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Summary 

The effect of transformation on hexose and amino acid transport has been 
studied using whole cells and membrane vesicles of chicken embryo fibroblasts 
infected with the temperature-sensitive mutant of the Rous sarcoma virus, TS- 
68. In whole cells, TS-68-infected chicken embryo fibroblasts cultured at the 
permissive temperature (37°C) had a 2-fold higher rate of 2-deoxy-D-glucose 
uptake than the same cells cultured at the non-permissive temperature (41°C). 
However, both the non-transformed and transformed cells had comparable 
rates of a-aminoisobutyric acid transport. Membrane vesicles, isolated from TS- 
68-infected chicken embryo fibroblasts cultured at 41°C or 37°C, displayed 
carrier-mediated, intravesicular uptake of D-glucose and a-aminoisobutyric acid. 
Membrane vesicles from TS-68-infected chicken embryo fibroblasts cultured at 
37°C had an approx. 50% greater initial rate of stereospecific hexose uptake 
than the membrane vesicles from fibroblasts cultured at 41 ° C. The two types 
of membrane vesicle had similar uptake rates of a-aminoisobutyric acid. The 
results of hexose and amino acid uptake by the membrane vesicles correlated 
well with those observed with the whole cells. Km values for stereospecific 
D-glucose uptake by the membrane vesicles from TS-68-infected chicken 
embryo fibroblasts cultured at 41 and 37°C were similar, but the V value was 

Abbreviations:  CEF, chicken embryo  fibroblasts; TS-68, temperature-sensit ive mutant  of the Rous  
sarcoma virus; Glc, glucose; Gal, galactose; 3-OMeGlc, 3-O-methyl-D-glucose; 2-dGlc, 2-deoxy-D-glucose; 
Hepes, N-2-hydroxyethylpiperazine.NW.2.ethanesulfonic  acid. 
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greater for the membrane vesicles from TS-68-infected cells cultured at 37°C. 
Cytochalasin B competi t ively inhibited stereospecific hexose uptake  in both  
types of  membrane vesicle. These findings suggest that  the membrane vesicles 
retained many of the features of  hexose and amino acid transport  observed in 
whole cells, and that  the increased rate of  hexose transport  seen in the virally- 
t ransformed chicken embryo  fibroblasts was due to an increase in the number  
or availability of  hexose carriers. 

Int roduct ion 

Currently, there is considerable interest in the possibility that  nutrient  trans- 
port  may play an important  role in the regulation of  cellular metabolism and 
growth, since the cell membrane acts both  as a permeabili ty barrier and as a 
transducer of  biological information.  Thus, for example, an increase in the rate 
of  hexose uptake has been reported as one of  the early biochemical events to 
occur when chicken embryo  fibroblasts (CEF cells} are transformed by the 
Rous sarcoma virus [1].  Whole cell transport  studies have not  definitively 
resolved the controversy concerning the mechanism and kinetics of  this altered 
hexose uptake.  Some whole-cell studies have at t r ibuted the increased hexose 
uptake to a change in V [2--6] ,  whereas one s tudy reports  that  the altered 
uptake results from a Km change [7].  In addition, some investigators [7--9] 
report  that  the transformed CEF cells have no change in the transport  of  amino 
acids. This is unusual in light of  the increased amino acid uptake observed in 
other  transformed fibroblasts [10].  Furthermore,  since these studies have been 
conducted  in whole cells, the analysis of  the transport  mechanism is com- 
plicated by  factors such as intracellular metabolism and compartmentalization.  

The recent development  of  techniques for the isolation of  cell plasma mem- 
brane vesicles that  retain transport  activity has permit ted a more detailed s tudy 
of  the possible mechanisms involved in the transport  of  nutrients across cell 
membranes.  In this and other  laboratories, membrane vesicles prepared from 
transformed and non-transformed cells have been successfully used for the 
analysis of  transport  of  amino acids [11--16] ,  phosphate [17,18] and nucleo- 
sides [19].  Recently,  we reported the increased hexose transport  in plasma 
membrane vesicles from Simian virus 40-transformed mouse fibroblasts by the 
analysis of  initial uptake rates using modified assay techniques [21].  

In this study,  we have extended our earlier observations concerning hexose 
and amino acid transport  mechanisms in mouse fibroblast membrane vesicles to 
CEF cells infected with the temperature-sensitive mutan t  of  the Rous  sarcoma 
virus, TS-68. This is a good system for studying the effects of  transformation, 
since both  types  of  CEF cell are derived from the same primary culture and 
both  are infected with the TS-68 Rous sarcoma virus but  grown at different 
temperatures.  The results revealed that  membrane vesicles isolated from CEF 
cells catalyze carrier-mediated transport  of  hexose and amino acid, and that  the 
enhanced hexose transport  activity observed with transformed CEF cells can 
also be demonstrated in membrane vesicles derived from them. 
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Materials and Methods 

Cell culture. Body walls from 10-day-old chicken embryos  were dissociated 
with 0.25% trypsin and the cells were seeded into plastic roller bott les (Coming, 
490 cm 2) containing 50 ml of  growth medium and 4.5 • 107 cells. The cell 
growth medium was Dulbecco's  modified Eagle's medium containing 4.5 g/1 
glucose, 10% tryptose  phosphate  broth (Difco) and 2% irradiated fetal calf 
serum (Microbiological Associates). After 7 days as primary cultures at 41°C, 
the cells were removed from roller bott les using 0.06% trypsin and 0.5 mM 
EDTA in phosphate-buffered saline wi thout  Ca 2÷ and Mg 2÷. The secondary 
cultures were seeded at 1.5 • 107 cells in the roller bott les  using the same 
growth medium and incubated at 41°C for 24 h. Then, the temperature-sensi- 
tive mutan t  of  Rous  sarcoma virus, TS-68 (5 • 106 focus-forming units) were 
added to each roller bot t le  and they were incubated for 4--5 days at the 
permissive (37°C) and non-permissive (41°C) temperatures.  In some experi- 
ments, similarly, the cells were transferred into dishes (35 and 100 mm) and 
infected with TS-68, fol lowed by  incubation in humidified CO2 incubators at 
37 and 41 ° C, respectively. 

Preparation o f  membrane vesicles. Mixed membrane vesicles were prepared 
according to a previous report  [20].  Confluent  cells were harvested by scraping 
with a rubber  blade at a density of  1 - - 2 . 5 - l 0  s cells/cm 2 and collected in 
culture medium. All subsequent  operations were performed at 4°C. The cell 
suspension was centrifuged at 500 × g for 10 min and then suspended in 0.25 M 
sorbitol/1 mM Tris-Hepes (pH 7.5)/0.5 mM MgC12 (buffer A) followed by 
centrifugation at 800 × g for 10 min. The cell pellet was resuspended in the 
same buffer  and centrifuged at 1000 X g for 20 rain. The packed cell pellet was 
resuspended in 20 vols. of  buffer  A, and the cells were gently suspended with 
five strokes of  a loose-fitting Dounce homogenizer. The washed cell suspension 
was placed in a nitrogen cavitation bomb (Artisan Industries, Waltham, MA) at 
680 lb/inch 2 for 10 min. After the homogenate  was collected, K2EDTA 
(pH 7.5) was added to a final concentrat ion of  1 mM. The homogenate  was 
centrifuged at 750 × g for 15 min to remove nuclei and any intact cells. Then, 
the post-nuclear supernatant was centrifuged at 20 000 X g for 15 min to pellet 
the mitochondria.  The supernatant was centrifuged at 100000  × g for 60 min. 
The pellet was resuspended in 0.1 M sorbitol/1 mM Tris-Hepes (pH 7.5) 
(buffer S), and centrifuged again at 100 000 × g for 60 min. The pellet was sus- 
pended in buffer  S to give a final protein concentrat ion of  4--8 mg/ml by 
passage through a fine-gauge needle. This fraction was stored at 4°C and used as 
mixed membrane vesicles within 3 days. Compared with the homogenates,  the 
membrane preparations were enriched 3--4-fold for 5'-nucleotidase activity. 

Transport assay o f  whole cells. The uptake of  2<lGlc or a-aminoisobutyric 
acid was measured at 25 -+ 1°C in cells attached to the culture dish (35 mm), as 
previously described [21] with some modifications. The cell incubation 
medium contained 137 mM NaC1, 3 mM KC1, 8 mM Na2HPO4, 1.5 mM 
KH2PO4, 1 mM CaC12 and 0.5 mM MgC12 (buffer B). For  studies in Na÷-free 
medium, the NaC1 and Na2HPO4 of  buffer  B were replaced with choline chlo- 
ride and K2HPO4. After  removing culture medium, each dish was washed twice 
with 2 ml of  buffer  B (incubation for 10 min). Buffer B (0.5 ml) containing 
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radio actively labeled substrate (2 <l [ 14 C ] Glc and ~ ~amino [ 14 C ] isobutyric acid, 
1 Ci/mol) at the concentrat ion of  1 mM was added to each dish and the cells 
were incubated for a specified period of  time. At the end of  the incubation 
period, medium was immediately removed by  suction and the dish was rapidly 
rinsed four  times with 2 ml of  ice,cold buffer  B. Then 0.5 ml of  70% ethanol 
was added and the aqueous ethanol allowed to remain for 1 h in contact  with 
the denatured cells. The radioactivity of  the ethanol extract  was determined in 
10 ml Instagel (Packard) by  liquid scintillation counting. After removal of  the 
ethanol, the dishes were dried and 1 ml of  0.1 N NaOH containing 0.1% sodium 
dodecyl  sulfate was added to the denatured cells. This fraction was used for 
protein determination. In most  uptake experiments,  simple diffusion and non- 
specific adsorption were monitored simultaneously by  including L-[3H]Glc 
(3 Ci/mol) in the assay medium, and corrections for them were made by sub- 
tracting the amount  of  L-Glc associated with each sample. 

Transport assay of  membrane vesicles. In order to obtain data on the initial 
rates of  uptake,  hexose transport  was assayed as described previously [20].  
Membrane vesicles dispersed in buffer  S were preincubated for 10 min (1.5-- 
3 mg protein/ml).  The medium of  radioactive substrates was prepared with 
double labeling such as D-[14C]Glc (100 pCi/ml) and L-[3H]Glc (200 pCi/ml). 
Two 15-pl drops, one containing membrane vesicle suspension and the other  
containing labeled substrates in buffer  S, were placed close to each other  at the 
bo t tom of a clear plastic test tube  (Falcon, 12 × 75 mm). The reaction was 
initiated by rapid mixing using a vortex mixer. At the stated time points, 1 ml 
of  ice-cold stop solution (buffer S containing 0.1 mM phloretin and 0.1% (v/v) 
ethanol) was added to the reaction tube.  Ther contents  of  the test-tube were 
immediately poured onto the Millipore nitrocellulose filter (0.45 pm, 2.5 cm 
diameter) and washed with 5 ml of  ice-cold stop solution. Filtration and 
washing were finished within 10 s. Radioactivity of  dried filters in Instagel 
(Packard) was determined by  scintillation counting. In order to obtain repro- 
ducible results and also to determine stereospecific transport,  corrections for 
simple diffusion and nonspecific trapping of  hexose were made by  subtracting 
the amount  of  L-Glc associated with each sample. Background activity was 
determined by the addition of  15 pl isotope mixture to 1 ml of  ice-cold stop 
solution containing 15 pl of  diluted membrane vesicles. The incubations were 
carried ou t  at 25 + I °C except  where specified otherwise. 

a-Aminoisobutyric acid uptake was measured by  either of  two methods  at 
25 or 37°C. One method involved the use of  a series of  individual reaction 
tubes for each time point  similar to hexose uptake.  An isotope medium con- 
taining ~-[3H]aminoisobutyric acid (200 #Ci/ml) with either 200 mM NaSCN 
or 200 mM choline chloride in buffer  S was used, and the stop solution was ice- 
cold buffer  S. A second assay method involved the use of  a single reaction tube 
containing 200 pl of  the reaction mixture,  as described previously [13].  The 
reaction was initiated by the addition (20 pl) of  ~-[3H]aminoisobutyric acid 
with either NaSCN or choline chloride to membrane vesicles (180 pl). Aliquots 
of  15 pl were withdrawn at the stated t ime points, diluted in 1 ml of  ice-cold 
buffer  S, filtered and washed with 5 ml of  ice-cold buffer  S. 

Measurement of  intravesicular volume. The intravesicular volume (pl/mg of 
protein) was calculated from the equilibrium uptake (pmol/mg of protein) of  
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1 mM D-Glc or 3-OMeGlc obtained at 20 min. Average values of intravesicular 
volumes were 1.53 #l/mg of protein (41°C) and 1.50 pl/mg of protein (37°C). 
These values were much smaller compared with membrane vesicles from mouse 
fibroblasts [20]. 

Analytical method. Protein was determined by the method of Lowry et al. 
[22]. Purity of mixed membrane vesicles was checked by measuring the activ- 
ities of marker enzymes; 5'-nucleotidase (5'-ribonucleotide phosphohydrolase, 
EC 3.1.3.5) [23] for plasma membrane, NADH-cytochrome c reductase 
(NADH:(acceptor)  oxidoreductase, EC 1.6.99.3) [24] for endoplasmic 
reticulum, and cytochrome oxidase (ferrocytochrome c : oxygen oxidoreductase, 
EC 1.9.3.1) [25] for mitochondria. 

Materials. D-[U-14C]Glucose (360 Ci/mol), L-[1-3H]glucose (17.5 Ci/mmol), 
3-O-methyl-D-[U-14C]glucose (360 Ci/mol), 2-deoxy-D-[U-'4C]giucose (337 Ci/ 
mol), D-[1-14C]galactose (53.9 Ci/mol), a-amino[1-'4C]isobutyric acid 
(51.6 Ci/mol), ~-[3H]methyl-aminoisobutyric acid (10 Ci/mmol) and [3H]- 
adenosine 5'-monophosphate (diammonium salt, 15 Ci/mmol) were purchased 
from New England Nuclear. Cytochalasin B, cytochrome c and NADH were 
obtained from Sigma Chemical Co. and phloretin was from ICN Pharmaceuticals. 

Results 

Evidence for carrier-mediated transport o f  hexose and amino acid by mem- 
brane vesicles 

As we had previously shown with mouse fibroblast membrane vesicles [20], 
the hexose and amino acid uptakes by membrane vesicles from TS-68-infected 
CEF cells were osmotically sensitive. The amount of substrate accumulated in 
the vesicles was inversely proportional to the sorbitol concentration of the 
medium. Extrapolation to infinite sorbitol concentration passed through the 
origin for both D-Glc and ~-aminoisobutyric acid (data not shown). 

The time course of ~-aminoisobutyric acid uptake is shown in Fig. 1. The 
simultaneous addition of ~-aminoisobutyric acid and NaSCN to the vesicles 
produced a transient accumulation (overshoot) of ~-aminoisobutyric acid above 
the maximal accumulation attained when the vesicles were in the presence of 
choline chloride. 

As shown in Fig. 2, the transport of D-GIc by the membrane vesicles from 
TS-68-infected CEF cells cultured at 41°C was time-dependent, stereospecific 
and reached equilibrium within 10 min. Stereospecific uptake of D-Glc as mea- 
sured by the difference between D-[14C]Glc and L-[3H]Glc uptake, appeared 
to be linear for 5 s, reached a maximum value at 5--10 min, and then declined 
as L-Glc levels slowly reached those of D-Glc after several hours. In contrast, 
stereospecific uptake of D-Gal was much slower compared with D-Glc. Cyto- 
chalasin B has been shown to be a potent inhibitor of hexose transport in a 
wide variety of cell types, but has no discernible effect on hexose phosphoryla- 
tion [26,27]. Cytochalasin B strongly inhibits stereospecific D-Glc and D-Gal 
uptake by membrane vesicles from CEF cells. 

The substrate specificities of the hexose and amino acid-transporting systems 
were examined by competitive inhibition studies involving either D-Glc or 
~-aminoisobutyric acid uptake in the presence of unlabeled substrates (Table I). 
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Fig.  I .  T ime  course  of  (x-aminoisobutyr ic  ac id  u p t a k e  b y  m e m b r a n e  ves ic les  f rom TS-68- in fec ted  C E F  
cel ls  c u l t u r e d  a t  41°C .  The vesicles  (180  /A, 500  /~g of  p r o t e i n )  were  p r e i n c u b a t e d  a t  ST°C for  10  ra in  in  
bu f f e r  S, and  the  r e a c t i o n  was  i n i t i a t e d  b y  the  a d d i t i o n  (20  /A) of  1 mM ~ [ 3 H ] a m i n o i s o b u t y r i c  ac id  
( 1 0 0 0  C i l m o l )  in  the  p resence  of  1 M NaSCN or  1 M cho l ine  ch lo r ide .  Then  a l i q u o t s  of  15  /zl were  
r e m o v e d  a t  the  s t a t ed  t i m e  po in t s .  F ina l  c o n c e n t r a t i o n s  were  as fo l lows :  ~ - a m i n o i s o b u t y r i c  ac id ,  0 .1  raM;  
NaSCN (o),  100  m M ;  cho l ine  ch lo r ide  (&), 100  raM. 

Of these substrates 2<lGlc had the strongest inhibitory effect on the stereo- 
specific D-Glc uptake, followed by 3~:)MeGlc, D-Glc and D-Gal, respectively, 
and L-Glc had no effect, a-Methylaminoisobutyric acid, a-aminoisobutyric acid 
and alanine (A system) exerted a pronounced inhibitory effect on a-aminoiso- 
butyric acid uptake; this was in contrast to the minimal effect observed with 
leucine (L system). 

The above results indicate that the nutrient carriers of  D-Glc and a-aminoiso- 
butyric acid in the membrane vesicles function in a specifically selective 
manner. 
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L *' 
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Fig.  2.  T i m e  cour se  of  s t e reospec i f l c  D-GIc and  D-Gas u p t a k e  b y  m e m b r a n e  ves ic les  f rom TS-68- in fec ted  
C E F  cel ls  c u l t u r e d  a t  41°C .  M e m b r a n e  ves ic les  w e r e  p r e i n c u b a t e d  for  10  ra in  in  b u f f e r  S w i t h  or  w i t h o u t  
40  /~M c y t o c h a i a = ~  B, d i s so lved  in  1% d i m e t h y l s u l f o x i d e .  The  ves ic les  (15  /11, 15 jug of  p r o t e i n )  were  
i n c u b a t e d  w i t h  i s o t o p e  m i x t u r e  ( 15 / z l )  c o n t a i n i n g  e i t h e r  D- [14C]GIc  (50  C i / m o l )  and  L - [ 3 H ] G I c  ( 1 0 0  Ci l  
too l )  or  D - [ 1 4 C ] G a l  (50  C i l m o l )  a n d  L - [ 3 H ] G l c  ( 1 0 0  C ihno] )  ( f inal  c o n c e n t r a t i o n ,  1 raM).  S te reospee i f l c  
D-GIc and  D-GaS u p t a k e s  were  c a l c u l a t e d  as de sc r ibed  in  t he  t e x t .  Each  p o i n t  r ep re sen t s  t he  m e a n  value  of  
t w o  e x p e r i m e n t s ,  o, D-GIc0 c o n t r o l ;  o, 20/~M cy tochasas in  B; ~, D-Gas, c o n t r o l ;  A 20 /zM cytochaias i .n  B. 
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T A B L E  I 

C O M P E T I T I V E  I N H I B I T I O N  F R O M  U N L A B E L E D  S U B S T R A T E  OF D-GIc A N D  ~ - A M I N O I S O B U T Y -  
R I C  A C I D  U P T A K E  BY M E M B R A N E  V E S I C L E S  F R O M  T S - 6 S - I N F E C T E D  C E F  C E L L S  C U L T U R E D  
A T  4 1 ° C  

The ves ic les  ( 1 5  pl ,  3 0  ~tg o f  p r o t e i n )  w e r e  i n c u b a t e d  wi th  the  i s o t o p e  ( 1 5  pl,  e i ther  2 m M  D - [ 1 4 C ] G l e  

(50  C i ] m o l )  and 2 m M  L - [ 3 H ] G l c  (100  C i / m o l )  or  0.2 m M  a - [ 3 H ] a m i n o i s o b u t y r i c  acid ( 1 0 0 0  C i / m o l )  

and 200  m M  N a S C N )  conta in ing  addi t ional  un labe led  h e x o s e  ( 1 0  raM) or  a m i n o  acid (1 m M )  in buf fer  S. 
S t e r c o s p e c i f i c  D-GIc u p t a k e  and N a ' - d e p e n d e n t  C~-aminoisobutyric acid u p t a k e  at 5 s w e r e  d e t e r m i n e d  as 
descr ibed  in the  t e x t .  Each value represents  the  m e a n  ± S.E.  o f  four  to  five e x p e r i m e n t s .  

Un labe led  substrate  adde d  U p t a k e  

p m o l / m g  % o f  
prote in  co ntro l  
in 5 s  

D - G l u c o s e  u p t a k e  
c o n t r o l  100  + 4 100  

D-glucose  56 + 9 55 
2 - d e o x y - D - g l u c o s e  50 ± 2 50 

3 - O - m e t h y l - D - g l u c o s e  53 ± 5 53 

D-galactose  82 ± 3 82 
L-glucose  102 ± 6 102  

c~-Aminoisobutyr ic  acid u p t a k e  
c o n t r o l  20 ± 1 1 0 0  
~ - a m i n o i s o b u t y r i c  ac id  14 ± 1 72 

t~ -methy l ami no i sobutyr i c  acid 12 ± 1 61 

alanlne  10 ± 1 53 

l eu c i ne  18 ± 1 90  

Hexose and amino acid transport by whole cells and by membrane vesicles of  
TS-68-infected CEF cells 

In order to confirm the difference of  transport activity in the intact whole 
cells of  non-transformed and transformed cells, the uptake of  2-dGlc and 
a-aminoisobutyric acid was studied using monolayer cells in plastic culture 
dishes. The initial rate of  2<tGlc uptake (Fig. 3A) was increased approx. 2-fold 
in TS-68-infected CEF cells cultured at 37°C, but a-aminoisobutyric acid 
{Fig. 3B) was not  increased. The results of  hexose uptake are comparable with 
those reports by Weber [2] and Kletzien and Perdue [4] .  Although the results 
of  ~-aminoisobutyric acid uptake basically agreed with previous findings that 
there was no increase in a-aminoisobutyric acid transport by Rous sarcoma 
virus-transformed CEF cells [7--9] ,  our results actually showed a slight 
decrease in ~-aminoisobutyric acid uptake. 

The initial rate of  stereospecific D-Glc uptake (Fig. 4A)  by membrane vesicles 
from TS-68-infected CEF cells cultured at 37°C was approx. 60% greater com- 
pared with the membrane vesicles from fibroblasts cultured at 41°C. This was 
similarly observed for 2<lGlc uptake by whole cells. 3-OMeGlc, a non-metabo- 
lizable glucose analogue, was used to verify that metabolic function was not  
responsible for this transport assay system of  hexose.  Consequently,  D-Glc and 
3-OMeGlc showed the same equilibrium value of  uptake. On the other hand, 
Na÷~lependent ~-aminoisobutyric acid uptake showed no enhancement or a 
slight decrease in uptake by the membrane vesicles from TS-68-infected CEF 
cells cultured at 37°C (Fig. 4B). 
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Fig. 3. Time course of 2~lGlc (A) and ~-aminoisobutyric  acid (AIB) (B) uptake  by whole cells of TS-68- 
infected CEF cells cul tured at  41 and 370C. Confluent  cells in cul ture di shes  w e r e  washed twice with 
buffer  B. The uptake was ini t ia ted by the addi t ion (0.5 ml) of radioact ively labeled substrate medium at 
t h e  concentra t ion of 1 mM. The condi t ions  were as follows: (A) 2-[14C]dGlc (1 Ci/mol)  and L-[3H]GIc 
(3 Ci/mol)  in buffer B, cul tured at  41°C (o) and 37°C (e);  (B) a -amino[14C] isobutyr ic  acid (1 Ci/mol)  
and L-[3H]GIc (3 Ci/mol)  in buffer  B (o,e) or Na+-free buffer  B ( ~ a ) ,  cul tured at  41°C (o,~) and 37°C 
(e,=). 

For comparison purposes Table II summarizes the results of hexose and 
amino acid tzansport by whole cells and by membrane vesicles of TS-68- 
infected CEF cells cultured at 41 and 3?°C. 

Furthermore, in order to confirm the differences in hexose transport by 
membrane vesicles, we studied the effect of countertransport on stereospecific 
D-Glc uptake (Fig. 5). Vesicles preloaded with high concentration of  unlabeled 
D-Glc showed enhancement of stereospecific D-['4C]Glc accumulation by 
countertransport in both types of  membrane vesicle, compared with controls. 
These results suggest that the enhancement in the initii~l rate of hexose Uptake 
by membrane vesicles from transformed cells is due to the increase in carrier- 
mediated hexose transport into vesicles. 

A. D-GIc 

I I 
o o., o~ d~ 1 

MINUTES 

B A..r6 ' 4r'C Yr'c 
%-'NoSCN 

0 o.t 02 0.5 1 

M/NUTES 

Fig. 4. Time course of D-GIc (A) and ~-aminoisobutyric  acid (AIB) (B) uptake  by  membrane  vesicles from 
TS-68-infected CEF cells cul tured at  41 and 37°C. (A) The membrane  vesicles, cul tured at  41°C (o) and 
370C (e), were incubated  wi th  substrate medium (15 #I) containing D-[14C]GIc (50 Ci/mol)  and L-[3H] - 
Glc (100 Ci/mol)  (final concentra t ion,  1 raM). (B) The membrane  vesicles (15 ~I), cul tured at  41°C (0,4) 
and 37°C (e,A), were incubated wi th  substrate  medium (15 #I) c o n t J l n l , g  a - [3H]amino/sobutyr lc  acid 
(1000 Ci/mol)  with NaSCN (o,e)  or choline chloride ( ~ a )  (final concentra t ion,  0.1 mM (~mminoiso- 
butyr ic  acid,  100 mM NaSCN, 100 mM choline chloride). The intravesicular volumes were 1.4 ~I/mg of 
prote in  (41°C) and 1 . 6  ~ I / m g  of pro te in  (37°C). Each po in t  r e p r e s e n t s  t h e  mean value of two  e x p e r i -  
m e n t s  . . . . .  
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T A B L E  1 1  

H E X O S E  A N D  A M I N O  A C I D  T R A N S P O R T  BY W H O L E  C E L L S  A N D  BY M E M B R A N E  V E S I C L E S  O F  
T S - 6 8 - I N F E C T E D  C E F  C E L L S  C U L T U R E D  A T  41  A N D  3 7 ° C  

S t e r e o s p e c i f i c  h e x o s e  u p t a k e  a n d  N a + - d e p e n d e n t  ~ - a m i n o i s o b u t y r i c  ac id  u p t a k e  b y  w h o l e  cel ls  o r  m e m -  
b r a n e  vesicles  we re  d e t e r m i n e d  as  d e s c r i b e d  fo r  Figs.  3 a n d  4 .  The  d a t a  a re  n o r m a l i z e d  as t h e  re la t ive  r a t i o  
o f  in i t i a l  u p t a k e  r a t e  in t he  cells  c u l t u r e d  a t  3 7  t o  4 1 ° C .  E a c h  va lue  r e p r e s e n t s  the  m e a n  + S.E.  fo r  sepa-  
r a t e  P r e p a r a t i o n s  ( n u m b e r  in  P a r e n t h e s e s ) ,  w i t h  d u p l i c a t e  o r  t r i p l i ca t e  d e t e r m i n a t i o n s .  

Re la t ive  t r a n s p o r t  a c t i v i t y  
( c u l t u r e d  a t  3 7 ° C /  
c u l t u r e d  a t  4 1 ° C )  

Whole cells 

2-deoxy-D-glucose 2.12 + 0.18 (5) 

~-aminoisobutyric acid 0.60 + 0.I0 (4) 

Membrane vesicles 

D-glucose 1.47 + 0.10 (7) 

D-galactose 1.66 + 0.11 (3) 

c~-aminoisobutyric acid 0.86 ± 0.05 (6) 

Kinetic parameters were obtained and calculated by plotting the initial rates 
by means of  a number o f  linear transformation methods  and similar results 
were obtained. As shown in Fig. 6A, Lineweaver-Burk plots of  the initial rates 
of  stereospecific D-Glc uptake at substrate concentrations between 0.5 and 
20 mM revealed that K m (7.1 mM) for D-Glc transport was the same for mem- 
brane vesicles from TS-68-infected CEF cells at 41°C and 37°C. However, V 
values for stereospecific D-Glc uptake were 9.6 (nmol /mg protein per min) for 
the fibroblasts cultured at 41°C and 17.1 (nmol /mg protein per min) for the 
fibroblasts cultured at 37°C, suggesting an increase in the number or availabil- 
ity of  hexose carriers in transformed cells. The inhibition of  stereospecific 

6OO 

~: 400 

~ 2oo 

41°C 37°C 

CONTROL A o 
+D-GLUCOSE • • 

I I I I 
o l  0 2  0 5  IO 

MINUTES 

Fig .  5 .  C o u n t e r t r a n s p o r t  e f f e c t s  o n  s t e r e o s p e c i f i c  D-GIc u p t a k e .  Ves ic les  w e r e  p r e i n c u b a t e d  w i t h  ( z , e )  o r  
w i t h o u t  (~ ,o)  1 0  m M  u n l a b e l e d  D-GIc  f o r  1 0  r a i n ,  a n d  t h e n  t h e  s l i q u o t s  (15/~1) (4 a n d  4 ,  4 1 ° C ; o  a n d  e ,  
3 7 ° C )  w e r e  i n c u b a t e d  w i t h  t h e  i s o t o p e  m i x t u r e  ( 1 5 0 / d )  c o n t a i n i n g  1 m M  D - [ 1 4 C ] G l e  ( 1 0  C i / m o l )  a n d  
1 m M  L - [ 3 H ] G I c  ( 2 0  C i / m o l )  d u r i n g  the  i n d i c a t e d  p e r i o d s .  T h e  i n t r a v e s i c u l a r  v o l u m e s  were  1 .5  # l / m g  o f  
p r o t e i n  ( 4 1 ° C )  a n d  1 .3  # l / m g  o f  p r o t e i n  ( 3 7 ° C ) .  E a c h  p o i n t  r e p r e s e n t s  t h e  m e a n  va lue  o f  t w o  expe r i -  
m e n t s .  
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Fig.  6 .  L i n e w e a v e r - B u r k  plots  o f  initial rates o f  s tereospeci f ic  D-GIc u p t a k e  b y  m e m b r a n e  vesicles  from 
T S - 6 8 - i n f e c t e d  C E F  cells  c u l t u r e d  a t  41  a n d  3 7 ° C .  S t e r e spec i f l c  u p t a k e  fo r  5 s a t  concentra t ions  b e t w e e n  
0 .5  a n d  2 0  m M  w a s  d e t e r m i n e d  in  the absence  (A)  a n d  the presence  (B) o f  cy tocha las in  B (0 .2  ~tM), dis- 
so lved  in  0 . 0 1 %  d i m e t h y l s u l f o x i d e ,  as described for  Fig.  2. (A)  o,  4 1 ° C ;  o ,  3 7 ° C .  (B)  o a n d  $ ,  control ;  
n c y t o c h a l a s i n  B. The  i n t r a v e s i c u l a r  vo lumes  were  1 .5  Dl /mg of  prote in  (41°C)  and 1.8  ~ I / m g  of  prote in  
( 3 7 ° C ) .  E a c h  p o i n t  represents  the mean  value o f  three e x p e r i m e n t s .  

D-Glc uptake by cytochalasin B was also evaluated by kinetic methods. Fig. 6B 
shows that this inhibition was of the competitive type with an apparent disso- 
ciation constant (Ki) of 0.3 #M for both types of membrane vesicle. 

Discussion 

Functional membrane vesicles are quite useful in investigating the uptake of 
amino acids and hexoses because any possible cytoplasmic and metabolic 
effects on transport are minimized. The present results are noteworthy in that 
stereospecific hexose transport and Na+-dependent ~-aminoisobutyric acid 
transport by membrane vesicles, isolated from TS-68-infected CEF cells 
cultured at 41 and 37 ° C, reflected similar changes in uptake as seen with intact 
whole cells. These findings therefore emphasize the utility of the membrane 
vesicle technique in studying transport processes. 

The nutrient uptake by the membrane vesicles fulfilled the criteria of 
osmotic sensitivity, stereospecificity and concentration-dependency for carrier- 
mediated transport. Furthermore, D-Glc uptake was shown to be specifically 
inhibited by cytochalasin B and stimulated by countertransport. The s-amino- 
isobutyric acid uptake demonstrated Na+-stimulated active transport by the 
'overshoot' of ~-aminoisobutyric acid accumulation. 

In order to elucidate the regulation mechanism of hexose and amino acid 
transport changes following the virus transformation in CEF cells, D-Glc and 
~-aminoisobutyric acid transport activities were compared using whole cells 
and membrane vesicles. As reported in previous papers [7--9], the rate of Na ÷- 
dependent a-aminoisobutyric acid uptake by whole cells and by membrane 
vesicles was not increased with transformation, but was slightly decreased. 
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When D-Glc, 3-OMeGlc or D-Gal was used as substrate for transport  activity, 
the membrane vesicles from the fibroblasts cultured at 37°C were found to 
retain the increased activity of  stereospecific uptake compared with the mem- 
brane vesicles from the fibroblasts cultured at 41°C, and thus reflected the 
increase in 2~lGlc uptake observed with transformed whole cells. 

An increase in the rate of  hexose uptake is one of  the early biochemical 
events in transformation of  CEF cells by Rous sarcoma virus. Weber [2] and 
Kletzien and Perdue [4] reported that  the apparent V for hexose transport  was 
increased in transformed cells, consistent with the concept  that  the increased 
hexose transport  rate is due to an increased number of  hexose carriers. Further- 
more,  Salter and Weber [28] have used cytochalasin B binding as a method to 
determine if the increased hexose transport rate in transformed CEF cells is due 
to an increased number  of  hexose carriers. They found that the difference in 
glucose-specific cytochalasin B binding between non-transformed and trans- 
formed cells correlate closely with the difference in the hexose transport rate, 
suggesting that the increased hexose transport  rate is due to an increased num- 
ber of  hexose carriers. The present results with the membrane vesicles from TS- 
68-infected CEF cells cultured at 41 and 37°C also indicate that  the alteration 
in nutrient transport  following transformation is primarily an increased rate of  
hexose uptake.  That the V of hexose uptake increased with transformation, 
was consistent with our previous findings concerning hexose transport  by  trans- 
formed mouse fibroblasts [20].  It also agreed with the recent finding of  Zala 
and Perdue using membrane vesicles from CEF cells [29,30] .  However,  the 
extent  o f  increased hexose uptake was greater in whole cells than in membrane 
vesicles. Recently,  Lee and Lipmann [31] have isolated a glucose-binding pro- 
tein loosely bound to normal and Rous  sarcoma virus-transformed CEF cells 
which stimulates cellular glucose uptake. Thus, a partial removal of  such a 
dissociable protein during membrane preparations may explain transport  differ- 
ences between intact cells and membrane vesicles. 

In conclusion, the membrane vesicles from TS-68-infected CEF cells retained 
the features of  hexose and amino acid transport  observed in whole cells. The 
increased rate of  hexose transport  seen in the vitally-transformed CEF cells 
probably is the result of  an increase in the number  or availability of  hexose 
carriers. 
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