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Summary 

Mixed membrane vesicles prepared from cultured chick embryo  fibroblasts 
possess a stereospecific D-glucose transport  system, the properties of  which are 
identical to those of  the system in intact cells. Uptake of  D-glucose proceeds 
wi thout  chemical alteration. The rate of  stereospecific uptake of  D-glucose into 
the mixed vesicles is 70% greater than that  of  the homogenate  and uptake is 
directly proport ional  to membrane protein concentration. Stereospecific 
D-glucose uptake appears linear for 0.3 min, reaches a maximum at 2--5 min, 
and declines to zero by  5 h as L-glucose enters the vesicles. Uptake is osmoti- 
cally sensitive and inhibited by  cytochalasin B (K i = 0.13/~M) and the struc- 
tural analogues of  D-glucose : D-mannose, 2-deoxy-D-glucose, 3-O-methyl-D- 
glucose, D-galactose and maltose, but  not  by sucrose or L-glucose. Uphill 
counterf low can be demonstrated and the apparent activation energy displays a 
transition from 47.7 kcal/mol below 11°C to 18.1 kcal/mol above l l °C .  Stereo- 
specific uptake rates of  mixed vesicles prepared from Rous sarcoma virus- 
t ransformed cells are increased 30% over cont ro l  values, and are increased 66% 
in vesicles derived from cells incubated for 24 h in glucose-free medium. 

Plasma membrane vesicles prepared from these cells by a dextran cushion 
centrifugation procedure display a 9-fold increase in the specific activity of  
stereospecific D-glucose uptake relative to the homogenate.  Extraction of  these 
membranes with dimethylmaleic anhydride (5 mg/mg protein) results in sub- 
stantial or complete  removal of  major polypeptides of  molecular weight 40 000, 
55 000, 75 000, 78 000 and 200 000 with no loss in total uptake activity. Fol- 
lowing extraction, major polypept ides  of  molecular weight 28 000, 33 000 and 
68 000 remain in the membrane residue. 

* To whom repr in t  r e q u e s t s  s h o u l d  be  addres s ed .  
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Introduct ion 

The use of  bacterial membrane vesicles in studies of  the mechanism and ener- 
getics of nutrient uptake is well established [1,2].  In recent years, similar 
approaches have been employed for the s tudy of transport  in eucaryotic tis- 
sues [3--20] and cultured cells [3,21--35].  Because these membrane prepara- 
tions are essentially free from cytosol  kinases and metabolites,  e.g., ATP, trans- 
port  becomes the rate-limiting step of  uptake. The use of  membrane vesicles 
therefore permits an analysis of  nutrient  transport  of cells uncomplicated by 
subsequent  metabolism of the accumulated substrates; another advantage of 
vesicular systems is the ease with which the composi t ion of  intra- and extra- 
vesicular solutions may be controlled. This approach has been applied to Na +- 
dependent  D-glucose transport  by renal [4--6] and intestinal [7--13] plasma 
membranes and to facilitated diffusional D-glucose uptake into adipocyte  mem- 
brane vesicles [14--20] .  In addition, workers in several laboratories have used 
membrane vesicles from cultured cells in studies of  amino acid [21--30] and 
nucleoside [31--34] transport  of  quiescent, actively growing, and transformed 
cells. However, few studies have appeared characterizing sugar transport  into 
vesicles derived from cultured cells [23,35] .  

The kinetics of  facilitated diffusional uptake of  2-deoxy-D-glucose into chick 
embryo fibroblasts have been investigated in normal and virus-transformed cells 
[36--40].  These studies have shown that  increases in transport activity following 
transformation, serum addition, or glucose starvation are due to an increase in 
V with no change in Kin. Furthermore,  the activity was found to be subject to 
transcriptional, translational, and post-translational control. For these reasons, 
a vesicular preparation from chick embryo  fibroblasts would be expected to be 
well suited to analysis of  both mechanism and regulation of  D-glucose trans- 
port. 

In this report,  we characterize stereospecific D-glucose uptake by a mixed 
membrane vesicle preparation from chick embryo  fibroblasts and show its 
properties to be identical to those of  the intact cell. In addition, we describe a 
simple procedure for the preparation of  t ransport-competent  plasma membrane 
vesicles from these cells and the selective extraction of  certain polypeptides 
from these plasma membranes,  using dimethylmaleic anhydride, under condi- 
tions where stereospecific D-glucose uptake activity is quantitatively retained 
by  the membrane residue. 

Materials and methods  

Materials. D-[U-14C]-Glucose and L-[1-3H(n)]-glucose were purchased from 
New England Nuclear, Boston, MA; sodium dodecyl  sulfate (SDS) from Pierce 
Chemical Co., Rockford,  IL; cytochalasin B from Aldrich Chemical Co., Inc., 
Milwaukee, WI, and L-glucose from Pfanstiehl Laboratories, Inc., Waukegan, IL. 
Other sugars and inorganic salts were obtained from local sources. Dextran of 
mean molecular weight 80 700 and dimethylmaleic anhydride were supplied by 
Sigma Chemical Co., St. Louis, MO. Metricel GA-6 membrane filters (0.45 t~m) 
were obtained from Gelman Instruments,  Ltd., Montreal, Quebec. All materials 
for polyacrylamide gel electrophoresis were obtained from Bio-Rad Labora- 
tories, Richmond,  CA. 
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Solutions. All buffers were adjusted to pH 7.4. Phosphate-buffered saline 
contained 140 mM NaC1, 2.7 mM KC1, 8.1 mM Na2HPO4, 1.8 mM KH~PO4, 0.9 
mM CaC12 and 0.5 mM MgC12. Phosphate/saline/azide buffer  contained 114 mM 
NaC1, 2 mM NAN3, 8.33 mM Na2HPO4 and 1.67 mM NaH2PO4. Hypertonic 
buffer  was prepared from phosphate/saline/azide buffer  by  increasing the con- 
centration of  NaC1 to 164 mM. A stock solution of  5 mM D-[U-14C]-glucose 
(1 mCi/mmol)  and 5 mM L-[1-3H(n)]-glucose (2.5 mCi/mmol)  was prepared in 
phosphate/saline/azide buffer  and used for all uptake experiments. 

Cell culture. Chick embryo  fibroblasts were prepared from 12-day-old 
embryos  by  using the method of  Temin [41].  The cells were incubated at 37°C 
in a humidified COs incubator  in Temin-modified Eagle's medium containing 
4% fetal calf serum. Primary cells were trypsinized, transferred at 2 • 104 cells 
per plate into 100-mm plastic dishes and grown for 4 to 5 days until they 
became confluent;  the medium was changed 24 h prior to harvest. Glucose star- 
vation was started 20 h prior to harvest by  the addition of  medium containing 
4% dialyzed fetal calf serum and all components  of  Temin-modified Eagle's 
medium except  glucose. Fibroblasts were transformed by addition of  a concen- 
trated suspension of  the Bratislava 77 strain of  Rous sarcoma virus at the time 
of  plating, according to previously published procedures [38].  

Preparation o f  mixed membrane vesicles. Mixed vesicles were prepared from 
chick embryo  fibroblasts (30--50 100-mm plates) as follows, all steps being 
carried out  at 0--4°C. Cells were washed three times with phosphate-buffered 
saline, scraped from the dishes with a rubber  policeman, and pooled. After 
sedimentation for 7500 X g .  min, the fibroblasts were resuspended in 20 ml 
phosphate-buffered saline and homogenized during three up-down strokes in a 
Potter-Elvehjem homogenizer driven by a TRI-R stirrer motor  (Rockville 
Centre, NY) at a setting of  3. Where appropriate,  aliquots were removed from 
the homogenate  and stored on ice until assayed. The remaining homogenate  
was sedimented for 7500 X g .  min, the supernatant decanted, and the pellet 
suspended in 20 ml phosphate/saline/azide buffer, resedimented for 24 000 X 
g • min, and resuspended in phosphate/saline/azide buffer  to a protein concen- 
tration of  1--2 mg/ml. This material was designated the low-speed pellet. The 
supernatant  from the first low-speed spin was centrifuged for 6 • 104 Xg • min, 
the pellet suspended in 20 ml phosphate/saline/azide buffer,  resedimented as 
above, and resuspended in phosphate/saline/azide buffer. This material, desig- 
nated the mixed membrane vesicle preparation, was stored on ice until assay. 

Preparation o f  plasma membrane vesicles. All steps were carried out  at 
0--4°C; where appropriate,  aliquots were removed and stored on ice until 
assayed. The cells were washed, scraped, and sedimented as above. They were 
then suspended in 40 ml 10 mM Tris-HC1 (pH 7.5 at 4°C) containing 0.25 M 
sucrose and homogenized as described above. The homogenate  was centrifuged 
for 45 000 X g • min and the resulting supernatant stored on ice. The pellet was 
rehomogenized in 10 mM Tris containing 0.25 M sucrose and recentrifuged as 
above. T h e  pellet from the last centrifugation was homogenized in 20 ml of  
phosphate/saline/azide buffer  and designated the low-speed pellet. The super- 
natants from the latter two centrifugations were then combined and centri- 
fuged for 3 • 104 X g • min. The vesicles in the resulting pellet were then hypo- 
tonically lysed by  homogenizat ion of  the pellet in 10--15 ml of  10 mM Tris- 
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HC1; this suspension was designated the high-speed pellet. The suspension was 
fractionated by layering it onto 3 ml of 10 mM Tris-HC1 containing 10% 
dextran (w/v), and centrifuging for 2 • 106 × g - m i n .  The pellet, designated the 
10% dextran pellet (or endoplasmic reticulum fraction) was homogenized in 
3--5 ml of phosphate/saline/azide buffer. The material at the interface was 
removed, diluted to 15 ml with phosphate/saline/azide buffer, and centrifuged 
for 3 • 106 × g • min. The resulting pellet, designated the 10% dextran interface 
(or plasma membrane fraction), was homogenized in 1--2 ml phosphate/saline/ 
azide buffer. All fractions were stored on ice until assay. 

Transport assay. Measurement of stereospecific D-glucose uptake was per- 
formed according to the following standardized procedure. Sufficient volumes 
of membrane suspension and phosphate/saline/azide buffer to give 50 tzg pro- 
tein in 80 pl were transferred to 10 × 75 mm tubes in a water bath held at 
20°C. Uptake was started by the addition of 20 pl of the differentially labelled 
D- and L-glucose solution; the final concentration of these hexoses was 1 mM. 
After incubation for the desired time (normally 0.30 min), uptake was stopped 
by rapid addition of 2 ml of ice-cold hypertonic phosphate/saline/azide buffer. 
The suspension was then filtered through a Gelman 0.45 pm membrane filter, 
which was washed once with 2 ml cold hypertonic phosphate/saline/azide 
buffer; filtration and washing were complete 0.3 min after uptake was stopped. 
Multiple washes resulted in a slow decrease in the apparent value for stereo- 
specific uptake (approx. 25% lost after five washes). Zero-time samples were 
obtained by adding the phosphate/saline/azide buffer prior to the radioactively 
labelled stock solution followed by filtration and washing. Replicates were 
either transferred to vials for liquid scintillation counting to determine values 
for D- and L-glucose uptakes, or extracted overnight with 1.5 ml of 5% SDS, 
from which 0.2 ml aliquots were removed for protein analysis. Blanks omitting 
membrane protein were run in parallel. Protein recovery ranged from 50 to 
70% of that  added to the filter. Uptakes (nmol/mg protein) or uptake rates 
(nmol/mg protein per min), from which zero time values have been subtracted, 
are expressed as mean + S.E. Stereospecific D-glucose uptake is the difference 
between D-glucose and L-glucose uptake. L-glucose serves as an internal control 
for completeness of washing and as a measure of non-carrier-mediated (diffu- 
sional) entry of sugar. 

Extraction o f  plasma membranes with dimethylmaleic anhydride. A volume 
of plasma membrane suspension containing 1 mg protein was diluted to 10 ml 
with distilled water. To this, 5 mg dimethylmaleic anhydride were then added, 
with continuous stirring, and the pH was maintained between 7.2 and 7.5 with 
0.01 N NaOH until evolution of acid ceased (normally 20 min). Control mem- 
branes were diluted to 10 ml with 10 mM Tris buffer. The suspensions were 
then centrifuged for 3 • 106 X g • min and the supernatants set aside for ultra- 
filtration. The pellets were homogenized in a further 10 ml of distilled water 
and again centrifuged for 3 • 106 × g • min. These pellets were homogenized in 
0.2 ml of 10 mM Tris. The above supernatants were first ultrafiltered to 1.5 ml 
in an Amicon Model 52 ultrafiltration cell fitted with a PM-10 membrane. 
These supernatants were further concentrated to 0.2 ml using an Amicon Mini- 
con macrosolute concentrator.  Membrane suspensions were assayed immedi- 
ately for stereospecific uptake activity, and all fractions were stored at --20°C 
until electrophoresis. 
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Analysis of membrane polypeptide composition. Membranes were analyzed 
by SDS-polyacrylamide gel electrophoresis in 7.5% acrylamide slab gels 1.5 mm 
thick, according to the method of Laemmli [42]. 

Enzyme assays and biochemical determinations. NADH-cytochrome c reduc- 
tase was assayed by using the method of Mackler and Green [43]; succinic 
dehydrogenase, by the method of Ziegler and Rieske [44]; sialic acid, by the 
method of Jourdian et al. [45], and protein by the method of Lowry et al. 
[46]. 

Results 

Characterization of the mixed vesicle preparation 
Biochemical properties of the fractions obtained using the mixed vesicle 

preparation procedure. Relative to the homogenate, the specific activities of 
the membrane markers NADH-cytochrome c reductase (endoplasmic reticu- 
lum), succinic dehydrogenase (mitochondria), and sialic acid (plasma mem- 
brane) are increased in the mixed membrane vesicle fraction by 40, 90 and 
117%, respectively (Table I). The specific activities of each marker in the low- 
speed pellet fraction are decreased to approx. 50% of the values for the homo- 
genate. 

In parallel with the above data, mixed vesicles show a 69% increase in stereo- 
specific D-glucose uptake rate relative to the homogenate, while the activity in 
the low-speed pellet is decreased to 53% of that of the homogenate (Table I). 
The recovery of total uptake activity in the membrane vesicles is 39%. 

Uptake of D- and L-glucose. D-Glucose enters the membrane vesicles rapidly, 
reaching an equilibrium value at 2 min (Fig. 1A); this value remains constant 
for 1 h and then slowly decreases, perhaps as a result of vesicle lysis (Fig. 1B). 
Unlike the plasma membrane of the intact cell, vesicles are highly permeable to 

T A B L E  I 

B I O C H E M I C A L  A N A L Y S I S  O F  M E M B R A N E  F R A C T I O N S  P R E P A R E D  F R O M  C H I C K  E M B R Y O  

F I B R O B L A S T S  U S I N G  T H E  M I X E D  V E S I C L E  P R E P A R A T I O N  P R O C E D U R E  

A s s a y s  we re  p e r f o r m e d  as d e s c r i b e d  i n  M e t h o d s .  R e s u l t s  f r o m  t w o  t o  f o u r  s e p a r a t e  p r e p a r a t i o n s  are 

e x p r e s s e d  as m e a n s  ± S.E.  

C o m p o n e n t  A c t i v i t y  o f  c o m p o n e n t  i n  

H o m o g e n a t e  L o w - s p e e d  M e m b r a n e  

p e l l e t  ves ic les  

P r o t e i n  * ( m g )  1 0 0  3 4 . 6  + 3 .5  2 3 . 0  ± 3 .9  

N A D H  c y t o c h r o m e  c re d u c tase  
( n m o l / m i n  p e r  m g  p r o t e i n )  25  ± 3 12  ± 2 3 5  ± 6 

S u c c i n i c  d e h y d r o g e n a s e  ( n m o l / m i n  pe r  m g  p r o t e i n )  2 .9  ± 0 .6  1 .5  ± 0 . 2  5 .5  ± 1 .9  

S ia l i c  a c i d  ( n m o l / m g  p r o t e i n )  3 5  ± 7 18  ± 5 76 ± 16  

S t e r e o s p e c i f i c  D - g l u c o s e  u p t a k e  r a t e  

( n m o l / m i n  pe r  r ag  p r o t e i n )  1 . 6 0  ± 0 . 1 3  0 . 8 4  ± 0 . 2 0  2 . 7 0  ± 0 . 1 6  

T o t a l  s t e r e o s p e c i f i c  D - g l u c o s e  u p t a k e  a c t i v i t y  ** 

( n m o l / m i n )  1 6 0  -+ 13 29 ± 7 .5  6 2  ± 11 

* E x p r e s s e d  as p e r  1 0 0  m g  o f  h o m o g e n a t e  p r o t e i n .  

** P r o d u c t  o f  p r o t e i n  a n d  s t e r e o s p e c i f i c  D - g l u c o s e  u p t a k e  r a t e .  
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Fig. 1. D-  and L-glucose u p t a k e  in to  m e m b r a n e  vesicles as a f u n c t i o n  of  t ime.  A t  t ime zero,  20  p i  of the 
stock D-[14C]-glucose (5 mM, 1 mCi/mmol) and L-[3H]-glucose (5 mM, 2.5 mCi/mmol) solution were 

added to 80 ~i of membrane suspension containing 50 ~tg protein. After incubation at 20°C for the times 

indicated, uptake was stopped by addition of cold hypeztonic buffer, and the mixture filtered and 

washed. D- and L-glucose on the filters were determined by liquid scintillation counting. The difference 

between D-glucose uptake (©) and L-glucose uptake (e) is the stereospecific uptake (~). Results are from 

six separate preparations; individual values are the means + S.E. from between 8 and 19 replicate uptakes: 
(A) time scale, minutes; (B) time scale, hours. 

L-glucose; uptake of  this isomer proceeds rapidly during the first minutes and 
then slows, gradually approaching the value for accumulated D-glucose during 
the next  several hours. The intravesicular spaces accessible to D- and L-glucose 
are thus probably identical, and correspond to a value of  3--4 pl /mg protein. 

Stereospecific uptake, i.e., D-glucose uptake minus L-glucose uptake, 
increases to a maximum at 2--5 min, fol lowed by a gradual decline to zero as 
L-glucose uptake continues (Fig. 1). Stereospecific uptake appears linear for 
0.3 min, and this time was therefore chosen as the standard time for measure- 
ment of  uptake rate. At shorter time intervals, errors of  time estimation and of  
D- and L-glucose accumulation due to reduced counts become large; at longer 
time intervals, uptake is definitely non-linear. Even at 0.3 min, however, the 
intravesicular concentration of  D-glucose (approx. 0.3 mM) has reached one- 
third of  the equilibrium value of  1 mM, and the measured rates are under- 
estimates of  the true initial rates. For these reasons, it was not possible to ob- 
tain estimates of  K m and V. 

Stereospecific D-glucose uptake by the vesicles is directly proportional to the 
amount of  vesicular protein retained by the filter up to at least 60 pg per filter 
(Fig. 2). Above this value, f low rates slowed to the point where the filters could 
not be rapidly washed. Under routine assay conditions, where 50 pg were 
added to the filters, 25--30 pg were recovered; this is well within the linear 
range of  the graph. 

Properties of the vesicular transport system. The D- or L-glucose taken up by 
the vesicles is chemically unchanged after 20 min of  uptake. The 3H- and ~4C- 
labelled accumulated sugars extracted from filters with water show mobilities 
identical to those of the isotopes in the stock solution and those of  unlabelled 
D- and L-glucose, following paper chromatography with methanol/ethanol/  
water (45 /45 /10 ,  v/v) (data not shown).  
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Fig. 2. S te reospec i f ic  D-glucose u p t a k e  as a f u n c t i o n  of  m e m b r a n e  vesicle p ro te in .  S te reospec i f ic  u p t a k e  
ra tes  expressed  as n m o l / m i n  per  f i l ter  w e r e  d e t e r m i n e d  for  80/~l  of  m e m b r a n e  ves ic le  suspens ion  con ta in -  
ing 5 - - 1 2 0  pg of  p ro te in .  The p r o te in  c o n c e n t r a t i o n  is expres sed  as pg  per  f i l ter;  a p p r o x .  60% of  t h a t  
presen t  in the  suspens ion  was reta ined  b y  the  f i lter.  Resu l t s  are  poo led  f r o m  th ree  separa te  p repa ra t i ons ;  
each  po in t  is the  m e a n  -+ S.E. of  th ree  to five repl ica tes .  The  slope of  the  regress ion line is 3.71 n m o l / m i n  
per m g  pro te in .  

Stereospecific uptake activity of  the membrane vesicles is stable during 
storage at 0°C for at least 1 week and at 20°C for at least 90 min; measure- 
ments of  uptake were performed at dally and 15-min intervals, respectively, 
and were in no case different from the control  values with a significance of  less 
than 0.05 (data no t  shown). 

A demonstrable change in the level of  accumulated D-glucose with an 
increase or decrease in osmotic pressure may be considered as evidence that  
accumulat ion of  sugar is the result of  its entry into a vesicular compar tment  
and not  to binding. There is an inverse relation between D-glucose uptake at 
equilibrium and osmolari ty (Fig. 3A); a plot  of  the reciprocal of  uptake vs. 
osmolari ty yields a straight line passing through the origin, indicating that  all 
uptake is osmotically sensitive (Fig. 3A, inset). In addition, stopping and wash- 
ing the vesicles with solutions of  lower osmolarity than that  of  the hypertonic 
phosphate/saline/azide buffer  (360 imosM) results in progressively less reten- 
tion of  D-glucose on the filter (Fig. 3B). This finding is consistent with osmotic 
lysis of  vesicles. 

Cytochalasin B, a po ten t  inhibitor of  glucose transport  in intact fibroblasts 
with a K i of  0.145 pM [47],  inhibits stereospecific t ransport  in membrane 
vesicles with a K i of  0.13 ]~M (Fig. 4). 

A number  of  structural analogs of  D-glucose inhibit stereospecific uptake 
(Table II). Added with the radioactively labelled D- and L-glucose solution, 
10 mM D-glucose, D-mannose, 2-deoxy-D-glucose and 3-O-methyl-D-glucose 
inhibit stereospecific uptake rates by  approx. 40% while D-galactose and 
maltose show a weaker inhibition. Neither sucrose nor L-glucose inhibits stereo- 
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Fig. 3. E f fec t  of  o s m o l a r i t y  on  to t a l  D-glucose up t a ke .  (A)  Equ i l ib r ium D-glucose u p t a k e  u n d e r  hype r -  
tonic  cond i t ions .  M e m b r a n e  vesicles were  c o m b i n e d  wi th  var ious  v o l u m e s  of  1 M sucrose  dissolved in 
p h o s p h a t e / s a l i n e / a z i d e  b u f f e r  to give a range  of  osmolar i t i es  b e t w e e n  0 .26  an d  0 .86  iosM. Rad ioac t ive ly  
label led D- and  L-glucose u p t a k e  was t h e n  d e t e r m i n e d  for  30 rain at  20°C.  U p t a k e  was s t o p p e d  and  the  
filters washed  wi th  so lu t ions  of  h y p e r t o n i e  p h o s p h a t e / s a l i n e / a z i d e  b u f f e r  con t a in ing  the  s ame  concen t r a -  
t ion  of  sucrose  as t ha t  p re sen t  dur ing  u p t a k e .  U p t a k e  of  D-glucose ( n m o l / m g  p ro t e in )  is expressed  as the  
p e r c e n t  of  the  con t ro l  va lue  obse rved  u n d e r  the  usual  cond i t i ons  of  i n c u b a t i o n  o s m o l a r i t y  (0 .26  iosM). 
Inse t :  r ep lo t  of  the  da t a  in A, whe re  the  r ec ip roca l  of  D-glucose u p t a k e  is p lo t t ed  vs. o smola r i t y .  The  
y - in t e r cep t  of  the  regress ion  line is n o t  s ignif icant ly  d i f f e r en t  f r o m  zero.  (B) To ta l  D-glucose r e t e n t i o n  on 
the  f i l ter  as a f u n c t i o n  of  decreas ing  osmolaxi ty  of  the  s top  and  wash  solu t ion .  U p t a k e  b y  m e m b r a n e  
vesicles i n c u b a t e d  for  0 .3  rain a t  20°C was  s t o p p e d  b y  a d d i t i o n  of  2 m l  of  one  of  a series of  h y p o t o n i c  
so lu t ions  p r e p a r e d  b y  d i lu t ion  of  the  h y p e r t o n i c  p h o s p h a t e / s a l i n e / a z i d e  b u f f e r  n o r m a l l y  used.  M e m b r a n e s  
on  the  f i l ter  were  washed  once  wi th  the  c o r r e s p o n d i n g  b u f f e r  p r io r  to  l iquid sc int i l la t ion coun t ing .  Re ten-  
t ion  of  D-glucose ( n m o l / m g  p ro t e in )  is expressed  as the  p e r c e n t  of  the co n t ro l  va lue  obse rved  using the  
h y p e r t o n i c  p h o s p h a t e / s a l i n e / a z i d e  b u f f e r  (0 .36  iosM) to  s top  and  wash.  

specific uptake,  consistent with use of  the latter as a marker of nonspecific dif- 
fusion. 

Uphill counterf low is a special case of competitive exchange diffusion; it can 
be demonstrated by inducing the formation of a concentrat ion gradient of  one 
substrate initially at equilibrium by addition of a high concentrat ion of a com- 
peting substrate to one face of the membrane. Its demonstrat ion is considered 
to provide strong evidence for carrier-mediated transport of the substrate [48]. 
In the experiment shown in Fig. 5, membrane vesicles incubated for 30 min 
with 1 mM D- and L-glucose were combined with concentrated D- or L-giucose 
solutions to give an extravesicular concentrat ion of  25 mM. The osmolarity is 
thereby increased by 10%, so that  a rapid decrease of approx. 10% in intra- 
vesicular D- or L-glucose would be anticipated. No further decrease would be 
seen in the absence of  counterflow. The data show tha t  counterflow of  labelled 
D-glucose out  of the vesicles is specifically driven by extravesicular D-glucose. 
Addition of D-glucose does not  drive counterflow of  L-glucose and addition of 
L-glucose drives neither. 

Stereospecific and nonspecific (L-glucose) uptake were further characterized 
by measurement of  their temperature dependencies over the range 0--40°C at a 
concentration of 1 mM (Fig. 6). Nonspecific uptake has a markedly lower 
dependence on temperature than stereospecific uptake, with apparent activa- 
t ion energies of  10.4 and 18.1 kcal/mol, respectively. This latter value is identi- 
cal to that  observed for intact cells in the range 20--40°C [37]. Below l l ° C ,  
the slope becomes abruptly steeper for stereospecific transport,  with an appar- 



1 6 5  

i i T I I l I 

'~ ~" ' A - UNLABELLEO D-GLUCOSf ADDfD 
n 1 

, 

E 

' ' " ' t  t ,t t 100 z~ ~ 5!, ~ 0  

r ,  , 

1 J J I I 
1 2 3 4 5 5 10 15 20 25 30 

[Cytochalasin BJ (pM)  TIME AFTER ADDIT ION (min) 

F i g .  4.  I n h i b i t i o n  o f  s t e r e o s p e c i f i c  D - g l u c o s e  u p t a k e  b y  c y t o c h a l a s i n  B.  D i l u t i o n s  o f  c y t o c b a l a s i n  B in  
e t h a n o l  w e r e  a d d e d  t o  m e m b r a n e  v e s i c l e s  t o  g i v e  f i n a l  c o n c e n t r a t i o n s  o f  b e t w e e n  0 .1  a n d  5 / ~ M  ( c o n -  

c e n t r a t i o n  o f  e t h a n o l  w a s  1%) .  S t e r e o s p e c i f i c  u p t a k e  ( 0 . 3  m i n ,  2 0 ° C )  r a t e s  w e r e  m e a s u r e d  1 5  t o  3 0  m i n  
a f t e r  a d d i t i o n  o f  c y t o c h a l a s i n  B. 

F i g .  5.  D e m o n s t r a t i o n  o f  c o u n t e r t r a n s p o r t  i n  m e m b r a n e  v e s i c l e s ,  M e m b r a n e  v e s i c l e s  w e r e  c o m b i n e d  w i t h  
1 m M  r a d i o l a b e l l e d  D-  a n d  L - g l u c o s e  s t o c k  s o l u t i o n  a n d  i n c u b a t e d  a t  2 0 ° C  f o r  3 0  m i n .  T h e n  a s u f f i c i e n t  

v o l u m e  o f  1 M D - g l u c o s e  ( A )  o r  L - g l u c o s e  ( B )  w a s  a d d e d  t o  g i v e  a f i n a l  e x t r a v e s i c u l a r  c o n c e n t r a t i o n  o f  

25  r a M .  S a m p l e s  w e r e  r e m o v e d  a t  v a r i o u s  t i m e s  u p  t o  3 0  r a i n  a n d  v a l u e s  f o r  i n t r a v e s i c u l a r  D - g l u c o s e  (o )  

a n d  L - g l u c o s e  ( o )  d e t e r m i n e d .  R e s u l t s  a r e  m e a n s  -+ S . E .  o f  s i n g l e  v a l u e s  o b t a i n e d  f r o m  t h r e e  s e p a r a t e  
p r e p a r a t i o n s .  

TABLE II 

INHIBITION OF STEREOSPECIFIC D-GLUCOSE UPTAKE BY VARIOUS SUGARS AND SUGAR 
DERIVATIVES 

S o l u t i o n s  ( 5 0  r a M )  o f  t h e  d e s i g n a t e d  s u g a r s  w e r e  m a d e  u p  i n  t h e  r a d i o a c t i v e l y  l a b e l l e d  D-  a n d  L - g l u c o s e  

s o l u t i o n ,  so  t h a t  t h e  c o n c e n t r a t i o n  d u r i n g  u p t a k e  w a s  1 0  r a M .  E a c h  v a l u e  is  t h e  m e a n  _+ S . E .  o f  1 2  r ep l i -  
c a t e  u p t a k e s  a t  0 . 3  r a i n .  

S u g a r  S t e r e o s p e c i f i c  u p t a k e  r a t e  

( 1 0  r a M )  (% o f  c o n t r o l )  

D - M a n n o s e  5 3 . 9  _+ 6 .9  

D - G l u c o s e  5 8 . 3  _+ 7 . 3  
2 - D e o x y - D - g l u c o s e  5 8 . 6  -+ 4 . 8  
3 - O - M e t h y l - D - g l u c o s e  6 3 . 8  _+ 4 . 5  
D - G a l a c t o s e  7 5 . 5  -+ 1 0 . 4  
M a l t o s e  7 9 . 9  -+ 7 . 2  
S u c r o s e  9 8 . 8  _+ 5 . 4  
L - G l u c o s e  1 0 6 . 5  -+ 6 . 0  
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Fig.  6. A r r h e n i u s  p lo t  o f  t e m p e r a t u r e  d e p e n d e n c e  of  s t e r e o s p e c i f i c  and  n o n s p e c i f i c  (L-g lucose)  u p t a k e  
ra tes .  R a d i o a c t i v e l y  label led  D- a n d  L-g lucose  s t o c k  so lu t ions  a n d  m e m b r a n e  vesicles,  b o t h  pre-equi -  

l i b ra t ed  in  a w a t e r  b a t h  at  t he  t e m p e r a t u r e s  i n d i c a t e d ,  w e r e  c o m b i n e d  a n d  i n c u b a t e d  at  those  t e m p e r a -  

tu res  fo r  a t i m e  s u f f i c i e h t  to  a l low s t e r e o s p e c i f i c  e n t r y  o f  b e t w e e n  0.4  a n d  0.8  n m o l / m g  p r o t e i n .  These  

t i m e s  r a n g e d  f r o m  0.1  ra in  ( 4 0 ° C )  to  20 m i n  (0°C) .  Resu l t s  are  e x p r e s s e d  as  m e a n s  +- S.E. f r o m  t r ip l ica tes  
f r o m  each  o f  t w o  sepa ra t e  p r e p a r a t i o n s .  

ent activation energy of 47.7 kcal/mol. No such change is observed for 
L-glucose. 

Effect o f  viral transformation and glucose starvation on stereospecific uptake 
activity. Membrane vesicles prepared from cells transformed by the B77 strain 
of Rous sarcoma virus display a 30% increase in stereospecific uptake activity 
relative to uninfected control cells (Table III). 

Vesicles prepared from cells incubated in glucose-free medium 24 h prior to 
harvest show a 66% increase in stereospecific uptake activity, relative to con- 
trols fed with the complete medium (Table III). 

Characterization and extraction o f  plasma membrane vesicles 
Choice o f  dextran cushion method o f  plasma membrane preparation. In 

initial at tempts to obtain a plasma membrane fraction substantially enriched in 
stereospecific D-glucose uptake activity, we evaluated both a series of differ- 
ential centrifugations and a 10 to 50% sucrose gradient centrifugation proce- 
dure. In both cases, little or no enrichment of stereospecific D-glucose transport 
could be demonstrated in any fraction, and in the latter procedure, most  of the 
total activity was lost (data not  shown). 

However, in preliminary experiments involving centrifugation of membranes 
on a step-wise dextran gradient (10 to 30%, in 5% increments) we found that  
material collected at the 0%/10% interface was considerably enriched in stereo- 
specific D-glucose uptake activity. In addition, the bulk of the membrane pro- 
tein was found as a pellet at the bo t tom of the 30% dextran layer, with only 
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E F F E C T  O F  R O U S  S A R C O M A  V I R U S  T R A N S F O R M A T I O N  A N D  2 4  h G L U C O S E  S T A R V A T I O N  O N  

S T E R E O S P E C I F I C  D - G L U C O S E  U P T A K E  R A T E S  O F  M E M B R A N E  V E S I C L E S  

M e m b r a n e  v e s i c l e s  w e r e  p r e p a r e d  f r o m  f i b r o b l a s t s  w h i c h  w e r e  e i t h e r  i n f e c t e d  w i t h  t h e  B r a t i s l a v a  77  s t r a i n  
o f  R o u s  s a r c o m a  v i r u s  a t  t h e  t i m e  o f  p l a t i n g ,  o r  f e d  w i t h  g l u c o s e - f r e e  m e d i u m  2 4  h p r i o r  t o  h a r v e s t .  C o n -  

t r o l  ce l l s  w e r e  u n i n f e c t e d ,  o r  f e d  w i t h  t h e  c o m p l e t e  m e d i u m ,  r e s p e c t i v e l y .  R e s u l t s  f r o m  2 0 - - 3 0  r e p l i c a t e s  
f r o m  f o u r  s e p a r a t e  p r e p a r a t i o n s  e a c h  a r e  e x p r e s s e d  as  m e a n s  ± S .E .  

T r e a t m e n t  S t e r e o s p e c i f i c  u p t a k e  r a t e  
( n m o l / m i n  p e r  r a g  p r o t e i n )  

C o n t r o l  2 . 1 8  _+ 0 . 1 9  
T r a n s f o r m e d  2 . 8 4  + 0 . 2 1  

C o n t r o l  2 . 7 0  _+ 0 . 1 6  
G l u c o s e - s t a r v e d  4 . 4 7  ± 0 . 3 0  

very small amounts collected at any of  the intervening interfaces. These obser- 
vations led to the adoption of  the standard procedure described in Methods for 
the preparation of  transport-competent plasma membranes. 

Biochemical properties of fractions obtained using the plasma membrane 
vesicle procedure. Table IV shows the protein content of  the various fractions 
and the specific activities of  stereospecific D-glucose transport and the marker 
components: succinic dehydrogenase for mitochondria, NADH cytochrome c 
reductase for endoplasmic reticulum and sialic acid for plasma membrane. Most 
of  the mitochondrial marker is removed by low-speed centrifugation, and its 
specific activity in the plasma membrane fraction is reduced to one-fifth of  that 
of  the homogenate. The endoplasmic reticulum marker is enriched 3-fold in the 

T A B L E  I V  

B I O C H E M I C A L  A N A L Y S I S  O F  M E M B R A N E  F R A C T I O N S  P R E P A R E D  U S I N G  T H E  P L A S M A  M E M -  

B R A N E  V E S I C L E  P R E P A R A T I O N  P R O C E D U R E  

A s s a y s  w e r e  p e r f o r m e d  as  d e s c r i b e d  i n  M e t h o d s .  T r i p l i c a t e  v a l u e s  f r o m  t w o  s e p a r a t e  p r e p a r a t i o n s  w e r e  

p o o l e d  a n d  e x p r e s s e d  as  m e a n s  _+ S .E .  

C o m p o n e n t  A c t i v i t y  o f  c o m p o n e n t  i n  

H o m o g e n a t e  L o w - s p e e d  H i g h - s p e e d  1 0 %  d e x t r a n  1 0 %  d e x t r a n  

p e l l e t  p e l l e t  p e l l e t  i n t e r f a c e  

P r o t e i n  * ( r a g )  1 0 0  4 8  1 6 . 7  6 .7  2 . 8  
N A D H  c y t o c h r o m e  c 

r e d u c t a s e  ( n m o l / r a i n  

p e r  m g  p r o t e i n )  7 . 1 0  ± 1 . 1 8  - -  1 4 . 7  + 2 .1  2 5 . 7  + 4 . 1  5 . 5 0  _+ 0 . 3 6  
S u c e i n i c  d e h y d r o g e n a s e  

( n m o l / m i n  p e r  m g  

p r o t e i n )  4 . 6 5  ± 0 . 7 6  7 . 7 8  ± 0 . 1 1  1 . 7 6  ± 0 . 1 0  2 . 4 8  ± 0 . 5 1  0 . 8 7  ± 0 . 0 6  
S ia l ic  ac id  

( n m o l / m g  p r o t e i n )  2 3 . 6  ± 0 . 1  - -  9 7 . 1  ± 1 . 8  2 2 . 5  ± 2 . 7  8 7 . 8  _+ 3 .1  
S t e r e o s p e c i f i c  D - g l u c o s e  

u p t a k e  r a t e  ( n m o l /  

r a i n  p e r  m g  p r o t e i n )  1 . 0 7  ± 0 . 5 3  - -  2 . 0 4  ± 0 . 4 5  - - 0 . 5 1  ± 0 . 3 5  9 . 0 4  ± 0 . 3 8  

* E x p r e s s e d  as  m g  p e r  1 0 0  m g  o f  h o m o g e n a t e  p r o t e i n .  
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T A B L E  V 

E X T R A C T I O N  O F  P L A S M A  M E M B R A N E S  W I T H  D I M E T H Y L M A L E I C  A N H Y D R I D E  

S u f f i c i e n t  d is t i l led  w a t e r  was  a d d e d  to  a v o l u m e  of  p l a s m a  m e m b r a n e s  c o n t a i n i n g  1 m g  p r o t e i n  to  give a 
f inal  v o l u m e  o f  10 ml .  To  this ,  5 m g  d i m e t h y l m a l e i c  a n h y d r i d e  were  a d d e d  and  the  pH  m a i n t a i n e d  at 

7 .2 - -7 .5  un t i l  e v o l u t i o n  o f  acid  ceased .  C o n t r o l  m e m b r a n e s  were  d i lu t ed  to  10 m l  w i t h  10 m M  Tris.  A f t e r  
c e n t r i f u g a t i o n  and  w a s h i n g  as d e s c r i b e d  in M e t h o d s ,  pe l le ts  were  a s sa ye d  for  p r o t e i n  a n d  s t e reospec i f i c  

D-glucose  u p t a k e ,  a t  a t i m e  p o i n t  o f  0.1 m i n .  Resu l t s  o f  t h r ee  to  f ive  r ep l i ca tes  f r o m  each  o f  f o u r  s epa ra t e  

e x p e r i m e n t s  were  p o o l e d  a n d  e x p r e s s e d  as m e a n  +_ S.E. P r o t e i n  e x p r e s s e d  as m g  pe r  m g  r e c o v e r e d  in  the  
con t ro l .  To ta l  a c t i v i t y  e x p r e s s e d  as the  p r o d u c t  o f  p r o t e i n  a n d  s t e r eospec i f i c  D-glucose  u p t a k e  rate .  

T r e a t m e n t  S t e reospec i f i c  D-glucose  P ro t e in  To ta l  ac t iv i ty  
u p t a k e  ra te  (rag)  ( n m o l / m i n )  
( n m o l / m i n  pe r  m g  p r o t e i n )  

Con t ro l  9 .57  + 1 .33 1 .00  9 .57 ± 1 .33 

D i m e t h y l m a l e i c  a n h y d r i d e - e x t r a c t e d  m e m b r a n e s  12 .49  ± 1 .64 0 .75  9 .37 + 1.23 
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Fig.  7. S o d i u m  d o d e c y l  s u l f a t e o p o l y a c r y l a m i d e  gel e l e c t ropho re s i s  o f  f r a c t i o n s  f o l l o w i n g  d i m e t h y l m a l e i c  

a n h y d r i d e  e x t r a c t i o n  o f  p l a s m a  m e m b r a n e s .  (A)  P l a sma  m e m b r a n e s .  (B)  R e s i d u e  fo l lowing  e x t r a c t i o n  of  
p l a s m a  m e m b r a n e s  w i t h  5 m g  d i m e t h y l m a l e i c  a n h y d r i d e / r a g  p r o t e i n  as d e s c r i b e d  in Me thods .  (C) E x t r a c t ,  
c o n c e n t r a t e d  by  u l t r a f i l t r a t i o n ,  o f  p l a s m a  m e m b r a n e s  t r e a t e d  w i t h  d i m e t h y l m a l e i c  a n h y d r i d e .  
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10% dextran pellet but is not enriched in the plasma membrane fraction. Sialic 
acid is enriched 4-fold in the plasma membrane fraction. Stereospecific D-glu- 
cose transport activity, however, is enriched 9-fold in the plasma membrane 
fraction, whilst the dextran pellet is devoid of this activity. An overall recovery 
of 24% of D-glucose uptake activity is seen for the plasma membranes, while 
recoveries of mitochondrial, endoplasmic reticulum, and plasma membrane 
markers are 0.5, 2.2 and 10.4%, respectively. 

Glucose uptake and polypeptide composition of plasma membranes follow- 
ing extraction with dimethylmaleic anhydride. The stereospecific D-glucose up- 
take rates of control plasma membranes and plasma membrane extracted with 
5 mg dimethylmaleic anhydride/mg protein are shown in  Table V. Treatment 
with dimethylmaleic anhydride removed 25% of the membrane protein with 
no loss of total uptake activity. Polypeptide analysis of the plasma membrane 
extracts and residues by SDS-polyacrylamide gel electrophoresis is shown in 
Fig. 7. The polypeptides of molecular weights 40 000, 55 000, 75 000, 78 000, 
102000 and 200 000 are substantially or completely removed by dimethyl- 
maleic anhydride treatment. The predominant proteins remaining in the mem- 
brane residue have molecular weights of 28 000, 33 000 and 68 000. The use of 
greater quantities of dimethylmaleic anhydride, while extracting more total 
protein, did not improve the selectivity of the extraction; in addition, the mem- 
brane residue displayed a partial loss or inactivation of D-glucose transport 
activity. 

Discussion 

In initiating studies directed at purification of the D-glucose transport pro- 
tein of the chick embryo fibroblast plasma membrane and determination of 
molecular mechanisms of transport activity regulation, we have prepared mixed 
and plasma membrane vesicle fractions capable of stereospecific D-glucose 
transport. The vesicular nature of the preparations is confirmed by the sensitiv- 
ity of uptake to osmotic conditions and by electron microscopy (not shown). 
Stereospecific D-glucose uptake activity is stable for up to 1 week at 0°C, and 
sensitive to inhibition by cytochalasin B (Ki = 1.3 • 10 -7 M) and several struc- 
tural analogues of D-glucose, including 2-deoxy-D-glucose and 3-O-methyl-D- 
glucose, but not L-glucose. Counterflow of labelled D-glucose can be demon- 
strated upon addition of unlabelled D-glucose and the apparent activation 
energy of stereospecific uptake is the same as that of the intact cells in the 
range 20--40°C. On the basis of this data, we conclude that the cellular and 
vesicular transport systems are similar. 

In contrast to intact fibroblasts, the vesicles are quite permeable to L-glucose; 
however, evidence for carrier-mediated transport of L-glucose was not found, in 
that L-glucose did not inhibit D-glucose uptake, nor did it participate in 
counterflow. Considerable uptake of L-glucose has been found by other 
workers using other systems [15,16,18,19] including purified plasma mem- 
branes; this indicates that during the homogenization and purification proce- 
dures, plasma membranes may be structurally altered to a leaky state in the 
vesicular form, and take up L-glucose at faster rates than in the intact cell. The 
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present results underline the necessity for control of non-carrier-mediated 
monosaccharide uptake. 

The temperature dependence of stereospecific D-glucose uptake at 1 mM 
indicates a break in the Arrhenius plots, with values of apparent activation 
energies of 18.1 and 47.7 kcal/mol above and below 11°C, respectively, while 
L-glucose uptake has a constant apparent activation energy of 10.4 kcal/mol. 
Such breaks have been observed in vesicular glucose transport [6] and mem- 
brane ATPase [49] reactions and have been interpreted as indicating a change 
in protein conformation or in the rate-limiting step [50]. However, these 
results must  be cautiously interpreted, as rates assayed at a fixed substrate con- 
centration can yield Arrhenius plot artifacts, dependent  on the temperature 
variation of K m [51]. Because true initial rates were not  obtainable, we were 
unable to measure Km and V in the vesicular system and hence to estimate true 
activation energies. However, the much greater value of  activation energy for 
stereospecific D-glucose transport compared to L-glucose transport confirms 
that  stereospecific and nonspecific uptake occur by different mechanisms. 

It has been shown for amino acid [23,26,27] and nucleoside [31] transport 
in cultured cells that  differences in cellular uptake rates between quiescent, 
actively growing, and transformed cells are due to plasma membrane alteration, 
as they persist in isolated membrane vesicles. In the present report, vesicles 
from transformed and glucose-starved cells are shown to have 30 and 66% 
increases in stereospecific D-glucose uptake rates, respectively, over control 
vesicles. The transport rate increases in vesicles derived from the intact cells are 
not  as great as these observed previously for intact cells [36,38]; this may be at 
least partially explained by the fact that  true initial rates are underestimated by 
the present procedure and the higher the rate, the greater the amount  by which 
it is underestimated. The demonstrat ion that  these rate increases persist in 
vesicles supports evidence obtained for intact chick embryo fibroblasts that  
increased transport activity and not  phosphorylat ion is responsible for the 
increases in glucose uptake brought on by transformation [36,38] and glucose 
starvation [40]. 

Our results with chick embryo fibroblast vesicles agree closely with those 
recently reported by Inui et al. [52] for mouse fibroblasts and Cheng et al. 
[53] for rat sarcolemma, but differ in two respects from those presented by 
Lever [35] for mouse fibroblasts. In particular, Lever did not  observe transport 
increases in membrane vesicles from simian virus 40-transformed cells relative 
to control, and did not  observe inhibition of glucose uptake by cytochalasin B. 
A possible explanation for these differences is that  Lever apparently used total 
D-glucose uptake as a measure of carrier-mediated transport whilst we and the 
other workers used stereospecific uptake. A considerable portion of the total 
D-glucose uptake is nonspecific, and therefore actual differences in rates of 
carrier-mediated transport  might be obscured by using total  rather than stereo- 
specific uptake as a measure of transport rates. 

The increased transport activity following glucose starvation has been used 
as the basis for a method of  identifying putative glucose carrier protein(s) by 
pulse-labelling with [~SS]methionine followed by SDS-polyacrylamide gel 
electrophoresis [54,55]. It was found that  the rates of synthesis of two poly- 
peptides of molecular weights 75 000--78 000 and 95 000 are increased follow- 
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ing glucose starvation. Whether these proteins are in fact carrier proteins, 
regulatory proteins, or proteins otherwise involved in the altered cell metab- 
olism in the absence of  glucose is not  known. To date, the only studies on 
purification of  the D-glucose transport  protein in the chick embryo  fibroblast 
membrane have focussed on an aqueous extract capable of  binding D-glucose 
and increasing 2-deoxy-D-glucose uptake in quiescent fibroblasts [56,57] .  
Several distinct regions possessing either binding or transport-stimulating activ- 
ity were seen on fractionation of  the extract  on Sepharose and aminoethyl  cel- 
lulose columns. However,  the relation between the binding proteins, the trans- 
port-stimulating activities, and the plasma membrane glucose transport pro- 
tein(s) is still unclear. 

Partial purification of  glucose transport  proteins from human red blood cells 
[58] and rat [18] and human [19] adipocytes has been achieved in several 
laboratories by specific extract ion of  peripheral membrane proteins with pro- 
tein perturbants (notably dimethylmaleic anhydride) under conditions where 
transport  activity is retained by the extracted residue. In the present study, 
major bands not  substantially or completely extracted by dimethylmaleic 
anhydride (5 mg/mg protein) have molecular weights of  68 000, 33 000 and 
28 000; numerous minor bands are also visible in the extracted membranes. The 
involvement of  any of  these polypept ides  in glucose transport  is possible; how- 
ever, it is more likely that  the transport  proteins are present in quantities too  
small to produce a visible band. If it is assumed that  the hexose carrier has a 
molecular weight of  5 0 0 0 0  and a molecular activity of  1000 molecules of  
D:glucose/min when saturated at 20°C, it can be calculated that  this hypotheti-  
cal sys t em would exhibit  a V value of  20 pmol /mg protein per min. The trans- 
port  rate observed for plasma membrane vesicles at a D-glucose concentrat ion 
of  1 mM is approx. 10 nmol /mg protein per min; assuming a Km of 5 mM, then 
V calculated for the vesicle system is equal to 60 nmol/mg protein per min. In 
this example, only approx. 0.3% of the plasma membrane protein is sufficient 
to account  for the observed uptake rates; such an amount  might not  be detect- 
able as a discrete band on conventionally stained gels following electrophoresis 
in SDS. 

A plasma membrane preparation maximally enriched in D-glucose transport  
activity is indispensible for the purification and isolation of  a functional D-glu- 
cose transport  protein. The dimethylmaleic anhydride-extracted plasma mem- 
brane preparation described here is highly suitable for this purpose and is now 
being used in studies directed at reconstituting the D-glucose transport  system 
in l iposomes and at the identification of  the protein(s) involved by  the use of  a 
tritiated maleimide derivative of  glutathione. 

Acknowledgements  

We thank Ms. Hoda Karam for typing the manuscript. This research was sup- 
por ted by a grant from the Medical Research Council of  Canada. 

References 

1 K a b a c k ,  H . R .  ( 1 9 7 2 )  B i o c h i m .  B i o p h y s .  A c t a  2 6 5 ,  3 6 4 - - 4 1 6  
2 K a b a c k ,  H . R .  ( 1 9 7 4 )  S c i e n c e  1 8 6 ,  8 8 2 - - 8 9 2  



1 7 2  

3 H o c h s t a d t ,  J.,  Quinlan ,  D.C., Rader ,  R.L. ,  Li, C.-C. and D o w d ,  D. ( 1 9 7 5 )  in Methods  in M e m b r a n e  
Biology (Korn ,  E.D.,  ed.) ,  Vol.  5, pp.  1 1 7 - - 1 6 2 ,  P l e num,  New York  

4 Tu rne r ,  R.J.  a n d  S i lverman,  M. ( 1 9 7 8 )  Bioch im.  Biophys .  Ac ta  507,  3 0 5 - - 3 2 1  
5 Beck,  J.C. and Sack to r ,  B. ( 1 9 7 8 )  J. Biol. Chem.  253 ,  5 5 3 1 - - 5 5 3 5  
6 Kinne ,  R., Murer ,  H. ,  K inne -Sa f f r an ,  E., Thees ,  M. and  Sachs,  G. (1975)  J. M e m b r a n e  Biol. 21, 375- 

395  
7 Hopfe r ,  U.  ( 1 9 7 7 )  J. S up ra mo l .  S t ruc t .  7, 1 . - 43  
8 Hopfe r ,  U. ( 1 9 7 7 )  A m .  J. Physiol .  233 ,  E 4 4 5 - - E 4 4 9  
9 Hopfe r ,  U. ( 1 9 7 8 )  A m .  J. Physiol .  234,  F 8 9 - - F 9 6  

10 Hopfe r ,  U., Sigrist-Nelson,  K.,  A m m a n n ,  E. and Murer ,  H. (1976)  J. Cell. Physiol .  89, 8 0 5 - - 8 1 0  
11 Murer ,  H.,  Hopfe r ,  U., Kinne-Saf f ran ,  E. and  Kinne ,  R. (1974)  Biochim.  Biophys.  Ac ta  345 ,  170 

179 
12 T a n n e n b a u m ,  C., T o g g e n b u r g e r ,  G.,  Kessler,  M., Ro ths t e in ,  A. and S e m e n z a ,  G. (1977)  J. Sup ramol .  

S t ruc t .  6, 5 1 9 - - 5 3 3  
13 Kessler,  M., A c u t o ,  O., Storell i ,  C., Murer ,  H., Muller,  M. and Semenza ,  G. (1978)  Biochim.  Biophys.  

Ac ta  506,  1 3 6 - - 1 5 4  
14 I l l iano,  G. and  Cuat recasas ,  P. ( 1971)  J. Biol. Che m.  246,  2 4 7 2 - - 2 4 7 9  
15 A v r u c h ,  J.,  Car ter ,  J .R.  and  Mart in ,  D.B. (1972)  Biochim.  Biophys.  Ac ta  288,  27 - -42  
16 Car ter ,  J .R. ,  Jr . ,  A v r uc h ,  J. and  Mart in ,  D.B. ( 1 9 7 2 )  J. Biol. Chem.  247,  2 6 8 2 - - 2 6 8 8  
17 Czech,  M.P., L y n n ,  D.G.  a nd  L y n n ,  W.S. (1973)  J. Biol. Ch em.  248,  3 6 3 6 - - 3 6 4 1  
18 S h a n a h a n ,  M.F. and  Czech,  M.P. ( 1 9 7 7 )  J. Biol. Chem.  252,  6 5 5 4 - - 6 5 6 1  
19 Brenner ,  B.G. and  Kah lenbe rg ,  A. (1977)  Can. J.  B iochem,  55, 1 1 7 - - 1 2 5  
20 Ludvigsen ,  C. and  Ja re t t ,  L. ( 1 9 7 9 )  J. Biol. Che m.  254,  1 4 4 4 - - 1 4 4 6  
21 Columbin i ,  M. and  J o h n s t o n e ,  R.M. ( 1 9 7 4 )  J. M e m b r a n e  Biol. 15,  2 6 1 - - 2 7 6  
22 Co lumbin i ,  M. and  J o h n s t o n e ,  R.M. ( 1 9 7 4 )  J. M e m b r a n e  Biol. 18, 3 1 5 - - 3 3 4  
23 Lever ,  J .E.  ( 1 9 7 6 )  J. Cell. Physiol .  8 9 , 7 7 9 - - 7 8 8  
24 Lever ,  J .E.  ( 1 9 7 7 )  J.  Biol. Chem.  252,  1 9 9 0 - - 1 9 9 7  
25 Lever ,  J .E.  ( 1 9 7 7 )  B iochemis t ry  16,  4 3 2 8 - - 4 3 3 4  
26 Parnes,  J .R. ,  Garvey ,  T .Q. ,  I I I  and  Isse lbacher ,  K.J .  ( 1976)  J. Cell. Physiol.  89, 7 8 9 - - 7 9 4  
27 Ni l sen-Hami l ton ,  M. and  H a m i l t o n ,  R.T.  ( 1 9 7 6 )  J. Cell. Physiol .  8 9 , 7 9 5 - - 8 0 0  
28 Nishino,  H.,  Schille¥, R.M.,  Parnes,  J .R.  and Isse lbacher ,  K.J .  ( 1 9 7 8 )  Proc. Natl.  Acad.  Sci. U.S.A. 75. 

2 3 2 9 - - 2 3 3 2  
29 Nishino,  H.,  Ti l lo tson,  L.G. ,  Schiller,  R.M.,  Inui ,  K.-I.  and  Isse lbacher ,  K.J.  ( 1978)  Proc.  Natl .  Acad.  

Sci. U.S.A.  75, 3 8 5 6 - - 3 8 5 8  
30 Nishino,  H.,  Chr i s topher ,  C.W., Schiller,  R.M.,  G a m m o n ,  M.T.,  Ulirey,  D. and  Isse lbacher ,  K.J ,  (1978)  

Proc. Natl .  Acad .  Sci. U.S.A.  75,  5 0 4 8 - - 5 0 5 1  
31 Quinlan ,  D.C. and  H o e h s t a d t ,  J. ( 1 9 7 4 )  Proc.  Natl .  Acad .  Sci. U.S.A.  71, 5 0 0 0 - - 5 0 0 3  
32 Quinlan ,  D.C. and  H o c h s t a d t ,  J. ( 1 9 7 6 )  J. Biol. Chem.  2 5 1 , 3 4 4 - - 3 5 4  
33 Li, C.-C. and  H o c h s t a d t ,  J . ( 1 9 7 6 )  J. B io l  Chem.  251,  1 1 7 5 - - 1 1 8 0  
34 Li, C.-C. and  H o c h s t a d t ,  J.  ( 1 9 7 6 )  J. Biol. Chem.  251 ,  1 1 8 1 - - 1 1 8 7  
35 Lever ,  J .E.  ( 1 9 7 9 )  J.  Biol. Che m.  254 ,  2 9 6 1 - - 2 9 6 7  
36 Weber ,  M.J. ( 1 9 7 3 )  J. Biol. Che m.  248,  2 9 7 8 - - 2 9 8 3  
37 Kle tz ien ,  R.F .  and  Perdue ,  J .F .  ( 1 9 7 4 )  J. Biol. Chem.  249,  3 3 6 6 - - 3 3 7 4  
38 Kle tz ien ,  R.F .  and Perdue ,  J .F .  ( 1 9 7 4 )  J. Biol. Chem.  249,  3 3 7 5 - - 3 3 8 2  
39 Kle tz ien ,  R.F .  and  Perdue ,  J .F .  ( 1 9 7 4 )  J.  Biol. Chem.  249,  3 3 8 3 - - 3 3 8 7  
40 Kle tz ien ,  R.F.  and  Perdue ,  J .F .  (1975)  J. Biol. Chem.  250,  5 9 3 - - 6 0 0  
41 T e m i n ,  H.M. ( 1 9 6 0 )  Vi ro logy  10,  1 8 2 - - 1 9 1  
42 L a e m m l i ,  U. ( 1 9 7 0 )  Nat t t re  2 2 7 , 6 8 0 - - 6 8 5  
43 Mackler ,  B. and  Green ,  D.E.  ( 1 9 5 6 )  Bioch im.  Biophys.  Ac ta  21, 1-~6 
44 Ziegler,  D. and  Rieske,  J.S. ( 1 9 6 7 )  Methods  E n z y m o l .  10, 2 3 1 - - 2 3 5  
45 Jo u rd i an ,  G.W., Dean ,  L.  a nd  R o s e m a n ,  S. (1971)  J. Biol. Chem.  246,  4 3 0 - - 4 3 5  
46 L o w r y ,  O.H,,  R o s e b r o u g h ,  N.J . ,  Farr ,  A.L.  and  Randal l ,  R.J .  ( 1951)  J. Biol. Chem.  193,  2 6 5 - - 2 7 5  
47 Kle tz ien ,  R .F .  and  Perdue ,  J .F .  (1973)  J.  Biol. Che m.  2 4 8 , 7 1 1 - - 7 1 9  
48 Stein,  W.D. ( 1 9 6 7 )  The  M o v e m e n t  of  Molecules  across Cell M e m b r a n e s ,  p. 128,  A c a d e m i c  Press, New 

York  
49 De Krui j f f ,  B., van  Dijk,  W.M., Go ldha c k ,  R.W., Demel ,  R.A.  and van Deenen ,  L.L.M. ( 1 9 7 3 )  Biochim.  

Biophys .  A c t a  330 ,  2 6 9 - - 2 8 2  
50 Raison,  J .K.  ( 1 9 7 3 )  Bioenerget ics  4, 2 8 5 - - 3 0 9  
51 Silvius, J .R. ,  Read ,  B.D. and  M c E l h a n e y ,  R.N.  ( 1 9 7 8 )  Science 1 9 9 , 9 0 2 - - 9 0 4  
52 Inui ,  K.-I. ,  Moiler,  D.E. ,  Ti l lo tson,  L .G.  and  Isse lbaeher ,  K.J .  ( 1 9 7 9 )  l>roc. Natl .  Acad.  Sci. U.S.A.  76, 

3 9 7 2 - - 3 9 7 6  
53 Cheng,  L.C.,  Rogus ,  E.M. and  Zierler,  K. (1978)  Biochim.  Biophys.  Ac ta  513,  1 4 1 - - 1 5 5  
54 Banjo,  B. and  Perdue ,  J .F .  ( 1 9 7 6 )  J. Cell Biol. 70,  270a  
55 Shiu,  R.P.C,,  Pouyssegur ,  J. a nd  Pas tan ,  I. ( 1 9 7 7 )  Proc.  Natl .  Acad .  Sci. U.S.A.  74, 3 8 4 0 - - 3 8 4 4  
56 Lee ,  S.G. and  L i p m a n n ,  F. (1977)  Proc.  Natl .  Acad .  Sci. U.S.A.  74,  1 6 3 - - 1 6 7  
57 Lee,  S.G. and  L i p m a n n ,  F. ( 1 9 7 8 )  Proc.  Natl .  Acad .  Sci. U.S.A.  75, 5 4 2 7 - - 5 4 3 1  
58 Kah lenberg ,  A. ( 1 9 7 6 )  J. Biol. Chem.  251,  1582---1590 


