
J. Membrane Biol. 47, 261-284 (t979) 

Uptake and Effects of Several Cationic Dyes on Yeast 

Antonio Pefia, Miguel A. Mora, and Nancy Carrasco 

Departamento de Biologia Experimental, Instituto de Biologia 
and Departamento de Bioquimica, Facultad de Medicina, 

Universidad Nacional Autdnoma de M~xico, M6xico 20, D.F., M~xico 

Received 15 September 1978; revised 26 January 1979 

Summary. Several cationic dyes were found to behave as inhibitors of K ~ uptake 
in yeast. When added at high concentrations or in a K+-free medium, dyes can also 
produce an efflux of K+. The dyes are taken up by the cells in a process that, in different 
degrees, for several cations requires glucose and is inhibited to a higher degree by K + 
than by Na +. 

The inhibition of cation uptake is of the competitive type with EB and close to this 
type with other dyes. Ca 2§ inhibits the uptake and effects of dyes and in some cases 
also seems to change the inhibition kinetics on Rb + uptake closer to a pure competitive 
type. 

According to preliminary experiments, the efflux of K + seems to be of the electrogenic 
type, and not due to the disruption of the cells. The data indicate that, independently 
of the existence of other types of interaction (which do exist), dyes seem to interact with 
the system for monovalent cation uptake of yeast in different degrees of specificity and 
energy requirement. This interaction can be followed by fluorescence or metachromatic 
changes or reduction of the dyes as observed in the dual wavelength spectrophotometer 
and can be inhibited specifically by K +, but not by Na +. 

Cationic dyes have shown several kinds of effects on living cells of 
all types. Special attention has been focussed on studies with cationic 
dyes (the so-called basic dyes) for which, among others, actions have 
been described on intracellular enzymes [8, 10], on oxidative phosphoryla- 
tion mechanisms [11, 13, 18, 28], and on the genetic machinery of the 
cell [25-27] as a consequence of the interaction of these molecules with 
different molecules or structures within the cell. In yeast cells in particu- 
lar, studies on the effects of dyes and other cationic molecules have 
revealed this same kind of interactions [2, 6, 18]. Armstrong [2] had 
already pointed out that dyes, in order to interact with other components 
of the cell, had to make contact first with the surface and possibly 
required to be transported into the yeast cell. With ethidium bromide, 
it seems to be clear that a mechanism exists for its translocation into 
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the cell [20], a p p a r e n t l y  t h r o u g h  the  na tu ra l  t r a n s p o r t  sys tem for  m o n o v a -  

lent cat ions.  Cha ix  and  R o n c o l i  [4] r e p o r t e d  tha t  K § bu t  no t  N a  § 

cou ld  decrease  the ra te  o f  m e t h y l e n e  blue r educ t ion  by  yeas t ;  this cou ld  

be due to a lower  ra te  of  u p t a k e  o f  the dye  by  the  cell in the  p resence  

o f  K § bu t  no t  o f  N a  § These  an teceden t s  gene ra t ed  the hypo thes i s  

tha t  m a n y  ca t ionic  dyes or  molecu les  migh t  show an in te rac t ion  wi th  

the  sys tem for  m o n o v a l e n t  ca t ion  t r a n s p o r t  in yeast ,  in spite o f  the 

fact  tha t  recent  da t a  by  El fe r ink  a n d  Booij  ind ica ted  t ha t  s o m e  t r iphenyl -  

m e t h a n e  dyes seem to act  by  induc ing  the des t ruc t ion  o f  the cell m e m -  

b rane  in yeas t  [7]. The  w o r k  p resen ted  here  cons is ted  in s tudy ing  the 

re la t ionsh ip  o f  several  ca t ion ic  dyes to K § t r anspo r t ,  as well as the  

effects  tha t  several  f ac to r s  cou ld  have  on the u p t a k e  o f  the dyes t h e m -  

selves, inc luding  those  o f  K +, as c o m p a r e d  wi th  N a  +. 

Materials and Methods 

Yeast cells obtained commercially (La Azteca, S.A.) were prepared as described else- 
where [19] and used within the same day of preparation by keeping them in ice under 
continuous bubbling of air. 

Potassium and H + movements were followed with a cationic or a combination electrode 
and the uptake of the dyes by centrifugation, according to techniques described before 
[20]. After incubation, the concentrations of the different dyes used were measured by 
determining the absorbance of the supernatants obtained by centrifugation of the cells 
in the microfuge. The absorbance was measured for each dye at its absorption maximum 
and the values were compared with those of calibration curves prepared with known concen- 
trations of the respective dye. Measurement of the uptake of S6Rb+ was also described 
previously [20]. In experiments with dyes, these were added simultaneously to a6Rb +, 
to avoid their effects previous to the addition of the monovalent cation. 

To measure the displacement of 45Ca2+ by dyes, the cells were first incubated for 
3 min with 10 g~ 4SCaClz in the presence of a buffer and without a substrate. After this 
incubation the cells were filtered through a Millipore filter (0.45 ~tm) and washed once 
with water. The cells were then suspended in water and kept in ice. The preparation 
obtained had a considerable amount of radioactivity bound, of which at most 10% could 
be removed by 6 washings with water, but more than 95% could be eliminated by washing 
with cold CaC12. These cells were incubated in the presence of the dyes and then separated 
by filtration and washed with water. After resuspending and plating the cells, the remaining 
radioactivity was measured in a gas flow counter. 

Absorbance changes of the dyes at two wavelengths were followed in an Aminco 
DW2a spectrophotometer. 

The material absorbing at 260 nm was measured essentially as described by Elferink 
and Booij [7], except that the supernatant obtained after centrifuging the cells was washed 
twice with approximately 3 vol dichloromethane and once with the same amount of petro- 
leum ether, with the addition of 0.1 vol 20% NaOH. 

Respiration was measured with a Clark electrode and a suitable recording system. 
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Figure 1 shows the effects of the cationic dyes studied on both K + 
uptake and H4" production by yeast. It is shown that, with all of  them, 
marked effects can be produced on K + uptake without modifying the 
proton production, except for the case of  nile blue at 40 ~tM, which produces 
not only an inhibition of  K + uptake, but also an actual efflux of  the 
monovalent cation of  the cells. The results obtained with brilliant green 
and with methyl green are not presented, but none of  them altered 
either K4- or H 4, movements if compared with the controls. 

The experiments presented in Fig. 1 were carried out by measuring 
the movements of  K 4" when the cation was added to the incubation 
mixture at a concentration of  2.0 raM. When the experiments were carried 
out in the absence of  K + added to the medium, i.e., by following the 
movements of  the K § of  the yeast cells, the results shown in Figs. 2 
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Fig. 1. Effects of several cationic dyes on the uptake of K + and the extrusion of H + 
by yeast. The cells (250 mg, wet wt), were added to a medium containing the indicated 
concentrations of the dyes and the following composition: 20 mM maleate-TEA buffer, 
pH 6.0; 50 mM glucose, and 2.0 mM KC1, in a final volume of 5.0 ml. Temperature was 

30 ~ Figures beside the tracings indicate the concentrations of the dyes used 
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Table 1. Effect of cationic dyes (80 gN) on the release of material absorbing light at 260 nm, 
by yeast 

Absorbance of washed % of value 
supernatant for the PCA extract 

Control 0.237 +_ 0.030 2.05 
EB 0.754 + 0.24 6.50 
Saf 1.330+0.15 11.53 
NB 1.45 +0.25 12.5 
MB 0.68 -+ 0.06 5.8 
MV 0.54 +__0.06 4.6 
BCB 0.85 + 0.05 7.4 
NR 1.00 +0.37 8.7 
Acr 1.27 • 11.03 
BG 0.89 +0.89 7.7 
MG 0.65 + 0.38 5.6 
Perchloric acid extract 11.53 + 1.60 100.0 

Cells were incubated for 8 min in the following medium: 10 m~ succinate-TEA buffer, 
pH 6.0; 100 mM glucose; yeast cells, 125 mg, wet wt; final volume, 5.0 ml. After incubation 
the cells were centrifuged for 5 rain in a clinical centrifuge, and the supernatant was decanted. 
The measurement of absorbance was performed as described under Methods. 

and 3 were obtained. For these experiments, two concentrations of the 
dyes were employed, 50 and 100 gN. At the low concentration (Fig. 2), 
in the absence of substrate, except for nile blue which produced an 
efflux of K +, none of the dyes produced a significant effect on the 
K + movements. When added in the presence of glucose, however, all 
the dyes, except for brilliant green and methyl green (not shown) 
produced a rapid efflux of K + from the cells. When the dyes were 
added at a higher concentration (100 gM) (Fig. 3), the phenomenon was 
exaggerated, and an efflux of K § was produced even in the absence 
of glucose, but, nonetheless, in all cases the efflux was more pronounced 
and rapid in the presence of glucose than when no substrate was added. 
The weakest action was shown again by methyl green and brilliant green, 
which produced a slight K + efflux, but only when glucose was present. 

In view of the report of Elferink and Booij [7], who found that 
triphenylmethane dyes, among them brilliant green and methyl green, 
can produce the disruption of yeast cells, the cells were incubated with 
the dyes and then were centrifuged. The dye was washed from the super- 
natant and the material remaining that could absorb light at 260 nm 
measured, as a test of the disruption of the cells. As shown in Table 1, 
some of the dyes produce an increased appearance of absorbance at 
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Fig. 4. Effect of cationic dyes on the efflux of 45Ca2+ in yeast cells previously loaded 
with the isotope. Cells were loaded previously by incubating them for 30 min with 100 IxM 
45CalC12, 20 mM MES-TEA buffer, pH 6.0; 400 m~4 glucose, and 1.5 g yeast, in a final 
volume of 25 ml, and filtering and washing with 100 gM cold CaC12. After resuspending 
in water, the cells were incubated in the following mixture: 20 mM maleate-triethanolamine, 
pH 6.0; 50 mM glucose; 100 mg yeast cells; final volume, 2.0 ml; temperature 25 ~ At 
the indicated times, aliquots were removed and centrifuged for 10 sec in the microfuge. 
An aliquot of the supernatant was plated and counted. The data are the means of four 

experiments carried out on different days 

260 nm in the m e d i u m  of  incubat ion.  However ,  the highest values ob- 

ta ined were of  only abou t  12% of  tha t  ob ta ined  by the complete  disrup- 

t ion of  the cells with perchloric acid. Fur the r  test of  the cell integri ty 

was provided by the exper iment  presented in Fig. 4; yeast  cells were 

loaded with 4SCa2+ by incubat ion  with the isotopes in the presence 

of  glucose for 30 min. The cells were filtered and  washed with 100 gM 

CaC12 and  resuspended in water. Afterwards ,  the cells were incubated 
in the absence or in the presence of  the dyes, and  the efflux of  radioact iv i ty  

was measured  by count ing  the superna tan t  ob ta ined  after  centr i fuging 

the cells in the microfuge at different  times. Af ter  an impor t an t  initial 

efflux of  the divalent  cat ion,  the cells again took  up the radioact ivi ty,  

essentially in a similar way, except for those incubated  in the presence 
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Table 2. Effects of several cationic dyes on the 86Rb+ uptake by yeast 

No. of 
experiments 

% inhibition of uptake 

0.8 mM Rb + 4.0 mM Rb + 

Control 22 - - 
Safranine 3 76+_6 43 +_ 12 
Acr 4 73+5 49 +3 
MB 3 33+ 15 4.6-+20 
NR 3 65-+13 40 -+5 
BCB 3 64_+4 16 _+9 
MV 3 48_+11 11 -+12 
NB 3 86_+2 63 _+10 

Incubation medium: 20 mM maleate-TEA buffer, pH 6.0; 100 mM glucose. After equili- 
brating the temperature in a water bath at 30 ~ 100 mg of yeast cells, wet wt, were 
added. After exactly 2 min, S6Rb+ was added at a concentration of 4.0, 2.0, 1.33 or 
0.8 mM, followed immediately by the dye at a final concentration of 100 gM. The final 
volume was 2.0 ml. After 2 min an aliquot was taken and filtered through a Millipore 
type filter, 0.45 gm pore size, washing once with water, twice with 5 rm'~ RbC1, and twice 
more with water. The cells were then resuspended in water, and an aliquot was plated 
and counted. One control was always run with each dye. The values for the Lineweaver-Burk 
equation were obtained by the least squares method. 

of MB 1 or NB, in which the pattern of movement of Ca 2§ was different 

from the rest of the cases. 
Given the fact that dyes can produce an inhibition of the uptake 

of K § and also an efflux of the monovalent cation present within the 
cells, it was important to determine the effects of the dyes on the initial 
rates of uptake of S6Rb+, to ascertain their action on the influx of 
monovalent cations. To avoid the effect of K § extruded from the cells 
by the addition of the dye in the absence of external cations, both 
dyes and S6Rb+ were added simultaneously in each case; besides, differ- 

ent concentrations of Rb § were employed, in order to get more informa- 
tion about the inhibition produced by each dye. 

The results obtained are presented in Table 2; there is an actual 
inhibition of the uptake of the cation that can be measured on a percen- 
tual basis. By measuring this inhibition at the highest and the lowest 
Rb + concentrations employed, it can be seen that at high concentrations 
of the alkali cation, the inhibition decreases. Besides, there are changes 

1 A b b r e v i a t i o n s :  CTAB, cetyltrimethylammonium bromide; TEA, triethanolamine; 
FCCP, p-trifiuoromethoxycarbonylcyanide-phenylhydrazone; EB, ethidium bromide; Saf, 
safranine; NB, nile blue; MB, methylene blue; MV, methyl violet; BCB, brilliant cresyl 
blue; NR, neutral red; BG, brilliant green; MG, Methyl green; Acr, acriflavin. 



Cationic Dyes, Uptake and Effects on Yeast 269 

> 

o 

5 ~ 
8 ~ 

o 

o 

8 

:~ :~ - -  

+g, o 
4- 

I ~ m] 

V ~ 

�9 

�9 

+.o O 

T ~ L ~  ~ 
~,-.2 

/ l J  

o~ 
r.i 

0 

M 

I J I I 
Lo ~.  ea  q 

E 
14. ! 

5~ 
i I 

in the kinetic parameters that in general are more significant for the 
K,. than for the Vm.x (see also Fig. 5) ; in other words, by these criteria, the 
inhibition resembles the competitive type, without being purely so, which 
is somewhat different than what was reported before for ethidium bro- 
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Table 3. Uptake of different dyes by yeast. Substrate requirement and effects of K + and 
Na + 

Control no 
substrate 

nmol dye taken up in 3 min by 125 mg yeast 

Glucose No substrate Glucose No substrate Glucose 
+ KC1 + KC1 + NaC1 + NaC1 

EB 19+_14 69+27 a 27_+4 25_+9 ~ 32_+16 51_+21 
Saf 1 0 8 - + 1 5  144_+23 b 80_+ 10 90_+ 18 d 8 7 _ + 1 7  108_+23 
Acr 147• 175+12 ~ 112+7 130+ 12 d 122+10 143+26 
NB 187+8 184_+ 23  193+_3 188_+4 193_+2 190_+2 
MV 190-+3 190_+7 180_+11 186_+5 191_+2 191_+3 
MB 130_+27  164_+12 u 100_+13 91_+32 Cl 103+29 133+5 c 
BCB 149+11 148+16 141+6 125+_31 140+_10 142+_11 
NR 186_+5 183-+7 174+21 168+_7 180+_ 177_+7 

Incubation conditions: 10 mg maleate TEA buffer, pH 6.0, 50 mM glucose (where 
indicated); 5 mM KC1 or NaC1 (where indicated); dyes 40 gM; yeast, 125 mg wet wt; final 
volume, 5.0 ml; time; 3 min. Dye uptake was measured as described under Methods. Data 
are given as the mean values of 5 experiments with the SD of each value. 

P 0.01 and b p 0.05 with respect to controls without substrate. 
P 0.01 with respect to controls with glucose, 

a p 0.01, and e p 0.02 with respect to controls with glucose. 
Statistic significance was calculated by means of the student t test. 

mide  [20]. D a t a  wi th  m e t hy l  green and  br i l l iant  green,  which  do no t  

a p p r e c i a b l y  inhibi t  the u p t a k e  o f  K §  are  no t  presented .  

I f  dyes p r o d u c e  an  effect  on  K + u p t a k e  by  yeast ,  it is i m p o r t a n t  

to define if they  are t a k e n  up  by  the  cells and ,  if  so, to inves t iga te  

some  charac te r i s t i cs  o f  thei r  up take .  The  p a r a m e t e r s  s tudied  were  the 

r e q u i r e m e n t  for  glucose and  the effects o f  the m o n o v a l e n t  ca t ions  K § 

and  N a  § on  the u p t a k e  o f  the dyes;  Tab l e  3 shows the resul ts  o f  exper i -  

men t s  in which  this e x p l o r a t i o n  was  made .  F r o m  the po in t  o f  view 

o f  the  subs t r a t e  r equ i r emen t ,  it can  be seen that ,  unl ike  e th id ium b r o m i d e  

which  shows a s ignif icant  r e q u i r e m e n t  for  glucose,  o the r  dyes are  t a k e n  

up  in m o r e  t han  9 0 %  of  the a m o u n t  p resen t  w i thou t  any  dif ferences  

in the p resence  or absence  o f  glucose. The re  is, on the o the r  hand ,  

an  i n t e rmed ia t e  g roup ,  r ep resen ted  essent ial ly  by  saf ranine ,  acr i f lavine,  

and  me thy lene  blue,  for  which  the u p t a k e  is inc reased  by  12 to 33% 

in the  p resence  o f  glucose.  

As to  the effects o f  K § or N a  § on the  u p t a k e  of  the dyes, there  

are also three  g roups  o f  dyes ;  the  first is aga in  r ep resen ted  by  e th id ium 

b r o m i d e ;  its u p t a k e  is inhib i ted  6 4 %  by K § and  only  26% by  N a  § 

at a 5 mM concen t r a t i on .  The  second  g r o u p  shows a smal le r  inh ib i t ion  
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of uptake by monovalent cations, with a less selective inhibition if K + 
and Na + are compared;  it includes safranine, acriflavin, and methylene 
blue. To only a minor extent, brilliant cresyl blue also shows this selective 
inhibition by K +. With the rest of the dyes, the inhibition by Na § 
or K § was either very low or also nonselective between cations. 

Up to this point, there seemed to be some correlation between the 
effects of some of the dyes and their penetration. The effect of ethidium 
has been dealt with somewhere else [20], but some of the other inhibited 
Rb § uptake with kinetic characteristics close to the competitive type 
showed a partial requirement of glucose to be taken up by the cells, 
and K +, to a greater extent than Na +, inhibited its uptake. 

It is possible that, as postulated for ethidimn bromide [20], these 
dyes might interact with the K § carrier, but presented some other kind 
of interaction and/or penetration besides. They could interact with the 
membrane of the cell in nonspecific sites, different from those of K + 
transport, by means of the negative charge that the cell surface has 
been shown to have [9]. Divalent cations, which can bind to this surface 
[24] and block the effects of some cationic- detergents on yeast [3], might 
also block the action of dyes by forming a positive layer on the surface 
of the cell. The possibility was tested with only four of the dyes: safranine, 
acriflavine, nile blue, and methyl violet. As shown in Fig. 5, Ca 2+ is 
capable of reverting the inhibition of K + uptake produced by the dyes. 
With nile blue, perhaps the most active of the dyes tested, higher concen- 
trations of Ca 2+ were required to produce full reversion of the inhibition 
produced on K § uptake. 

Another  way of testing the characteristics of the interaction of the 
dyes with the cells was by determining the inhibition kinetics produced 
by dyes in the presence and absence of low concentrations of Ca 2+ 
that do not produce any effect on the uptake of Rb + p e r  se. As shown 
in Fig. 6 for acriflavin, safranine, and methylene blue, the inhibition 
of Rb + uptake produced by the dyes, that in the absence of Ca 2+ 
is of a noncompetitive type, diminishes and tends to acquire this form 
when the divalent ion is present in the incubation mixture. Although 
results are not shown, at the low concentrations tested for Ca 2 + (60 gM) 
and in agreement with the data of Theuvenet and Borst-Pauwels [24], 
no effect was found for this cation on the uptake of Rb + in the control 
experiments. 

By incubating the cells with 4SCa2+ it should be possible to " label"  
the negative sites of the surface and afterwards to test the ability of 
the dyes to displace 4SCa2+, as described in Table 4. The addition of 
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the dyes, if they interact with the negative surface of the cells, should 
displace at least part of the radioactivity bound. Since the uptake of 
the dyes, their effect on K § movements and possibly their interaction 
with the membrane are favored by glucose; the experiment was performed 
both in the presence and in the absence of glucose. In the absence 
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of glucose most of the dyes showed an almost negligible effect of displace- 
ment of 4SCaZ+ ; only nile blue and methyl green produced a noticeable 
lowering of the radioactivity upon incubation. In the presence of glucose, 
surprisingly, some of the dyes not only do not decrease the radioactivity 
present in the cells, but actually increase it. This is the case of MB, 
MV, Acr, EB and Saf. With some of the dyes, the effect has been 
further studied and it seems to involve the actual penetration of the 
divalent cation into the cell, since a significant part of the radioactivity 
is no longer exchangeable by cold CaC12 [17]. 

Under the assumption that Ca 2 + might decrease the interaction of 
the dyes with nonspecific sites of the membrane, it could be expected 
that the uptake of dyes occurring in the presence of the divalent cation 
took place in a larger proportion through more specific sites and, there- 
fore, were more sensitive to the competitive presence of monovalent  cat- 
ions, particularly K +. The data of Table 5 show the results of the experi- 
ment that was carried out with four dyes. Although 40 gN CaC12 
produced a decrease of the dye uptake, the addition of K § under these 
conditions did not produce a larger inhibition of the uptake than when 
added in the absence of Ca 2 +. 

Safranine has been studied from the point of view of its interaction 
with membrane systems of mitochondria [5] or liposomes [1]. When 
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Table 4. Effect of cationic dyes on ~5Ca 2+ binding to yeast cells in the presence or absence 
of glucose 

Cpm remaining in yeast (100 rag) after incubation 
with or without the dyes, filtering, and washing 

No substrate Plus glucose 

3018 3697 
Controls 

3018 3713 
MB 2971 3961 
NB 2798 3594 
BCB 2915 3512 
MV 3360 3941 
Acr 2850 4151 
EB 3066 4410 
Saf 3103 4197 
NR 3078 3707 
BG 2972 3450 
MG 2708 2994 

3 g yeast were incubated for 3 rain at 30 ~ with 10 gM 45Ca2+ (293,000 cpm). After 
filtering and washing twice with water; the cells (100 rag) were resuspended in water and 
incubated for 2 rain in the following mixture: 20 mM maleate-TEA buffer, pH 6.0; 100 mM 
glucose where indicated, and 50 lax of the respective dye in a final volume of 2.0 ml. 
After 2 rain at 30 ~ an aliquot of the mixture was filtered and washed 3 times with water. 
The cells were then resuspended in water, plated, and counted. 

Table 5. Effect of K + on dye uptake by yeast in the presence or absence of 40 gM CaC12 

nmol dye taken up in 3 min by 125 mg yeast 

Without CaClz Plus 40 ~tM CaC12 

Control 5 mM KC1 Control 5 mM KC1 

Acr 144+_7 102+_4(30) 116+_2 88+_13(25) 
Saf 113+_4 62+_5(46) 79+_8 61+_17(73) 
BCB 131+_17 123_+9(7) 135+-2 116+-7(6) 
MB 122_+14  69+_11(44) 88_+12 59+-20(33) 

Experimental conditions: 20 m~ maleate-TEA buffer, pH 6.0; 50 mM glucose, plus 
the indicated concentrations of KC1 or CaC12. After equilibrating the temperature in a 
water bath at 30 ~ 125 mg yeast were added. Two rain later, the dyes at a final concentration 
of 50 laM were added; after 3 rain an aliquot was taken and centrifuged in a microfuge 
for 10 sec. The dye remaining in the supernatant was measured by the absorbance at 
the appropriate wavelength. Final volume was 5.0 ml. Data are the means of 4 experiments, 
+_SD. Figures in parentheses are the percent inhibition produced by K + in relation to 
the respective control. 
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Fig. 7. Effects of substrate, K" and Na + on the absorbance changes (554-524 ran) of 
safranine produced by yeast. Incubation mixture: 20 mM maleate TEA buffer, pH 6.0; 
yeast, 150 mg, wet wt; final volume, 3.0 ml. The experiment was carried out at room 

temperature. Safranine was added at a 33 gM concentration and glucose at 16.6 mM 

it interacts, apparently by being transported into the matrix space, by 
virtue of the stacking of its molecules, its absorbance spectrum changes, 
and this can be followed in a dual wavelength spectrophotometer. With 
the same instrument, the reduction of methylene blue can be followed. 
In this latter case, it can be assumed that its penetration into the cell 
is a prerequisite to its reduction, so that the change can be taken as 
an index of the uptake of the dye. Acriflavine, on the other hand, shows 
a change in its spectrum when placed in an organic solvent of low 
dielectric constant, like dioxane or butanol, and this change can also 
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Fig. 8. Effects of Na § and K § on the absorbance changes of safranine (554-524 nm), 
acriflavine (475-465 nm), and methylene blue (640-650 nm) during their interaction with 
yeast cells. The incubat ion medium was the same as for Fig. 6, but  the buffer concentrat ion 
was 13.3 mM and the yeast amount  100 mg, wet wt. The concentrat ions of the dyes were 
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Fig. 9. Effects of substrate, Na § and K § on the fluorescence of acriflavine upon its interac- 
t ion with yeast. The experimental  condit ions were the same as in Fig. 7, but  the yeast 

concentrat ion was 50 mg, wet wt, and fluorescence at 300 ~ 500 nm was registered 
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Fig. 10. Effect of different concentrations of Ca 2§ and Na + and K + on the metachromatic 
changes of safranine produced by its interaction with yeast. The experimental conditions 
were the same as for Fig. 7, except that the indicated concentrations (gg) of CaC12 were 

included. The key to the figure is the same as for Fig. 7 

be followed as an indication of its interaction with the membrane(s) 

of the cell. With this in mind, the color changes of the three dyes were 

followed upon their interactions with the yeast cells. The idea was to 

investigate the energy (substrate) requirements of the interactions, as 

well as the effects that both K + or Na + could have, using the color 

changes as an index. 

The experiment of Fig. 7 shows the detected changes with safranine; 

the color change requires a substrate, and, besides, it can be inhibited 

by K § but not by Na + at 6.6 mM concentration. The complete results 

are not presented, but similar tracings were obtained by using methylene 

blue or acriflavine at the adequate wavelengths, under similar conditions. 

In Fig. 8 it can be seen that with the three dyes the changes observed 
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Fig. 1. Effect of different concentrations of Ca 2 § on the inhibition of the metachromatic 
changes of acriflavine produced by either Na § or K + upon its interaction with yeast. 

The experimental conditions were as those of Fig. 9 

in the presence of a substrate can be prevented by the addition of  K+, 

but  not by the addition of an equal concentration of  Na § 
In the case of acriflavin, in Fig. 9, the results of one experiment 

are presented, in which the interaction of the dye was monitored by 
recording the fluorescence changes of the dye at 300--, 500 nm. Also 

in this case, the changes observed require a substrate, and are reverted 
by K § but  not by Na § 

The metachromatic  changes observed with the aforementioned dyes 
can be prevented specifically by K § and not  by Na  § depending on 
the dye concentration used; as the concentration is increased, both  the 

energy requirement and the specificity of the reversion by K § tend to 
disappear. Besides, the phenomenon is not  absolutely constant, and with 
some yeast preparations there is not a clear reversion of  the color changes 
by K§ In these cases, however, it was found that, at least with safranine 
and acriflavine, the addition of Ca 2§ can produce the recovery of the 
cells to the state in which the metachromatic changes can be inhibited 
by K § and not  by Na § (Figs. 10 and 11). 
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Discussion 

The K + transport system of yeast seems to be sensitive to an already 
large variety of cationic molecules. Guanidine, and particularly alkylgua- 
nidines, can inhibit the uptake of monovalent cations by yeast [15] and 
the same seems to be true for ethidium bromide [20]. The data presented 
in this paper show the ability of most of the molecules tested to interact 
with this same transport system, though in different degrees of effective- 
ness and specificity. As tools in the study of transport mechanisms, 
dyes offer the advantage of being easy to detect and to measure their 
concentration changes and uptake by the cells. A good example of this 
is given by the experiments of Figs. 7 to 10. 

The present studies allowed us to find out that dyes, besides inhibiting 
K + transport and promoting its efflux under certain conditions, can 
be taken up by the cells in a process that, in different degrees for each 
one, requires the presence of a substrate, and can be inhibited by monova- 
lent cations, more so by K § than by Na § These results pose an interest- 
ing possibility, i.e., that cationic organic molecules in general can be 
translocated by the natural carriers of the cells and also interact with 
sites that "normal ly"  should probably be occupied by divalent cations. 
In much the same way that there are competitive inhibitors of enzymatic 
reactions, more or less selective inhibitors can be found for the transport 
mechanisms of cations, as postulated by Hille [12]. 

Although the data of Figs. 2 and 3 could indicate that the inhibition 
of K § uptake could be due to the production of an efflux of the cation, 
the data obtained on the effects on S6Rb+ uptake at short incubation 
periods show clearly that there is an actual inhibition of the~influx of 
cations. It has to be pointed out that the dyes and S6Rb+ were added 
simultaneously to avoid the extrusion of K § that is produced if the 
dye is added in the absence of cations in the medium. The percent 
inhibition of Rb § uptake by the dyes decreases upon increasing the 
concentration of the monovalent cation, and this is what one would 
expect if some kind of competition existed between Rb § and the dyes. 

Elferink and Booij [7] have suggested that the effect of some triphenyl- 
methane dyes may affect yeast by disruption of the cell structure. Al- 
though this may be so at high concentrations of the dyes, at the levels 
used throughout  the work, this action is minimal. The measurement 
of the material absorbing at 260 nm present in the incubation medium 
showed that this effect is low. The experiments represented in Fig. 1, 
besides, show that the cells maintain their ability to pump out protons, 
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a property that would be difficult to carry out by broken cells. Another 
proof of the integrity of the cells is the increase that most of the dyes 
produce in the uptake of Ca 2 + (see Table 4, and Reference 17); it would 
be impossible for disrupted cells to take up Ca 2+. The experiments 
represented in Fig. 4 also indicate that yeast cells incubated in the pres- 
ence of dyes maintain their ability to keep and recover Ca 2 + also when 
loaded previously with this ion. Even if methylene blue and nile blue 
produce some effiux of Ca 2+, the general behavior of cells treated with 
dyes is similar to that of the control cells. 

Passow etal. [14] showed that methylene blue can produce the 
complete destruction of some cells, while leaving part of them intact. 
This possibility can not be definitely ruled out; however, our data can 
be explained in a more simple way than by assuming the existence of 
two kinds of cells. If this were the case, it would be necessary to postulate 
that the dyes selectively break some kind of cells, but also in some 
way produce the stimulation of Ca 2 + uptake or binding by the remaining 
cells, and that the breakage of part of them does not show any changes 
in the proton pumping activity. 

If it is accepted that K + and dye uptake are related, according to 
the data obtained, three kinds of dyes could be considered; the first 
is represented by EB only and is characterized by an important require- 
ment of glucose for the uptake and a substantial inhibition of the uptake 
by K +, which is not equaled by Na +. In previous work [20] it was 
found that although the dye can bind to the cells in the absence of 
glucose, its fluorescence at 530--,600 nm is strictly dependent on the 
presence of glucose at low concentrations. Perhaps the most important 
characteristic of EB is that it produces an inhibition of 86Rb+ transport 
which is of a pure competitive type [20] within low concentration ranges 
of the dye. 

The second group is represented by those dyes that fulfill the three 
aforementioned criteria, but only partially, i.e., they show a relative 
substrate requirement for uptake; their uptake is also inhibited partially 
by K +, but to a smaller extent by Na +, and finally, the inhibition 
kinetics of 86Rb + uptake is close to but not dearly of the competitive 
type. To this group belong acriflavin, safranine, and methylene blue. 
An interesting proof of the interaction with a K + specific site was pro- 
vided by the blocking of absorbance changes of Saf, MB, and Acr by 
K + but not by Na +, and the strict requirement for glucose of these 
changes. It seems that the spectrophotometric measurement of metachro- 
matic changes can be used to monitor more specific interactions. The 
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measurement of the absolute uptake of the dye by centrifugation, on 

the other hand, gives the sum of both specific and nonspecific interactions 

of the dye with the cell. 
The third group is represented by those dyes that do not fulfill either 

one or more of the mentioned criteria. A clear limitation between this 
and the second group does not exist, and probably very few of the 
dyes belong absolutely to this third group. 

The data, in a very simple way, could be visualized trying to correlate 
the behavior of the dyes as to their uptake with their effects on K + 
or Rb + uptake. It seems that dyes of the first group (EB only) can 
be taken up by the cells only, or almost only, through the K § transport 
system [20]. Dyes of the second group would seem to be taken up by 
this transport system also, but not exclusively. The uptake by other 
route(s) could be substrate independent and not sensitive towards K + 
Dyes of this group would be only partial and noncompetitive inhibitors 
of monovalent ion transport, and K § would only to a minor degree 
inhibit their transport. The localization of unspecific uptake sites would 
be different from that of the K § transport system, since Ca 2+ at low 
concentrations can inhibit dye uptake, but not K § transport [24]. The 
experiment of Table 5 would disagree with this model; as mentioned 
before, it would be expected that, if in the presence of Ca 2§ only or 
mostly nonspecific sites are blocked, there should be a more pronounced 

inhibition by K § on dye uptake percentally when the divalent cation 
was present. The same can be said about the data on 45Ca2 + displacement 

by dyes of the second group. These latter data, however, could be ex- 
plained in terms of the relative values of the affinity constants of Ca 2 § 
and dyes for the sites involved and/or by other interaction sites without 
the ability to bind Ca 2 + 

As to the third group, it was already said that perhaps very few 
dyes fully belong to it. Some of them show some substrate requirement; 
for some, uptake is inhibited by K + and others show a slight tendency 
to the competitive inhibition of Rb § uptake. Some of them displaced 
45Ca2+ from the cells when incubated in the absence of glucose. 

The model imagined may be an oversimplification of the facts, and 
it is possible that more than one extra route for the entrance of dyes 
is involved besides the K § transport system. However, several of the 
dyes tested seem to be taken up, at least partially, through the K + 
transport system. 

Another effect of the dyes consists in the efflux of K + they produce 
from the cells. The measurement of the amount of material absorbing 
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light at 260 nm and other tests lead us to conclude that the integrity 
of the cell is maintained. Besides, as mentioned before, the cells in the 
presence of EB, for instance, even at 250 gM, are able to take up 45Ca2+ 
at an increased rate [17], which would not be possible with broken 
cells. Perhaps the most plausible explanation is an interaction of the 
dyes with the K + carrier which now allows the efflux of K § ; this trans- 
port system normally seems to work in such a way that K § is kept 
within the cell once it is taken up. The mechanisms of K § efflux are 
subject to influences and conditions that have been studied with certain 
detail by Ryan and Ryan [23] and by Rothstein [22]. The efflux of 
potassium ions depends very much on the presence of other ions in 
the medium and in the cell, and particularly on the internal pH of 
the yeast cell. The efflux, on the other hand, is also determined largely 
by the relative affinities of the monovalent cations, including H § for 
the transport system. Besides K § that has been taken up by yeast can 
be made to leave the cells by the addition of uncouplers [16, 17]. At 
certain dye concentrations, the efflux of K + they produce requires the 
presence of a substrate. The substrate, however, does not seem to be re- 
quired for the production of the effect because it causes the uptake 
of the dye. Many of the dyes tested can be taken up in the absence 
of a substrate and still do not produce the K § efflux unless the substrate 
is added. It appears that the energy source is necessary for the interaction 
of the dye with the K § carrier. In agreement with this assumption are 
the results of the spectral changes of absorbance of safranine, acriflavin, 
and methylene blue (Figs. 7-11) which, in contrast with their uptake, 
require a substrate and are highly sensitive to K § and much less to 
Na § The dyes might represent a way to study changes of the carrier 
state produced by an efficient energy source in the cell. Cases like this 
have been described in bacteria [21]; energization changes the state of 
the galactose carrier. The interaction of the dyes with the carrier seems 
to be based on their cationic nature, since the effects cannot be re- 
produced with anionic dyes. 

Finally, although it is difficult to decide if the uptake of the dyes 
represents the actual penetration of the molecules into the cell or only 
their binding to the surface, there are indications that the substances 
actually penetrate. The first is the amount  taken up by the cells; although 
it might so happen, it is difficult for such amounts of dye to remain 
bound exclusively to the surface. The second proof  may be more conclu- 
sive; the data are not presented, but most of the dyes used produce 
some inhibition of respiration except for BG and MG, which do not 
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inhibit. At the 100 gM concentration, the lowest inhibition of respiration 
was produced by neutral red, and it was of 80% as the mean value 
of two experiments. Although some of the dye may remain bound to 
the surface, it is evident that at least part of it penetrates into the cell. 
Finally, in the case of methylene blue, the data of Fig. 8 show that 
it is reduced by the cells, and, most probably, this requires that the 
molecules are taken inside. 

We appreciate the revision of the manuscript and valuable suggestions by Dr. G.F.W.H. 
Borst Pauwels. 
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