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Summary

The membrane potentials of Acholeplasma laidlawii, Mycoplasma mycoides
subsp. capri, Mycoplasma gallisepticum, Streptococcus faecalis and human
erythrocytes have been determined by applying a novel technique. The mem-
brane potentials were calculated simply from potassium concentrations deter-
mined by atomic absorption spectroscopy, and gravimetry. The versatility of
the new technique is demonstrated by comparing our results with data ob-
tained by different techniques.

Introduction

In the preceding paper [1] the theoretical basis of a novel technique for the
determination of electrical potentials across cellular membranes had been devel-
oped. The intracellular potassium concentration (Kj,; ,) and the critical extra-
cellular potassium concentration (K,,; = K,,i;), at which no change in the intra-
cellular potassium concentration (and hence no change in membrane potential)
occurs upon addition of valinomycin [2], are determined from measurements of
potassium concentrations, and gravimetry. From these data the membrane
potential is.easily calculated according to the Nernst equation, as described by
Hoffman and Laris [3]. The potassium concentration, K., has essentially the

* Our paper is dedicated to Professor Hansjlirgen Staudinger on his 65th birthday.
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same meaning as the ‘null point concentration’ [4] as determined by fluores-
cence techniques. Our new technique needs the naturally occurring K' as
‘label’. Besides the measurement of membrane potentials, it allows the deter-
mination of whether at all, and to what extent, cells lose their intracellular
potassium when they are removed from nutrient solutions with physiological
saline concentrations, and brought to media containing no or low [K']. In this
paper we demonstrate the versatility of our method by determining the mem-
brane potentials of Acholeplasma laidlawii, Mycoplasma mycoides subsp. capri,
Mycoplasma gallisepticum, Streptococcus faecalis and erythrocytes, and com-
pare these results with data obtained by different techniques.

Mycoplasmas are the smallest procaryotic micro-organisms capable of
autonomous growth and reproduction [5]. They lack a rigid cell wall but are
endowed with a single plasma membrane more stable than that of eucaryotic
cells. Streptococci are Gram-positive bacteria and were studied as representa-
tives of micro-organisms with a more complex cell wall structure.

Materials and Methods

L Cultivation and harvest of organisms

M. mycoides subsp. capri, M. gallisepticum and A. laidlawii were originally
obtained from Drs. Freundt and Chanock [6]. M. mycoides subsp. capri was
grown in a medium consisting of 350 ml of PPLO broth (Difco), 10 ml of notr-
mal horse serum (Flow), 50 ml of 25% yeast extract (Flow), 10 ml of 50%
glucose, 10 ml of 0.1% phenol red, and 12.5 ml of 2% thallium acetate; the pH
was adjusted to 7.8. The growth medium of M. gallisepticum contained 20 ml
of normal horse serum. The medium for A. laidlawii contained 5 ml of bovine
PPLO serum fraction (Difco) instead of horse serum, and only 2 ml of 25%
yeast extract. Cells were grown in suspension at 37°C until the growth medium
started to change colour.

8. faecalis was grown in liquid tryptic soy broth (TSB, Difco) medium and
harvested in the late exponential phase.

The organisms were harvested by centrifugation, washed twice, and finally
suspended in fresh growth medium. The final concentration was about 200 mg
wet wt./ml. For some experiments, M. mycoides subsp. capri was washed and
suspended in isotonic CaCl, solution (116 mM).

Freshly drawn human erythrocytes were washed twice and finally suspended
in 145 mM NaCl, 2 mM Tris, pH 7.0.

II, Preparation of specimens

Valinomycin (Sigma) was dissolved in ethanol.

(a) Acholeplasma laidlawii. Micro test-tubes (Eppendorf) denoted as pO;
pl; ...; pn; ...; p6, and pOv; plv; ...; pnv; ...; p6v, contained 1 ml of buffer solu-
tion composed as follows: 15 - n mM KCl plus 14.5 - (10 — n) mM NaCl plus
2 mM Tris, pH 7.0, with n = number of tubes = 0, 1, ..., 6. 50 ul of the A. laid-
lawii suspension were added to each tube. Samples denoted by a ‘v’ (e.g., p4v)
in addition contained 1 ul valinomycin, final concentration 7.5 uM. After a 10
min incubation period at 20°C the specimens were processed as described under
‘.
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(b) Mycoplasma mycoides subsp. capri. The micro test-tubes denoted as p0;
pl; ...; pn; ...; p10 and pOv; plv; ...; pnv; ...; p10v, contained buffer solution of
the following composition: 5-n mM KClI plus (145 —5 - n) mM NaCl plus
2 mM Tris, pH 7.0, with n = number of tubes = 0, 1, 2, ..., 10. Each tube con-
tained 50 ul of the M. mycoides subsp. capri suspension. Tubes denoted by a ‘v’
contained in addition 5 ul of a valinomycin solution, final concentration 37.5
uM. After an incubation period of 15 min at 20°C the specimens were pro-
cessed as described under ‘f’.

(¢) Mycoplasma gallisepticum. The number of specimens and the composi-
tion of buffer solutions were exactly the same as described for A. laidlawii (a).
Each micro test-tube contained 50 ul of the M. gallisepticum suspension. 5 ul
valinomycin, final concentration 37.5 uM, were added to each tube denoted by
a ‘v’. After an incubation period of 30 min at 37°C the specimens were pro-
cessed as described under ‘f’.

(d) Streptococcus faecalis. The specimens were prepared as described for
M. mycoides subsp. capri (b), except that the buffer solutions contained 10 - n
mM KCI plus (145 — 10 - n) mM NaCl plus 2 mM Tris, pH 7.0, with n = num-
ber of tubes =0, 1, 2, ..., 10.

(e) Erythrocytes. The specimens were prepared as described for S. faecalis
(d), except that the incubation period was 30 min.

(f) Further processing of the specimens. At the end of the incubation period
the specimens were centrifuged at 8000 X g for 2.5 min in an Eppendorf 3200
centrifuge, and the supernatant was carefully removed. This procedure was
repeated twice. After determination of the wet mass (m,,,) the specimens were
lyophilized, and the dry mass (mg,) was measured. 1 ml of 0.1 N HCl was
added to the dry residue which was subsequently disintegrated by ultrasonic
irradiation (Branson Sonifier B-12, equipped with a micro tip). The insoluble
remainders were sedimented by centrifugation at 8000 X g for 2.5 min. The
supernatants were diluted, usually 1 : 10, with twice-distilled water to give a
final potassium concentration ranging from 0.03 to 0.15 mM.

The potassium concentrations of the specimens were determined by atomic
absorption spectroscopy using a Unicam SP 90 A Series 2 Atomic Absorption
Spectrophotometer, analyzer settings: slit width 0.2; wavelength 766 nm,
equipped with an interference filter (A\,,,x = 766 nm).

III. Mathematical calculations
In Ref. 1 it had been shown that the potassium concentration of cells after
incubation in a medium with the potassium concentration, K, is given by:

K(Kout) = (Vex/VL)Kous + (Vini/Vi)Kint,0 (1)

where K(K,,,) is the potassium concentration of the specimens; V;, the volume
of the disintegrating solution; V,,, the extracellular, and V;,,, the intracellular
water volume, respectively; K,; ., the intracellular potassium concentration of
native cells; and K,,,, the potassium concentration of the incubation medium.
As described above, the potassium concentration of the incubation medium
was changed according to K,,; = k * n (where k is the step width, and n = 0; 1;
...). The specimens differed in wet mass, therefore all parameters were normal-
ized with respect to the wet mass, whenever necessary. The normalized param-
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eters were given by the following set of equations:
KN(Kout) = K(Kout)/mww ‘ Vex.N = Vex/mww Vint,N = Vint/mww
mdw.N = mdw/mww mww,N = mww/mww = 1

By introducing the normalized values into Eqn. 1, one obtains:

Kn(k - n)=(Vex,n/V1) * k- 0+ (Vine,n/ V1) * Kint,o (2)
Vex.n is determined by the slope s of the curve:
8= (Vex,n/VL) -k;and Ve n =5 Vi /R (3)

The normalized intracellular volume V;,, y is calculated as follows:

From my,y, = (Vex + Vint) * p + Mgy with p = density of intra- and extracellular
fluid, here assumed to be 1 g/ml, it follows that:

1=(Vex.n* Vint.n) "0 + Mgy n and Vipy n = (1 — Mgy n)/P — Vex,N (4)

The intracellular potassium concentration, Kj.;,, can be calculated from the
intersection point of the curve and the ordinate:

Kn(0) = (Vine.N/ VL) - Kint,o (5)
Kint,o = (Kn(0) - VL)/Vine, N (6)

The critical potassium concentration, K, has been proved to equal the
abscissa of the intersection point of the two curves, recorded from specimens
incubated in media which contain or are free of valinomycin, respectively.
From the measured and calculated data the membrane potential can be calcu-
lated according to the modified Nernst equation:

Y = (RT/F) - In (Keyit/Kint,o) = —59 mV - 108(Kins,0/Kerit) (7)
where T = 293 K, R is the gas constant and F is Faraday’s constant.

Results and Discussion

{a) Acholeplasma laidlawii

The results of a typical experiment are presented in Fig. 1. The normalized
potassium concentration was plotted vs. the potassium concentration of the
incubation media which contain no (———®, curve b) or 7.6 4M valinomycin
(0——o0, curve a), respectively. The curves were calculated according to the
method of linear regression. When calculating the regression curve b, the first
value (Ky(0)) was omitted for reasons discussed later. The normalized extracel-
lular water volume was calculated from the slope of curve b according to
Eqn. 3. One obtains V., x = 0.58 ml/g. From gravimetric measurements the
normalized dry mass was determined to be mgy n = 0.18. According to Eqn. 4,
the normalized intracellular water volume was calculated as Vi, x = (1 — 0.18)/
(1 g/ml) — 0.58 ml/g = 0.24 ml/g. From the intersection point of curve b and
the ordinate, the normalized potassium content of A. laidlawii was computed
to be Kx(0) = 35.5 mM/g. By introducing these values into Eqn. 6, one has for
the potassium concentration in native cells: K, , = (35.5 mM/g) - 1 ml/(0.24
ml/g) =148 mM. '
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Fig. 1. Plot of the normalized potassium concentration of A. laidlawii vs. the potassium concentration of
the incubation medium. The organisms were incubated for 10 min at 20°C. Curve a, organisms incubated
in media containing valinomycin, final concentration 7.5 uM; curve b, organisms incubated in media
without valinomyein. From the abscissa of the intersection point of both curves (arrow), Kyt was deter-
mined to be 52.5 mM.

As mentioned above, the results obtained for A. laidlawii cells incubated in
potassium-free medium did not fit the regression curve. Kn(0)|measurea Was
only 26 mM/g, thus indicating that the organisms had lost part of their potas-
sium upon incubation. As demonstrated by the excellent fit of the other points
with the regression curve, a potassium leakage is completely prevented when
potassium is present in the incubation medium, at least at a concentration of
equal or greater than 15 mM. From the abscissa of the intersection point of
curves a and b, the critical potassium concentration was determined to be
K.y = 52.5 mM. By using the modified Nernst equation (Eqgn. 7), the mem-
brane potential was calculated as y = —59 mV - log (148/52.5) = —27 mV. This
is in good agreement with { = —28 mV obtained by fluorescence measurements
[7]. All data are compiled in Table 1.

(b) Mycoplasma mycoides subsp. capri

M. mycoides subsp. capri, when removed from nutrient medium, loses part
of its internal K'..By washing in isotonic CaCl, solution, the organisms are
‘stabilized’, and potassium leakage is prevented [8,9]. Therefore, parallel
experiments to determine the intracellular potassium have been performed with
(i) organisms washed in CaCl, solution (stabilized organisms) and (ii) non-stabil-
ized organisms (‘native’ organisms). The results are given in Fig. 2, curve a,
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Fig. 2. Plot of the normalized potassium concentration of M. mycoides subsp. capri vs. the potassium con-
centration of the incubation medium. The organisms were incubated for 15 min at 20°C. Curve a, stabil-
ized organisms, i.e., organisms washed in isotonic CaCl; solution before incubation in media without
valinomycin; curve b, native organisms, i.e., untreated organisms incubated in media without valinomycin;
curve ¢, native organisms incubated in media containing valinomyecin, final concentration 37.5 uM. The
dashed line was extrapolated from the first five points of curve ¢. From the abscissa of the intersection
point (arrow) of this line and curve b, K¢t was determined to be 256 mM.

o O (stabilized organisms); and b, #———e (native organisms). With only
one exception, all points fit the respective regression curves. The extrapolated
normalized potassium concentrations, Kn(0) | extrapo1., Were 81 and 74 mM/g for
native and stabilized organisms, respectively. The normalized potassium con-
centrations, Ky(0)|yeasured; Obtained for native and stabilized organisms were
52 and 74 mM/g, respectively. This shows that native M. mycoides subsp. capri
loses about 40% of the internal potassium upon incubation in potassium-free
medium, while no loss of potassium occurs for stabilized organisms. Further-
more, as indicated by curve a, potassium leakage is completely prevented when
potassium is present in the incubation medium at a concentration as low as
5 mM.

The curve resulting from our measurements of M. mycoides subsp. capri
incubated in media containing valinomyecin (0———o0, curve b), considerably
deviates from the straight line predicted by theory. At potassium concentra-
tions greater than or equal to 30 mM the internal potassium concentration of
the organisms did not change. This points to a decrease in the membrane
potential which, in turn, may be due to the low stability of the membrane.
However, the first five points (specimens p(0), ..., p(4)) could be approximated
by a regression curve, and for these specimens obviously the theoretical
premises are sufficiently fulfilled, so that K., could be determined by the
intersection’ point of this curve and curve b. One obtains K 4; = 256 mM, and
hence ¢y = —53 mV. This is in good agreement with = —48 mV as obtained
by fluorescence measurements [7].
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(c) Mycoplasma gallisepticum

Experiments performed with valinomycin-free media to determme Kint.o
were in good agreement with theory. All points fit the regression curve, thus
indicating that M. gallisepticum did not lose potassium. Our experiments with
valinomycin, however, met with difficulties. When the organisms were incu-
bated for a short time the potassium distribution did not reach Donnan equilib-
rium and the points deviated considerably from a straight line. Prolonged
incubation shifted the intersection point of the curves towards higher K,,;
values, thus indicating a partial breakdown of the membrane potential. The
mean value of five identical experiments was K ,;; = 53 mM, and the resulting
membrane potential was ¢ = —35 mV. This result deviates from data obtained
by fluorescence techniques (i = —48 mV); however, both results are of the
same order of magnitude.

(d) Streptococcus faecalis

In Fig. 3 the results obtained with S. faecalis are presented. Curve b was cal-
culated from data of organisms incubated in valinomycin-free media, curve a
from those incubated in media containing valinomycin. The internal potassium
concentration was about 480 mM, the critical potassium concentration about
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Fig. 3. Plot of the normalized potassium concentration of S. faecalis vs. the potassium concentration of
the incubation media. The organisms were incubated for 15 min at 20°C. Curve a, organisms incubated in
media without valinomycin; curve b, organisms incubated in media containing valinomycin, final concen-
tration 37.5 uM. From the abscissa of the intersection point of both curves (arrow), Kcrjt was determined
to be 112 mM.
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110 mM, and hence the electrical membrane potential about —37 mV. This is
in good agreement with data given in the literature [10].

(e) Erythrocyles

The results of our measurements on erythrocytes are compiled in Table I.
Again the results ( = —10.6 mV) fit well with the data obtained by different
techniques [3].

Conclusion

In a preceding paper the theoretical basis of a new method for the simul-
taneous determination of the extra- and the intracellular water volumes, the
intracellular potassium concentration and the critical potassium concentration
had been presented. In this paper the method has been applied to four different
micro-organisms and human erythrocytes. In each case, the extra- and intra-
cellular water volumes and the intracellular potassium concentration were
easily determined with high accuracy. In addition, potassium leakage of orga-
nisms could be detected and its influence eliminated. The critical potassium
concentrations could readily be obtained, at least for three of the organisms
studied. With one organism (M. mycoides subsp. capri) we met with difficulties
which could be overcome, and only with M. gallisepticum were the results un-
satisfactory. Our technique obviously provides a new and simple tool for the
determination of transmembrane electrical potentials.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft.

References
1 Schummer, U. and Schiefer, H.-G. (1980) Biochim. Biophys. Acta 600, 993—997
2 Pressman, B.C. (1976) Annu. Rev. Biochem. 45, 5601—530
3 Hoffman, J.F. and Laris, P.C. (1974) J. Physiol. 239, 519--5562
4 Laris, P.C., Pershadsingh, H.A. and Johnstone, R.M. (1976) Biochim. Biophys. Acta 436, 475—488
b6 Razin, S. (1978) Microbiol. Rev. 42, 414—470
6 Schiefer, H.-G., Gerhardt, U., Brunner, H. and Kriipe, M. (1974) J. Bacteriol. 120, 81—88
7 Schummer, U., Schiefer, H.-G. and Gerhardt, U. (1979) Curr. Microbiol. 2, 191—194
8 Kahane, 1., Ne’eman, Z. and Razin, S. (1973) J. Bacteriol, 113, 666—671
9 Van der Neut-Kok, E.C.M., de Gier, J., Middelbeek, E.J. and van Deenen, L.L.M. (1974) Biochim.

Biophys. Acta 332, 97-—103
Laris, P.C. and Pershadsingh, H.A. (1974) Biochem. Biophys. Res. Commun, 57, 620—626

[
[=]



