
Biochimica et Biophysica Acta, 426 (1976) 745-756 
© Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

BBA 77261 

KINETICS OF ION TRANSLOCATION ACROSS CH A RG ED  MEMBRANES 

MEDIATED BY A TWO-SITE TRANSPORT MECHANISM 

EFFECTS OF POLYVALENT CATIONS UPON RUBIDIUM UPTAKE INTO 

YEAST CELLS 

A. P. R. THEUVENET and G. W. F. H. BORST-PAUWELS 

Department of Chemical Cytoloyy, Faculty of Science, University of Nijmegen, Toernooiveld, Nij- 
meyen (The Netherlands) 

(Received July 30th, 1975) 

SUMMARY 

(1) The effect of  surface charge upon the kinetics of monovalent cation trans- 
location via a two-site mechanism is investigated theroretically. 

(2) According to the model dealt with, typical relations are expected for the 
dependence of the kinetic parameters of  the translocation process upon the concen- 
tration of a polyvalent cation, differing essentially from those derived for the case 
in which the membrane carries no excess charge. 

(3) Even when a polyvalent cation does not compete with the substrate 
cation for binding to the translocation sites, apparently competitive inhibition may 
occur when the membrane is negatively charged. 

(4) The model is tested experimentally by studying the effects of the poly- 
valent cations Mg 2+, Sr 2+, Ca z+, Ba 2+ and AI 3+ upon Rb + uptake into yeast 
cells at pH 4.5. A good applicability is found. 

(5) Equimolar concentrations of polyvalent cations reduce the rate of the 
Rb + uptake into yeast cells in the order Mg 2+ < Sr 2+ < Ca 2+ < Ba 2+ (< A13+. 

(6) The conclusion is reached that the reduction in the rate of Rb + uptake 
caused by the polyvalent cations applied results mainly from screening of the nega- 
tive fixed charges on the membrane surface and binding to these negative sites rather 
than competition with Rb + for the transport sites. 

(7) The results of our investigation indicate that the affinity of  the alkaline- 
earth cations for the negative fixed charges on the surface of the yeast cell membrane 
increases in the order Mg 2+ < Sr 2 + < Ca 2 + < Ba 2+. 

(8) Probably mainly phosphoryl groups determine the net charge on the mem- 
brane of the yeast cell at a medium pH of 4.5. 

INTRODUCTION 

Theuvenet and Borst-Pauwels [l] showed that the kinetic parameters deter- 
mining monovalent cation translocation across a biological membrane may be af- 
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fected by variations in the surface potential of  the membrane. The effect of  variations 
in the surface potential upon the kinetic parameters may be investigated by studying 
the kinetics of  the translocation process in the presence of increasing concentrations 
of  a polyvalent cation. 

In the present article it will be shown that essentially different relations between 
the kinetic parameters determining monovalent  cation translocation mediated by a 
two-site mechanism and the concentration of  a polyvalent cation may be expected 
for ion translocation across an uncharged membrane and for ion translocation across 
a membrane bearing negative fixed charges. 

We have examined whether the relations derived for monovalent cation trans- 
location across a negatively charged membrane can be applied to the description 
of the effects of  polyvalent cations upon Rb + uptake into yeast cells, as this translo- 
cation process is described by a two-site transport model [2-5]. In addition we have 
tried to elucidate what type of charged groups on the surface of the yeast cell might 
be responsible for the surface charge density of  the membrane. 

T H E O R Y  

The rate equation for solute transport mediated by a two-site mechanism 
(see Borst-Pauwels [6]) has the mathematical form 

Ai si + BI s 2 
v, - • , (1) 

Ci + Di si + s~ 

where si represents the concentration in the medium of the substrate solute, denoted 
by sl, and v~ is the rate of transport. The coefficients Ai-D~ are independent of  si but 
depend on the concentration in the medium of other solutes that have an affinity 
for the transport  sites. 

We will now consider the case of  monovalent cation transport across a biolog- 
ical membrane from a solution also containing other monovalent cations (sj, Sk) 
and one polyvalent cation s v of  valency Zp. The rate equation will be derived for 
two limiting cases: (I) the membrane carries no excess charge; (II) the membrane 
carries an excess negative charge. The restriction will be made that the values of  the 
rate constants for transfer of  the substrate cation through the membrane are inde- 
pendent of variations in the surface potential. 

Case I 
The rate equation can be derived directly from Eqn. A1 (see appendix), 

taking Si,o -- si, Sj,o = sj, Sk, o = S k and Sp, 0 = Sp in that equation, as, according to 
the Boltzmann distribution law (see Eqn. 6), the concentration of an ion near the 
membrane surface is equal to its concentration in the medium when the surface 
potential is zero. The relationships between the kinetic parameters (A~-Di) and the 
concentration of a polyvalent cation sp are represented by: 

Ai = Cq,o+~i,pS p (2) 
Bi = I/~ (3) 

C i = ] / i ,o~-~/ i ,  pSp-~--]Ji,ppS 2 (4) 

D i = 61,O'q-() i ,pS D (5)  

Note that the coefficients cq,p, ?~,p, ?i,pp and 6i, p are only non-zero when Sp has affinity 
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for the transport sites. In such a case, competitive inhibition of  monovalent cation 
transport will be observed. The maximal rate of transport V i ( =  Bi) is independent 
of Sp. 

Case H 
In this case, the ion concentrations near the membrane surface are not equal 

to the corresponding ones in the medium. In order to obtain a mathematical expres- 
sion for the rate of  translocation as an explicit function of the ion concentrations in 
the medium alone, we have to know the relationship between the concentration of an 
ion near the surface of the membrane and its concentration in the medium. This 
relationship is given by the Boltzmann equation [7]. 

S,,o ---= sn exp ( - z .  qOo/kT ) = S n y  z~ (6) 

where q is the absolute value of the charge on the electron and Zn is the valency of ion 
s n, ~b o is the surface potential, T is the value of the temperature in degrees of Kelvin, 
k is the Boltzmann constant and y is defined by Eqn. 6. According to the Gouy- 
Chapman equation (see, for example, Haydon [8]) this factor y, which is related to 
tpo, is a function of the concentrations of both anions and cations present in the 
medium, including si: 

= 27wz/gNkT = Z sn(Y =n- l )  "~ E s tay+Spy zp (7) 
n Ill 

where the subscript m and p refer to monovalent and polyvalent cations, respectively. 
The approximated form applies when y >> 1, because then the terms containing anion 
concentrations may be neglected. In this equation N is the Avogadro number, e is 
the dielectric constant in the double layer near the membrane and 4> is related to ~, 
the surface charge density of the membrane. In the case that the concentrations of 
the monovalent cations are relatively low we may neglect the first term in the approxi- 
mated form, as well. The surface potential may then be represented by the Gouy- 
Chapman expression for the polyvalent cation alone. By combining this reduced 
Gouy-Chapman equation with the Boltzmann equation (Eqn. 6) we obtain: 

Sp,  0 ~ -  1~ ( 8 )  

If binding of the polyvalent cation to the fixed charges occurs, 4~ becomes dependent 
of  the type of  the polyvalent cation, and Eqn. 8 turns into 

Sp,  0 : (Dp (9) 

¢~p (< ¢~) is lower at higher binding affinities of the polyvalent cation. As has been 
argued by McLaughlin et al. [9], for a limited range of concentration of  Sp, that its 
concentration near the membrane surface and the surface charge density of  the mem- 
brane are independent of the concentration of Sp in the medium. 

On eliminating S~.o, Sj,o, Sk, o and Sp, o in Eqn. A1 by means of Eqns. 6 and 9 
and dividing both the nominator and the denominator of the rate equation by yZ 
a similar relation to Eqn. 1 is obtained, with: 

¢ , l / z p  
A i : 0~i ,O-] -~ i ,pS  p 

B i = V i 
t - -  ; 1 / Z p - -  t 2 /Zp  

C i = ~ i , O " J l - ~ Y i , p S p  - ] - ] Y i , p p S p  

Di = 6~ o+5 '  l/zp , i , p S p  

(lo) 
(1~) 
(12) 
(13) 
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These relationships differ essentially from those derived for the case in which the 
membrane carries no excess of  charge (Eqns. 2-5). From Eqns. AI and 10-13 i tcan 
be derived that the quotients Vi,p/61,p and Y],pp/Yl,p 61,p will be independent of  the type of 
polyvalent cation of the same valency when the affinities of  these cations to the trans- 
port  sites are relatively low. In such a case coefficient 71,pp may be used as a measure 
for the affinity o f a  polyvalent cation to the fixed charges on the membrane. It  should 
be noticed that, even when the polyvalent cation does not compete with the sub- 
strate cation for binding to the transport sites, apparently competitive inhibition 
may occur. 

M E T H O D S  

Yeast, Saccharomyees cerevisiae Delft 2, was starved under aeration for ! 2 h 
and washed three times with distilled water. After starvation the cells (2 % w/v) 
were preincubated in 45 mM Tris/succinate buffer (pH 4.5) provided with 3 o/ jo (w/w) 
glucose at 25 °C. N z was bubbled through the suspension. After 1 h a solution of 
86RbCI with or without appropriate concentrations of a polyvalent cation and Rb + 
(applied as chloride salts) was added to the yeast suspension. The uptake of Rb + was 
studied according to Borst-Pauwels et al. [5]. However, in the experiments described 
in the present article nine successive 1.8 ml samples of the yeast suspension were taken 
during a l-rain incubation period instead of a 5-min incubation period after the addi- 
tion of the salts. In addition washing of the yeast was carried out with 50 mM in- 
stead of  20 m M  ice-cold MgCI/ solution. In a parallel experiment 1 rain after the 
addition of  the polyvalent cations without 86Rb +, aliquots of  the incubated yeast 
suspension were centrifuged and the concentrations of K + and Na + in the supernatant 
determined by flame photometry.  Corrections for the contribution of  the polyvalent 
cations to the emission at 769 nm, at which K + was determined, were made. The 
p H  of the supernatant was also determined. 

R E S U L T S  

We have determined initial rates of  Rb + uptake at various Rb + concentrations 
ranging from carrier-free Rb + (less than 10 -~ mM) to 10 mM Rb +, in the presence 
or absence ofpolyvalent  cations at p H  4.5. The polyvalent cations were added together 
with the Rb + to the yeast suspension. In most cases a linear relationship between 
the amount  of  Rb + absorbed and the incubation time with radioactive Rb + was found. 
Only at concentrations of  Rb + higher than 7 m M  was a slightly bent curve observed. 
In these cases initial rates of  uptake were obtained by drawing a tangent to the up- 
take curves at zero time. The concentration dependence of the uptake rates is rep- 
resented graphically according to Hofstee [10]. These plots give a better distribu- 
tion of  the experimental data obtained at the various Rb + concentrations than the 
more generally applied Lineweaver-Burk plots [11 ]. In case the translocation process is 
described by Michaelis-Menten kinetics a straight line will be found in the Hofstee 
plot according to Eqn. 14. 

Vs 
- - v -  (J 4) 

Km+s 
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Fig. 1. Effect of Mg 2+ upon the concentration dependence of the Rb + uptake rate at pH 4.5. The 
initial rate of Rb + uptake is plotted against the quotient of this rate and the Rb + concentration. The 
rate of uptake is expressed in mmol-rain-1,  kg-1 dry weight of yeast. (0 )  Control; (A) in the 
presence of 5 mM MgCI2; (A) 25 mM MgCI2; (F1) 100 mM MgCIz. Each point represents the mean 
value of triplicates. 

In the case o f  a two-site t ransport  mechanism non linear curves will be ob- 
tained [6, 10]. 

Fig. 1 shows the effect o f  various concentrat ions o f  Mg 2+ upon the kinetics 
o f  Rb  + uptake at p H  4.5. It can be seen that  the curves are convex, as found earlier 
[4]. These curves represent an apparent  positive homot rope  cooperative phenomenon  
[5]. On plott ing the rate o f  uptake against the substrate cat ion concentrat ion a sig- 
moidal  curve will be found in such a case. Apparently,  the Rb  + uptake is inhibited 
competitively by Mg 2+. The maximal rate o f  the Rb  + uptake (intercept with the 
ordinate in the Hofstee plot)  and the shape o f  the isotherm are not  affected when 
the concentrat ion o f  Mg 2+ is raised. Mg 2+ decreases the rate o f  Rb  + uptake at all 
Rb  + concentrat ions applied, though to a lesser extent at higher concentrations.  
Similar results were obtained with Ba 2 +, Sr  2 + and C a  2+. Equimolar  concentrat ions 
o f  these cations inhibited the translocation o f  Rb  + across the yeast cell membrane  
somewhat  more than did Mg 2+ (Mg 2+ < Sr 2+ < Ca 2+ < Ba2+). 

According to McLaughl in  et al. [9] the screening ability o f  a polyvalent cation 
increases greatly with the valency of  the cation, giving rise to a greater decrease in 
the surface potential and thus to a greater reduction in the concentrat ion o f  the sub- 
strate cation near the surface o f  the membrane.  Therefore, a much stronger decrease 
in the Rb  + uptake rate on addition o f  a trivalent cat ion may  be expected than is 
found with equimolar  concentrat ions o f  divalent cations, provided that  the observed 
inhibitions are caused mainly by a screening phenomenon.  Fig. 2 shows the effect 
o f  the trivalent cation A13+ upon  the kinetics o f  the Rb  + uptake at pH  4.5. It can 
be seen that  the effect o f  this trivalent cat ion is formally similar to that  found with 
the divalent cations. However,  the potency of  this cation to inhibit the Rb  + uptake is 



750 

vi 

s -  

~ 1 0  • 

~ ° 
E z~ 

1 2 3 t, 5 6 7 8 9 vi/s i 
t rnin-lkg -1 

Fig. 2. Effect o f  AI  3+ upon  the concent ra t ion  dependence o f  the Rb  + uptake  rate at plrI 4.5. ( 0 )  
Contro l ;  (D)  0.1 m M  AICI3;  ( A )  I m M  AICI3. See also legend to[Fig. 1. 

50-100 times greater than those of divalent cations. The possibility that this is due 
to an increase in the concentrations of K + and Na + in the medium or to a decrease 
in the pH of the medium has been ruled out. The Rb + uptake may also be inhibited 
seriously by monovalent cations [2, 3, 5]. 

As pointed out by Borst-Pauwels [6], the rate equation for Rb + uptake into 
yeast cells is of  the form of Eqn. 1. With a curve-fitting program and the use of a 
digital computer we have computed the coefficients Ai, Bi, Ci and Di of this rate 
equation, describing the isotherms of the Rb + uptake in the absence and presence 
of  the various polyvalent cations. Coefficient Bi, representing the maximal rate of 
uptake, appeared to be independent of the polyvalent cation concentration, and 
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Fig. 3. Effect o f  Mg  2+ upon  the value o f  coefficient Dt o f  the rate equa t ion  (Eqn. 1) describing the 
Rb  + uptake  into yeast  cells at p H  4.5. See also legend to Fig. 1. 
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Fig. 4. The effects of Mg 2+ (Q), Sr 2+ (&), Ca ~+ (/k), Ba 2+ (Fq) and AI 3+ (Q)  upon the value of 
coefficient DI of rate Eqn. 1. The value of Dt is plotted against the zp-th root of the polyvalent cation 
concentration. See also legend to Fig. 1. 

was on  the average 17 mmol  • m i n -  1. k g -  1 on a dry  weight basis.  I t  appea red  tha t  
the coefficient A i is also v i r tua l ly  independen t  o f  the po lyva len t  ca t ion  concentra t ion .  
The mean  value o f  coefficient A i is 0.54. On the o ther  hand,  the values o f  the coeffi- 
cients Ci and  Di are increased when the po lyva len t  ca t ion  concen t ra t ion  is raised.  
W h e n  the yeast  cell membrane  is uncharged  a l inear  re la t ionship  is expected between 
coefficient Di and  the concen t ra t ion  of  a po lyva len t  cat ion.  Fig.  3 clearly shows that ,  
exper imenta l ly ,  a bent  curve is ob ta ined  when the effect o f  the d ivalent  ca t ion  M g  2÷ 
is considered.  This is also found  with the other  po lyva len t  cat ions  applied.  However ,  
as shown in Fig.  4, l inear  re la t ionships  are found  when coefficient O i is p lo t ted  agains t  
the Zp-th roo t  of  the concen t ra t ion  o f  a po lyva len t  ca t ion  Sp o f  valency Zp. I t  is seen 
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Fig. 5. The effects of Mg 2+ (O), Sr 2+ (&), Ca 2+ (•) and Ba 2+ (FI) upon thevalue of coefficient Ct 
of rate Eqn. 1. The experimental data are represented according to Eqn. 15. See also legend to Fig. 1. 
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Fig. 6. Effect of  AI 3 + upon the value of  coefficient Cl of  rate Eqn. 1. See also legends to Figs. 1 and 
5. 

that the slope of the straight lines (denoted coefficient 6'i,p) depends upon the kind of 
polyvalent cation, increasing in the order Mg 2+ < Sr 2+ < Ca z+ < Ba 2+ ~ A13+. 
As shown previously these "zp-th root relations" are expected only when the yeast 
cell membrane is negatively charged and the surface potential is relatively high. Under 
these conditions the relationship between coefficient C~ and the concentration of a 
polyvalent cation sp of valency zp may be represented by Eqn. 12. This equation 
can be transformed into 

' - '  + '  ( I S )  C i - - • i '  ° •i,p Ill, pp S 
1/zv Sp 

On plotting the left-hand term of Eqn. 15 against sp I/~p a straight line may be expected 
in such a case. The intercept of this line with the ordinate equals the value of coeffi- 
cient 7'i,p, whereas the slope of this line equals the value of coefficient }~'i,pp. As a matter 
of fact, the experimental data lie approximately on straight lines (see Figs. 5 and 
6). The values of the coefficients ~"i,v, ~'i,pp and di'i, p for the various polyvalent cations 
applied, evaluated from the data in Figs. 4, 5 and 6, are given in Table 1. The values 
of  these coefficients increase in the order Mg 2+ < Sr 1+ < Ca 2+ < Ba z+ << AI 3+. 

TABLE I 

VALUES OF T H E  C O E F F I C I E N T S  7'~,p, 7"~.pp A N D  6"l,p F O R  THE VARI OUS  POLYVALENT 
CATIONS APPLIED 

The values of  the coefficients are calculated from the data in Figs. 4-6. 

Polyvalent cation F'l,p 7"l.pp 6"l.p 

Mg z+ 0,021 0.0023 0.19 
Sr 2 + 0,033 0.0039 0.24 
Ca z + 0.043 0.0067 0.46 
Ba 2 + 0.060 0.0160 0.58 
AI 3+ 0.20 0.169 2.0 
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DISCUSSION 

The relations for the kinetic parameters determining Rb + uptake into yeast 
cells with the concentration of  a polyvalent cation found agree well with those 
theoretically derived for ion translocation mediated by a two-site mechanism across 
a negatively charged membrane and the case in which the translocational steps 
through the membrane are not affected by variations in the surface potential. The 
coefficients A i and B~ are independent of  the concentration of a polyvalent cation 
applied, whereas D i is linearly related to the zp-th root of  that concentration and Ci 
is a quadratic relation of that root. In the context of our theoretical considerations 
these findings indicate that, under our experimental conditions, the yeast cell mem-  
brane is negatively charged and the surface potential is relatively high, at least in the 
micro-environment of  the sites of  the translocation mechanism. 

According to the model, linear relations may be expected between the coeffi- 
cients ),'i,p and b'i,p, and also between ~'~,pp and the product of  y'~,p and 6'i, p, when 
the affinity of  the polyvalent cations to the translocation sites is relatively low. As 
a matter  of  fact, to a good approximation, linear relationships are found (see Figs. 
7 and 8), indicating that the affinity of  the polyvalent cations applied to the translo- 
cation sites is relatively low. The conclusion is reached that the reduction in the rate 
of  Rb + uptake by the polyvalent cations is due mainly to screening of  the negative 
fixed charges on the surface of the yeast cell membrane and to binding of the poly- 
valent cations to the negative sites, rather than to competition with Rb + for the trans- 
location sites. For a series of  polyvalent cations of  the same valency coefficient 
7'i,pp is proportional to the affinity of  a polyvalent cation for the negative sites. 

For the alkaline-earth cations this affinity increases in the order Mg 2 + < Sr z + 
< Ca 2 + < Ba 2 + at pH 4.5. This is partially in agreement with the results of  the study 
of Rothstein and Hayes [12] on the cation-binding properties of the yeast cell sur- 
face at pH 5. They also found that the affinity of  Ba 2 + is the greatest. However, 
little difference between Mg 2+, Sr 2+ and Ca 2+ was observed. This discrepancy 
with our results might be due to the difference in the pH of the medium. It is well 
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Fig. 7. A plot of coefficient ~"l,p against coefficient 6'l.p for the various polyvalent cations. The values 
of the coefficients are calculated from the data in Figs. 4-6. (0)  Mg z+, (&) Sr z+, (A) Ca 2+, ([]) 
Ba 2+ and (O) AI 3+. 
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Fig. 8. A plot of coefficient 7q.op against the product of the coefficient 7'~,p and d'~,p for the various 
polyvalent cations. See also legend to Fig. 7. 

established both theoretically and experimentally in artificial systems (see the de- 
tailed review by Diamond and Wright [13]) that, when alkaline-earth cations ge- 
nuinely bind to a negatively charged surface, the selectivity pattern shifts with varia- 
tion of the pHI, giving rise to a nonselective situation at a certain pH value (see, for 
example. D'Arrigo [14, 15]). We are now examining the effect of the pH upon the 
selectivity pattern for the potency of the alkaline-earth cations in reducing the rate 
of the Rb + uptake into yeast cells. The selectivity sequence we have found at pH 4.5 
corresponds to sequence II described by Sherry [16]. A similar sequence is found 
experimentally for binding of alkaline-earth, cations to the phosphate colloid nucleate 
[17]. It could be speculated, therefore, that phosphoryl groups determine the net 
charge on the membrane surface of the yeast cell at pH 4.5. This is supported by 
recent findings that the isoelectric point of plasma membrane vesicles isolated from 
the yeast is below pH 3 [18]. 

Our present study shows that one should be very careful in interpreting effects 
of  polyvalent cations upon monovalent cation uptake in terms of competitive in- 
hibition. Analogous effects may be obtained when the surface potential is affected. 
We are aware that changes in membrane permeability introduced by polyvalent 
cations (see, for example, Viets [19]) may also occur. However, in such a case changes 
in the maximal rate of uptake should be expected [20]. As may be judged from the 
independence of coefficient B i from the concentrations of the polyvalent cations 
applied, there are no indications that these polyvalent cations affect the K + (Rb +) 
permeability of the yeast cell membrane. 

The agreement of our experimental results with the theory presented in the 
present report is perhaps surprising, in view of the many assumptions inherent in the 
derivation of the Gouy-Chapman equation and the rate equation. However, as 
discussed by several investigators (e.g. Haydon [21], Davies and Rideal [22] and 
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Barlow [23]), the simple double-layer theory should be applicable to most surfaces, 
As a matter of  fact McLaughlin et al. [9] found a good applicability of the "double- 
layer theory" to phospholipid bilayers and they suggested that this theory might be 
applied to biological membranes as well. 

APPENDIX 

As pointed out by Theuvenet and Borst-Pauwels [1], the rate equation for 
an enzymic process may be used to describe an ion translocation process across a 
biological membrane, provided that the concentrations in the rate equation are 
replaced by those near the surface of  the membrane. These concentrations may 
differ from those in the medium when the membrane bears a charge. The rate equa- 
tion for ion translocation mediated by a two-site mechanism can be derived from 
Eqn. 12 in the article of Borst-Pauwels [6] on replacing the notations for the ion 
concentrations in the medium by those for the ion concentrations near the membrane 
surface. For the case of  monovalent cation translocation across a biological membrane 
from a solution also containing other monovalent cations (s~,s 0 and one polyvalent 
cation (%) summation over j in Eqn. 12 in the article of Borst-Pauwels [6] has to 
include p. Then this rate equation becomes 

S 2 Ai,oSi,o+Bi,o i,o 

Ci,o +Di,oSi,o + S2, o 

= g i Kilb i + K i l b  i--I- E Sj, o - -  , - + 
j¥i,p \ Kji -Ki j  

' ' Kii b~p / + p,o -.,-/,:,p, ,/ 

{[KiiKi{l+j~i, Sj, o(1/Kj+|/Kj)-.~- E ff.~ Sj'O Sk'0 
p j:~i,p k#:i.o KkjK k 

( ) 2 
+s,.0 l /Ko+lm;+ E Sj.o + E + t] 

[ Sj,0 [/\KijKii KZil ( Kii g~ i l ]  s2 }i,o (A1) + K i i + K ; i +  Z - ~  + - -  +Sp, o + - -  Si o+  
j:~i, p K~i] \Kip K'pi]_l ' 

In this equation, the symbols K with appropriate subscripts are the equilibrium 
constants for the complexes of the transport mechanism with the various cations 
present near the surface of  the membrane. The prime denotes that equilibrium applies 
to binding of  a cation to the "left" side of the mechanism; when no prime is present 
then the equilibrium applies to binding of a cation to the "right" side of the mecha- 
nism. By this the two sites of  the mechanism are formally distinguished from each 
other. The symbols b with appropriate subscripts are the rates of translocation relative 
to the rate of translocation via the complex in which both sites of the mechanism 
are occupied by s i. The rate of translocation at infinitely high concentrations of st 
is represented by V i. The additional subscript 0 assigned to the notations for the 
ion concentrations refers to the ion concentrations near the membrane surface. 
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