
BIOCHIMICA ET BIOPHYSICA ACTA 91 

BBA 75607 

CATION GRADIENTS,  ATP AND AMINO ACID ACCUMULATION IN 

E H R L I C H  ASCITES CELLS 

S. J .  P O T A S H N E R  AND R. M. J O H N S T O N E  

Department of Biochemistry, McGill University, Montreal ~o ,  Quebec (Canada) 

(Rece ived  October  23rd, 197 o) 

SUMMARY 

I. High levels of cellular Na t do not interfere with glycine or methionine accu- 
mulation in Ehrlich ascites cells. 

2. Cellular ATP and extracellular Na t, rather than a Na + gradient, are required 
for optimal amino acid accumulation. 

3. Both extracellular Na t and ATP decrease the apparent  Km values for amino 
acid influx. 

4. ATP stimulates the rate of downhill amino acid uptake. 
5. In the absence of cellular ATP, fluxes induced by ion gradients only are in- 

sufficient to account for amino acid accumulation under physiological conditions. 

INTRODUCTION 

The prevalent school of thought on the role of cations in the active transport  and 
accumulation of organic compounds 1-5 can be summarized in the following way: 

I. Specific carriers for organic compounds exist at the plasma membrane.  
II.  Na + decreases the Km or increases the Vmax (or both) of the transport  system 

for some organic compounds. 
I I I .  Na t and the organic compound are moved across the membrane by the 

carrier in some stoichiometric relationship. 
IV. A Na+-K+-pump maintains low cellular Na t. This system uses ATP directly. 
V. The fact that  cellular [Na +] is low, and effectively replaced by  K +, facilitates 

dissociation and prevents the organic compound from recombining with the carrier at 
the cell interior. The process of uptake becomes essentially unidirectional into the cell. 

VI. ATP is not required for the operation of the organic transport system as 
such, the energy for uptake of the organic compound being derived from the Na + (or 
Na t plus K+) gradient (s) which are maintained by the operation of the ATP-dependent 
Na t pump. 

There are several corollaries to a proposal of this type. Firstly, in addition to 
extracellular Na +, a Na + gradient must be present for the accumulation of an organic 
compound against its concentration gradient. Secondly, so long as a Na + gradient of a 
magnitude comparable to that  in a normal cell is present, net transport  of the organic 
compound should be independent of cellular ATP. Thirdly, in a Nat-free medium, and 
therefore in the absence of an "inward" Na + gradient, any residual net uptake of the 
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organic compound should be unaffected by the level of cellular ATP. Fourthly, when 
the external [Na +] and the Na + gradient are maintained constant, the rate of equili- 
bration of an organic compound across the cell membrane should be independent of 
cellular ATP. 

We have recently carried out experiments with Ehrlich ascites cells to test these 
corollaries and have found the results to be inconsistent with some of the current 
views on cations and the transport  of organic compounds. Our data suggest that  ATP 
is directly required for net amino acid transport  and not as a consequence of operating 
the Na+ pump to maintain low cellular Na +. Some of our earlier observations which 
were concerned with this subject s are supported and extended in the present work. 

MATERIALS AND METHODS 

Ehrlich ascites cells, maintained and transplanted in Swiss white mice, were 
isolated and prepared for experiments as described previously 7. In this series, all cells 
were preincubated for 6o min prior to being used to measure transport.  During this 
6o-min period, the cellular cation composition and/or ATP was varied. 

In all experiments wet and dry weights of the cell samples were determined and 
corrections were made for extracellular water (inulin space). The extracellular space, 
which did not vary  with the experimental conditions, was found to be 2.0 :~ 0.2 (S.D.) 
/zl/mg dry weight. The cell water did vary with the experimental conditions and ranged 
from 3.7 4- 0.2 (S.D.)/zl/mg dry weight for unswollen (fresh) cells to 7.0 i 0.3 (S.D.) 
/A/mg dry weight for cells maintained at IO ° in media in which K + replaced all the 
N a  +. 

To obtain cells with high cellular Na + and normal ATP levels, the preincubations 
were conducted in normal Ringer medium at IO °. Preincubation at 37 ° in a medium 
in which K + replaced all the Na + sustained normal ATP levels but elevated cellular 
K + and reduced cellular Na +. 

To reduce the ATP level, cells were preincubated for 6o rain at 37 ° with I-  lO -4 M 
2,4-dinitrophenol in normal Krebs-Ringer or in media in which K + replaced all the 
Na +. This resulted in high cellular Na + and K +, respectively. 

To elevate the ATP levels after t reatment  with 2,4-dinitrophenol, the cells were 
transferred to fresh medium in the absence of 2,4-dinitrophenol. The addition of io mM 
glucose resulted in a rapid restoration of ATP to near normal levels well within 2-5 min 
of incubation s. 

To measure the movement  of amino acids against their respective concentration 
gradients in ATP-depleted cells, we adopted the following procedure. Cells were pre- 
incubated with 2,4-dinitrophenol to deplete them of ATP. Then the radioactive com- 
pound was added and samples taken periodically until a steady state levelwas reached. 
After the latter was achieved, the intracellular concentration of radioactive amino acid 
was estimated (corrections being applied for extracellular space etc.). The cells were 
then transferred to fresh medium of known ionic composition with or without 2,4-di- 
nitrophenol or glucose, as indicated in the tables, and the radioactive compound was 
added at the same concentration and specific activity as that  found intracellularly. 
In this way any change in cellular radioactivity unassociated with an equivalent 
change in water content indicated movement  against a chemical gradient. 

We used [14C]thiourea as a marker for nonspecific fluxes. Thiourea appears to 
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distribute itself readily in the cell water, the intraceUular concentration reaching that  
of the medium. Metabolic conditions did not affect this distribution of thiourea. 

The buffer used in all these experiments was IO mM N-2-hydroxyethyl-pipera- 
zine-N-2-ethane sulfonate (Hepes), pH 7.4- The "normal"  incubation medium (normal 
Krebs-Ringer) contained 145 mM NaC1, 5.8 mM KC1, 1.5 mM KH2PO 4 and 1. 5 mM 
MgSO4. 

ATP was estimated by a coupled enzyme assay s' 9. Na + and K + were estimated 
by flame photometry.  The measurement of radioactivity and sampling technique were 
described previously 7. Labelled compounds were obtained from New England Nuclear 
Corp., Waltham, Mass. The labelled compounds used were L-[Me-laCjmethionine; 
[I-l~C]glycine; L-[I-l~CJleucine and [14C]thiourea. 

RESULTS 

Transport in cells containing A TP 
The contribution of the Na + gradient to the transport  of organic compounds may  

be examined either by  reducing extracellular Na + or increasing cellular Na +. Since 
extracellular Na + is known to be required for the active transport  of many  organic 
compoundsl-S, lO-le we chose to examine the effect of the Na + gradient by elevating 
the cellular Na + concentration. Two possible means of elevating cell Na + are: (a) lower- 
ing the temperature of incubation or (b) adding metabolic inhibitors to abolish ATP 
production. The former t reatment  alters ATP concentration relatively little, while the 
latter, of course, greatly reduces the ATP level. The ATP level can be rapidly restored 
to near normal values by transferring the poisoned cells to fresh, inhibitor-free medium 
containing glucose. ATP is elevated e long before the normal ion gradients are reesta- 
blished (Table I). 

Using the preincubation conditions outlined in Table I, experimental conditions 
were obtained which permitted us to ascertain whether accumulation of methionine is 
associated primarily with the magnitude of the cation gradients or the level of cellular 
ATP. K + was used as the only Na + replacement ion in this series. I t  has been shown 17-19 
tha t  the sum of the Na + plus K + concentrations in these cells remains, despite swelling, 
about 200 4- IO mM, a figure which we also confirmed. Therefore, the cellular K+ 
content can be readily estimated and the K+ gradient computed. 

The results in Table I show that  net uptake* of methionine is much more affected 
by  changes in the cellular ATP levels than by changes in the magnitude of the Na + 
(or Na + + K +) gradient(s). Comparable accumulation of methionine is obtained with 
and without a Na + gradient provided that  ATP and extracellulai Na + are present. In 
cells with cation gradients of equal magnitude but with different ATP concentrations, 
accumulation decreases with decreasing concentrations of ATP. Similar data  are ob- 
tained with glycine (Table II). Moreover, the level of cellular Na + has little effect on 
net methionine uptake in the presence of either normal or low extracellular levels of 
Na + (Table III). 

* In preincubated cells, the uptake due to exchange diffusion would not exceed 6 nmoles/mg 
dry wt. based on data obtained from analysis of free amino acid pool using a Technicon amino acid 
analyzer. 
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TABLE IV 

THE N& + plus K+ GRADIENT-INDUCED FLUX OF METHIONINE, GLYCINE, LEUCINE AND THIOUREA IN 
ATP-DEPLETED CELLS 

Cells were depleted of ATP by incubat ion in i • 10 -4 M 2, 4-dinitrophenol at  37 ° in media of specified 
ionic composit ion (see MATERIALS AND METHODS), The radioactive compounds  were added after  
3 ° min and the pre incubat ion cont inued unti l  the intracellular radioact ivi ty approached the s teady 
s ta te  (about  30-4 ° rain). The cells were then  centrifuged and added to fresh incubat ion medium 
which contained i - lO  -4 M 2,4-dinitrophenol in addition to the  ionic composit ions given in the 
Table. [i-14C]Glycine, L-[i-14C]leucine, [14C]thiourea and L-[Me-X4C]methionine were added to the 
incubat ion medium at the same concentrat ion (3 mM) and specific act ivi ty (12o counts /min  per 
nmole) as used during the pre incubat ion period. 

Extracellular Cellular Na  + Cellular K + Net uptake (2-30 rain) * 
(itequiv/ml) (t, equiv/ml cell water) (#equiv/ml cell water) (nmoles/mg dry wt.) 

Na  + K + t~ tao t~ ta0 Methionine Glycine Leucine Thiourea 

145 8 3o--6o 9o-135 lO5-165 3o-85 5.0 8.8 2.9 2.5 
145 8 17o-21o 16o--2oo lO-15 lO-15 1.6 3.2 - -  - -  
Nil 153 lO-25 5-15 165-185 15o-165 --2.1 --0.8 - -  - -  
Nil 153 9o-135 5o-11o 80-95 85-12o --6.9 --9.8 - -4 . I  --o.  7 

* Minus  signs denote efltux. 

Cation gradients and amino acid transport in cells depleted of A TP 
In ATP-depleted ceils, it is possible to obtain ion gradients by judicious adjust- 

ment of the intra- and extracellular ion concentrations (see MATERIALS AND METHODS). 
I t  has already been shown that  net amino acid movement against a concentration 
gradient occurs under the influence of cation gradients in absence of cellular ATP ~0-22. 
The question that  has not been satisfactorily answered is whether the rate of amino 
acid uptake under the influence of cation gradients (in ATP-depleted cells) is sufficient 
to account for the accumulation of amino acids under more physiological conditions. 

To examine this question we had to overcome certain technical difficulties. In 
freshly isolated Ehrlich ascites cells, exchange diffusion with endogenous amino acids 
complicates the assessment of net amino acid, particularly methionine uptake 6. At low 
temperatures (25 ° or less) and with low levels of extracellular sodium, cation-insensi- 
tive exchange, though smallS, ~8-zn, may be significant relative to the total uptake. If 
the external amino acid concentration is low, uptake by exchange may appear to be 
accumulative and against a gradient. Forthis  reason and to increase the sensitivity of 
our assay, ATP-depleted cells were preequilibrated with x'C-labelled amino acids or 
[14C]thiourea prior to measuring net fluxes due to cationic gradients (see MATERIALS 
AND METHODS). In our experimental design any change in x4C-labelled amino acid con- 
centration reflects net movement against a concentration gradient. Thiourea was used 
as an inert marker to estimate nonspecific fluxes *e. 

The results in Table IV show that  in ATP-depleted cells a modest change in the 
concentration of cellular amino acids occurs in the presence of a Na + plus K + gradient. 
Methionine, and glycine fluxes occur against their respective gradients but along the 
Na+ gradient and against the K + gradient. (Compare lines I and 2 ; 3 and 4 in Table IV.) 
Leucine flux is small compared with that  of methionine or glycine. Individual cations 
gradients are less effective than the combined ion gradients in causing net flux of 
methionine against its concentration gradient (Table V). (Compare the differences 
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TABLE VI 

THE EFFECT OF ATP ON TH]~ U P T A K E  OF G L Y C I N E ,  M E T H I O N I N E ,  L E U C I N E  AND T H I O U R E A  INTO C ELLS  

W I T H  NORMAL H a  + plus K + G R A D I E N T S  

ATP-depleted cells, containing known concentrations of the radioactive compounds and high K + 
were obtained as described in MATERIALS AND METHODS and Table IV. These cells were transferred 
to fresh, normal Krebs-Ringer medium containing i • I o -4 M 2, 4-dinitrophenol and the radioactive 
amino acid at the same concentration and specific activity as that  found intracellularly at the end 
oI the preincubation period. Generally the concentration and specific activities were 3 mM and 
i2o counts/min per nmo!e, respectively. The incubations were carried out at 25 ° and samples were 
taken at several intervals over a 3o-min period. Cells with normal ATP levels were used for com- 
parative purposes. The latter cells were preincubated in normal Krebs-Ringer for the same period 
of time as the ATP-depleted cells. The cells were transferred to fresh medium and incubated with 
the same concentration and specific activity of amino acids as that  used with ATP-depleted cells. 
Samples were taken until the intracellular concentration of radioisotope reached that  of the 
medium. This point was considered t o and equivalent to the starting point with the ATP-depleted 
cells. Incubation was at 25 ° with samples taken at intervals over a 3o-min period. 

Additions Inward Outward Extracellular Net uptake between 
Na + gradient K + gradient 2,4-dinitropkenol 2 and 5 rain 
(itequiv/ml) (izequiv/ml) (#moles/ml) (nmoles/mg dry wt.) 

[i-x4C]Glycine 95-1o 5 i45- I55  Nil 8. 4 
7O-lOO 85-i45 0.i o.8 

L- [Me-14C]Methionine 95-1o5 145-155 Nil 3.7 
7O-lOO 85-145 o.i 0. 5 

L- [ 1-14C_] Leucine 95-105 145-155 Nil I. 4 
7O-lOO 85-145 o.i 0. 3 

[14C] Thiourea 95- i o 5 145-155 Nil o. 3 
7O-lOO 85-145 o.i o. 5 

b e t w e e n  l ines I and  2 ; 3 and  4;  5 and  6;  a n d  7 and  8 in Tab l e  V w i t h  t h e  d i f fe rences  

b e t w e e n  l ines I a n d  2 a n d  3 and  4 in T a b l e  IV.) T h e  d a t a  in T a b l e  VI  s h o w  t h a t  in t h e  

p resence  of Na+plus  K + g r a d i e n t s  of s imi la r  m a g n i t u d e ,  t h e  u p t a k e s  of m e t h i o n i n e  a n d  

g lyc ine  are  cons ide rab ly  smal l e r  in A T P - d e p l e t e d  cells t h a n  in cells c o n t a i n i n g  A T P .  

None the le s s ,  t h e  d a t a  s u p p o r t  t h e  conc lus ion  t h a t  t h e  N a  + plus  K+ g r a d i e n t  s wil l  d r i v e  

a m i n o  ac id  f luxes in e i t h e r  d i r ec t ion  in A T P - d e p l e t e d  cells, a lbe i t  to  a l i m i t e d  e x t e n t .  
I n  our  hands ,  however ,  efflux of an  a m i n o  ac id  f r o m  t h e  cell a long  a N a  ÷ g r a d i e n t  

d id  n o t  occur  unless  t h e  r eve r sed  N a  + g r a d i e n t  was  in excess  of IOO m M  (Fig. I).  T h u s  

w h e n  A T P - d e p l e t e d  cells c o n t a i n i n g  15o-18o m M  N a  + were  p l aced  in m e d i a  c o n t a i n i n g  

80 m M  N a  +, no ef l tux aga ins t  a g r a d i e n t  occurred .  H o w e v e r ,  if t h e  cells were  p l aced  in  
m e d i a  wh ich  c o n t a i n e d  o n l y  20 m M  N a  +, t h e n  efflux was  s ignif icant .  T h e  r e q u i r e m e n t  

for  a large  r eve r sed  N a  ÷ g r a d i e n t  to  d r ive  a m i n o  ac id  efflux is e v e n  m o r e  a p p a r e n t  in 
cells c o n t a i n i n g  A T P .  T h u s  efflux is obse rved  in m e d i a  c o n t a i n i n g  20 m M  N a  +, b u t  

app rec i ab l e  ne t  a c c u m u l a t i o n  aga ins t  t h e  N a  + g r a d i e n t  as wel l  as aga ins t  t h e  a m i n o  
a c i d  g r a d i e n t  is o b s e r v e d  in  m e d i a  c o n t a i n i n g  80 m M  N a  ÷ (Fig. I).  U p t a k e  of a m i n o  

acids  aga ins t  t h e  N a  + g r a d i e n t  has  been  r e p o r t e d  b y  o the r s  ~7-~9. T h e  d a t a  in Fig .  I 
p e r m i t  a c o m p a r i s o n  b e t w e e n  t h e  " i o n  g r a d i e n t  i n d u c e d  t r a n s p o r t "  a n d  t h e  " A T P  

plus  ion  g r a d i e n t  i n d u c e d  t r a n s p o r t "  of a m i n o  acids. T h e  c o n t r i b u t i o n  of A T P  is 
s t r ik ing .  

Biochim. Biophys. Acta, 233 (197 I) 9I-IO3 



AMINO ACID ACCUMULATION 99 

Net uptake of methionine along its concentration gradient 
The Na + gradient hypothesis provides no role for ATP in the equilibration of 

organic substances between cell and medium. Thus rate of amino acid uptake befole 
equilibration and the time required to attain equilibration should be independent of 

~" 25 mM No* 

. ~  2 7 0  e ; . 

x .  24.0 ~ I0 - ' "  • I0 " - -  

° "mPi"~E'~"-  • ~ A  • ~ 5 .~ ~= 5 - 

18.0 = ' ' ' - o  = 

,5.0 o ' o ~ * A -s o ,o ~o 30 ; ; ,5 ' 

% Minutes mingle= minutei 
0 

Fig. z. The cells were pre incubated for i h at  i o o in normal  Krebs -Ringe r  or at  37 o in Krebs -Ringe r  
containing I .  lO -4 M 2,4-dinitrophenol. The medium contained 3 mM L-[Me-X4C]methionine, speci- 
fic act ivi ty  120 counts /min  per  nmole. This gave rise to cells which contained nearly equal Na + and 
methionine levels bu t  greatly different ATP levels. One lot of cells from each group was t ransferred 
to media containing 20 mM Na + or 8o mM Na + and the same concentrat ion and specific act ivi ty of 
methionine  as t h a t  found in the cells af ter  preincubation.  Na + was replaced by  choline. Changes in 
[14C]methionine concentrat ion were measured over a period of 3 ° min at 25 °. 0 - - 0 ,  ATP and 
80 mM Na+; Jk - - Jk ,  2,4-dinitrophenol and 80 mM Na+; O - - C ) ,  ATP and 20 mM Na+; & - - A ,  
2,4-dinitrophenol and 20 mM Na +. 

Fig. 2. Cells were pre incubated at  37 ° for i h in modified Ringer solutions containing I .  lO.4 M 
2,4-dinitrophenol in which K + replaced Na +. This gave rise to cells wi th  near  normal  K + levels and 
little ATP. After preincubat ion,  the  cells were divided into two lots. To one, were added I-  lO .4 M 
2,4-dinitrophenol and i o mM pyruvate .  To the o ther  were added i mM glucose, i o mM py r uva t e  bu t  
no 2,4-dinitrophenol. The media contained the Na + concentrat ions shown at  the top of the figure 
and isotonicity was mainta ined wi th  choline chloride; K+ was kept  at  8 mM. The cells were incu- 
bated for 2 min at  25 ° and then  2.5 mM L-EMe-14C] methionine,  specific act ivi ty 18o counts /min  per  
nmole, was added and uptake  of radioact ivi ty measured.  Q - - Q ,  glucose, no 2,4-dinifrophenol; 
O - - O ,  2,4-dinitrophenol. The dashed lines indicate the posit ion where the intracellular and extra-  
cellular concentrat ions  become equal. 

the ATP concentration in cells with a Na + gradient of given magnitude. To overcome 
the contributions from exchange diffusion with endogenous amino acids which would 
distort the true value for net amino acid uptake, we depleted the cells of endogenous 
amino acids. We found that preincubation for i h at 37 ° in Na+-free media containing 
2,4-dinitrophenol leads to a major  reduction in the free amino acid pool from IOO 
nmoles/mg dry wt. to 5.5 nmoles/mg dry wt. Such cells can recover their ability to 
accumulate amino acids but exchange with endogenous amino acids is greatly reduced 
and it is possible to measure net methionine (and glycine) uptake as function of t ime 
before a i : I distribution is reached. In Figs. 2 and 3 are shown the results obtained. It 
takes longer to achieve equilibration of amino acids in ATP-depleted cells than in cells 
containing ATP. ATP incleases the rate of amino acid uptake along the concentration 
gradient. A similar result was reported by MANNO AND SCHACHTER 30 for ATP-depen- 
dent galactoside transport in Escherichia coli preparations. 

In Na+-free media, cells depleted of endogenous amino acids and ATP do not 
take up methionine at a rate sufficient to equilibrate the amino acid between cell and 

Biochim. Biophys. Acta, 233 (1971) 91-1o 3 
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medium in 2 h of incubation. This slow rate of uptake is still largely carrier mediated 
since it may be depressed by ethionine. If the ATP level is elevated (by the addition of 
glucose), equilibration is attained within 2 h in Na+-free media but net accumulation 
against a concentration gradient is rarely observed (Table VII). 

T A B L E  VI I  

THE UPTAKE OF METHIONINE INTO CELLS DEPLETED OF A T P  AND ENDOGENOUS FREE AMINO ACIDS 

The cells were preincubated at 37 o for 6o min in a modified Krebs-Ringer solution in which IWa + was 
replaced by I~i+ and which contained I. io -4 M 2,4-dinitrophenol. The cells were then transferred to 
Na+-free media containing i. io -4 M 2,4-dinitrophenol in which choline replaced Na +. 2 mM 
methionine of specific activity given in Table I. Incubation at 25 °. Other conditons as in Table I. 

Extracellular 
L- [ Me-Z4C]melhionine 
(ttmoles /ml) 

Cellular A TP  
(ttmoles [rnl cell water) 

Uptake of 
L- [ Me-14C~methionine 
(#moles/ml cell water per 2 h) 

2.0 dO.I* 0. 4 
2.0 + 2 o m M L - e t h i o n i n e  ~ o.I* 0.2 
2o.o ~ o.z 3.8 
2.0 > 1.6"* 2.1 

6.7 

3.0 

z.o "6 
E 

J O =,g- 

* I n c u b a t i o n  m e d i u m  con ta ined  z. IO -4 M 2,4-dini t rophenol .  
** I n c u b a t i o n  m e d i u m  con ta ined  io  m M  glucose and  no 2 ,4-dini t rophenol .  

o1 

25 m M  N a +  

/., ......... Z i  ............... 

/ ~ o  % o 

, , , \ \  
3 9 15 6 o 

minutes 

0.08 r / extracellutar 

'7- ~, 
o E 

=E 0 , 
l/Extrocellulor methionine conen.(rnM) -1 

Fig. 3- Condi t ions  were ident ica l  to  those  descr ibed for Fig. 2 excep t  t h a t  2. 7 m M  [i-x*C]glycine, 
specific ac t iv i ty  60 c o u n t s / m i n  per  nmole ,  was  used.  Q - - Q ,  glucose,  no 2, 4 -d in i t rophenol ;  C ) - - O ,  
2, 4-dini t rophenol .  

Fig. 4. Cells were p r e i n c u b a t e d  for 60 mi n  a t  37 ° in n o r m a l  IZrebs-lRinger (ATP-con ta in ing  cells) 
or  in modif ied  m e d i u m  wi t h  K+ replac ing Na  + a n d  con ta in ing  1. IO -~ M 2 ,4-d in i t rophenol  (ATP-  
deple ted  cells). All p r e incuba t ions  were carr ied o u t  w i t h  o.oi  m M  [14C]methionine o1 t h e  s a m e  spe- 
cific a c t i v i t y  as t h a t  to be used  in t h e  s u b s e q u e n t  incuba t ion .  This  p r e t r e a t m e n t  wi th  amino  acid 
replaced  t he  " e x c h a n g a e b l e  pool"  w i t h  an  a m i n o  acid of k n o w n  specific a c t i v i t y  and  was  used  as  
t h e  base l ine  above  wh ich  t he  ini t ia l  ra te  of n e t  ami no  acid u p t a k e  was  m e a s u r e d  du r ing  t he  experi-  
m e n t a l  period.  Af te r  t he  p re incuba t ion ,  t h e  cells were t r ans fe r red  to fresh m e d i u m  c o n t a i n i n g  
[Na+] as no ted  in t he  figure. Cells p r e t r ea t ed  wi th  2, 4 -d in i t rophenol  were m a i n t a i n e d  in 2,4-dini t ro - 
phenol .  Choline was  used  as t h e  r e p l a c e m e n t  ion and  [K+) was  8 mM. U p t a k e  was  m e a s u r e d  over  a 
per iod of 5 m i n a t  25 °. The  ini t ial  u p t a k e  was  c o m p u t e d  f rom the  va lues  a t  3 m in  s ince t he  ra te  o f  
u p t a k e  was  nea r ly  c o n s t a n t  for 4-5  mi nu t e s .  Specific ac t iv i ty  of m e t h i o n i n e  as g iven  in Table  I.  
Closed symbols ,  ceils con ta in ing  ATP.  Open  symbols ,  ATP-dep le t ed  cells. 

Biochim. Biophys. Acta, 233 (1971) 91-1o3 



AMINO ACID ACCUMULATION I O I  

Kinetic parameters 
The data  presented in Figs. 4 and 5 show that  both Na + and ATP decrease the 

apparent  Kra values for glycine and methionine uptake. The apparent  maximum 
uptakes are relatively unaffected by  Na + or ATP. 

ext rocellu~or No ÷ 

7 0.08 (~J eq / ml ) 

0.06 a 50 
o ,oo 

~" x~ 0.04 25 

~ 50 ~o ~_._ .~ 002 ,00 

o ~  
,~c o 0.5 i.o 

I /Extracel lulor glycine concn.  ( raM) -I 

Fig.  5. Condi t ions  as  in Fig.  4 w h i t h  [i-14C]glycine as the  t e s t  amino  acid.  Closed symbols ,  cells w i t h  
ATP;  open symbols ,  ATP-dep le ted  cells. 

T A B L E  V I I I  

EFFECT OF ATP  o s  THE Na  + REQUIREMENT FOR GLYCINE AND METHIONINE UPTAKE 

Condi t ions  as  descr ibed  in  Figs.  4 and  5. 

Cell Type Test amino acid Kra for Na + 
(,nM) 

A T P - c o n t a i n i n g  [i-14C]glycine, i mM 31 
2 mM 31 

ATP-dep le t ed  [I-14C]glycine, I mM 31 
2 mM 3I 
3 mM 31 

A T P - c o n t a i n i n g  L-[-Me-XaC]methionine, i mM 13 
2 mM 13 
4 mM 13 

ATP-dep l e t ed  L- [Me-X4C]methionine, 2 mM 13 
4 mM 13 

The initial rates of amino acid uptake from Figs. 4 and 5 as well as additional 
data  from other experiments were plotted as a function of I / [Na  +] to determine the 
effect of ATP on the Na + requirement for amino acid uptake. The data  in Table V I I I  
show that  (a), ATP does not alter the apparent K ~  for Na + and (b), higher concentra- 
tions of Na + are required to obtain 50 % saturation with respect to Na + for glycine* 
uptake compared with tha t  for methionine. This no doubt accounts for the previous 
observations that  glycine uptake is much more sensitive to a reduction in external 
Na + concentration than is tha t  of methionine e. 

* I t  is i n t e r e s t i n g  to  no te  t h a t  EDDY AND HOGG 38 o b t a i n e d  a s i m i l a r  Km v a l u e  for N a  +. 

Biochim. Biophys. Aaa ,  233 (1971) 91-1o3 
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DISCUSSION 

The hypothesis that  the Na + gradient provides the energy for the transport  of 
organic compounds is most at tract ive because of its parsimony in the expenditure of 
metabolic energy. 

Several investigators have commented that  sufficient energy is available from 
Na + (or the Na + plus K +) gradient(s) to achieve the accumulation of organic com- 
pounds observed experimentally 2,19,81, 31,82. EDDy19 showed tha t  the uptake of amino 
acids by CN--poisoned cells was less than that  of respiring cells despite the fact that  
both types of cells possessed Na + gradients of approximately equal magnitude. EDDY 19 
suggested that  the K + gradient may  be the additional driving folce. JACQUEZ AND 
SHAFER 31 demonstrated that  if the sum of the Na+ plus K + gradients is considered as 
the energy source, sufficient energy is indeed available from those gradients for amino 
acid accumulation except when the extracellular concentration of K + is high (J. A. 
JACQUEZ, private communication of data  from ref. 3 1, experiments Nos. 11-15, 18 and 
19). When the K + gradient is abolished by elevating extraceUular K+, the uptake of 
amino acid is nearly equal to or in excess of the theoretical gradient energy available. 

In the present experiments we have compared amino acid transport  in cells 
containing low and high levels of ATP but with cation (Na + plus K +) gradients of 
nearly equal magnitude as well as in cells wherein the ATP levels were constant but the 
ion gradients were varied over a wide range. We have found that  the uptake of amino 
acids is dependent on the ATP level of the cell and not on the magnitude of the ion 
gradients. (In Table I, compare line 2 with 3, 3 with 5 and 4 with 5.) Despite the fact 
tha t  in ATP-depleted cells, Na + plus K + gradients will bring about a modest flux of 
amino acids against their concentration gradients, the flux is small compared with tha t  
observed in cells containing ATP. 

I t  has been suggested tha t  fluxes of organic compounds are modest in cells 
deprived of ATP because the ion gradients are rapidly dissipated 88. We therefore tested 
amino acid fluxes in ATP-depleted cells over short periods of time during which the 
dissipation of the gradient was nominal (Table VI). The data given in Table VI cite the 
values of the average magnitude of the gradient over the experimental period. I t  
seems unlikely that  dissipation of the energy from the gradient is the major reason for 
the relatively small amino acid uptake in cells depleted of ATP. 

That  extracellular Na + increases the initial rate of uptake has been shown by  
others,,8, 4, 20, 3a-Ds as well as in this work. The present observation that  the steady- 
state level of amino acids is not significantly affected by  the level of intracellular Na + 
argues against a major role for cell Na + in the regulation of the steady state position of 
amino acids in these cells. 

Both Na + and ATP appear to act on the step involved in amino acid uptake into 
the cell. Earlier work showed that  loss of cellular amino acid is independent of ATP 87. 
The present data  as well as those obtained earlier show that  ATP stimulates the initial 
rate of uptake 37. In agreement with EDDY et al. 2°, we also find tha t  the maximum initial 
rate of amino acid uptake at saturating levels of Na + is not affected by  the cellular 
ATP level. 

A kinetic analysis of the present experiments has shown that  both Na + and ATP 
decrease the Km value of the amino acid for its carrier. The effect of Na+ in this system 
is well documented 19, s0, 23-2~, 8~, ~s, 36, ~. If E and e represent, respectively, the carrier 
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before and after activation with ATP, and A represents the amino acid, our data 
suggest tha t  E, e, ENa  + and eNa + are all capable of catalyzing amino acid transport  and 
tha t  the Km for the amino acids decreases in the order given above as the carrier is 
converted into its various forms. The spatial separation of the enzymes involved in 
converting E --+ ~ at the external surface and e --+ E at the internal surface would 
keep the system operating in an asymmetric manner leading to accumulation. Since 
the apparent  Km for Na + is unaffected by  the cellular ATP level, it may  be surmised 
tha t  the dissociation constant for ENa  + ~ E + + Na + is not markedly different from 
tha t  of eNa + ~ e  + Na +. 
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