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Summary. K7 efflux provoked by ethidium proceeds partially
as an all-or-none effect by which the diffusion barrier for K*
is disrupted and partially from still intact cells, presumably
by exchange against ethidium. This is shown by the application
of an electron probe microanalysis X-ray technique by which
the K* content of a number of individual cells is analyzed.
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Introduction

It has been established that a variety of cationic
dyes and cationic surfactants are able to induce
an almost complete loss of K* from yeast cells
[3, 6, 8, 9, 11, 13-15]. Two different mechanisms
have been proposed for the dye-induced K™ loss.

Pefia et al. [11] attributed the K™ loss induced
by cationic dyes to a specific interaction of the
dyes with the transport system employed for
monovalent cation uptake. It is supposed that due
to that interaction the dyes provoke a K™ efflux,
which efflux is proposed to be of the electrogenic
type and to give rise to a hyperpolarization of the
cell membrane. The stimulation of Ca** uptake
in yeast cells by several cationic dyes is considered
to support that notion [9].

Other authors [3, 6, 8, 14, 15], however, put
forward the hypothesis that the K™ loss induced
by cationic dyes or surfactants is an all-or-none
response of individual cells. Each cell has accord-
ing to this view a certain threshold concentration,
which if exceeded, results in the destruction of the
permeability barrier for K* and as a consequence,
in an almost complete loss of K™ from the affected
cells. This hypothesis is supported by the fact that
a correlation exists between the amount of K™ lib-
erated and the amount of UV absorbing sub-
stances leaking from the cells if a cationic dye or
surfactant is added to the yeast suspension [3]. A

similar correlation is found between the amount
of K* liberated and the number of cells which
are stained with a cationic dye or which are no
longer viable [6, 8, 15]. No direct experimental
proof, however, has been presented, that in fact
part of the cells have lost all their K and that
the remainder of the cells still has the normal K *
content, as is supposed to be the case according
to the all-or-none hypothesis.

We have now examined by means of the elec-
tron probe X-ray microanalysis technique [5] the
distribution of K* over a number of cells, which
are treated with different amounts of the cationic
dye ethidium. This dye is chosen, since the dye
has almost no side-effects on the yeast cells [11].

Materials and Methods

Yeast cells of Saccharomyces cerevisige strain Delft IT were
starved under aeration for 20 hr. After starvation the cells were
washed three times with distilled water, centrifuged and sus-
pended in 20 mM maleate-tricthanolamine buffer, pH 6.0 at a
cell density of 5% (wt/vol). After a preincubation period of
15 min with or without 3% (wt/vol) glucose, ethidium bromide
was added to the suspension. The suspension was kept anaero-
bic by bubbling N, through the suspension at 25 °C. At appro-
priate times, 10-ml samples were taken, centrifuged and the
supernatant was analyzed for K* and ethidium. Potassium was
estimated by flame photometry. Maximum loss of K* was de-
termined after boiling an aliquot of the cell suspension before
the addition of ethidium. The ethidium concentrations were
determined by measuring the absorbance of the dye at 482 nm
with a Beckman 25 spectrophotometer.

Cells of another pure strain of Saccharomyces cerevisiae,
denoted by us as Azteca strain, were kindly donated by Dr.
A. Pefia (Mexico) and prepared as described elsewhere [12].
With this yeast the effect of ethidium was studied only in the
presence of glucose and at 30 °C.

For vital staining of the cells a slightly modified procedure
of Borst-Pauwels and Dobbelmann [2] was followed. A small
aliquot of the suspension was diluted in 180 mm NaCl, the
cells centrifuged and resuspended in 0.5 mm bromophenol blue
in 45 mm Tris adjusted to pH 4.5 with succinic acid. The per-
centages of stained cells were calculated from the number of
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countings (=100) of both stained and unstained cells under
a Zeiss photomicroscope I1J (Carl Zeiss, W. Germany).

Preparation of cells for microprobe analysis was carried
out as follows: exactly 5 min after the addition of ethidium
a sample of 10 ml was centrifuged, the cells were washed three
times with ice-cold distilled water and resuspended in distilled
water. During the washings no appreciable extra loss of cell
K* occurred, as could be shown by analysis of the supernatants
by flame photometry. The cell suspension was sprayed through
a glass capillary tube (internal diam. about 0.5 mm) onto pure
polished carbon plates, air-dried on the support and stored
under vacuum at room temperature. The specimen was coated
with a carbon layer to improve conductivity and, to prevent
rehydration, was kept under vacuum until analysis, according
to Kuypers and Roomans [5].

Yeast cells with altered K * contents were prepared by incu-
bating the starved yeast cells (2% wt/vol) in 45 mm Tris ad-
justed to pH 4.5, provided with 3% (wt/vol) glucose and either
100 mm K.Cl or 600 mM NaCl, at 25 °C under anaerobic condi-
tions. The incubation in the Na*-containing medium for 12 hr
was repeated three times after washing the cells twice with dis-
tilled water by centrifugation. This repetition was necessary
in order to replace the greater part of cell K* by Na*. After
appropriate incubation periods, samples of 10 ml were centri-
fuged and the cells were washed three times with ice-cold dis-
titled water and resuspended in distilled water. A small aliquot
of the resulting suspension was sprayed onto carbon plates,
as described above. The remainder of the suspension was centri-
fuged immediately after the spraying was completed. The pellet
was dried, weighed and destructed with nitric acid according
to Kotz et al. [4]. In the resulting solution K.* was determined
by flame photometry and the total phosphorous content was
determined with a Technicon Autoanalyzer I C (Technicon
Ireland, Ltd., Dublin) according to Meuftels {7].

X-ray data were obtained at room temperature in a
Camebax scanning electron microscope model MB76 (Cameca,
France), equipped with a Cameca inclined wavelength-disper-
sive (WD) spectrometer and a Microtrace energy-dispersive
(ED) spectrometer, and processed with a Tracor Northern
TN2000 data acquisition system (Tracor Europa, Bilthoven,
The Netherlands).

Carbon supports containing a large number of well-sepa-
rated cells were analyzed. P and K were determined with the
ED spectrometer and Ca by the detection of its K, X-rays by
means of a WD spectrometer using a PET crystal. To enable
simultaneous electron-probe analysis of these elements rather
high beam currents (70 nA at 15 kV) resulting in a spot size
of 0.35 pm, were used. In order to reduce the large dead time
of the ED spectrometer under these conditions, an aperture,
specially designed for this spectrometer, was used {16]. When
no Ca was measured a beam current of 5nA at 15kV was
used.

Results

Figure 1 shows that the amount of K™ liberated
from nonmetabolizing cells increases with increas-
ing concentrations of ethidium. At concentrations
below 1 mM no detectable K™ loss is found. In
the presence of glucose, the rate of K™ loss in-
creases considerably resulting at the higher ethi-
dium concentrations in a far greater K* loss than
is found in the absence of added glucose. At the
lower ethidium concentrations, however, part of
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Fig. 1. The time course of K* appearance in the medium after
addition of various amounts of ethidium and the effect of glu-
cose upon the K* efflux. The final concentration of ethidium
added is indicated in the Figures and is expressed in mm. Full
drawn lines (@) refer to experiments carried out in the presence
of 3% (wt/vol) glucose and the dotted lines (o) to experiments
without added glucose. The maximum K* (denoted max. in
the Fig.) refers to K* released in the medium after boiling
the cells
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Fig. 2. The dependence of the ethidium-induced K™ release
after a 30 sec incubation upon the concentration of free ethi-
dium, and the effect of glucose. Data of Fig. 1 are used

the K* liberated within the first few minutes is
again reaccumulated by the cells. Reentry of K ¥
is not found in the absence of glucose.

The amount of K * liberated within 30 sec after
the addition of ethidium increases at relatively low
ethidium concentrations less than proportionally
with the free ethidium concentration in the medi-
um (see Fig. 2). At concentrations of free ethidium
exceeding 1 mMm, however, the rate of K* efflux
is increased more than proportionally with the eth-
idium concentration. This is found both in the
presence and in the absence of glucose. This indi-
cates that two processes are involved in the efflux
of K*, a process characterized by saturation kinet-
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ics and a process characterized by a sigmoidal rela-
tion between the efflux rate and the ethidium con-
centration. The latter may point to the occurrence
of an all-or-none response of the yeast cells to ethi-
dium. This is further confirmed in Fig. 3, in which
it is shown that the loss of K* is accompanied
by an increasing number of cells which are stain-
able with the dye bromophenol blue. This dye only
penetrates into leaky cells and not into intact cells
[2]. The relation between the amount of K liber-
ated and the number of stained cells, however, is
nonlinear. In fact, the amount of K * released from
the cells exceeds the amount expected from the
number of cells that become freely accessible to
bromophenol blue. Therefore part of the K7
should be released from cells which are still intact.

The indication that besides an all-or-none
effect also a graded loss of K* from still intact
cells is induced by ethidium, is now further exam-
ined by the X-ray microanalysis technique.

We first carried out a calibration of this mea-
suring technique and determined its sensitivity. For -
that purpose the K* content of the cells was either
increased by metabolic K*/H" exchange or de-
creased by metabolic Na*/K™ exchange. In this
way cells were obtained with mean K* contents
ranging from 185 to 720 mmol/kg dry weight of
yeast; their phosphorous (P) content was not sig-
nificantly affected by the cation exchange processes
and was 420+ 21 mmol/kg dry weight of yeast. X-
ray microanalysis of these cells showed that the
cation exchanges applied resulted in great changes
in the mean intensities of the K peak and in all
cases examined a single cell K population was pres-
ent. The mean intensity of the K peak of these
cells showed a greater standard deviation than the
corresponding K/P ratio (for each case 50 cells
were analyzed). For that reason, and because the
P content of the cells did not vary significantly,
we used the mean K/P ratio as a measure for the
K™ content of the cells. Figure 4 shows that this
K/P ratio was linearly related to the K* content
of the cells, determined by flame photometry. The
mean standard error of the mean of the K/P ratios
was 0.04. In Fig. 4 also data obtained with K *-
depleted cells are included. K™ depletion of starved
cells was caused by a 5-min incubation of the cells
in the presence of 1 mM cetyltrimethylammonium-
bromide (CTAB) in water. Also in this case a single
cell K population was present. CTAB, however,
caused a significant (30%) loss of cellular phos-
phorous. The K/P ratio has been corrected for this
P loss.

Table 1 shows that in the presence of ethidium
the mean intensity of the P peak is not significantly
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Fig. 3. Relationship between the percentage K * loss in the pres-
ence of ethidium and the percentage of cells stained by bromo-
phenol blue (BPB). (o) in the presence of 3% (wt/vol) glucose,
(o) without added glucose. 100% K™ loss is determined by
boiling the cells. The values of K* loss and the number of
cells stained by BPB are corrected for the values found in the
absence of added ethidium
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Fig. 4. Relationship between the mean K/P ratio of single cells
determined by X-ray microanalysis and the K* content deter-
mined by flame photometry. (o) K*-loaded cells, (o) Na™-
loaded cells, (x) starved control cells, (v) K *-depleted cells.
The cellular K™ content is expressed in mmol/kg dry weight
of yeast. The bars denote the standard error of the mean (n = 50)
(see also text)

Table 1. Mean intensities of the peaks of K and P at various
ethidium concentrations

EB K P n
(mm) (£sE) (4sE)

0 4979 +129 3049+ 118 152
0.75 43294132 3019+ 66 200
1 43234165 3135+ 71 200
3 730+ 102 3169+ 136 127

EB means ethidium concentration. The peak intensities are ex-

pressed in X-ray counts min~!, SE means standard error of

the mean. »n the number of cells examined. The yeast used is
S. cerevisiae Delft 1.

affected. The mean intensity of the K peak, how-
ever, is greatly reduced by the dye. Since the P
content of the Delft II strain is not affected by
ethidium, we have used also in this series of experi-
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Fig. 5. X-ray microanalysis of the K distribution over the cells
of the Delft II strain and the effect of ethidium upon this distri-
bution. The K/P ratio is taken as a measure for the K content
of the cells. Same experiment as in Table 1

ments the intensity of the P peak as an internal
standard for the cell mass excited by the electron
beam and expressed the K* contents of the cells
in relative values, namely the ratios of the K peak
and the P peak. Figure 5 shows the distribution
pattern of the K/P ratios both in the absence and
in the presence of ethidium. In the absence of ethi-
dium two populations of cells are found, a small
one with a very low K/P ratio consisting of 2%
of the total number of cells examined and a large
population with a mean K/P ratio of 1.78. The
population of K "-poor cells has a K/P ratio <0.5.
This population likely consists of completely leaky
cells, since also 2% of the cells appeared to be
stainable with bromophenol blue. We will denote
yeast cells with a K/P ratio <0.5 as broken cells,
and cells with a K/P ratio >0.5 as intact cells.
The population of broken cells greatly increased
on raising the ethidium concentration. The mean
K/P ratio of the intact cells also decreased signifi-
cantly, see Table 2 (P<0.0001 for both the differ-
ence between K/P of the blank and K/P found
with either 0.75 or 1 mM ethidium and the differ-
ence between K/P found at either 0.75 or 1 mm
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Table 2. Mean K/P ratios, number of cells present in the popu-
lation of broken cells and the population of intact cells and
percentage K * loss

EB (K/P), n, R, (R/P); n, R, R R,
(mm) (%) (%) (%) (%) (%) (%)
DO 0.233 20 - 1.783 98 - - -

0.75 0.180 12 9.0 1612 88 84 17 18
1 0.113 16 131 1603 84 85 22 26
3 0.107 85 78 1.182 15 51 83 82
A0 0.218 27 —~ 0667 97 - - -
0.37  0.060 39 11 0654 96 19 3 8
0.75 0.038 44 38 0.558 56 9.2 47 39

The indices b, i and ¢ refer to the broken cells, intact cells
and broken and intact cells together, respectively. The index
o refers to the control without ethidium. EB is the concentration
of ethidium added, » is the number of cells expressed in percents
of the total number of cells examined. K/P is the mean K/P
ratio of the cell population concerned. R is the K lost from
the cells taking the amount of K in the intact cells of the control
as 100%. R,=R,-+ R; is the total amount of K lost expressed
in percentage of the control value. R,, is the percentage of K
released to the medium, being determined by means of flame-
photometry in the supernatants of yeast cells after 5 min incu-
bation with ethidium. D and A refer to the Delft II, and Azteca
strain, respectively. The K/P values of the Azteca sirain are
corrected for losses of P during incubation with ethidium. R,
and R, are calculated as follows:

Ry =100(m, —ny, ) {(K/P); o — (K/P), }/(K/P), ,

and

R;=100m, {(K/P); , — (K/P);}/(K/P), ,.

The cells are incubated for 5 min in the presence of 3% (wt/vol)
glucose before analysis by means of the X-ray microprobe tech-
nique. The values for the Delft II strain are obtained from
the data presented in Fig. 4. In addition data found at 0.75 mM
ethidium are included. The incubation temperature was 25 and
30 °C for the Delft I and the Azteca strain, respectively.

ethidium and at 3 mwm ethidium). Table 2 shows
that the amount of K retained in the broken cells
is small and comprises less than 5% of the K being
present in the originally intact cells. In addition
it is seen that especially at low ethidium concentra-
tions a relatively great part of the K™ liberated
is lost from cells which are considered to be still
intact, and which have lost only part of their K *.
The total amount of K™ loss calculated compares
rather well with the amount of K * released to the
medium.

We have carried out similar experiments with
the Azteca strain. With this yeast also two popula-
tions were found, one with a low K.* content and
one with a relatively high K content. With this
yeast the mean P content decreased with increasing
concentrations of ethidium. Therefore we cor-
rected our K/P ratios for the decrease in phospho-
rous content. The results are given in Table 2. Also
with this yeast part of the K released arose from
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Table 3. Ca/P and K/P ratios in yeast celis suspended in a Ca®*-containing medium. Accessibility
of the populations of cells with a low K/P and a high K/P ratic for Ca2*

Ca  EB  (R/P),  (Cap), 1y K/P);  (Ca/P); n;
(mv)  (mm) (45D) (£sD)
A 50 0 0.04 1.38£0.41 50 - - -
N 05 0 - - - 1.69 0.1740.10 26
N 50 0 - - - 1.73 0.2340.09 24
N 05 3 0.22 1.0940.42 10 1.28 0.3340.17 24
N 50 3 0.18 1.5240.63 3 1.26 0.18:+0.08 26

A acetone powders; N: normal yeast, strain Delft II. The cells (5% wt/vol) are incubated without
glucose for 5 min in the presence of ethidium or in the absence of the dye. Then the cells are
washed three times with ice-cold distilled water and are incubated in either 0.5 or 50 mm CaCl,
at 0 °C. n is the number of cells examined. EB is the ethidium concentration added. sD means

standard deviation. See also subscript to Table 2.

still intact cells. Apparently this yeast is much more
sensitive for ethidium than the Delft 1T strain. At
0.75 mm ethidium 44% of the cells are permeabil-
ized instead of 12% as found with the Delft II
strain. The values of total K™ loss calculated from
the analysis of the individual cells agrees less with
the values for K™ released to the medium deter-
mined by flame photometry than is found with
the Delft II strain. This may be attributed to differ-
ences in the relative loss of phosphorous from the
individual cells.

Finally we have examined whether in fact the
cells of the Delft II strain with a K/P ratio >0.5
are still intact by determining the uptake of Ca**
into the cells before and after treatment with ethi-
dium. In order to avoid metabolically dependent
Ca’" uptake into the cells glucose was omitted.
Also the low temperature employed may greatly
prevent Ca’?* uptake via an energy-linked process.
As shown in Table 3 the Ca/P ratio in cells with
a K/P ratio <0.5 was far greater than in cells with
a K/P ratio >0.5. In the latter population the
Ca?* uptake was not significantly increased by
ethidium indicating that in the nonmetabolizing
cells at least at 0 °C no appreciable ethidium-in-
duced Ca?* uptake [9] occurred.

Discussion

The results obtained with the X-ray microanalysis
technique show clearly that apart from an all-or-
none effect of ethidium giving rise to an almost
complete loss of K* from the cells, a second effect
is also involved consisting of a partial loss of K *
from still intact cells. The still intact cells are not
stainable with bromophenol blue and are charac-
terized by a still relatively high K* content. These
results also explain why the relation between the
percentage K loss and the number of cells which

are stained with bromophenol blue is nonlinear.
A closer look at the data presented in [15] also
shows that with the cationic surfactant benzalkon-
ium the K* loss is higher than expected from the
number of stainable cells. This is, however, not
true for the interaction of methylene blue with
yeast [8]. The low Ca/P ratios found in cells with
a relatively high K™ content further confirms that
these cells have a still intact membrane.

The K* loss from still intact cells is probably
underestimated. As shown in Fig. 1, K* released
during the first minutes can be reaccumulated
again, provided that glucose is present. This reab-
sorption should be ascribed to K™ uptake by still
intact cells. Since the mean K* content of the
intact cells found after 5-min incubation is de-
creased in the presence of ethidium we have to
assume that initially the intact cells release part
of their K* presumably by exchange against ethi-
dium, which is accumulated into the yeast cells
[10, 13]. Due to the increase in the K* concentra-
tion of the medium the uptake of ethidium in the
yeast cells decreases [13]. This will give rise to a
decrease in the K™ efflux and then K* can be
again absorbed via the metabolism-dependent
monovalent cation uptake mechanism [1].

Comparison of the effects of ethidium on the
two strains of yeast used shows that great differ-
ences in sensitivity for the dye may exist between
two strains. Brunner et al. (personal communica-
tion) showed that large differences in sensitivity
for ethidium also occur between mutants of the
yeast Kluyveromyces lactis.

The observation of Pefia [9] that ethidum en-
hances Ca®" uptake into yeast supports the view
that part of the cells are still intact. An important
consequence of our study is, that due to the pres-
ence of broken cells, uptake of Ca?* will be under-
estimated and that therefore the enhancement of
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Ca’* uptake is greater than calculated on the basis
that all cells are still intact.

The complex relation between the initial rate
of K* efflux and the concentration of free ethi-
dium also supports the notion that two processes
are involved in the interaction of ethidium with
the yeast. Probably the K™ effiux within the first
30 sec after the addition of ethidium is due to ex-
change of cellular K™ and ethidium from the medi-
um. Uptake of ethidium in nonmetabolizing cells
is much lower than the uptake in metabolizing cells
[13], which may explain the much lower initial rate
of K efflux from the nonmetabolizing cells. As
stated already under results the initial efflux of K*
found at the highest ethidium concentration may
be mainly due to the all-or-none destruction of
the yeast cell membrane. In accordance with this
notion Pefia et al. [13] showed that at low ethidium
concentrations metabolic proton extrusion is not
affected (indicating that the cells are still intact),
whereas at high ethidium concentrations net
proton pumping is inhibited as well (due to proton
influx into the cells with a disrupted membrane).

We are grateful to Professor A.M. Stadhouders, Laboratory
of Submicroscopic Morphology, University of Nijmegen, for
his hospitality and facilities at our disposal. We thank Drs.
P.G.M. Peer, Department for Mathematical and Statistical
Service of the Faculty of Science, for carrying out the statistical
analysis. The skilled assistance of Mr. P. Spaay in part of the
experiments is gratefully acknowledged. The yeast strain Delft
11 was kindly supplied by Gist-Brocades at Delft. This study
was supported in part by a grant from the Netherlands Organi-
zation of the Advancement of Pure Research (Z.W.0.) through
the Netherlands Foundation of Biophysics.

References

1. Borst-Pauwels, G.W.F.H. 1982. Ion uptake in yeast.
Biochim. Biophys. Acta 650:88-127

2. Borst-Pauwels, G.W.F.H., Dobbelmann, J. 1972. Determi-
nation of the yeast cell pFH. Acta Bot. Neerl. 21:149-154

A.P.R. Theuvenet et al.: Ethidium-Induced K* Loss from Yeast

3. Elferink, J.G.R., Booy, H.L. 1975. The action of some tri-
phenylmethane dyes on yeast and erythrocyte membranes.
Arzneim. Forsch. 25:1248-1252

4. Kotz, L., Kaiser, G., Tschopel, P., Tolg, G. 1972. Auf-
schluss biologischer Matrices fiir die Bestimmung sehr nied-
riger Spurenelementgehalte bei begrenzter Einwage mit Sal-
petersiure unter Druck in einem Teflongefdss. Z. Anal.
Chem. 260:207-209

5. Kuypers, G.A.J., Roomans, G.M. 1979. Mercury-induced
loss of K* from yeast cells investigated by electron probe
X-ray microanalysis. J. Gen. Microbiol. 115:13-18

6. Maas, M. 1969. Cytolysis of yeast by surfactants. Ph.D.
Thesis, University of Leiden, the Netherlands

7. Meuffels, L. 1980. Handleiding Autoanalyzer. fntern
Rapport Katholieke Universiteit Nijmegen

8. Passow, H., Rothstein, A., Lowenstein, B. 1959. An all-or-
none response in the release of potassium by yeast cells
treated with methylene blue and other basic redox dyes.
J. Gen Physiol. 43:97-107

9. Pefia, A. 1978, Effect of ethidium bromide on Ca** uptake
by yeast. J. Membrane Biol. 42:199-213

10. Pefia, A., Clemente, S.M., Borbolla, M., Carrasco, N.,
Uribe, S. 1980. Multiple interactions of ethidium bromide
with yeast cells. Arch. Biochem. Biophys. 201:420-428

11. Pefia, A., Mora, M.A., Carrasco, N. 1979. Uptake and
effects of several cationic dyes on yeast. J. Membrane Biol.
47:261-284

12. Pefia, A., Pifia, M.Z., Escamilla, E., Pifia, E. 1977. A meth-
od for the rapid preparation of coupled yeast mitochondria.
FEBS Lett. 80:209-213

13. Pefia, A., Ramirez, G. 1975. Interaction of ethidium bro-
mide with the transport system for monovalent cations in
yeast. J. Membrane Biol. 22:369-384

14. Riemersma, J.C. 1966. The effect of pH and temperature
on the lysis of yeast cells by cationic dyes and surfactants.
J. Pharmacol. 18:602-610

15, Scharff, F.G., Maupin, W.C. 1960. Correlation of the meta-
bolic effects of benzalkonium chloride with its membrane
effects in yeast. Biochem. Pharmacol. 5:79-86

16. Van Amelsvoort, J. M.M., Smits, H.T.J., Stadhouders, A.M.
1982. Simultancous use of energy-dispersive and wave-
length-dispersive spectrometers in X-ray microanalysis.
Micron 13:229-234

Received 8 November 1982; revised 1 December 1982



