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Summary 

The kinetics of uridine uptake in growing, quiescent and serum-activated 
hamster embryo cells are investigated. The maximum velocity of uridine uptake 
in growing hamster embryo cells, is lower than in the methylcholanthrene 
transformed hamster cell line (MCT). This kinetic constant is further reduced in 
quiescent cells. The K m values in growing and in quiescent hamster embryo 
cells, as well as in MCT cells are of the same magnitude. 

Distinct alterations in the pattern of inhibition by nitrobenzyl 6-mercapto- 
inosin (NBMI) are detected as growing hamster embryo cells become quiescent. 
In quiescent cells the maximum level of inhibition is lower and the apparent Ki 
value for the inhibition is much higher. These changes are due to the lower 
apparent K~ values of NBMI-bound carriers and to the slower rate of formation 
of the carrier-inhibitor complex. The changes in the kinetic properties of the 
carriers are partly reversed by serum-activation. 

The number of inhibitor binding sites (i.e. nucleoside carriers) does not  
increase by serum-stimulation of quiescent cells (0.36 and 0.34 • 10 s sites/cell 
in quiescent and serum-stimulated cells, respectively). It is implied that  the 
reduction in uridine transport in quiescent cells is probably due to changes in 
the turnover of the carriers. These changes may be connected with the observed 
alterations in the properties of carriers or their immediate environment in 
quiescent cells. 

* Present  address:  D e p a r t m e n t  of  M e m b r a n e  Research ,  The  Weizmann  Ins t i tu t e  of  Science,  R e h o v o t ,  
Israel.  
Abbrev ia t ions :  NBMI,  6 - ( ( 4 - n i t r o b e n z y l ) m e r c a p t o ) i n o s i n e ;  p-MBS, p - h y d r o x y m e r c u r i b e n z e n e  
sulfonie  acid ( sod ium salt); MCT, m e t h y l c h o l a n t h r e n e  t r a n s f o r m e d  h a m s t e r  cell line; LD, low 
dens i ty  cul tures ,  1 day  a f te r  plat ing;  HD,  high dens i ty  cul tures ,  5 days  a f t e r  plat ing.  
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Introduction 

Untransformed animal cells in culture display a density-dependent inhibition 
of growth [1]. The rates of uptake of uridine, Pi, hexoses, as well as of some 
amino acids into such cells decrease markedly with increasing density of the 
cultures, reaching a minimum level in quiescent cells [2--5]. Changes in the 
transport rates obtained in normal cells under different cultural conditions 
usually reflect changes in the V values, whereas the K m values of the transport 
process remained constant [5--9]. 

Changes in V may result from either a change in the number of carriers per 
cell or a change in their turnover. The latter process may be due to specific 
alterations in the carriers, or in their immediate environment, in cells under- 
going transition from one state to the other. 

An a t tempt  was made to decide between these postulated processes by two 
different approaches. (1) By experiments ainted at detecting alterations in the 
properties of the carriers in cells under various cultural conditions. (2) By 
estimating the number of carriers in density-inhibited and serum-stimulated 
cells. 

The uridine transport system has been selected for the present investigation 
since a high-affinity inhibitor for this system, nitrobenzyl 6-mercaptoinosine 
(NBMI), was available. The mechanism of interaction between the inhibitor 
NBMI and the nucleoside transport systems in the methylcholanthrene trans- 
formed hamster cell line (MCT) has been described elsewhere [10]. 

The results reported in the present work indicate that changes in the trans- 
port capacity of hamster-embryo cells, in transition from growing to quiescent 
state or from quiescent to serum-stimulated state, are accompanied by specific 
alterations in the kinetic properties of the carriers. Serum stimulation did not  
involve a change in the number of carriers, but presumably in their turnover. 

Materials and Methods 

Materials. Tritiated uridine (10 Ci/mmol) was purchased from the Israel 
Atomic Energy Agency, Nuclear Research Centre, P.O. Box 9001, Beer Sheba. 
Nytrobenzyl  6-mercaptoinosine was synthesized as described previously [10]. 

Cell cultures. MCT is a cell line derived from a tumor  in golden hamsters 
after inoculation of 106 Ham cells (20-methylcholanthrene-transformed 
hamster embryo cells, Huberman et al. [11]). 

Hamster embryo primary cultures were prepared from 12-day-old fetuses of 
golden hamster as described by Heidelberger et al. [12]. The experiments were 
carried out on secondary and tertiary cultures. 

The cells were grown in Dulbecco's modified Eagle's medium supplemented 
with fetal calf serum (5% for MCT and 10% for hamster embryo cells) (Gibco) 
10% triptose phosphate, 2 mM glutamine and antibiotics (streptomycin, 400 
pg/ml; penicillin 400 units/ml; neomycin 4 pg/ml and kanamycin, 5 pg/ml). 

Transport measurements. For transport measurements, cells were plated on 
5 cm plastic culture dish (Nunc) at 0.5--1.106 cells per dish and kept in a 
humidified CO2 (5%) incubator at 37 ° C. Immediately before measurements the 
cells were washed twice with 5 ml phosphate buffered saline at 20°C. For up- 



53 

take measurements 1 ml of all-labelled nucleosides (1--2 pCi/ml) at defined 
concentrations was added to each plate and the plates were shaken for 5 min at 
20°C. Fluxes were usually performed in duplicate. The uptake was terminated 
by placing the plates on ice and washing 5 times with 5-ml portions of ice cold 
phosphate buffered saline. 5% trichloroacetic acid was then added, and the 
plates incubated for 20 min at 5°C. The trichloroacetic acid soluble fraction 
was counted in a triton-toluene based scintillation fluid. 

Results 

The uptake of nucleosides into hamster cells is highly susceptible to inhibi- 
tion by some alkylated derivatives of 6-mercaptonucleosides [10]. Earlier 
investigations were carried out on MCT, a transformed cell-line derived from a 
tumor  in golden hamster [11]. The MCT cell-line was selected for studying the 
mechanism of inhibition by NBMI, mainly because these cultures could attain 
a relatively high cell density (5 • l 0  s cells/cm 2, Fig. 1) without  marked changes 
in the transport properties of the cells (Fig. 2). On the other hand, normal 
hamster embryo cells were selected for the present study. Cultures of hamster 
embryo cells have a low saturation density (1 • l 0  s cells/cm 2, Fig. 1) and the 
cells become quiescent after 5--6 days in culture. 

A. The kinetic properties o f  uridine transport in cells in different states 
(i ) The kinetic constants o f  uridine transport. The kinetics of uridine uptake 

in MCT and in hamster embryo cells were compared by measuring the rates of 
uridine uptake at different substrate concentrations, in cells cultured for 1 or 5 
days. One-site kinetics were displayed by MCT cells (up to 200 gM uridine) and 
by hamster embryo cells (up to 100 pM uridine). At higher substrate concentra- 
tions there were some indications of the presence of a nonsaturable fraction. 

Results reported in the literature indicate that  the transport properties of 
transformed cells are not  affected by the density of the cultures [13]. Indeed, 
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Fig .  2.  K i n e t i c s  o f  u r i d i n e  u p t a k e  b y  M C T  a n d  b y  h a m s t e r  e m b r y o  ce l l s .  T h e  r a t e s  o f  u r i d i n e  u p t a k e  w e r e  

m e a s u r e d  a t  d i f f e r e n t  s u b s t r a t e  c o n c e n t r a t i o n s  a f t e r  o n e  ( L D )  o r  f ive  ( H D )  d a y s  in c u l t u r e .  T h e  n u m b e r s  

o f  c e l l s  p e r  p l a t e  w e r e :  M C T  ce l l s ,  L D ,  1 - 1 0  5 c e l l s / p l a t e  a n d  H D ,  8 • l O  6 c e l l s / p l a t e .  } I a m s t e r  e m b r y o  

ce l l s :  L D ,  0 . 8  - 1 0  5 c e l l s / p l a t e  a n d  H D ,  1 . 7  . 1 0  5 c e l l s / p l a t e .  K i n e t i c  c o n s t a n t s  g i v e n  in T a b l e  I, w e r e  ob -  
t a i n e d  b y  l i n e a r  r e g r e s s i o n .  

the  m a x i m u m  ve loc i ty  o f  ur idine u p t a k e  in to  MCT cells r ema ined  c o n s t a n t  
when  sparse MCT cul tures  becam e  c o n f l u e n t  (8 • 10 6 cells, Fig. 2 and Tab le  I).  
On the  o the r  hand ,  u n d e r  s imilar  condi t ions ,  no rma l  h a m s t e r  e m b r y o  cells dis- 
p l ayed  a cons iderab le  decrease  in the  value of  the V (Fig. 2 and Table  I). 
In te res t ing ly ,  the  m a x i m u m  ve loc i ty  of  ur idine u p t a k e  in to  growing h a m s t e r  
e m b r y o  cells was m u c h  lower  than  tha t  in growing MCT cells (1.2 and 2.3 • 10 -1° 
m o l / m i n  • 10 6 cells respec t ive ly ,  Table  I). This d i f fe rence  p r o b a b l y  ref lects  the  
increased ra te  o f  t r a n s p o r t  in t r a n s f o r m e d  cells [13] .  On the  o the r  hand ,  the  
K m values d i sp layed  by  the  two  types  of  cells were  very similar,  b o t h  in sparse 
and  in c o n f l u e n t  cul tures  (Fig. 2 and  Table  I). 

(ii) Kinetics o f  inhibition by NBMI. In o rder  to fu r the r  invest igate  the  prop-  
ert ies  o f  the carriers in cells in d i f f e ren t  states,  we have c o m p a r e d  the  prof i le  of  
u r id ine -up take  inh ib i t ion  by  NBMI in the  two  types  of  cells, g rown for  1 or  for  
5 days  in cul ture .  The  rates of  ur idine  u p t a k e  were  measured  a t  cons t an t  sub- 
s t ra te  c o n c e n t r a t i o n  (10 pM) and a t  vary ing  concen t r a t i ons  of  the inhibi tor .  
The  results  were  p resen ted  in no rma l i zed  Dixon  plots ,  wi th  Vo/VI p lo t t ed  
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T A B L E  I 

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

Cell  t y p e  No .  o f  cel ls  p e r  d i s h  • 105 K m 0 t M )  V 
( 1 0 - I  0 m o l / m i n  • 105 cel ls)  

MCT 

1 d ay  a f t e r  p l a t i n g  1 .0  4 4  -+ 7 2 .3  

5 d a y s  a f t e r  p l a t i n g  8 .0  61 -+ 6 2.3 

H a m s t e r  e m b r y o  

1 day  a f t e r  p l a t i n g  0 .8  4 8  -+ 13 1 .2  

5 d a y s  a f t e r  p l a t i n g  1.7 47  -+ 13 0 . 7 4  

against I; V0 and VI are the respective rates of uridine uptake in the absence 
and in the presence of the inhibitor and I is the inhibitor concentration (Fig. 3). 

Similar inhibition profiles were displayed by growing hamster embryo cells 
(low density) and by MCT cells at low and at high densities. However, the pro- 
file of inhibition in hamster-embryo cells changed considerably during transi- 
tion from growth to quiescence. The maximum level of inhibition decreased 
from 70 to 50%, and the apparent Ki value increased from 3 nM to 10 nM 
(Fig. 3). Further changes were observed after an additional day in culture (Fig. 
4, lower curve, maximum inhibition level 43%, apparent Ki value 21 nM). 

Quiescent hamster embryo cells can be reactivated by incubation, for short 
periods, in fresh medium supplemented with 20% serum. Such serum activation 
induced an increase in V but no change in Km (Fig. 5b and c, lower curves). We 
investigated whether serum activation would alter the pattern of uridine- 
transport inhibition by NBMI, as displayed by quiescent cells. It was found that  
the profile of inhibition obtained after incubation at 37°C with 20% serum 
resembled that  of growing cells (Fig. 4). The maximum level of inhibition 
increased from 43 to 71% and the apparent K i value decreased from 21 nM to 
1.5 nM. 

(iii) The kinet ic  constants o f  the NBMI-bound  carriers. In order to interpret 
the reduction in the maximum level of inhibition by NBMI in quiescent cells, 
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Fig .  3. P a t t e r n  o f  i n h i b i t i o n  o f  u r i d i n e  u p t a k e  b y  N B M I .  U p t a k e  o f  10  p M  u r i d i n e  was  m e a s u r e d  in  t he  

p r e s e n c e  o f  d i f f e r e n t  c o n c e n t r a t i o n s  o f  N B M I  in  M C T  ce l l s  a n d  in  h a m s t e r  e m b r y o  cel ls  a f t e r  1 day  ( L D )  

or  5 d a y s  ( t t D )  in  c u l t u r e .  V o a nd  V I are t he  r a t e s  o f  u r i d i n e  u p t a k e  in t he  a b s e n c e  a n d  in  t he  p r e s e n c e  o f  

N B M I  r e s p e c t i v e l y .  
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Fig .  5. K i n e t i c s  o f  u r i d i n e  u p t a k e  in  t h e  p r e s e n c e  o f  N B M I .  R a t e s  o f  u r i d i n e  u p t a k e  (v) we re  m e a s u r e d  a t  

d i f f e r e n t  c o n c e n t r a t i o n s  o f  t he  s u b s t r a t e  (S) ,  (~;), in  t h e  a b s e n c e ,  o r  ( e )  in  t h e  p r e s e n c e  o f  20  nM NBM].  

Cel l s  we re  g r o w n  f o r  (a) ] day  o r  (b)  6 d a y s  in  c u l t u r e ;  s e r u m  s t i m u l a t i o n  (c) was  a c h i e v e d  as in  Fig .  4. 
K i n e t i c  c o n s t a n t s  are g i v e n  in  T a b l e  II. 
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NBMI K m V 
(20 nM) (pM) (10  -10 m o l / m i n  • 106 cells) 

Growi ng  cells - -  40 1.17 

1 day a f t e r  p la t ing  (Fig.  5a) + 138  0 .86  

Quiescent  ceils - -  38 0 .69  

6 days  a f te r  p la t ing (Fig. 5b) + 80 0.62 

Se rum-ac t iva t ed  ceils - -  38 1.03 

(Fig. 5c) + 120 0 .73  

the rates of uridine uptake were measured in growing, quiescent and serum 
activated cells, at different  substrate concentrat ions,  in the presence of a con- 
stant  concentra t ion of NBMI (20 nM) and in its absence (Fig. 5 and Table II). 

In growing cells, NBMI induced a reduct ion in the V' value from V = 1.17 to 
V' = 0.86 • 10 -~° mol/min • 106 cells and an increase in apparent  Km value from 
Km = 40 pM to K~ = 138 pM (Fig. 5A and Table II). These results are different  
f rom the results previously obtained in MCT cells, where NBMI affected only 
the Km value but  not  the V' value [10].  

In quiescent cells NBMI induced a fur ther  reduct ion in the V' value. But this 
parameter  is also reduced in the absence of NBMI, and the two values of the V 
are now of the same magnitude (V = 0.69 and V' = 0.62 • 10 -~° mol/min • 106 
cells) (Fig. 5b and Table II). Interestingly, the K~ value (apparent  K~, in the 
presence of  the inhibitor) in quiescent cells in considerably lower than in grow- 
ing cells (Kin = 80 and 138 pM, respectively). All these changes are reversed to 
some ex ten t  by serum activation (K~ = 120 pM, V' = 0.73 and V = 1.03 • 10 -1° 
mol/min • 106 cells) (Fig. 5c and Table II). 

The interpretat ion of the low maximum level of inhibition (/max) in quiescent 
cells is now simple. At constant  substrate concentrat ion, /max can be calculated 
as follows: 

S.  V'/(S + g'm) 
/ m a x  = 1 S "  V / ( S  + K i n )  ( 1 )  

V' and K m are the corresponding parameters of  the NBMI-bound carriers. The 
calculated/max values for 10 pM uridine; 77, 51 and 74% for growing, quiescent 
and serum activated cells, respectively, accorded well with the results (Figs. 3 
and 4). 

(iv) The rate constants o f  the formation o f  NBMI-carrier complexes. The 
second feature of  the kinetics of  inhibition in quiescent cells is the higher 
apparent  Ki value (10--21 nM versus 1--3 nM in growing cells, Figs. 3 and 4). It  
has previously been shown, in MCT cells, that  the rates of  formation of the 
inhibitor-carrier complexes,  at low inhibitor concentrat ions,  are time- and tem- 
perature-dependent  [10].  Therefore,  when the inhibitor is present only during 
a limited period, alterations in apparent  Ki values may be due to changes in the 
rate constant  of  format ion of the inhibitor-carrier complex.  To examine this 
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possibility cultures were preincubated at 20°C for different  periods (0.5--10 
min), at different  concentrat ions of inhibitor. The cells were immediately 
flushed with buffer,  and uridine uptake was measured. It has previously been 
found that  the inhibition by NBMI was not  reversed by such t rea tment  [10].  
Since the rate of  format ion of the inhibitor-carrier complexes can be described 
by pseudo-first-order kinetics (in(fractional activity) = -k i t ,  [10]) the log- 
arithms of  the fractional activities of uridine uptake into growing, quiescent 
and serum activated cells were plot ted against the durat ion of preincubation 
with the inhibitor (Fig. 6). For growing cells, linear plots were obtained, indi- 
cating a homogeneous cell populat ion (Fig. 6a). The second order rate constant  
(k = 1.6 • 108 min- '  • M- ' ,  Fig. 7) was of a magnitude similar to that  previously 
obtained for MCT cells (k = 1.3 • 108 min -I • M -l, [10].  

On the other  hand, in quiescent cells the non-linearity of  the plots indicated 
a non-homogeneous  cell populat ion (Fig. 6b). It was impossible to analyse the 
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Fig .  6. R a t e - c o n s t a n t s  o f  t he  f o r m a t i o n  o f  N B M I - e a r r i e r  c o m p l e x e s .  C u l t u r e s  g r o w n  fo r  (a) 1 d a y ;  (b)  

6 days .  (c) s e r u m  s t i m u l a t e d  6 -day  c u l t u r e s  (as in  Fig .  4) p r e i n c u b a t e d  w i t h  1, 3 o r  6 n M  N B M I  a t  2 0 ° C  

f o r  d i f f e r e n t  p e r i o d s .  F o l l o w i n g  p r e i n c u b a t i o n ,  t h e  c u l t u r e s  we re  i m m e d i a t e l y  f l u s h e d  w i t h  b u f f e r  a n d  t he  

r a t e s  o f  u p t a k e  o f  10  p M  u r i d i n e  were  m e a s u r e d .  T h e  l o g a r i t h m  o f  t h e  f r a c t i o n a l  a c t i v i t i e s ,  a f t e r  s u b t r a c -  

t i o n  o f  n o n - i n h i b i t e d  t r a n s p o r t ,  were  p l o t t e d  a g a i n s t  t h e  d u r a t i o n  o f  p r e i n c u b a t i o n .  

F ig .  7. T h e  s e c o n d - o r d e r  ra te  c o n s t a n t  o f  N B M I - c a r r i e r  c o m p l e x  f o r m a t i o n .  The  s l opes ,  o b t a i n e d  b y  l i nea r  

r e g r e s s i o n  f r o m  t h e  l i ne s  in  F ig .  6a  a n d  f r o m  t h e  l i n e a r  p a r t s  o f  t h e  c u r v e s  in  Fig .  6b  a n d  6c,  are p l o t t e d  

a g a i n s t  t he  c o n c e n t r a t i o n s  o f  t he  i n h i b i t o r .  • g r o w i n g  ce l l s  ( r e su l t s  f r o m  Fig.  6a)  k = 1.6 • 108  ra in  - l  ' 
M - l  : A q u i e s c e n t  ce l l s  ( r e s u l t s  f r o m  Fig .  6b )  k = 0 . 3 8  - 108  ra in  - l  " M - l  ; ¢:, s e r u m  a c t i v a t e d  ce l l s  ( r e su l t s  
f r o m  Fig .  6c)  b = 0 . 6 2  • 108  ra in  - l  - M -1 .  
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rate-components of the curves owing to the large experimental errors. Instead, 
the apparent rate constants were estimated from the initial slopes of the curves, 
and replotted against the concentrations (Fig. 7). The second-order rate con- 
stant obtained (k = 0.32 • 10 s min- '  • M-' ,  Fig. 7) was much lower than that  in 
growing cells. Serum activation partly reversed the reduction in the rate con- 
stant,  although the population of the cells still remained nonhomogeneous 
(Figs. 6c and 7). 

The higher apparent k i value in quiescent cells may be interpreted as due to 
the marked reduction in the rat constant of inhibitor-carrier interaction, 

B. Estimation of  the number o f  uridine carriers 
The experiments described in the previous section reveal specific changes in 

the carriers when growing cells become quiescent. In the present section we 
a t tempt  a different approach to the analysis of transport regulation. 

The activation of quiescent cells by a higher concentration of fresh serum 
induced in our system an increase in the rate of uridine uptake (10 pM) by 
approximately 100% (Table IIIA). 

As shown in Table IIIA, the presence of NBMI in the medium completely 
prevents the increase in the rate of transport,  in response to serum activation. 
In order to detect the possible appearance of new transport sites during serum 
activation, the quiescent cells were allowed first to bind NBMI, and then to be 
activated by serum. After NBMI-binding the cultures were washed to remove 
excess inhibitor and were divided into two parts. The previous medium was 
replaced in one part (Expt. B,) while fresh medium, supplemented with 20% 
serum, was added to the other part (Expt. B2). The cultures were incubated for 
20 min at 37°C and the uptake of uridine was measured. The results of the 

T A B L E  I I I  

T H E  U P T A K E  O F  U R I D I N E  ( 1 0 ~ M ) ,  I N T O  H A M S T E R  E M B R Y O  C E L L S  I N  C O N F L U E N T  C U L -  

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

Cel l s  w e r e  g r o w n  for 6 d a y s  a f t e r  p l a t i n g .  Cel l  n u m b e r ,  2 - 1 0 6  c e l l s / d i s h .  T h e  m e d i u m  is t h a t  in  w h i c h  t h e  
ce l l s  w e r e  g r o w n  f o r  6 days;  the buf fer ,  p h o s p h a t e  b u f f e r e d  s a l i ne ,  p H  7 .4 .  

P r e i n c u b a t i o n  U p t a k e  o f  [ 3 H ] - u r i d i n e  

( n u m b e r  o f  c o u n t s )  

A. 6 0  r a i n  a t  3 7 ° C  

1. G r o w t h  m e d i u m  

2. F r e s h  m e d i u m  + 2 0 %  s e r u m  
3. N B M I  ( 1 0 0  n M )  in  the  g r o w t h  m e d i u m  

4.  N B M I  ( 1 0 0  n M )  in  f r e s h  m e d i u m  + 2 0 %  
s e r u m  

B. 5 m i n  a t  2 0 ° C  

1. N B M I  ( 1 0 0  r iM)  in  b u f f e r  
2. N B M I  ( 1 0 0  n M )  in  b u f f e r  

C. 

1. B u f f e r  
2. B u f f e r  

2985 

5981 
2075 

2 3 0 9  

g r o w t h  m e d i u m  3 0 0 3  
f r e s h  m e d i u m  + 4 7 5 8  

2 0 %  s e r u m  

20  rain at 3 7 ° C  

g r o w t h  m e d i u m  2 7 8 7  
fresh m e d i u m  + 3 3 9 5  

2 0 %  s e r u m  
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expe r imen t s  (B2) were c o m p a r e d  with the  predic t ions  of  two models :  In mode l  
I it is assumed t ha t  on ly  carriers free f rom NBMI respond  to  the addi t ion  o f  
serum by an increase in the i r  tu rnover .  The  pred ic ted  n u m b e r  o f  coun ts  for  
e x p e r i m e n t  B2 would  be on ly  slightly higher  than  the n u m b e r  of  coun ts  in the 
con t ro l  (B1), since the  process  o f  NBMI release f rom the  carriers is time- 
d e p e n d e n t  and proceeds  s imul taneous ly  with serum act ivat ion.  In model  II 
it  is assumed tha t  serum induces the  appearance  of  carriers, una f f ec t ed  by  
the  preceding  NBMI t r ea tmen t .  The  p red ic ted  n u m b e r  o f  coun ts  (Table  II) 
would  t he r e f o r e  be, by  simple calcula t ion 4542 cpm. The  resul t  ob ta ined  in 
e x p e r i m e n t  B2 (3395  cpm)  is m u c h  closer  to  the  predic t ions  o f  mode l  I. Similar 
results  were ob ta ined  in th ree  d i f fe ren t  exper iments .  

The  results ob ta ined  may  indicate  tha t  serum act ivat ion does n o t  induce  an 
increase in the  n u m b e r  o f  carriers.  A more  d i rec t  m e t h o d  to  es t imate  the 
n u m b e r  o f  carriers be fore  and af te r  serum act ivat ion was a t t e m p t e d  by  a 
mod i f i ca t ion  of  the  bioassay t echn ique  used before  [10] .  Quiescen t  cells (6 
days in cu l ture)  were i ncuba t ed  wi th  fresh med ium,  su p p l em en ted  with 20% 
serum,  for  1 h at  37°C. This t r e a t m e n t  induced  a 100% increase in the rate of  
ur id ine  up take  (Table  III).  NBMI (24 nM) was then  added  to plates with 
qu iescen t  or  serum-act iva ted  cells. Af te r  a shor t  p re incuba t ion  (15 min at 
20 ° C) the  solut ions were r e m o v e d  and the cells washed three  t imes with buf fe r  
to  r emove  excess and nonspec i f i ca l ly -bound  inhibi tor .  The  cells were then  
i ncuba t e d  wi th  1 ml bu f f e r  fo r  1 h at  37°C, an incuba t ion  per iod  which is suf- 
f ic ient  fo r  a c om p le t e  reversal of  the  inhibi t ion.  The  am o u n t s  o f  NBMI released 
to  the  buf fe r  solut ions  were d e t e r m i n e d  by  incubat ing  MCT cells in these solu- 
t ions (1 h at 37°C) and then  measur ing the  f ract ional  inhib i t ion  of  ur idine  up- 
take .  The  convers ion  of  the  f rac t ional  inh ib i t ion  to  NBMI concen t ra t ions  was 
made  with the aid of  a cal ibrat ion curve ob ta ined  by incuba t ing  MCT culturs  in 
solut ions  o f  ten  k n o w n  concen t r a t i ons  o f  NBMI (0--0.5 nM) fo l lowed by  
m e a s u r e m e n t  of  the  f rac t ional  inh ib i t ion  o f  ur idine up take .  

The  concen t r a t i ons  of  NBMI so de t e rmin ed  were 0.09 and 0 .085 nM, for  
qu iescen t  and serum act ivated cells, respect ively .  The  es t imated  n u m b e r  of  
inh ib i tor -b inding  sites per  cell (2 • 106 cel ls /plate)  were:  

0 .09 • 1 0  - 1 2  • 6 • 1 0 2 3  
quiescent  cells = 0.36 • lO s sites/cell  

2 • 1 0  6 

serum act ivated  cells 0 .085  • 10 -12 • 6 1 1023 = 0.34 • l 0  s sites/cell.  
2 • 106 

Discussion 

The  mechan ism leading to  the r educ t ion  in t r anspor t  rates in qu iescent  cells 
and to  the  res to ra t ion  of  these rates in serum-s t imula ted  cells is n o t  y e t  fully 
u n d e r s t o o d .  It  has been  established tha t  the  cu l t u r e -dependen t  a l tera t ions  in 
the  t r anspor t  rates resul t  f rom a change in the  V values, --  with Km relat ively 
cons t an t  (see ref.  13 for  review; Fig. 2 and Table  I). 

Al tera t ions  in the  values of  the V can be expla ined  by  two al ternat ive hypo-  
theses.  (a) A change in the  n u m b e r  o f  carriers, while the  proper t ies  of  the  
carriers remain unchanged .  (b) A change in the  tu rnove r  o f  the carriers, with a 



61 

constant  number  of carriers. A combinat ion of  the two postulated processes is 
also possible. 

The number  of  carriers may change as a result of a decrease in protein syn- 
thesis in quiescent cells. However, since the initial stage of  the stimulation of 
t ransport  by serum does not  require protein synthesis de novo [14],  it would 
have to be assumed, for hypothesis  (a) that  inactive carriers are activated or un- 
masked, or that  previously synthesized carrier-protein is inserted into the mehl- 
brane. The alternative hypothesis (b), a change in the turnover,  would require 
specific alterations in the properties of the carriers, or in the carriers' immedi- 
ate environment.  

A previous study of  the t ransport  of 3-O-methyl glucose in BHK cells has 
indicated that  the change in the t ransport  ability of each cell during transition 
from growth to quiescence and from quiescence to serum stimulation is a dis- 
crete and distinct event, whereas the average rate of t ransport  in the cell popu- 
lation changes gradually [15].  A discrete change is more likely to be the result 
of  an alteration in the properties of the carriers, rather than in their number.  
The present work provides some kinetic evidence in support  of hypothesis (b). 

The number  of ribonucleoside carriers in quiescent and serum activated cells 
were estimated by the use of the inhibitor NBMI. The high affinity and the 
specificity of NBMI to ribonucleoside carriers led to the assumption that  the 
number  of NBMI binding sites is closely related to the number  of ribonucleo- 
side carriers. Using the bioassay procedure we estimated the number  of  NBMI 
binding sites per cell to be: quiescent cells, 3.6 • 104 sites/cell; serum activated 
cells, 3.4 • 104 sites/cell. 

These data indicate that  serum did not  induce an increase in the number  of 
carriers. Therefore,  it is concluded that  serum activation led to an increase in 
carrier turnover.  

A change in turnover implies that  carrier properties change as cells become 
quiescent. The present s tudy provides evidence that  some of the kinetic param- 
eters of uridine carriers were altered as growing hamster embryo  cells become 
quiescent. 

Uridine uptake in growing and in quiescent cells differed only in V; the Km 
was not  significantly altered (Fig. 2 and Table I). Whereas a change in Km 
would imply changes in the properties of the carriers, data showing that  the 
Km is not  significantly altered are not  sufficient to establish that  the carriers 
remain unchanged. In this case, a more detailed comparison of the properties of 
the carriers in growing and quiescent cells may be carried out  by studying the 
kinetics of  inhibition. 

The mechanism of uridine t ransport  inhibition by the specific inhibitor 
NBMI has previously been investigated in the t ransformed cell line MCT [10].  
The inhibition of uridine t ransport  by NBMI was partial, as 25--30% of trans- 
por t  remained uninhibited even at high inhibitor concentrat ion.  In the same 
study it was indicated that  the binding of  the inhibitor to the carrier occurred 
at a site different  from the substrate binding site (allosteric binding). Such 
binding induced conformat ional  changes in the carrier, manifested in the fol- 
lowing properties: 

(a) The affinity to the substrate decreased from K m = 50 pM, in the absence 
of NBMI, to K "  = 250 ttM in its presence. V in MCT cells remained unaltered. 
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(b) Uridine transport  was not  inhibited by preincubation of the cultures with 
20 #M p-hydroxymercur ibenzenesul fonate  (p-MBS). However, when uridine 
t ransport  was measured in the presence of NBMI, the fraction of t ransport  that  
was not  inhibited by NBMI alone was inhibited by the combinat ion of NBMI 
and p-MBS. These results were interpreted as indicating that  the two carrier 
conformat ions  differ in their susceptibility to inhibition by p-MBS (for further 
details see Eilam and Cabantchik [10]) .  

The comparison between the patterns of uridine transport  inhibition by 
NBMI in MCT cells [10] and in hamster embryo cells, revealed the following 
similarities. (1) In low density hamster embryo  cultures, 30% of transport  
remained uninhibited at high concentrat ions of inhibitor (Figs. 3 and 4). (2) As 
in MCT cells, uridine t ransport  in hamster embryo cells was inhibited by 20 pM 
p-MBS only in the presence of NBMI. No inhibition was observed in the 
absence of NBMI (Table IV). (3) In low density cultures of  hamster embryo 
cells addit ion of NBMI induced a decrease in the affinity to the substrate from 
K m = 40 pM, in the absence of NBMI, to K m = 138 pM in its presence (Fig. 5 
and Table II). (4) The rate constants which characterize the formation of the 
inhibitor-carrier complex,  were similar in low density hamster embryo  cultures 
and in MCT cells (1.6 • 108 and 1.3 • 108 min -~ • M -I, respectively) (Fig. 7 and 
ref. 10). (5) The apparent  K i values for the inhibition of uridine transport  by 
NBMI were similar in low density hamster embryo  cultures and in MCT cells 
(3 nM, Fig. 2). 

The observations described above led to the conclusion that  the mechanism 
and the kinetic features of uridine t ransport  inhibition by NBMI, in low density 
cultures of hamster embryo  cells, are similar to those previously studied in the 
t ransformed cell line MCT [ 10]. 

However, in MCT cells, addition of NBMI led to an increased Km but V un- 
changed. On the other  hand in hamster embryo  cells both Km and V were 
altered by NBMI (Fig. 5 and Table II). The meaning of this difference has not  
ye t  been evaluated. 

T A B L E  IV 

T H E  I N H I B I T I O N  O F  U R I D I N E  U P T A K E  BY p - M B S  A N D  N B M I  IN t t A M S T E R  E M B R Y O  C E L L S ,  IN 
D I F F E R E N T  S T A T E S  

T h e  ce l l s  P r e i n c u b a t i o n  U p t a k e  o f  u r i d i n e  ( 1 0  ~M)  F r a c t i o n a l  

3 0  m i n  a t  2 0  C in  t h e  p r e s e n c e  o f  a c t i v i t y  

G r o w i n g  c u l t u r e s  

1 d ay  a f t e r  p l a t i n g  

Q u i e s c e n t  c u l t u r e s  

5 d a y s  a f t e r  p l a t i n g  

b u f f e r  * - -  1 

P -MBS ( 2 0  p M )  --  0 . 9 9  

b u f f e r  N B M I  (12  nM)  0 .71  

P-MBS (20  ~M)  N B M I  (12  nM)  0 . 2 9  

b u f f e r  - -  1 .0  

P -MBS ( 2 0  p M )  - -  1 .38  

b u f f e r  N B M I  (12  nM)  0 .51  

P-MBS (20  p M )  N B M I  (12  nM)  0 . 1 6  

* P h o s p h a t e  b u f f e r e d  sa l ine ,  p H  7.4.  
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In contrast  to the similarity between the profile of uridine t ransport  inhibi- 
t ion by NBMI in MCT cells and in low density hamster embryo  cultures, the 
pat tern of inhibition and its kinetic constants changed considerably as grow- 
ing hamster embryo  cells become quiescent (5 days in culture). 

(1) The maximum level of inhibition decreased from 70 to 50% (Fig. 2). This 
decrease was the result of a change in the value of the apparent  K m measured in 
the presence of NBMI (K~ = 138 pM and 80 pM, in growing and quiescent 
cells, respectively (Fig. 5 and Table II)). (2) The apparent  K i values increased 
from 3 nM in growing cells to 10 nM in quiescent cells. (3) The rate constant  
characterizing the format ion of the inhibitor carrier complex in quiescent cells 
was lower than in growing cells (1.6 • l 0  s M -1 • min -1 and 0.38 • 108 M -1 
min -1, in growing and quiescent cells, respectively). 

The observed differences summarized above indicate that  in hamster embryo 
cells uridine carriers undergo some alterations as growing cells become quiescent. 
These alterations are partly reversed by addition of  serum to quiescent cells 
(Figs. 4--7). Transition from quiescence to growth, i.e. serum activation, 
involves an increase in the turnover of carriers, with no change in their number.  

The serum-induced increase in the turnover of uridine carriers is here inter- 
preted as the result of specific changes in the carriers or in their immediate 
environment.  Alternatively, such an increase may be due to an increase in the 
rate of uridine phosphoryla t ion inside the cells. For the latter interpretat ion to 
hold, it must be assumed that  in quiescent cells the rate of uridine uptake is 
limited by the rate of phosphorylat ion.  However, the observations summarized 
below, provide evidence against this assumption. 

(a) We have followed the rate of uridine uptake between 20 s and 5 min, in 
MCT cells (ref. 10) as well as in growing and quiescent hamster embryo  cells 
(Eilam, unpublished). A constant  rate was obtained. The experimental ly deter- 
mined zero point  coincided with the zero point  obtained by extrapolating the 
linear time course of entry.  If phosphorylat ion was rate limiting initial uptake 
would have been more rapid than later uptake,  which would represent phos- 
phorylat ion.  

(b) Uridine uptake in quiescent cells can be stimulated (30--40%) by prein- 
cubating the culture with 20 #M p-MBS (Table IV). Similar stimulation is ob- 
tained with p-hydroxymercur ibenzenamidoethyl -Dext ran ,  mol. wt. 10 000 
[10].  The latter, which is a macromolecule,  reacts only with SH groups local- 
ized on the surface of the membrane.  It would be difficult  to explain its stimu- 
latory effect  if phosphoryla t ion had been rate limiting. 

(c) Serum stimulation of uridine uptake is completely inhibited by NBMI 
(Table II), which is known to affect  only the t ransport  componen t  of uptake,  
wi thout  affecting the nucleoside phosphoryla t ion [ 10]. 

It may, therefore,  be assumed that  serum stimulation of uridine uptake in 
quiescent hamster embryo  cells (5 days in culture) is due to membranal 
changes. 

Experiments aiming at determining the primary site of serum effects on 
transport ,  membrane or metabolism, were often carried out  with nonmetabo-  
lized analogues. The present results indicate that  such a study may lead to 
erroneous conclusions. We have demonstra ted that  serum induces an increase in 
carrier turnover.  Since the turnover  is usually affected by the particular sub- 
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strate interacting with the carriers, it is quite possible that  serum stimulation of 
transport might be obtained with one of the substrates which share the same 
transport system, but not  with another. 
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