro-Turbidimetric Analysis stop-flow 
system described by Carruthers & Melchior (1983a,b). The 
reconstituted system (0.5-1 p L  of packed vesicles), formed 
in NaCl buffer, was injected into 400 pL of NaCl buffer 
containing 30-50 mM D-glucose and the time course of tur- 
bidity change monitored. Efflux of glucose was monitored by 
injecting vesicles loaded with 30 mM glucose into glucose-free 
NaCl buffer. 

Analytical Procedures. Triton X-1 00 assays were performed 
according to the method of Garewal (1973) with modification 
by Lukacovic et al. (1981). Protein assays were as described 
by Lowry et al. (1951). Triton X-100 interference with the 
assay was circumvented by inclusion of 3% sodium dodecyl 
sulfate into the alkaline copper reagent (Yu & Steck, 1975). 
Polyacrylamide gel electrophoresis was carried out on 7% gels 
as described by Laemmli (1970). Phospholipid phosphorus 
assays were as described by Bartlett (1959). Lipids were 
extracted from LUVs by the method of Bligh & Dyer (1959). 
Fatty acid analysis was carried out by forming the fatty acid 
methyl esters in a 14% methanolic BF3 solution. Samples were 
run on a Varian 3700 gas chromatograph (Palo Alto, CA) with 
a 30-m SP2330 capillary column (Supelco, Bellfonte, PA); 
peaks were detected with a flame ionization detector and 
integrated on a Hewlett-Packard 1090 reporter-integrator 
(Avondale, PA). 

Determination of Kinetic Constants. Initial rate/concen- 
tration data were analyzed according to the method of Wil- 
kinson (1961). K,  and V,,, for net infinite-cis uptake and 
net zero-trans exit were obtained by integration of the time 
course of flux (Hankin et al., 1972; Carruthers & Melchior, 
1983a). 

Passiue Permeability Properties of Vesicles. The passive 
fluxes of water and D-glucose across the liposomal membrane 
were estimated as described by Carruthers & Melchior 
(1983b). Estimates of encapsulated, vesicle volume were made 
by determination of total and extravesicular water content of 
pelleted vesicles using [3H]inulin and wet and dry weight 
analysis (Carruthers & Melchior, 1983b). 

Cytochalasin B Binding. The concentration dependence of 
cytochalasin B binding to reverse-phase LUVs was determined 
by incubation of pelleted LUVs (10 pL) in 100 pL of [3H]- 
cytochalasin B-NaCI buffer a t  23 "C for 2 h. Following 
incubation, the LUVs were pelleted by centrifugation at 
90000g for 20 min, the supernatant was aspirated, and the 
pellet was dissolved in 5% Triton X-100 and counted. 

Contamination by extravesicular activity was 4.6%. D- 
Glucose-sensitive [ 3H]cytochalasin B binding was determined 
by incubation in the presence or absence of 500 mM D-glUCOSe. 
The apparent half-time for binding equilibrium was 12 min. 

Results 
Characterization of the Liposomes. The average diameter 

of the reconstituted egg lecithin vesicles formed by reverse- 
phase evaporation (Szoka & Paphadjopoulos, 1980) was de- 
termined by negative-stain electron microscopy to be 0.12 f 
0.02 pm. Both this procedure and phase-contrast light mi- 
croscopy show the vesicles to be unilamellar in structure. This 
is further supported by estimates of an encapsulated volume 
of 3.12 f 0.06 pL/pmol of lipid (n  = 6). Assuming the vesicles 
are spherical and the average area of a lipid molecule is 50 
A2 (Bangham et al., 1965), we can calculate that each vesicle 
should have an encapsulated volume of 3 pL/pmol of lipid. 
If an additional lamella of half the diameter of the liposome 
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FIGURE 1 : Concentration dependence of [3H]cytochalasin B binding 
to dimyristoyllecithin (DML) LUVs containing band 4.5 protein 
fraction. Ordinate: D-Glucose (500 mM) displaceable cytochalasin 
B binding (pmo1/700 nmol of phospholipid phosphorus). Abscissa: 
Cytochalasin B concentration (pM). The LUVs were formed by 
reverse-phase evaporation using a protein fraction 4.5:lipid ratio (by 
weight) of 0.2:40. The curve drawn through the points was obtained 
by nonlinear regression using the procedure of Wilkinson (1961). The 
derived constants are K ,  = 0.37 f 0.13 pM and maximum binding 
= 10.14 i 0.96 pmo1/700 nmol of DML. The inset shows the 
magnitude of nonspecific (D-glucose-insensitive) [ 3H]cytochalasin B 
binding; temperature, 22 OC. Each point is the mean of duplicate 
samples. 

were present within the structure, the encapsulated volume 
would be 2.4 pL/pmol of lipid. The passive permeabilities of 
these vesicles to water and D-glucose (measured in the presence 
of the sugar transport inhibitor cytochalasin B, 50 pM) are 
6 X and 1.1 X cm/s, respectively (temperature, 20 
"C; six separate determinations in each case). These values 
are in close agreement with earlier estimates in both pro- 
tein-free and protein-containing synthetic membranes 
(Bangham et al., 1965; Carruthers & Melchior, 1983b) and 
attest to the structural integrity of the liposomes. The con- 
tamination of reverse-phase LUVs by carry-through of red cell 
lipid during reconstitution was assessed by fatty acid analysis 
of extracted dimyristoyllecithin (DML) LUVs containing or 
lacking band 4.5 proteins (200 pg of protein/40 mg of DML). 
The small unilamellar vesicles formed by Triton X- 100 removal 
from band 4.5 proteins contain a variety of fatty acids ranging 
from C14 to C20. These constitute 0.76% of the total fatty 
acid content of DML LUVs containing band 4.5 proteins. 

Figure 1 shows the concentration dependence of [3H]cyto- 
chalasin B binding to these DML LUVs containing band 4.5 
proteins. Apparent binding consists of two components-a 
large, nonspecific component that persists in the presence of 
500 mM D-glucose and a smaller, saturable component 
abolished by 500 mM D-glucose. The nonspecific component 
is in part (9%) accounted for by equilibration of label with 
the intravesicular space. Assuming the remainder of the 
nonspecific binding is associated with lipid, we calculate a 
molar ratio for binding of cytochalasin B to lipid of 1:7000. 
Half-maximum binding of cytochalasin B to D-glucose-sensitive 
sites occurs at 0.37 f 0.13 pM cytochalasin B with maximum 
binding of 10.14 f 0.96 pmo1/700 nmol of lipid. Assuming 
an average molecular weight for band 4.5 protein of 5 5  000, 
the ratio of reconstituted protein to phospholipid is 70 pg/40 
mg, which is close to the starting value of 200 pg/40 mg. The 
number of band 4.5 proteins per vesicle is approximately 5. 

D-Glucose Fluxes in Egg Lecithin Liposomes Containing 
Unfractionated Proteins. D-Glucose uptake and efflux in the 
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mom 2: ~Glumsc entry and exit in the reconstituted system formed 
from unfractionated proteins by reverse-phase evawration (B, E, F) 
or by the method of Kasahara and Hinkle (A, C, D). Uptake was 
monitored by turbidimetry (A, B) and exit by both turbidimetry (D, 
E) and use of "C-labeled n-glucose (C, F). A number of turbidity 
records are shown superimposed. Radiolabeled wglumse fluxes were 
made in triplicate. All fluxes were monitored in the presence and 
absence of 50 pM cytochalasin B (CCB). Initial intravesicular o- 
glucose concentration in exit experiments was 30 mM. Uptake of 
wglumse was measured from buffer containing 30 mM sugar. The 
reconstituted systems were each formed from 25 mg of egg phos- 
phatidylcholine and 3.8 mg of protein. The temperature was 30.6 * 0.2 o c .  

reconstituted systems formed both by reverse-phase evapora- 
tion and by the procedure of Wheeler & Hinkle (1981) are 
mediated by two functional pathways: cytochalasin B sensitive 
and insensitive routes (Figure 2). These pathways correspond 
to the saturable and nonsaturable transport systems described 
previously (Goldin & Rhoden, 1978; also see below). 

Figure 3 shows the concentration dependence of the inhib- 
ition of the initial rate of o-glucose uptake by cytochalasin B 
in the reverse-phase reconstituted system. Uptake of glucose 
from solution containing 30 mM sugar was inhibited by 50% 
at 0.52 * 0.07 pM cytochalasin B. Moreover, the inhibition 
of uptake becomes saturated a t  higher cytochalasin B levels. 

Cytochalasin B inhibitable hexose transfer activity increases 
with increasing protein concentration. This was determined 
by varying the protein:lipid ratio (by weight) between 1:66 and 
1:6.6 during the reconstitution step. Over this range, D-glucose 
uptake increases monotonically with protein concentration. 
The cytochalasin B inhibitable hexose transport activity of 
these LUVs is 0.34 * 0.05 pmol-(mg of protein)-l.min-l, The 
apparent Ki for inhibition of uptake by cytochalasin B was not 
affected by increasing protein concentration. 

D-Glucose Fluxes in Egg Lecithin Liposomes Containing 
Fractionated Proteins. Band 4.5 proteins and band 3 proteins 
(band 3 contained a minor band 6 component, 10%) were 
reconstituted into bilayers by the method of reverse-phase 
evaporation and that of Wheeler & Hinkle (1981). Sugar 
efflux was monitored either by radiolabeled o-glucose or by 
turbidimetry. Figure 4 illustrates our findings. Band 4.5 

A "  

FIGURE 3: Inhibition of n-glucose uptake by cytochalasin B. The 
reconstituted system was formed from unfractionated proteins and 
egg phosphatidylcholine (3.8 mg of protein, 25 mg of lipid). Ordinate 
(0, 0): Uptake [pmol.(mg of protein)-l.min-']. Abscissa: Cyto- 
chalasin B concentration &M). Ordinate (m): K,"" for infinite-cis 
uptake (mM). The effects of cytochalasin B on the initial rate of 
uptake from 30 mM o-glum solution were monitored by turbidimetry 
and are shown by the open circles (0). Integration of the time wurse 
data (see Figure 5 )  provides estimates of K ,  (m) and V , ,  (0). Each 
point represents the mean * 1 SD of at least six separate measure- 
ments. The temperature is 30.6 * 0.2 OC. The smooth curves are 
drawn by eye. 

proteins mediate cytochalasin B sensitive &glucose fluxes when 
inserted into bilayers by either reconstitution technique. In 
keeping with earlier findings (Kasahara & Hinkle, 1977; Jones 
& Nickson, 1981). band 3 proteins are incapable of mediating 
cytochalasin B inhibitable sugar fluxes when inserted in bi- 
layers with the procedure of Kasahara & Hinkle (1977). 
However, the same protein fraction confers cytochalasin B 
sensitive glucose transport activity to vesicles formed by re- 
verse-phase evaporation. The observation is independent of 
the means of sugar flux determination (Figure 4) and was 
reproduced consistently in seven separate experiments. The 
reconstitution procedure of Wheeler & Hinkle (1981) exposes 
the proteins to freeze-thaw and sonication steps, which are 
absent in the reverse-phase reconstitution procedure. These 
steps seem not to account for the disparate behavior of the 
reconstituted systems. Sonication or rapid freezing followed 
by thawing of band 3 proteins prior to reconstitution by re- 
verse-phase evaporation is without effect on the transport 
capacity of the vesicles [control cytochalasin B sensitive initial 
influx at 30 mM external D-glucose = 0.43 * 0.05 pmol.(mg 
of protein)-'.min-l, n = 15; proteins quick-frozen and then 
thawed prior to reconstitution, flux = 0.43 * 0.06 pmol.(mg 
of protein)-'.min-l, n = 12; proteins sonicated in a bath so- 
nicator for 20 s prior to reconstitution, flux = 0.46 * 0.13 
pmol.(mg of protein)-l.min-l, n = 14; temperature, 30.6 + 0.2 
"C] . 

Figure 5 shows the concentration dependence of the initial 
rate of o-['H]glucose uptake in vesicles containing band 4.5 
protein reconstituted by reverse-phase evaporation. Uptake 
saturates at higher glucose concentrations. The relationship 
between flux and sugar concentration is well approximated 
by Michaelis-Menten kinetics with a K,"pp of 8.4 f 3.0 mM 
and V, , ,  of 5.0 * 0.6 pmol.(mg of protein)-'.min-'. This 
demonstration of saturation kinetics permits us to evaluate K, 
and V , .  values for uptake or efflux by the method of inte- 
gration of time course data (Hankin et al., 1972). Figure 5 
shows such experiments with infinite-cis uptake (50 mM ex- 
ternal o-glucose, system 86% saturated). The obtained kinetic 
parameters are Kma@ = 7.5 1.6 mM and Vmax = 6.0 f 1.1 
pmol-(mg of protein)%nin-' (n = 18). This estimated Mi- 
chaelis constant for reconstituted hexose transfer is in excellent 
agreement with measurements of the KmaPP for o-glucose 
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Table I: Kinetics of D-Glucose Transport in LUVs Formed by Reverse-Phase Evaporation 
experiment 

zero-trans exit infinite-cis uptake 
Kmb V-..c nd K-b Vm*.c nd 

unfractionated proteins 7.6 f 0.9 0.52 f 0.07 17 6.8 f 1.2 0.47 f 0.08 14 
18 band 4.5 proteins 8.4 & 1.1 6.5 f 0.9 15 7.5 f 1.6 6.0 f 1.1 

Zero-trans exit experiments were performed on LUVs loaded with 30 mM D-glucose. Infinite-cis uptake experiments were carried out 
in NaCl medium containing either 30 mM D-glucose (unfractionated proteins) or 50 mM D-glucose (band 4.5 proteins). Michaelis-Menten 
constants were obtained by integration of the time course of sugar flux monitored with turbidimetry. bmM f SE. 'pmol.(mg of protein)-'-min-' 
f SE. dnindicates the number of experiments. Temperature, 29.4 f 0.8 "C. 
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FIGURE 4: D-Glucose effluxes in the reconstituted systems formed 
by either reverse-phase evaporation (B, D, F, H )  or the method of 
Kasahara and Hinkle (A, C, E, G). Both protein band 4.5 mediated 
effluxes (A, B, C, D) and band 3 mediated effluxes (E, F, G, H) were 
monitored by either labeled D-glucose (A, B, G, H) or turbidimetry 
(C, D, E, F). Fluxes were measured in the presence (@) and absence 
(0) of 50 pM cytochalasin B (ccb). The D-glucose content of the 
vesicles prior to efflux was 30 mM. Vesicles were formed from 25 
mg of egg phosphatidylcholine and either 0.1 mg of band 4.5 protein 
or 3.5 mg of band 3 protein. The temperature was 30.6 f 0.2 "C. 

t ransport  in h u m a n  erythrocyte  white  ghosts a n d  inside-out 
vesicles (7-12 mM; Carruthers & Melchior, 1983a). In view 
of the close correspondence between initial rate and integration 
da ta ,  we  reevaluated the effects of cytochalasin B on net in- 
finite-cis uptake by integration of our da ta  records. The  results 
of this  analysis a r e  shown in Figure 3. Cytochalasin B in- 
creases the  KmaPP a n d  reduces V,,, for infinite-cis D-glucose 
uptake. T h e  zero-trans net  exit d a t a  of Figures 2 a n d  4 may 
also be analyzed by integration. Table  I summarizes  these 
results. 

Discussion 

Our initial goal was to develop a rapid reconstitution pro- 
cedure for h u m a n  erythrocyte hexose transfer tha t  produced 
large unilamellar vesicles of a narrow size range without t h e  
use of detergent. Such  a reconstituted system would b e  more 
accessible to  experimental manipulation than  those produced 

time min 
0.4 r C 

/' 
1' 

/ 
/' 

0 2 3  
si;, 

FIGURE 5: Kinetics of  g glucose uptake by the reverse-phase evap- 
oration reconstituted system containing band 4.5 proteins (25 mg of 
egg phosphatidylcholine/O. 1 mg of band 4.5 protein). (a) Concen- 
tration dependence of the initial rate of D-[U-'4C]ghCOSe uptake. 
Ordinate: Uptake [gmol.(mg of protein)-'.min-']. Abscissa: External 
D-glucose concentration (mM). Uptake is shown as that portion of 
uptake inhibited by 50 pM cytochalasin B. Each point represents 
the mean f 1 S E  of three separate paired estimates. The smooth 
curve drawn through the points corresponds to a section of a rec- 
tangular hyperbola with KmaPP = 8.4 mM and V,,, = 5 pmol.(mg 
of protein)-'.min-'. The temperature was 27.4 "C. (b) Turbidimetric 
analysis of the time course of D-glucose uptake from a solution 
containing 50 mM D-glUCOSe. Eighteen records were digitized and 
normalized (maximum absorption change was normalized). Ordinate: 
Estimated fractional equilibration with extravesicular D-glucose. 
Abscissa: Time (min). Initial absorption was estimated by extrap- 
olation of shrinkage and swelling curves to a common point (Bangham 
et al., 1965; Carruthers & Melchior, 1983b). The temperature was 
28.6 0.2 "C.  (c) Estimation of K, and V- for infinite-cis uptake 
by transformation of the data from (b) as suggested by Hankin et 
al. (1972). Such a plot has a slope of (K ,  + P + S,)/[P(P + Sa)] 
= 0.01639 and y intercept of -V-K/[P(P + So)] = -0.00763, where 
P is the osmolality of glucose-free intra- and extravesicular buffers 
(65 mOsm) and Sa is the external D-glucose concentration (50 mM). 
K,,, and V,,, are therefore 7.5 mM and 7.6 mmol.L-'.min-', respec- 
tively. 

by detergent  dialysis (Goldin & Rhoden,  1978). Moreover, 
a narrow size range  a n d  large vesicle size would permit  the  
accura te  kinetic analysis of reconstituted transport. T h e  
procedure we adopted was  reconstitution by reverse-phase 
evaporation (Szoka & Papahadjopoulos, 1980) .  Vesicles 
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3 protein fraction, employing the reconstitution procedure of 
Kasahara & Hinkle (1977). Under these conditions we also 
observed no band 3 protein mediated hexose transfer activity. 
This seems not to arise from the sonication or freeze-thaw 
steps used by Kasahara and Hinkle, for inclusion of these steps 
prior to reconstitution by reverse-phase evaporation is without 
effect on the ability of the proteins to confer activity to the 
vesicles. 

It is possible that the transfer activity supported by the band 
3 protein fraction in the reverse-phase evaporation system 
results from contamination by band 4.5 proteins. Activity in 
the band 3 system is some 5-9% of activity supported by band 
4.5. Moreover, what activity is present is inhibited by cyto- 
chalasin B-an inhibitor known to bind to band 4.5 protein 
(Baldwin et al., 1979). This would not, however, account for 
the inability of this protein fraction to support transport activity 
in membranes formed by the method of Kasahara and 
Hinkle-a method shown to support band 4.5 mediated 
transport. 

These findings may have some bearing on the controversy 
surrounding the identities of the erythrocyte hexose transfer 
proteins (Jones & Nickson, 1981). Affinity labeling studies 
have shown that band 4.5 proteins bind the potent transport 
inhibitor cytochalasin B in a sugar-sensitive fashion (Baldwin 
et al., 1979) whereas band 3 proteins bind the potent inhibitor 
maltosyl isothiocyanate (MITC) in a maltose and cytochalasin 
B sensitive manner (Mullins & Langdon, 1980). The recon- 
stitution studies of Kasahara & Hinkle (1977), however, 
identified only band 4.5 proteins as capable of confering 
transport activity (the physiological activity) to synthetic 
membranes. Our results confirm these earlier transport data 
but are also in agreement with the more recent studies of 
Shelton & Langdon (1983) showing that both protein fractions 
are capable of supporting hexose fluxes in synthetic mem- 
branes. Moreover, our data suggest that more than one re- 
constitution procedure may be necessary to determine the 
ability of a protein to express native function in synthetic 
membranes. A number of previous studies have been careful 
to point out that more than one protein may constitute the 
native transport system (Goldin & Rhoden, 1978; Jones & 
Nickson, 1978, 1981). 

Registry No. Cytochalasin B, 14930-96-2; D-glucose, 50-99-7. 
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Roles of Lipids and Proteins in the Ca2+-P04-Induced Aggregation of 
Cytoskeleton-Free Erythrocyte Vesicle Membranes? 

Kenneth S. Leonardst and Shinpei Ohki* 

ABSTRACT: The roles of lipids and proteins in Ca2+-P04-in- 
duced membrane aggregation were investigated. Cytoskele- 
ton-free vesicles derived from intact human and rabbit 
erythrocytes (HEves and REves, respectively) were employed 
as a model system. The HEves and REves have a simplified 
membrane protein composition [band 3 proteins and glyco- 
proteins PAS-l, -2, and -3 (HEves)] and normal lipid com- 
position. Optimal experimental conditions for pH, [PO,], and 
[CaCl,] were determined for quantitatively examining the 
dynamics and extent of HEves and REves aggregation, mea- 
sured turbidimetrically. The aggregation process was found 
to be quite sensitive to small changes in pH and [PO,] and 
much less sensitive to [CaCl,]. The roles of membrane proteins 
in vesicle aggregation were examined by selectively modifying 
the proteins enzymatically. The roles of lipids were studied 
by using sonicated lipid vesicles [small unilamellar vesicles 

x e  aggregation and fusion of membranes are two of the 
most basic processes in biology, being fundamentally involved 
in such phenomena as exocytosis, plasmogamy, and karyo- 
gamy. Of particular interest are the possible roles of mem- 
brane lipids and proteins in these processes. Recently, re- 
searchers have turned to the use of erythrocytes and/or 
erythrocyte ghosts as a model system for examining membrane 
aggregation and fusion. Although erythrocytes do not nor- 
mally fuse in nature, their relative simplicity, ready availability, 
and well-characterized chemical composition strongly recom- 
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(SUVs)] made from Dodge ghost lipid extracts. Enzymatic 
treatment with trypsin, chymotrypsin, or Pronase had no effect 
on either the rates or the extent of vesicle aggregation (Zmin 
incubation period). Neuraminidase treatment reduced both 
factors by approximately 20%. SUVs aggregated with 
Ca2+-P04 in a way which depended on the PO,/lipid ratio. 
Together the results suggest the following: (1) PO, is asso- 
ciated with the vesicle surface, involving the membrane lipids; 
(2) the vesicle + PO, incubation time component of the PO, 
effect is eliminated by enzymatically modifying the vesicle 
membrane proteins; (3) qualitative, rather than quantitative, 
properties of sialic acid containing molecules affect vesicle 
aggregation; and (4) with the exception of the incubation time 
effect, membrane proteins seem neither to promote nor to 
inhibit Ca2+-PO,-induced HEVeS or REves aggregation. 

mend their use. As a result, it has been demonstrated that 
various chemical agents, such as oleoylglycerol (Quirk et al., 
1978; Blow et al., 1979), lysolecithin (Lucy, 1976), calcium- 
phosphate (Zakai et al., 1976, 1977; Majumdar & Baker, 
1980), poly(ethy1ene glycol) (Ahkong et al., 1975; Knutton, 
1979a,b), and inactivated Sendi virus (Peretz et al., 1974; 
Volsky & Loyter, 1978; Knutton, 1979a,b; Lalazar & Loyter, 
1979; Sekiguchi et al., 1981), will induce the aggregation and 
fusion of erythrocyte membranes. 

These studies, however, still suffer from a number of 
problems in data interpretation, due mainly to the still large 
heterogeneity in their membrane composition, especially 
proteins, and the difficulty in distinguishing between phe- 
nomena involving cytoskeleton-membrane interactions and 
those involving the lipids and/or proteins of the membrane 
proper. To help alleviate these problems, we have developed 
a simple method for obtaining large (-0.5-1.0 Km), cytosk- 
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