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Some novel aspects of the relationship between the amino acid gradient 
and the sodium electrochemical gradient in mouse ascites tumour cells 
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Accumulation of 2-aminoisobutyrate by niouse ascites tumour cells was studied in circumstances where nigericin reversed the normal 
direction of tbe Na+ concentration gradient. The membrane potential (A+) was assayed using oxonol V as a voltagasensitive probe. 
The amino acid gradient (A#) that formed did not signifcantly exceed the likely magnitude of the Na+ electrochemical gradient 
when this wasin the range 2-6 kJ mol-‘. when Na Ap increased up to 11 kJ mol-‘, ApA was almost konstaut at 7-8 kJ mo-‘. The 
observations indicate that when AI/I is large changes in celhdar [Na+ ] in the range 16-80 mM scarcely affect A#. 

1. Introduction 

The molecular details of the coupling between 
the flow of co-substrate (Nat or Hf) and that of 
substrate (S) through symport mechanisms have 
yet to be defined [1,2]. Our present understanding 
of the factors that are likely to govern solute 
accumulation through a symport (see fig. 1) is 
mainly based on kinetic analysis of (1) the rela- 
tionships between the two flows and (2) their du+l 
dependence on the cis and bans values of the 
parameters [S] aind [Na+]. One widely discussed 
possibility is that a constant n equivalents of 
co-substrate accompany the substrate through the 
carrier protein in either direction [3]. When ther- 
modynamic equilibrium is reached the electro- 
chemical gradient of the solute (Ai?) and that of 
the co-substrate (AjiN”), acting across the plasma 
membrane, are related by the equation 

7i + A$/AjiN” = 0 0) 
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Clearly, the larger the n, the greater is the value of 
AjP at a given value of AFNB. Indeed, a number of 
examples are known in which one, two or three 
co-substrate ions are involved [4,5]. In most real 
systems, as illustrated in fig. 1, the solute S is 
likely to traverse the cell membrane through not 
only the symport but also at least one other car- 
rier-mediated pathway (see, e.g., ref. 6). The value 
of AFS is then smaller than would be predicted on 
the basis of eq. 1, to an extent that can be esti- 
mated when the first-order rate constant defining 
the leak pathway is known [7]. 

Aa alternative description of sympoit mecha- 
nisms is based on the formalism of irreersible 
thermodynamics (see ref. 8). The maximum solute 
gradient (Aji’) formed at ‘static he&l’ is given by 

( aJN*/a~s)~E~.+(dliS/d~Na)~~=~ (2) 

In this equation the notion of .a fixed stoichioms 
try n is replaced by that of a potentially variable 
differential flow ratio. The latter defines the way 
in which the two flows Js and JNL change relative 
to one another when, for instance, AFS is varied 
with ApN” being maintained constant. Variable 
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Fig. 1. General ionic conditions prevailing in the mouse ascites 
tumour cells when these are suspended either (1) in a standard 
Ringer solution or (2) in the presmce of nigerkin, which leads 
to inversion of the normal distribution of Na+. In both cases a 
considerable concentration gradient of 2-aminoisobuty-rate de- 
velops. The amhci acid sympoct absorbs n equivalents of Na+ 
per amino acid (S) equivaicnt. A leak pathway for S ia also 

p-t. 

stoichiometry in this sense is the result of ‘slip- 
page’ in the system. It arises when the ratio of the 
number of molecules of co-substrate to that of 
substrate traversing the carrier together has more 
than one integral value [5]. In effect, the apparent 
value of n may vary with the absolute concentra- 
tions of Na+ or S and with AjiN” itself. 

Another aspect of co-substrate stoichiometry 
concerns the kinetic order exhibited in the form of 
the equations describing the dependence of Js 
and JNa on [S] or [Na’]. Thus, in the example of 
glyciue or methionine transport by mouse ascites 
tumour cells, first-order kinetics are shown with 
respect to both solutes. A plausible model is one 
in which the first step in solute translocation 

involves random binding of the two ligands to the 
carrier [E] to form the complex ENaS. The ab- 
sence of second-order terms in the rate equation is 
attributed to the relative slowness of the trsnsloca- 
tion steps as compared with the binding and re- 
lease of the two ligands [S]. 

Studies in three laboratories, in which a volt- 
age-sensitive dye was used to assay the membrane 
potential (A+), showed that accumulation of 
glycine, methionine or 2aminoisobutyrate is 
roughly consistent with the version of eq. 1 in 
which n = 1. In general, A~_L* was about 1.8 kJ 
mall’ larger than AjiNa when the latter varied in 
the range from about 1 to 9 kJ mol-‘. While the 
activity coefficients for each of the hgands were 
assumed to be 1 for that purpose a value near 0.5 
may be more appropriate for cellular Na+ [5,9]. 
As -the validity of the dye technique has been 
questioned (see references in ref. 9), it is reassur- 
ing that a recent study with conventional mi- 
croelectrodes gave estimates of A# for the tumour 
cells in the same range, from - 50 to - 60 mV, as 
was inferred using voltage-sensitive dyes [5,10,11]. 

2. The ‘reversed gradient exp&mentz a critical 
test of tlw gradient hypothesis 

A major inconsistency with predictions based 
on eq. 1 was inferred by Agnes Heinz and her 
colleagues on the basis of experiments in which 
nigericin was used to reverse the natural distribu- 
tion of Na+ across the plasma membrane of mouse 
ascites tumour cells [12]. The circumstances of this 
ingenious experiment are illustrated in fig. 1. We 
have confirmed the main finding, namely, that 
despite the accumulation of Na+ in the cellular 
compartment, the tumour cells concentrate the 
amino acid to almost the same extent as that in 
the absence of nigericin [13]. Reference to fig. 1 
leads to two predictions if eq. 1 is to apply. (1) 
Provided n= 1 the membrane potential, A+, 
would approach -90 mV. (2) A# is expected to 
.exceed A3,K, the equilibrium potential for K+. 
The earlier claim that A# and A#K are in fact 
similar in magnitude [12] in the presence of 
nigericin was based on evidence that is probably 
unsound [13]. In order to test these two predic- 
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tions, we have now studied the magnitude of AI/I 
with the aid of the voltage-sensitive fluorescent 
probe oxonol V, a dye which has been used exten- 
sively for this purpose, usually by monitoring 
&o-,90 [141. 

3. Qualitative observations with oxonol V 

In the procedure adopted membrane depolari- 
zation leads to a decrease in the fluorescence 
excited at 577 nm and recorded at 630 nm (fig. 2). 
The amount of dye employed was shown to impair 
neither the accumulation of 2-aminoisobutyrate, 
during energy metabolism, nor the maintenance of 
the normal distribution of Na+ and K+ between 
tumour cells and suspension medium. Fig; 2 il- 
lustrates the following points, (1) Addition of 
gramicidin or valinomycin caused no gross 
artifactual fluorescence (fig. 2a). (2) Valinomycin 
hyperpolarized the tumour cells in the presence of 
ouabain, the membrane potential and fluorescence 
being progressively lowered as extracellular K+ 
was raised (fig. 2b). (3) K+ caused a similar de- 
crease in fluorescence in the absence of vahnomy- 
tin (fig. 2~). This behaviour is consistent with that 
described in ref. 10 but at variance with the data 
in ref. 14. (4) Addition of glycine depolarized the 
tumour cells (fig. 2d). 

Fig. 3 establishes a number of related points. 
(5) The addition of K+ to cell preparations that 
had previously accumulated Na+ actuated the 
sodium pump, a response that was reversed by the 
addition of ouabain (fig. 3a). (6) No response to 
glycine was observed in the presence of gramicidin 
(fig. 3c-f). (7) The latter compound hyper- 
polarized preparations depolarized by glycine (fig. 
3e and f). 

All the above observations are consistent with 
the known actions of the ionophores in raising or 
lowering the membrane potential. We accordingly 
constructed a calibration curve relating AqK in 
the presence of valinomycin to the prevailing fluo- 
rescence intensity. The latter quantity was mea- 
sured relative to the arbitrary zero defined by 
addition of gramicidin and 0.13 M KCl. When we 
combined 39 titrations, like the four illustrated in 
fig. 2, the relationship between relative fluores- 
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Fig. 2. Traces illustrating the time course of the changes in 
fluorescence exhibited by suspensions of the tumour c& in 
solutions of diverse composition. Assays were performed gen- 
erally dwzribed as in ref. 15, fluorescence being excited at 577 
mn and recorded at 630 run. The tumour cells (1.2 mg cellular 
dry weight) were suspended in the selected Ringer solution (3 
ml) containing 8 pg of the dye oxonol V. Extracehlar Na+ 
was replaced by choline or K+ as spe-cificd, the sum of their 
concentrations being 163 mM. Traces: (a) The Ringer solution 
+mtained 32 mM K+, 10 pg gramicidin, and two portions of 
10 pg valinomycin were. added at the indicated times. Fina;lly, 
KCI (0.1 ml) was added to a final concentration of 130 mbf. 
(b) The Ringer solution contained 163 mM Na+ and 1 mM 
ouabain. Valinomycin (V) and gram&in (G) were added as 
SboWn. The KU concentration was increased by 2,10 or 106 
mM at the indicated times. (c) Similar to trace b but without 
valhomycin. (d) Similar traces tb b and c but initially made 1.6 

mM with respect to [glycine]. 

cence intensity and A# proved to be curvilinear 
rather than linear (fig. 4). The calibration thus 
allowed A+ to be estimated directly from the dye 
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Fig, 3. Effects of ouabain or uptake of glycine oh tbe fluorescence signal in the presence of oxonol V. Procedure as in the legend to 
fii. 2. Traws: (a) The Ringer solution contained 163 mM Na+. At the indicated time 20 mM K+ was added, then 2 mM ouabain, 10 
cg valinomycin (V) and, fiiy, 10 cg gramicidin (G) wi$ 110 mM K+ as KCl. (b) A composite trace. The kec Ringer solutions 
each contained 2 mM ouabain and 40 mM Na+, 163 mh4 Na+ or 163 mM K+, respectively. (c) The Ringer solution contained 160 
mM Na+ and 2 mM ouabaiq 16 mM glycine (Gly), 10 pg gramicidin (G) or 130 mM K+ were added. (d), Similar to trace c except 
that (he order of the additions’ was changed. (e) The Ringer solution contained 40 mM Na+ and 2 mM ouabain. Glycine, grtitidin 

and 130 mM K+ were added in turn. (f) Similar to trace e, but with gramicidin added before glycine. 

Signals that a given cell suspension produced, 
without the necessity of titrating the suspension 
with K+ and valinomycin. 

4. Magnitude of AI/J in the presence of nigericin 

The presence of nigericin, in amounts increas- 
ing in the range 0.3-3 pg/mg cellular dry weight, 

progressively lowered the amino acid accumula- 

tion ratio below about 25.fold. It raised cellular 
[Na+], as did the presence of 2 mM ouabain [13]. 
Fig. 4 illustrates these general relationships, as 
well as the magnitude of the relative fluorescence 
intensity observed in each of 32 cell preparations 
in the Ringer solution containing about 45 mM 
Na+ and 18 mM K+. Fig. 5 shows how A+ and 
A IJJ~ ‘were related. 
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Fig. 4. Accumulation of Zaminoisobutyrate in the presence of 
different amounts of nigericin as a function of both (1) the 
steady level of cellulsr [Na+ ] established in the cell suspension 
and (2) the magnitude of the signal exhibited in the presence of 
oxonol V. The main cell suspensions (6 mg dry weight ml-‘) 
were incubated for 40-60 min and samples withdrawn for 
assay of (1) the relative fluorescence intensity and (2) the 
cellular contents of 2-amim$‘C$sobutyrate, Na+, K’ and 
water [13], (1) Fluorescence intensity (a. r) wss assayed rela- 
tive to a working zero represented by the fluorescence intensity 
obscrvcd when gramicklin (3 cg) and 130 mM KC1 were 
added. The sample (0.2 ml, containing 1.2 mg celhdar dry 
weight) was transferred to the cuvettc of the fluorimeter to give 
a cell suspension containing all the components of the main 
Ringu solution. The fluoreacen~ intensity reached a steady 
value in about 2 min, the magnitude of which relative to the 
working zero wss then established by the addition of gramici- 
din and KCl ia turn. The main Ringa solution contained 
40-50 mM Na+, 18 mh4 K+, 0.4 mM 2-runir&‘C)iso- 
butyrate, 18 mh4 lactate and a selected amount of nigericin in 
the range 0.3-3 pg/mg cel3 dry weight [13]. 2 mh4 ouabain was 
present (&) or absent (A). &mversion of the relative fluo- 
rescence intensity into a value for AJ, was based on the scale 
represented on the right-hand ordinate (see tezqt). (2) Other 
assays were conducted as described in ref. 13. The amino acid 
distribution was dete&ned in either the presence (0) or 

absence (0) of ouabsin. 

The mean value ( f SD.) of A$ for the tumour 
cells supnded in the selected Ringer solution in 
the presence of 0,.4 mh4 2-aminoisobgtyrate (con- 
trols) was 69.7 * 7.1 mV. The presence of nigeri- 
tin at amowlts that increased cellular [Na+] from 
3- to 5-fold caused only a smaU increase in A$ up 
to a mean value of 76.9 f 4.4 mV (17). Thus, the 
largest effect of nigericin on the magnitude of 
A jiN” was due to the change in [Na+],/[Na+li 
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Fig. 5. Comparison of the magnitude of 63 with the prevailing 
magnitude of A$K. One set of observations refers to the 32 cell 
suspensions assayed in uxmection with fig. 4. several of these 
contained 2 mh4 ouabain (A), the remainder did not (A). Six 
control suspenkns lacking nigericin were studied (0). A 
further indcpendti~set of controls contained 2 mM ouabah, 
40 mM Na+ and 20 r&f K+ (a) without lactate, the lower set 
(0) contained 40 mM N%‘+ and 120 mM K+ to depolaxiz the 

cell suspension. 

from 3.60 f 0.96 (7) in the controls to 0.64 * 0.15 
(17) in the presence of nigericin. Fig. 5 shows very 
clearly that the prevailing membrank ‘“p&n&l 
somewhat exceeded AJ,K in the absence :of 
nigericin and considerably outweighed A#K in its 
presence. While the second of the above predic- 
tions was therefore confirmed, the tumour cells 
were evidently not hyperpolarized up to 90 mV. 
The implications of this behaviour in relation to 
eq. 1 were next examined. 

5. Comparison of ApA and AjiNg 

Fig. 6 combines all the observations made using 
the Ringer solution containing 40-50 mM Na+. 
Clearly, A$’ was not directly proportional to 
A jP”. Indeed, large changes in the latter parame- 
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The observations shown in fig. 5 demonstrate 
that the magnitude of A$ exceeded that of A#x in 
the absence of nigericin unless ouabain was pre- 
sent. Furthermore, (1) nigericin caused a modest 
hyperpolarization and (2) A$ exceeded A$x even 
in the presence of ouabain. We attribute cellular 
hyperpolarization to the action of the sodium 
pump which more than compensates for the natu- 
ral permeability of the tumour cells to K+ [15]. 
Whether the sodium pump of these mouse tumour 
cells is completely inhibited by ouabain under 
these conditions is not known. If inhibition is 
partial the residual activity may account for the 
difference between A$ and A$K (see ref. 11). 

b I 4 

0 2 4 6 8 IO I2 

Ap 

Fig. 6. Comparison of the magnitudes of A#. and AjiNN” 
observed iu the cell suspensions containing 2-aminoisobutyratc 
and different amounts of nigerkin. The gradients are repre- 
sented in units of kJ mol-I. The observations comprise the 32 
assays made in the presence of uigericin (0) or nigericin and 
ouabti (0). The controls (A) contained neither compound. 
The above sets involved the Ringer solution containing 18 III&~ 
lactate, 40-50 mM Na+ and 18 mM IC+. Lactate was omitted 
from a further set of controls in which 2 m&4 ouabain was 
present (A). Two sets of observations (*) with methionine are 
included from ref. 18. The smak value of AjiNN” was obtained 
in the presence of 30 mM Na+, 8 r&l K+ and glucose, AI/J 
being 57 mV. The larger value of A,iiN* was observed in the 
Prentice of 80 mM Na+ and 150 mM K+, the tumour cells 

being hyperpolarkl to 90 tiV. 

ter, over the range 6-12 k.l mol-‘, had little effect 
on the magnitude of ApA. Raising the nigericin 
concentration above about 2 pg mg-’ led to a 
marked fall in ApA, especially in the presence of 2 
mM ouabain. A regression analysis of the 32 
observations involving nigericin (fig. 6; 0, 0) 
showed that 

dp* = (1.449 f 0.120)AFN” - 2.039 jz 0.614 (3) 

with a correlation coefficient of 0.911. The slope 
therefore significantly exceeded the value of 1. 
Comparison with the further series (fig. 6, A) in 
which A jiN” was in the range 3-4 indicates that 
the presence of nigericin had a marked effect on 
the relationship between Ap* and AjX”. It will be 
noted that AI) in the latter group of preparations 
was smaller than A$K. 

7. The stoichiometry of the amino acid symport 

Inspection of fig. 6 suggests that, when al- 
lowance is made for the possibility that the effec- 
tive activity coefficient for cellular [Na+] may be 
about 0.5 rather than 1 [lS], the magnitude of the 
amino acid gradient was not greater than that of 
Na+. To that extent the present observations are 
consistent with the extensive earlier work dis- 
cussed in refs. 5 and 15 in which various ionic 
regimes were employed and energy metabolism 
was maintained by glycolysis. Whether the use of 
lactate as substrate in the present type of prepara- 
tion is relevant to a discussion of the efficiency of 
coupling to ApNa is not known. As an explanation 
of eq. 3, we tentatively suggest that the coupling 
stoichiometry in the sense of eq. 1 remains at 1 
but that a variable loss of coupling between the 
substrate and co-substrate gradients occurs in cer- 
tain circumstances. The relevant circumstances in- 
clude (1) large values of ApN” when cellular Na+ 
is relatively, small and A+ relatively large. They 
also include (2) the presence of ouabain or the 
greater concentrations of nigericin that caused 
cellular Naf to accumulate at the expense of 
cellular IC+ while Aa) remained relatively large. 
Our earlier observations made with methionine in 
which A# was 90 mV are illustrated in fig. 6 and 
seem consistent with this description [18]. Our 
working hypothesis thus focuses attention on the 
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magnitude of A+ rather than a possible function 
for cellular [K+] (see refs. 16 and 17). 

8. Working hypothesis 

A possible mechanism of partial uncoupling of 
the substrate gradient from that of the co-sub- 
strate is to suppose that, when A# is relatively 
large, amino acid efflux occurs both through the 
leak pathway that is known to exist [15] and 
partially via a binary complex of the carrier (E-) 
with the amino acid, rather than as the species 
E-Na+S required for tight coupling of the two 
gradients. This hypothesis may account qualita- 
tively in a simple, albeit speculative, fashion for 
the present finding that nigericin raised cellular 
[Na+ ] several fold but had little effect on amino 
acid accumulation, even though only a small in- 
crease in A+ occurred. 

The hypothesis emphasizes the possibility that 
the extent to which slippage occurs by the above- 
described mechanism depends on the relative 
magnitudes of the rate constants governing trans- 
location of E, ES and ENaS. Because the latter 
species carries one more positive charge than the 
other two, their relative rates of translocation de- 
pend on the absolute magnitude of A+. 
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