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SUMMARY 

Incubation with graded doses of  rotenone can bring about a graded lowering 
of the cellular ATP level. Using cells with varying ATP levels, it can be shown that 
the initial uptake of  [14C]glycine ' before the cellular concentration exceeds that of the 
medium, is decreased as ATP decreases. Alterations in cellular cations cannot account 
for the difference in glycine influx. Prolonged exposure of cells to a lowered ATP 
content increases the exodus of cellular glycine. Valinomycin reduces the steady-state 
level of glycine uptake, but its effects can to a major extent be overcome by the ad- 
dition of  glucose. At high extracellular K ÷ (70 mM) neither the sum of  the Na ÷ q-K + 
gradients, nor the electrochemical potential of Na ÷ provides sufficient energy to 
account for glycine and 2-aminoisobutyrate accumulation if a 1 : 1 coupling between 
Na + and the amino acid occurs. 

INTRODUCTION 

In recent years there has been considerable discussion about the nature of the 
energy used in Na+-coupled, non-electrolyte transport to attain accumulation of  
non-electrolytes against an electro-chemical gradient. Several possibilities have been 
considered and each has gained supporters (see Symposium on coupled solute 
transport [1 ]). 

The concept that cation gradients may provide energy for accumulation was first 
suggested by Christensen and Riggs [2] and subsequently developed into a "Na  ÷ 
gradient hypothesis" by Crane [3] and by Schultz and Curran [4]. The basic assump- 
tion in this hypothesis is that the carrier catalyzes an reversibel reaction whose asym- 
metric activity is maintained by the asymmetric distribution of Na ÷ and K +. Reversal 
of the gradients should show reversed uphill flow of organic solute. Reports that 
such reversal of  flow does occur have been made [5-9]. Noteworthy, however, are the 
facts that to demonstrate reversal, the experiments must be done in Na+-free medium 
and that the degree of reversibility is small [5-9]. 

Several authors have questioned the validity of  this hypothesis because ac- 

Abbreviation: HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid. 
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cumulation of  organic solutes against their respective electrochemical potentials occurs 
despite absence of a Na ÷ gradient and even in face of reversed Na ÷ and K ÷ gra- 
dients [9-15]. 

While some investigators consider ion gradients the only energy source [16] 
others have suggested that part of the energy for accumulation may also be derived 
from metabolic energy [10] or from the transmembrane potential [17]. 

The fact that Ehrlich ascites cells containing ATP generally show higher rates 
of transport and greater accumulation than cells in absence of ATP, has led Gibb and 
Eddy [17] to propose that either an increased transmembrane potential or better 
coupling to a K ÷ gradient provide additional energy when ATP is available. 

Other investigators in this area have tended to minimize the contribution of  
cation gradients as potential sources of energy and have concluded that ATP (or some 
such compound) provides energy and that gradients do not provide a major ( >  10 ~ )  
energy component in the transport of organic solutes [9, 19-23]. 

According to the early proposals of the gradient hypothesis [3, 4], influx of 
a neutral organic solute down its own electrochemical gradient will not be affected 
by the magnitude of  the cation gradients or the level of cellular ATP, but the net 
flux will be markedly affected since the efflux will increase as intracellular Na ÷ 
increases. Therefore an experimental approach to test this hypothesis is to examine 
influx as a function of cellular ATP concentration and at fixed cation gradients before 
accumulation against a gradient occurs. Dependance of influx on the ATP level would 
be inconsistent with the predictions of the ion gradient hypothesis and would show 
evidence for a direct role for ATP in transport of organic solutes. We have attempted 
a series of experiments of this type and have been able to show that prior to significant 
accumulation, influx of glycine at equivalent ion gradients is a function of  cellular 
ATP concentration. In addition our studies have yielded data which suggest that on 
thermodynamic considerations, it is unlikely that the electrochemical potential for 
Na ÷ is the major energy source for amino acid accumulation. 

MATERIALS AND METHODS 

Ehrlich ascites cells were maintained and harvested as previously described [9]. 
Incubations were carried out in a Krebs-Ringer medium buffered with N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES) which contained 150 mM NaC1, 
15 mM K ÷, 1.45 mM Mg 2÷. When NaC1 was used at 100 mM one third of the NaCI 
was replaced by KCI. Incubations were carried out in beakers, in a shaking water 
bath at 37 °C. 

The washed cell suspension (1/20 dilution) was added to the incubation 
medium which had been brought to the temperature of the bath. The final ratio 
of cells to medium was 1/60 so that a 2-ml sample yielded a fresh weight of tissue of  
35±5 mg. 

Except for efflux experiments, uptake was initiated by the addition of the 14C_ 
labelled amino acid. Samples (2 ml volume) were rapidly added to 4 times their 
volume of chilled isotonic Ringer solution in tared centrifuge tubes and centrifuged 
for 2 min at 1400 x g. The medium was decanted, the tubzs recentrifuged and the 
fluid remaining dried with lint-free tissue paper. Amino acids were extracted with 
95 ~ ethanol and an aliquot counted in a liquid scintillation counter using a modified 
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Bray's  solvent [24]. Prior to extraction with ethanol, the cell pellet was weighed to 
obtain fresh weight. After ethanol extraction, the tissue residue was dried to constant 
weight to obtain the dry weight. The dry weight was 13-15 ~o of the fresh weight. 

For ion determinations, the cells were washed with isotonic choline chloride 
and digested with HNO3. Na + and K + were determined by flame photometry.  
ATP was determined by the luciferase method as described by Stanley and Williams 
[25] using a Packard scintillation counter. 

Extracellular volume was determined in separate experiments with [14C]- 
inulin and was found to be 30-35 ~ of the fresh weight of the pellet. 

Valinomycin was purchased from CalBiochem, San Diego, Calif. Rotenone 
was a product of Sigma Chemical Co., St. Louis, Mo. 

All radioisotopes were obtained from New England Nuclear, Boston, Mass. 

RESULTS 

To examine the effect of  ATP on the rate of  amino acid uptake, we required 
an inhibitor which would reduce ATP to predictable levels and, once attained, these 
levels could be maintained constant for the duration of the experimental period (about 
15 min). We have found that rotenone in the range between 0.1 and 16 ng/ml was 
satisfactory in this respect, and that about 15-20 min incubation at 37 °C was required 
to achieve a new steady-state level of ATP. We observed that with lower Na  ÷ and 
higher K ÷ in the incubation medium, more rotenone (about double the amount)  is 
required to decrease the ATP level to the same extent (results not shown). Presumably 
this is due to the fact that with 100 mM Na ÷ and 65 mM K + there is less activation 
of  the Na ÷ pump and hence less ATP utilization. The data in Table I show that, 
once achieved, the lowered ATP levels remain constant for the duration of the 
experimental period. 

Glycine uptake was measured at l-rain intervals over a period of 4 rain. 
With 1 mM glycine, uptake was linear with time for the first 3 min of incubation but 
the curve did not pass through the origin. A "residual" uptake of about 0.2 #mole/ml 
cell water persisted with 1 mM glycine in the medium; this component was equal to 
the uptake in a choline medium at 37 °C in presence of excess methionine (to suppress 
glycine transport [26]). Moreover, if the incubation in choline is carried out at 0 °C 
an uptake of 0.22 #mole/ml cell water was observed near steady state (30 rain). 
Thus there appears to be some component  in the uptake, which is either mediated by a 
separate transport mechanism or is due to diffusion which distorts early values for 
uptake, particularly uptakes at 1 min or earlier. Therefore all subsequent figures and 
tables have been corrected for this baseline uptake. The data in Table I from two 
representative experiments show the rate of  glycine uptake at varying cellular ATP 
levels with two types of  incubation medium. The average Na + and K + gradients 
during the experimental period are also given. The initial rate of  glycine uptake 
increases as the ATP level increases, although there is little accumulation above 
the medium concentration. We have expressed our results in terms of the cellular 
[14C]glycine concentration to highlight this observation. Under the experimental 
conditions used, the ratio of  cell water to dry weight is constant, therefore the data 
may be expressed per mg dry weight with no change in the relative results. (3.7 #1 
cellular water are present per mg dry wt of  tissue [9].) 
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It is evident from Table I that we have not been able to eliminate completely 
changes in the Na + gradient while varying cellular ATP concentration. These changes 
in the Na + gradient make interpretation more difficult. 

Although Chez et al. [27] had concluded that the magnitude of the Na ÷ 
gradient did not influence alanine influx as opposed to net flux in rabbit ileum, recent 
reports have suggested that the influx of  an organic solute may be influenced by the 
magnitude of the Na + gradient [28, 29]. In view of these conclusions and the data in 
Table I, we designed experiments to test whether the change in influx is due primarily 
to the changes in cation distributions or to cellular ATP levels. Two types of ex- 
periments were tried. (1) Cells were first incubated in choline medium with and with- 
out rotenone (Na+-free, normal K+). Then the cells were transferred to medium with 
100 mM N a + + 6 5  mM K +. In this situation, the initial rate of uptake in cells with 
ion gradients of nearly equal magnitude but different ATP levels can be compared. 
(2) Cells were first incubated with rotenone but in media of different composition so 
that different cellular cation levels would be obtained. Upon introducing the cells 
into normal Ringer medium, different cation gradients would be obtained. One 
aliquot of cells was incubated in the absence of rotenone but in an all Na + medium 
resulting in a cell with highATP and high Nai +. In this manner we obtained data 
on the relative contribution of  the cation gradients and ATP on the initial rate of 
glycine uptake. 

The data in Fig. 1 show that despite nearly equivalent cation distributions 
there is a marked difference in the initial rate of glycine uptake which is in line with 
the differences in the ATP levels. Data from two representative experiments are shown. 
In Fig. 2 it is evident that cells with high cellular Na ÷ and ATP show higher rates of 
transport than cells with low cellular Na + and low ATP. 

A TP and exodus of  amino acids 
One of the observations we made in the course of these experiments was that 

the t~ for steady state was reduced in cells with decreasing ATP levels. The implication 
of this observation appeared to be that the cellular ATP level might influence the 
efflux of  cellular amino acids. 

Earlier studies had indicated that addition of 2,4-dinitrophenol did not alter 
the rate of loss of  cellular amino acid but did alter the uptake within 5-10 min of 
its addition [26, 30, 31]. It is conceivable that earlier experiments aimed to test this 
possibility were negative only because measurements of amino acid efflux were 
carried out before sumcient time elapsed to allow the ATP level to decrease. In the 
present experiments cells were brought to a lower level of ATP before examination 
of amino acid exodus. The results show (Fig. 3) that at low levels of cellular ATP, 
the t~ for exodus is shortened; that is the rate of loss is enhanced. If rotenone is added 
at the start of measurements of  exit, there is little observable change in rate of loss 
of cellular glycine, an observation consistent with the original observations [26, 30, 31 ]. 

Since the accumulation of amino acid is greatly decreased in presence of  rote- 
none, we examined the effect of cellular glycine concentration on efflux in presence of 
rotenone. No difference in t, r was obtained for a 10-fold increase in cellular glycine 
concentration (results not shown). 

In the present experiments, it is considered unlikely that the differences in the 
rate of exit are due to differences in "recapture" of released amino acid [31] for the 
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Fig. 1. Effect o f  pre incubat ion  in choline chloride with and  wi thout  ro tenone on  the initial rate o f  
glycine uptake.  

A T P  concn (mM )  Cellular cat ions (mM)  

K ÷ to t5 Nato + Nats + Kto + t5 

Control  (A); ® - ® )  1.02 1.05 41 39 91 84 
÷ r o t e n o n e  (A); Q - Q )  0.066 0.051 66 52 74 68 
Control  (B; ® - ® )  1.0 1.4 31 31 81 104 
÷ r o t e n o n e  (B; x - x )  0.13 0.065 44 53 81 79 

Cells were pre incubated for 30 rain in isotonic choline chloride with 16 ng/ml  o f  ro tenone  (Q ,  x ) 
and  without  (®,  ®)  rotenone.  Then  the cells were centrifuged and  transferred to fresh isotonic 
100 m M  N a  + + 6 5  m M  K + med i um conta in ing the same concent ra t ion  o f  ro tenone  as in the preincu- 
bat ion.  HEPES buffer was used. Incubat ion  t h roughou t  was at 37 °C. Glycine uptake  f rom a 1 m M  
[14C]glycine solut ion was measured  at the t imes given. Resul ts  f rom two typical (A, (®,  Q ) ;  B, 
( ®,  x )) exper iments  are given. Correct ions for non-specific uptake  have  been made.  The  A T P  values 
and  ion dis t r ibut ions for Expts  A and  B are given above. 

Fig. 2. Relat ive effects o f  low Nat  + and  A T P  on  initial rate o f  glycine uptake.  Cells were preincuba-  
ted with ro tenone  in a choline chloride m e d i u m  and in an  all N a  ÷ med ium,  and  without  ro tenone in 
all N a  m e d i u m  (150 N a  +, < 1 . 0  m M  K +) for 30 min.  The  cells were centrifuged and  preincuba-  
t ion m e d i u m  removed as completely as possible. T h e n  the cells were t ransferred to no rma l  Ringer  
m e d i u m  (150 N a  +, 15 K +), and  up take  o f  glycine was measured  f rom a 1 m M  solution.  All incuba-  
t ions were at 37 °C in a HEPES buffer (pH 7.4). Samples  for cellular cat ions  and  A T P  were taken f rom 
duplicate flasks at 2 rain before and  2 min  after glycine uptake.  Q ,  pre incubat ion  in choline chloride q- 
rotenone;  A,  pre incubat ion  in NaClq - ro t enone ;  I1, pre incubat ion  in NaCI  wi thout  rotenone.  Correc- 
t ions for non-specific uptake  have  been made.  The  A T P  levels and  cation dis tr ibut ions at t ~ + 2  and  
t = - -2  rain are given below. The  results presented are f rom a typical experiment .  

A T P  concn (mM )  Cellular cat ions (mM)  

t - z  t+z Nat_2 + Nat+2 + Kt_2 + K t + 2  + 

+ r o t e n o n e  ( Q - O )  0.12 
+ rotenone ( A -  • )  0.08 
- - ro t enone  ( I - I )  1.2 

0.05 50 53 83 72 
0.04 124 131 55 48 
1.6 114 62 98 126 
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Fig. 3. Efflux of [1-14C]glycine in cells preincubated with and without rotenone. Cells were preincu- 
bated with 1 mM [14C]glycine±rotenone for 40 min. Rotenone was added to the cells 15 min before 
glycine. After the preincubation, cells were centrifuged and the supernatant medium removed as 
completely as possible. The cells were then resuspended in 1 ml of Krebs-Ringer medium and added 
to fresh medium, free from amino acids but with the same concentration of rotenone as in the preincu- 
bation. Samples were withdrawn and centrifuged without washing. × -  ×, preincubation with 4 ng/ 
ml rotenone; O-O,  preincubation with 16 ng/ml rotenone; O-O,  control; I1-11, rotenone added 
during efflux only (16 ng/ml). Expts A and B are experiments carried out on separate occasions. The 
distortion from linearity in O - O  is probably due to the fact that little of the initial radioactivity is 
left in the cells and that the medium level of glycine is near that in the cells. 

following three reasons. (1) The data show (Fig. 3) that there is only a single slope 
in the graphical analysis of  the efflux in contrast  with the experimental results reported 
by Christensen and Handlogten  [31]. The value of the first order rate constant ,  k, 
for eiflux varied between 0.04 and  0.07 min  -1 in well over 20 experiments with 
control  preparat ions  of cells. In  ro tenone treated cells k was greater than 0.13. 
(2) I f  efllux is measured in an isotonic choline chloride medium rather than in Krebs -  
Ringer,  there is no increase in the rate constant  for efflux. Most of the recapture 
would be el iminated in the latter condit ion.  (3) I f  efflux is carried out  in a volume 1000 
times the cellular volume (to minimize recapture),  identical results are obtained.  
(Data  no t  shown.) 

Thus  with low ATP  levels, an increased exodus of cellular amino  acid may 
contr ibute  to the reduct ion of  the steady-state level, the time required to achieve a 
steady state and a lack of propor t ional i ty  between the initial rate of uptake and  
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the steady-state level. Heinz [32] has already shown that in freshly prepared Ehrlich 
ascites cells the steady-state position for glycine is proportional to the initial rate of 
transport. 

The transmembrane potential and glycine uptake 
Although earlier studies by Kipnis [33] appeared to eliminate the possibility 

that a transmembrane potential was an important factor in neutral amino acid uptake 
in mammalian tissues, recent reports on the action of valinomycin on amino acid 
uptake in Ehrlich ascites cells seem to be best interpreted on the basis that a membrane 
potential maintained by the cation pumping mechanism may be an important factor 
in energizing glycine accumulation [17]. In addition these studies imply that the 
transmembrane potential in Ehrlich cells is considerably larger than expected from 
direct measurements [34] and from measurements of the C1- distribution [10, 35, 36]. 
Since valinomycin [37, 38] will bring the distribution of K + to its equilibrium po- 
sition, it is possible to compute the value of the transmembrane potential from the K + 
distributions in its presence [18]. Such a value will be a maximal value under the 
experimental conditions, the activity of internal K + being assumed to be equal to 
its concentration. 

Valinomycin causes a rapid loss of cellular ATP which can be partly restored 
by the addition of glucose (Fig. 4). Using valinomycin, with and without glucose, 
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Fig. 4. Action of  valinomycin on cellular Na  + and ATP levels. Cells were preincubated for 5 rain 
with valinomycin before samples were taken for ion and ATP determinations. The medium was 100 
m M  Na  + + 6 5  m M  K +. The experimental procedure is given in Table II. Glucose was added at 30 
rain, indicated by an arrow, to a duplicate set of  controls and valinomycin-containing cells. Data  
presented are f rom a typical experiment. 

ATP levels Nai + c o n c n  

-- Glucose -- Glucose -- Glucose + Glucose 

Control  C)-Q) (A) ® - ®  (B) -- -- 
+Val inomycin  @-@ (C) ® - ®  (D) I1-11 (E) ( n ) - ( l l )  (F) 
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one can estimate whether sufficient energy is available from the electrochemical 
potential of Na + to account for glycine accumulation. Since the K + distribution is 
at equilibrium with valinomycin, no contribution from the potassium gradient needs 
to be considered. 

The results in Table 1I show that the electrochemical potential of  Na ÷ is 
inadequate to account for glycine and 2-aminoisobutyrate accumulation if it is assum- 
ed that (a) the stoichiometry between the Na ÷ and amino acid uptake is 1 : l ;  
(b) that the activity of the cytosol Na ÷ is equal to the measured Na ÷ concentration 
and (c) that Na ÷ and the amino acid are uniformly distributed in the cellular water. 
The data in Fig. 4 show the changes in cellular Na + and ATP that occur with va- 
linomycin and glucose. 

DISCUSSION 

Recent work on the mode of energizing non-electrolyte transport has led to 
conflicting conclusions more often than conflicting experimental observations. 
In essence the central question is the directness of the role of  ATP or some equivalent 
compound in solute transport. The advocates of the indirect role point to the fact that 
(1) movement of an organic solute can occur against its own concentration gradient 
in absence of ATP provided that cation gradients are available, (2) that the system 
for transport is reversible and that the pumping into and out of the cells depends on 
the direction of the monovalent cation gradients [1-8]. Similarly, it has been con- 
cluded that inhibitors of ATP forma.tion are without effect on initial rates, prior to a 
dissipation of the ion gradients [4]. In a recent communication Goldner et al. [29] 
showed that the initial rate of uptake in an intestinal mucosa preparation was nearly 
the same with and without ATP provided near normal gradients were present, 
whereas the initial transmural net flux was very sensitive to metabolic inhibitors. 

In this communication we show that the initial rate of  glycine transport is 
responsive to the cellular level of ATP even when ion gradients of similar magnitude 
are compared. In tumour cells, there appears to be agreement that at steady state 
higher accumulation of amino acids is obtained at higher ATP levels [10, 18, 21]. 
Baker and Potashner [39] have also reported that in squid axon ATP increases 
glutamate influx at constant ion gradients. Gibb and Eddy [17] recently suggested 
that the difference in amino acid accumulation between ATP-containing and ATP 
depleted cells at similar ion gradients is due to the size of the transmembrane potential. 
Such a conclusion appears unlikely for the following reasons. 

(1) Elevation of extracellular K + to 65 mM has only a modest effect on glycine 
accumulation in these cells [21]. 

(2) The K + distribution is likely to be very close to equilibrium [34] at 65 mM 
Ko +, and therefore the membrane potential may be computed from the K + distribution. 
Recomputation of the data in Table I, Expt. II, shows that at low ATP levels, the 
membrane potential would be only 10 mV less negative than at high ATP levels. A 
change in potential of this magnitude would be inadequate to account for the 75 ~o 
(or more) decrease in accumulation that is observed in cells with low ATP [9]. 

The experiments with valinomycin show that the elecl~rochemical potential for 
Na ÷ is an inadequate energy source for glycine and 2-aminoisobutyrate accumulation, 
unless very serious discrepencies exist in the estimation of the cytosol Na ÷ concentra- 
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tion. There is reason to believe that the true cytosol Na + may be considerably less than 
the measured concentration. According to Pietrzyk and Heinz [40] a sizeable fraction 
of the cell Na + is combined with nuclear material. Thus, our conclusion concerning 
the available energy is tentative and awaits better estimations of the distribution of 
intracellular Na ÷. However, it is evident from Table I[ (Expts B and C) that a re- 
duction of cellular Na ÷ by as much as 50 ~ would only bring the system into thermo- 
dynamic equilibrium even assuming 100 ~ coupling and efficiency of energy coupling. 
Although the prior estimates [22] of the degree of coupling between Na ÷ and amino 
acids have been revised upwards (See paper by Heinz and Geck [42]), the efficiency 
is still less than I00 ~ .  If  the principles proposed by Kedem and Caplan [41] for 
energy transfer in coupled flows apply, a reduction in coupling from 100 to 90 ~o 
would result in a decrease in maximum energy transfer of nearly 60 ~ .  

At present our data is more consistent with a direct utilization of ATP to 
energize amino acid transport. The following scheme is proposed based on the present 
and earlier observations [9, 21]. 

(1) Both Na ÷ and ATP decrease the Km of the transport mechanism for the 
amino acid. 

(2) The transport mechanism probably spans the membrane and reaction with 
ATP internally changes the affinity for the amino acid at the exterior. 

(3) Combination of the "activated" carrier with amino acid or with amino 
acid and Na +, causes a change in the orientation of the transport mechanism so that 
(a) the amino acid and Na ÷ face the cell interior and (b) the activated site is exposed 
to a phosphatase. 

(4) Hydrolysis of the activated form results in a release of solutes into the cell 
and the "deactivated" carrier reorients to its original state. 

(5) The energy for accumulation is derived from the energy of hydrolysis of 
ATP and the "activated" carrier. 

(6) Transport of amino acids is not completely eliminated in the absence of 
ATP provided asymmetric distributions of Na ÷ and K + are maintained. Accumula- 
tion against a chemical gradient will occur provided there is adequate free energy in 
the Na + electrochemical potential. 

(7) Reversed transport is more readily observed in ATP-depleted than in 
ATP- containing cells because combination with ATP increases the asymmetry of  
operation of the transport system. 
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