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The apparent K~ of Rb + uptake and the zeta potential of yeast cells are appreciably affected by changes in 
the pH, variation of the concentration of the buffer cation Tris + and addition of Ca 2+ to the suspending 
medium. Irrespective of the way in which the zeta potential is affected, a direct relationship between the 
apparent K m of the Rb + uptake and the zeta potential is observed. A reduction of 8 mV in the zeta potential 
is accompanied by a 20-fold increase in the apparent Kin, which illustrates that electrostatic effects in ion 
uptake cannot be ignored. Measured zeta potentials are, to a good approximation, linearly related to surface 
potentials evaluated from a kinetic analysis of the Rb + uptake. This shows the practical use of the zeta 
potential as a measure of the surface potential in studies of electrostatic effects in ion uptake by yeast. It is 
concluded that Tris + and the alkaline earth cations inhibit the Rb + uptake in yeast exclusively via a reduction 
in the surface potential. Protons, in addition, exert a competitive inhibition. 

Introduction 

In previous articles we have presented evidence 
for the influence of the surface potential on ion 
uptake in yeast (see Ref. 1 and references therein). 
The inhibition of the Rb + uptake by polyvalent 
cations, for example, could be ascribed to a de- 
crease in the yeast surface potential and not to 
competitive inhibition [2,3]. Typically, the ap- 
parent K~ of the Rb + uptake was not linearly 
related to the inhibitor concentration, as would be 
expected in case of a competitive inhibition. Lin- 
ear relationships were obtained, however, on plot- 
ting the apparent K m against the square-root of a 
divalent cation concentration, or in the case of a 
trivalent cation (e.g., La 3+) against the cube-root 
of the inhibitor concentration [2,3]. As a matter of 
fact, these so-called zpth root relations (% being 
the valency of the inhibitor) were predicted by 
application of classical double-layer theory [4,5]. 

In agreement with this theory, the effectiveness of 
the polyvalent cations in inhibiting the Rb + up- 
take was related mainly to their valency in the 
series of salts tested, being divalent < trivalent 
[2,3]. Moreover, the same differential effectiveness 
was found for their effect on the zeta potential of 
the yeast cell [6]. These results indicated an electri- 
cal effect of the polyvalent cations on the Rb + 
uptake in yeast. 

Not only polyvalent cations effectively reduced 
the zeta potential of yeast cells. Changes in the 
zeta potential of yeast cells with pH have also been 
reported [7,8]. It might be hypothesized, therefore, 
that the reduction in the rate of the Rb + uptake 
with a decrease in pH [9,10] is also due to a 
reduction in the surface potential. There are indi- 
cations, however, that protons are taken up by 
yeast via the monovalent cation transport system 
of the cell [10]. Therefore competitive inhibition by 
protons might also contribute to the observed re- 
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duction in the Rb ÷ uptake. 
In the present article we have examined the 

effect of the medium pH on the kinetics of the 
Rb ÷ uptake by yeast. As changes in pH result in 
concomitant changes in cell pH, also 'indirect 
effects' of the pH will come to the fore, as we have 
described in an earlier paper [11]. After ap- 
propriate correction for effects of the cell pH, the 
dependence of kinetic coefficients of the Rb ÷ up- 
take on the extracellular concentration of protons 
can be evaluated. 

It will be argued that protons reduce the rate of 
the Rb + uptake at low Rb + concentrations both 
via a reduction in the surface potential and via 
competitive inhibition. 

Materials and Methods 

Rb ÷ uptake by fermenting yeast, Sac- 
charomyces cerevisiae Delft II, was studied by 
means of 86Rb+ as a tracer according to Ref. 2 at 
25°C. The concentrations of K ÷ and Na ÷ in the 
suspending medium were determined by flame 
photometry 30 s after the addition of Rb ÷. The 
pH of the medium was also measured. The effect 
of the pH was studied in 45 mM Tris adjusted 
with succinate (pH < 7.2) or HC1 (pH >/7.2) to the 
desired pH. The effect of Tris + was studied with 
cells which had been preincubated anaerobically 
for 1 h in 45 mM Tris buffer of either pH 4.5 or 
pH 7.2, in the presence of 3% (w/v)  glucose at a 
cell density of 4% (w/v). At zero time of the Rb + 
uptake, the cell suspension was diluted 1 : 1 with 
Tris-HC1 of the desired concentration and of the 
relevant pH. The concentration of protonated Tris 
(henceforth denoted Tris ÷) was calculated from its 
thermodynamic dissociation constant of 8.39.10 -9 
at 25°C [12]. The effect of Ca 2+ on the Rb ÷ 
uptake was studied in 45 mM Tris-HCl (pH 7.2) as 
described before [2]. 

Cell electrophoretic mobilities were measured at 
25°C using a rectangular cuvette and apparatus as 
described by Fuhrmann et al. [13]. From the elec- 
trophoretic mobility, the zeta potential was calcu- 
lated by using the Helmholtz-Smoluchowski equa- 
tion [14]. 

86Rb was purchased from Amersham Interna- 
tional, U.K. All other reagents were A.R. grade 
and were obtained from commercial sources. 
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Theory 

The concentration-dependence of the Rb ÷ up- 
take by yeast can be accounted for by a two-stie 
immobile carrier transport model [15]. The two 
sites are called the activation site and the substrate 
site, respectively [16]. The relation between the 
rate of P,b + uptake (vi) and the concentration of 
Rb ÷ in the suspending medium (si) has the 
mathematical form: 

Ais i + Bi S2 
v, ( l )  

C, + Dis  ̀  + s2i 

The kinetic coefficients A~, C, and Dj are inde- 
pendent of sj, but depend on the concentration of 
other ions also present in the suspending medium 
[16]. B e is not only independent of s i, but also of 
concentrations of other ions. We have shown that 
the coefficients Ci and D~ and the quotient of A, 
and B~ are independent of the cell pH [11]. On the 
other hand, both A~ and B~ depend upon the cell 
pH. C~ and D~ also depend on the surface potential 
[2,3]. D, is the sum, and C i is the product of the 
dissociation constants of the complexes of Rb ÷ 
with the activation site and with the substrate site. 
Since the affinity of Rb ÷ for the activation site is 
much larger than for the substrate site [1], Di 
approaches the apparent dissociation constant re- 
ferring to the substrate site and represents the 
apparent K m for the Rb ÷ uptake under conditions 
that the activation site is saturated with Rb ÷. The 
dependence of AJB, ,  C i and D, on the concentra- 
tion of other monovalent cations sj and s k also 
present in the suspending medium are given by 
Eqns. 2 -4  [2,3]: 

A,/S, = ~ a,,:j (2) 
j - i  

Ci,o 0 Sj 
c, = 3 7  + E.~, ,7  + E E ~,.:,:~ (3) 

j * l  j ~ ' i k ~ i  

D = d,.o + E d,.,s, (4) 
' Y j~ . i  

with 

y = e x p (  - F t P o / R T  ) ( 5 )  
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where if0 is the surface potential and F, R and T 
have their usual meaning. 

For convenience we define corrected values of 
A, and D~ by subtracting the contribution due to 
the small amounts of the competitive inhibitors 
Na ÷ and K ÷ [10], which are always present in the 
suspension (namely 0.05 mM Na ÷ and 0.010-0.115 
mM K ÷ depending on the pH applied [6]). These 
corrected values are marked by a prime. 

According to the Gouy-Chapman equation (see, 
for example, Ref. 2) the factor y is a function of 
the concentrations of both cations and anions 
present in the medium, and of the surface charge 
density of the membrane. For negatively charged 
membranes, y (y  > 1) reduces when the negative 
surface potential is reduced. Obviously, ions which 
reduce the surface potential may also reduce the 
rate of Rb ÷ uptake, even when the ions have no 
affinity for the transport sites (Eqns. 3-4). As 
protons reduce the surface potential appreciably 
by protonation of the negative surface groups on 
the yeast cell membrane [16], they may reduce the 
rate of the Rb ÷ uptake via a reduction in the 
surface potential, besides via competitive inhibi- 
tion. To what extent the reduction in the rate of 
the Rb ÷ uptake by protons may be attributed to a 
reduction in the surface potential is the subject of 
the present investigation. For quantitative treat- 
ment of the problem, knowledge of the way in 
which the Rb ÷ uptake is affected by other mono- 
valent cations (K ÷, Na ÷ and Tris ÷) also present in 
the medium is obligatory. The ai, j and dg,j values 
for Na ÷ and K ÷ have been determined by Derks 
et al. [ 17]. However, the values of these coefficients 
for Tris ÷, the buffering cation, are unknown. We 
therefore also examined the effect of Tris ÷ on the 
kinetic coefficients of the Rb ÷ uptake. 

Results 

The effect of Tris + on the concentration depen- 
dence of the Rb ÷ uptake rates is shown in Fig. 1. 
The concentration dependence of the uptake rates 
is represented graphically according to Hofstee 
[18]. In accordance with earlier observations [11], 
the maximum rate of the Rb ÷ uptake (coefficient 
Bi) decreased if the pH is raised. With a curve-fit- 
ting program and the use of a digital computer the 
coefficients A ~ - D  i of Eqn. 1, describing the iso- 
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Fig. 1. Effect of Tris + on the concentration dependence of the 
Rb ÷ uptake rates. The initial rate of Rb + uptake (vi) is plotted 
against the quotient of this rate and the Rb + concentration 
(si). (A) At pH 4.5 and at Tris + concentrations of (O)  22.5 
mM, ( × )  45 mM, (a) 90 mM, (*)  180 mM. (B) At pH 7.2 and 
at Tris + concentrations of (e) 40 mM, ( , )  80 mM and (v) 160 
mM. Each point represents the mean of triplicates. 

therms of the Rb ÷ uptake at the various Tris ÷ 
concentrations and at the two pH values have 
been computed. At both pH values, the Rb ÷ up- 
take is inhibited in an apparently competitive way; 
the maximum rate of uptake is namely not af- 
fected. Also the quotient A i / B  ~ (see Eqn. 2) is not 
affected by Tris 4, which means that coefficient ai,j 
for Tris ÷ in Eqn. 2 is zero. This is typical for 
inhibition caused by a decrease in the surface 
potential and has also been found with divalent 
cations [2,3]. The pH-dependence of the effectivity 
of Tris ÷ in inhibiting the Rb ÷ uptake is also in 
conflict with the concept of a simple competitive 
inhibition. According to a competitive inhibition, 
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Fig. 2. Dependence of D; upon the Tris + concentration in the 
suspending medium s t. O,  at pH  4.5; O, at pH 7.2. 
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the effectivity should be independent of pH [15]. 
Fig. 2 shows that coefficient D; is linearly in- 
creased with the Tris + concentration, at pH 4.5 
and at pH 7.2 as well, but the slope of the line is 
greater at pH 4.5 than at pH 7.2. 

As, at pH 7.2, the relation between 1)' and the 
Tris ÷ concentration is a straight line through the 
origin, it may be concluded that the value of d~.o/y 
at this pH is close to zero in the absence of added 
Tris ÷. If this also applies to the data obtained at 
pH 4.5, the intercept of the line with the ordinate 
would reflect the contribution of protons to the D i 
value via competitive inhibition. From the value of 
this intercept, a di,j coefficient for protons of 31.3 
is calculated. 

Subsequently, we have determined the effect of 
the pH on the Rb ÷ Hofstee plots (data not shown). 
At all the pH values (3.5-7.2) applied, the con- 
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Fig. 3. Dependence of A~/B i upon the proton concentration in 
the suspending medium s h. 
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centration dependence of the Rb + uptake rates 
can be described by Eqn. 1 and the coefficients 
A'i/B i and D: have been calculated as described 
above. On plotting A~/B~ against the proton con- 
centration, to a good approximation, a linear rela- 
tionship is obtained (Fig. 3), which means that, for 
protons, coefficient ai. j (Eqn. 1) is non-zero. 

Fig. 4. shows that a linear relationship also 
exists between D: and the proton concentration, 
which is to be expected if protons compete with 
Rb ÷ for the same binding sites. However, the 
slope of the line is larger than the estimated value 
of di, j for protons in the 'Tris experiment' (see 
Fig. 2), indicating that, apart from competitive 
inhibition, a reduction in the surface potential is 
also involved. By making use of the d~,j value for 
protons as estimated from the Tris experiment, the 
D" values can be corrected for the competitive 
inhibition by protons. The resulting values should 
then equal the d~,o/y term in Eqn. 4. Similarly, the 
D: values calculated from the Tris experiment can 
be corrected for competitive inhibition by protons 
and d,,o/y values can be obtained at the various 
Tris ÷ concentrations at the two pH values, as well. 
If the variation of the d,.o/y value with pH and 
Tris ÷ concentration is due to changes in the surface 
potential, a direct relationship between d~.o/y and 
the surface potential should exist, irrespective of 
whether the surface potential is affected by chang- 
ing the pH or the Tris ÷ concentration. As the 
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Fig. 4. Dependence of D / u p o n  the proton concentration in the 
suspending medium s h. 
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Fig. 5. Effect of the pH and of Tris + at pH 4.5 and pH 7.2 on 
the zeta potential of yeast cells. ( × ) variation of pH in 45 mM 
Tris-succinate buffer; variation of Tris + at pH 4.5: (O) 22.5 
raM, (zx) 90 mM, (v) 180 mM; variation of the Tris + at 7.2: (=) 
80 mM and (v) 160 mM. 
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Fig. 6. Relationship between calculated values of di.o/y and 
the zeta potential (~'). The values of di, o/y are calculated by 
correcting D i values for competitive inhibition by Na +, K + and 
H + (see text). The experimental conditions are varied by chang- 
ing the pH (×), Tris + at pH 4.5 (©), "Iris + at pH 7.2 (o) and 
Ca 2 + at pH 7.2 ( * ). Data of Figs. 2, 4 and 5 are used. Data on 
the effect of 10 mM (closed symbols) and 25 mM (open 
symbols) of the alkaline earth cations on coefficient D, at pH 
4.5 which have been reported previously [2] are included. 
Corresponding zeta potentials have been determined in the 
present study, zx, Mg 2+, v, Sr 2+, ~ ,  Ca 2+ and D, Ba 2+. 

surface potential cannot  be measured directly, we 
have taken the zeta potential as a measure of  the 
surface potential. Fig. 5 shows the pH dependence 
of  the zeta potential and the effect of Tris + at pH  
4.5 and at pH  7.2 upon this zeta potential. It is 
clear that the zeta potential is appreciably affected 
by changes in both the pH and the Tris + con- 
centration. 

In Fig. 6 the calculated values of d,,o/y are 
plotted as a function of  corresponding zeta poten- 
tials. Irrespective of  the way in which the zeta 
potential (~') is changed, to a good approximation,  
a single relationship between the two parameters is 
found, which is described by Eqn. 6: 

l n d i , o / y  = 1 + ¥~ (6) 

where I is the intercept of  the line with the ordinate 
and y represents the slope of the line. 

We have also determined the effect of  Ca 2 + on 
the D i value of the Rb  + uptake at pH 7.2. Just as 
was found at p H  4.5 [2], the Rb  + uptake is in- 
hibited apparent ly competitively (data not shown) 
and the D i value is linearly increased with the 
square-root  of  the Ca 2+ concentrat ion instead of  
with its concentrat ion direct (data not shown). 
However,  the effectivity of  Ca 2+ in increasing D, 
was less than at pH  4.5, just  as was found for 
Tris +. The slope of  the line at p H  7.2 is 0.19, 
whereas at pH  4.5 a value of 0.46 for this slope 
was obtained [2]. The D~ values determined here 
and also those reported earlier in the presence of 
the alkaline earth cations at p H  4.5 [2] have now 
been corrected for competit ive inhibition by 
N a  +, K + and for H + as well, as described above. 
The resulting values of d~,o/y then obtained are 
also plotted in Fig. 6 against corresponding zeta 
potentials measured in the present study. The data 
points  are fitted by the same curve and, therefore, 
support  our earlier conclusion that the alkaline 
earth cations inhibit the Rb + uptake mainly via a 
reduction in the surface potential [2,3]. 

Discuss ion  

The results presented in this article stress the 
importance of  accounting for effects of  changes in 
the surface potential in the determination of the 
apparent  affinity of  an ion for its transport  sys- 
tem. 



The effect of the buffer cation Tris ÷ on the 
apparent K m (which approximates the D value 
dealt with in this article) of the Rb ÷ uptake may 
be exclusively attributed to a reduction in the 
surface potential of the yeast. Previously we sug- 
gested that Tris ÷ may have some affinity for the 
monovalent cation carrier [19]. The present results, 
however, clearly show that this is not the case. In 
line with this, there are no indications for a 
cotransport of Tris ÷ with Rb +, as would be possi- 
ble when Tris ÷ also had an affinity for the two-site 
carrier involved in Rb + transport. Similarly, 
cotransport of divalent cations with Rb ÷ does not 
occur [2,3]. On the other hand, cotransport of 
protons with Rb ÷ is shown to be possible. Under 
conditions whereby only one site of the carrier is 
occupied by Rb ÷ and the other one is occupied by 
protons, both ions may be translocated simulta- 
neously across the yeast cell membrane. This sup- 
ports the suggestion of Rothstein [10], that protons 
and monovalent cations share the same transport 
system. Accordingly, part of the increase in K m 
observed on decreasing the pH can be ascribed to 
a competitive inhibition by protons. A significant 
part of the increase in the Kin, however, is due to 
the decrease in the surface potential caused by 
decreasing the pH. This is evident from the data 
presented in Fig. 6. Irrespective of the way in 
which the zeta potential is affected, either by vary- 
ing the pH, the Tris + concentration or upon ad- 
ding polyvalent cations, a direct relationship is 
found between the corrected apparent K m for the 
Rb ÷ uptake and the zeta potential. 

On extrapolating the corrected D, value to zero 
zeta potential, a value of 16 mM is obtained. This 
value represents the sum of the dissociation con- 
stants for the complexes of Rb ÷ with the activa- 
tion site and substrate site according to the trans- 
port  model in which the carrier has two indepen- 
dent sites [15]. Since the dissociation constant of 
the complex of Rb ÷ with the substrate site is much 
larger than that with the activation site, the 
extrapolated D~ value approximates the '  true' value 
of the dissociation constant of the substrate site 
under conditions of zero surface potenial. This 
value is much larger than the value found experi- 
mentally at high pH at which pH the effect of 
competitive inhibitors is minimal. Obviously, the 
experimentally determined K~ of ion transport 
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across the yeast membrane depends not only upon 
intrinsic physical and chemical properties of the 
transporter, but also upon the electrostatic proper- 
ties of the cell membrane. In fact, affinities for 
cations determined under non-zero conditions of 
the surface potential may be greatly overestimated. 

Changes in the surface potential of the cell may 
greatly affect the apparent K m of the Rb ÷ uptake 
in yeast. The ignorance of this may lead to misin- 
terpretation of experimental data. For example, 
the difference in apparent K m of the Rb ÷ uptake 
observed between mutant strains of yeast [20] 
might not be the result of mutagenic alterations in 
the transport system, but may be due to changes in 
charge density in the various strains obtained. 
Besides this, differences in apparent K m for mono- 
valent cation transport reported in the literature 
[1] might be due to differences in the ionic strength 
of the medium instead of to differences in affinity 
of the transport sites. 

Upon reducing the zeta potential from -12 to 
- 4  mV, the factor y decreases 20-fold, as deduced 
from the increase in the corrected value of D i. 
According to Eqn. 5 a reduction of about 75 mV 
in the surface potential is needed for the 20-fold 
decrease in y. The zeta potential is thus much 
lower than the surface potential. This is possible if 
the negative charges are not uniformly distributed 
over the surface of the membrane and the trans- 
port  sites are located in close proximity of these 
negatively charged groups. A relatively high dis- 
crete charge potential is then experienced by the 
transport sites. The zeta potential, which depends 
upon the average charge density, will consequently 
be lower (see, for example, Ref. 21). Recent work 
of Schmidt et al. [22] showed that cationic silica 
microbeads are clustered in spots and are not 
evenly distributed over the membrane surface of 
the yeast cell. Their observation would support the 
notion of a non-uniform distribution of negative 
charges over the plasma-membrane surface. 

We have finally made an attempt to evaluate 
the magnitude of the electrostatic potential (~k0) 
experienced by the Rb ÷ transport system. The 
relation between the corrected apparent K m 

(di,o/y) and the zeta potential is given by Eqn. 6. 
Sincey = exp(-Fq~o/RT), apparently ~ --- a ~0 with 
a = 0.093. With this value of a, measured zeta 
potentials can be converted into corresponding 
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electrostatic potentials in the vicinity of the trans- 
port system. In the 45 mM Tris-succinate buffer, 
for example, at pH 7.2, ~b 0 = - 115 mV and at pH 
4.5 ~0 = - 7 5  mV with corresponding tentative y 
values of 99.5 and 20.1, respectively, can be calcu- 
lated. Electrostatic potentials of the same order of 
magnitude have been reported for artificial mem- 
branes (e.g. Refs. 23, 24) and also for a variety of 
other biological membranes (e.g. thylakoids [25,26] 
and red blood cells [27], chosen here just as an 
example of a plant membrane and an animal 
membrane system, respectively), of course depend- 
ing on the pH and the ionic composition of the 
bathing medium. 

Most biological membranes bear a net negative 
charge [28]. The results of this study are, therefore, 
of importance for the interpretation of data on ion 
transport in living cells in general, and not re- 
stricted to the yeast cell. As a matter of fact, 
numerous studies have been published showing 
that physiological phenomena associated with ion 
movements across the biological membrane may 
be affected greatly by changes in the surface 
potential (e.g., proton pumping by mitochondria 
[29], gating of ion channels [30], nerve excitation 
[31] and photosynthesis [32]). We have presented 
evidence that the effect of the surface potential on 
ion transport in yeast may not be neglected and 
described an experimental approach of dis- 
tinguishing competitive from electrostatic effects 
of ions on the kinetics of the Rb ÷ uptake. We have 
shown that for the unravelling of these effects, 
measurements of the zeta potential are of great 
importance in the diagnostic procedure followed. 

Even under conditions where the ionic strength 
is kept constant, effects of the surface potential on 
ion transport cannot be ignored. Apparent dissoci- 
ation constants of complexes of positively charged 
substrates and carrier may be greatly underesti- 
mated, whereas those of anionic substrates will 
then be overestimated. On comparing the affinity 
of isolated binding and transport proteins of the 
membrane with the affinity evaluated from trans- 
port studied, one should keep in mind that the 
electrostatic potential experienced by these pro- 
teins may have drastically changed upon their 
extraction from the membrane (e.g., by a delipida- 
tion of the proteins), thereby affecting the ap- 
parent affinity for their substrates. Appropriate 

corrections for differences in this potential (if pos- 
sible) should then be made. One should also real- 
ize that on observing an increase in the K m a 

competitive inhibition is not necessarily involved, 
unless it can be ascertained that the electrostatic 
potential is not changed. 

Finally, as pointed out above, differences in K m 

of ion uptake found between various species might 
be traced to differences in the surface potential 
instead of to differences in the properties of the 
transport system. 
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