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Photodynamic treatment of yeast cells with the dye Toluidine 
blue: all-or-none loss of plasma membrane barrier properties 
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Photodynamie treatment of Kluyveromyces marxianus with the sensitizer Toluidine blue leads to the loss of colony ft~s'ming 
c~gaeity. In this paper, the influence of this treatment on the harrier properties of the plasma membrane has been studied. 
Photod~.namic treatment with the dye Toluidioc bluc resulted in cfflux of potassium ions end E,¢~cabsorbing material Moo:over, 
cel!s became ,~tainable with ciythrosioc. It is concluded that the permc::bility change induced by photodynamic treatment 
proceeds in an all-or-none fashion. Treatment of this yeast str~n, witil the dye and light, also indt:eed a diminution of the celt 
volume. This process is most likel:, not coupled to the cellular potassium content, but rather to t!m integrity of the vacuole. These 
dawa suggest that the vacuole has an importam function in the maintenance of call volume. Fn,ally, it was observed that the logs 
of cell .Aability was not induced by the all-or-none loss :ff barrier properties. 

Introduction 

Toluidine blue is a positively charge',: dye that ut;dcr 
phystoiogical conditions does not, or very slowly, enter 
the yeast cell [1]. It is, however, adsorbed to negatively 
charged groups on the cell surface. Previous studies 
have indicated that TB binds specifically to periplas- 
matically Iocaiized polyphosphates [2]. 

Irradiation of TB in the presence of oxygen leads to 
the generation of reactive oxygen species of which 
singlet oxygen seems to be the predominant one i l l  
Due to this pr~pert7 of TB, photodyn'~mi¢ treatment of 
yeast with this sensitizer causes loss of colony forma- 
tion [1]. The mechanism of this process is not fully 
undgrstood. It seems unlikely that genetic alteration is 
the primary cause of loss of clonogenicity [1]. Based on 
its Icwalization it has been suggested that the plasnta 
membrane is the primary target of TB-induced photo- 
dynamic action [!]. Suimort for the hypothesis that the 
plasma membrane is the main target of photodynamic 
treatment is scarce. 

Cor~'espondence to: M. Paardekooper. Sylvius LaboratoJ~,, Depart- 
ment of Medical Biochemistry, Wassen:mrseweg 72. 2333 AL Leiden. 
Netherlands. 
Abbreviations: CTAB. cet~,ltrimt'thylammnaium hrernide; TB. Tolui- 
dine blue. 

it is the aim of this paper to de;.ermine whether 
photodynamic treatment with TB causes membrane 
damage. It wili be shown that drastic pernteability 
changes occur as a consequence of photodynamic 
treatment and that all-or-none effects are involved. 
Experimental evidence indicates, however, that this 
loss of barrier properties is not causally retatcd to loss 
of clonogenicity. 

Mate~als and Methods 

'Yeast ceils of the diploid strain Kluyveromyces  
marx iamts  CBS 397 were grown aerobically in a com- 
plex medium containing: 1% baeto-peptone, 1¢~', yeast 
exhact and 2% gluco.~e. After 19 h of incubation at 
30°C (early stationary phase), cells were harvested and 
washed two times with deionized water. For photody- 
namic treatment the cells were resuspended in I mM 
Tris-HCI (pH 7.2) at a cell density of 0.5% wet wt./vol. 
A 10-ml aliquot of the cell suspension was transferred 
to a 25 ml Erlenmeycr flask and Toluidine blue O 
(Serva) was added to a final c~::centration of 1 v,g/ml. 
After 20 rain of incub;~t.ion in the dark the cells were 
expgsed tn light. 'l'ne illumination was performed with 
a 15~ W halogen lamp. The light was filtered with a 
gndak wrattq!t No. 8 filter cutting off at wavelengths 
< 5t~ r.m. Ti~e fluent~ was about 300 W / m  2 as mea- 
sured by a phott~mcter (EG&G Electro-optics model 



450- 1). During illumination the suspensior~ was stirred 
magnetically. 

~'otassium in the medium was determined with a 
Corning clinical flamephotometer after centrifugation 
of the cell suspension. The amount of potassium liber- 
ated by adding CrAB (0.2 mg/ml linal concentration) 
to the suspension was taken as 100%. 

The percentage of erytilrosine-st=dnable cells was 
determined in samples diluted in water and stained 
with 0.25% erythrosine. Cell counting was performed 
immediately after staining. 

The cell "plume was determined with a Coulter 
Multisizer 11 equipped with a 30 p.m orifice. Directly 
after taldng a sample and diluting it in 0.45% NaCI ceil 
size was measured. 

Arginine release from the cells was measured, using 
It4C]arginine-tabelled yeast. To this purpose, a 1% cell 
suspension in 50 mM Tris-maleate buffer (pH 4.9) 
containing 0.~i% ethanol was labelled with [ t4C]argininc 
(Amersham) at 30°C. After 25 rain of incubation the 
suspension was centrifuged, whereafter the pellet was 
washed with deionized water, centrifuged and the cells 
were resuspended in 1 mM Tris-HCI (pH 7.2) at a cell 
density of 0.5% wet wt./vol. Photodynamic treatment 
was pertormed as described in the previous section. 
Samples were taken, centrifuged and 0.4 ml super- 
natant was used for liquid scintillation counting. The 
amount of arginine released by adding CTAB (0.2 
mg/ml firtal concentration) to the suspension was used 
as 100%. With this method about 65% of accumulated 
argininc.¢3uld be released. 

Celi survival was determined by taking 10/zl sam- 
pies at appropriate times before and during illumina- 
tion, diluting these samples to 5000 cells/ml and 
spreading 500 cells at solidified (1% agar) medium. 
The number of colonies was counted after two days 
incubation in the: dark at 30"C. 

Cytophotometry was performed essentially accord- 
ing to Van der Ploeg et al. [3]. '1"o pre,,er.t refraction, 
air dried specimen were embedded in Fluoromount 
12DH) (refractive index 1.49). S~.¢pping size was 0.5 
!zm and a bandpass filter of 61(: nm was used. 

Reproduclkh'i.~, of the res.lts. All the exile:i, rants 
were performed at least three times, lnd the data 
reoorted here are averag~ value:;. 

R e s u l t s  

Cell survival and leakage of intracellular compounds 
The effect of photodynamic treatment on the sur- 

vival of yeast ceils was measured and compared with 
K 4 loss. Fig. ! shows that photodynamic treatment 
with TB causes a rapid decrease of cell survival. After 
10 rain of illumination more than 98% of the cells had 
lost the ability to form colonies. This treatmetrt also 
results in the loss of potassium from the ct.lls. K" 
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Fig. I. Cell survival and potassium loss dur,,g photodynamic treat- 

ment. Colony formation (e) and K * loss ( • ). 

leakage started after a lag time of 5 min and was 
complete after abtmi 30 min. 

During this illumi:~tion period the ceils did not 
only loose potassium I-~ut also other compounds, like 
nucleotides and other ,ubstances absorbing at 260 tim. 
Fig. 2 shows that during ;ight exposure the pe~eentage 
of potassiu,m !n~s parallels that of 2613 nm absorbhlg 
material. This in6icates that the permeability change 
induced by photodynamic treatment is not specific, but. 
rather seems to have a more general character. 

Cessation of light exposure under conditions where 
only a part of the potassium and 260 nm absorbing 
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Fig, 2, Potassium te,'lk'~e .rid release nf E%l).~h~.nrhin f m:~te*;9! 
during photodynamie treatm~;t,t. Loss of K + (" • ~ and E2~o-absorbin 8 
material (e) during illumination in the presence t;f T[:, Loss of K" 
(ix) and E2~:-ab~orbing material to) dt.:ing itlumir, atlon in the 
presence of TB, !ight switched off after I~ mill. LOss of" K + (D) 
and E2~}-ab~orhing material (v) in the prcsc~lce of TB withom 

illumination. 
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Fig. 3. Cell staining and potassium leakage during photodynamic 
treatment. Cells stainable with erythrosine (o) and K ÷ loss ( • )  
during illumination in the presence of TB Stainable cells (o) and 
K + loss ( & ) during illumination in the presence of TB, light switched 
off after 12 rain. Cells stainable with ewthrosine (v)  and K + loss 

( U ) in the presence of TB without illumination. 

material  had leaked out  resulted in a decreased rate of 
loss of these compounds,  compared to prolonged illu- 
minat ion (Fig. 2), This shows that  continuous light 
exposure is necessary to achieve maximal release of K ÷ 
and E2~ ~ absorbing material .  

Erythros&e staining 
To further  characterize the change in membrane  

permeabili ty,  the effect of photodynamic t rea tment  on 

stainabili ty of the yeast with erythrosine was measured.  
Erythrosine is a dye, not taken up by the intact cell [4]. 
Only when a t,rastie permeabil i ty change of the plasma 
membrane  o-curs, this dye can enter  the cell. Fig. 3 
shows that  in the course of photodynamic t reatment  
the percen 'age  of erythrosine-stainable cells was about 
equal  to t::e percentage potassium lost from the cells, 
both with cont inued and with interrupted light expo- 
sure. This strongly strggcsts that  photodynamic treat- 
ment caused a non-specific per turbat ion of the barr ier  
propert ies  of the cell membrane.  

Cell volume 
Potassium loss from yeast, caused by various agents, 

often appears  to be accompanied by a decrease in cell 
size, suggesting a correlat ion between K + content  and 
cell volume [5]. Fig. 4A shows that  photodynamic treat- 
ment  with TB also caused a decrease in cell volume. 
However, after 20 min of i l lumination, 70% of potas- 
sium had leaked out of the cell whereas  no change in 
cell volume was observed. Only a prolonged light expo- 
su:e induced a volume decrease.  These data  suggest 
that under  our  conditions a strict correlat ion between 
cellular  K + levels and cell volume did not occur. This  
conclusion was corroborated by the experiment  shown 
in Fig. 4B, where the light was switched off after  20 
min of i l lumination. A nearly complete  potassium loss 
was observed with no decrease of cell volume. Only 
after resuming light exposure cell shrinkage took place. 

Arginine release 
Arginine is taken up by yeast cells and is accumu- 

lated mainly in the vacuole [6]. The yeast cell contains 
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Fig. 4. Cell volume and potassium loss during photodynamic treatment. (A) Cell volunm expressed as percentage of initial value. Cell volume (o) 
and K + leakage ( • ). (B) Cell volume (o) and potassium leakage ( • ) during ligltt exposure in tbe presence of TB, illumination interrupted after 

20 rain and continued at time 30 rain. 
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Fig. 5. Arginine release and potassium loss during photodynamic 
ireatment. Arginine release (e) and K + loss (•). 

two arginine pools: a pool of free arginine accumulated 
in the vacuole and a non-releasable pool formed by 
arginine build into proteins. Due to the accumulation 
of free arginine in the vacuole, arginine leakage from 
yeast can be used as a measure of damage of the 
vacuolar membrane. Arginine-prelabelled cells were 
illuminated and the release of potassium and 
[14C]arginine was determined. It was found that the 
release of arginine did not equal the loss of potassium 
(Fig. 5). Arginine loss started after 20 min of light 
exposure and reached a maximum level after 40 min. 
This indicates that arginine is retained in the vacuole 
during the first 20 min of illualination, and that the 
vacuolar mcmbrane looses its barrier property at a 
later point of time than the plasma membrane. 

Cytophotometry 
Scanning microphotometric measurements can be 

used to determine the cellular localization of TB, as 
was shown before by lto [1] for Saccharomyces cere- 
cisiae. We obtained identical results for K. marxianus 
cells and TB at a concentration of 10 p.g/ml. In cells 
kept in the dark no absorption above the background 
could be detected whereas cells exposed to 30 min of 
light showed a faint absorption. The latter suggests 
intracellular localization of the dye. However, with the 
TB concentration as used in all other experimet~ts (1 
p.g/ml), no absorption could be measured. 

Discussion 

Leakage of intracellular contents induced by a cell 
damaging agent indicates deterioration of the barrier 
function of the membrane. In general a partial leakage 
of intracellular constituents can be caused either by a 
graded response of all cells, or, alternatively, by an 

all-or-none response of a limited number of cells. In 
the latter case the population will consist of a mixture 
of completely leaky and completely intact cells. 

In yeast many compounds give rise to effl,~x of 
potassium. This applies to ,!etergcm~ [7-9], organic 
dyes [10,11], inhibitors of plasma membrane ATPase 
[12-14], polycations [15] and heavy metal ions [16,17]. 
Many of ti-le~e compounds provoke an all-or-none re- 
sponse [7-10,16], while other compounds induce a 
combined all-or-none response and a graded release of 
potassium [5,17,18]. 

K + loss from yeast cells induced by TB and light 
has, to our knowledge, not been described yet. The 
results presented in this paper show that photodynamic 
treatment with TB causes release of potassium and 
E26(~ absorbing material in an all-or-none fashion. First, 
cessation of illumination resulted in a decrease of 
fnrther leakage, to a rate comparable to the control 
(Fig. 2). This can easily be reconciled with an all-or- 
none mechanism, but not with a graded response. In 
the latter case the already inflicted membrane damage 
in all cells would be expected to cause an ongoing K + 
leakage in the absence of light. Second, the fact that 
photodynamic treatment causes a parallel change in 
permeability for potassium, E2mrabsorbing material 
and erythrosine, both in continuous and in interrupted 
illumination, is difficult to reconcile with a graded 
process. The simultaneous change of permeability for 
these compounds, differing in size and charge, can 
easily be explained by an all-or-none mechanism. The 
conclusion is that photodynamic treatment with TB 
causes an all-or-none disruption of the yeast plasma 
membrane barrier. 

Potassium loss from yeast can be accompanied by 
cell shrinkage. Addition of ATPase inhibitors results in 
K + efflux and a decrease in cell volume [5]. The results 
in Fig. 4A show that in the case of photodynamic 
treatment potassium loss and cell volume change are 
not correlated. Fi~. 4B is even more convincing: when 
illumination was interrupted after 20 rain, no cell 
shrinkage took place during post-incubation in the 
dark. Only after resuming light exposure a decrease in 
cellular volume was measured. Therefore, it appears 
likely that under our conditions the potassium content 
is not the main cell size determining factor. The fact 
that cell shrinkage needs longer illumination times 
than the disruption of the plasma membrane barrier 
suggests that cell size is determined by cellular sites 
that are less susceptible to, and /o r  accessible for TB 
generated singlet oxygen. It is tempting to suggest that 
these sites are located intracellularly, which is in agree- 
ment with the observation that TB only enters the cell 
after prolonged illumination [1]. Therefore, as a possi- 
ble regulator of volume, cell organelles, li~.e the vac- 
uole, cap be postulated. Experimental support for this 
hypothesis comes from the arginine release experi- 



ments,  showing that  the vacuolar argininc pool is re- 
leased after  the major plasma membrane  disruption. 
Comparison of Figs. 4A and 5 shows, moreover,  a close 
parallel  b e t w c c ,  a-~:,nine leakage and cell shrinkage.  
These data  suggest that  the vacuole is involved in 
determining the size of the yeast cell, The delayed 
leakage of argininc must be expected because of the 
initial per ipheral  location of TB. After  major damage  
of the plasma membrane  the dye will enter  the cells 
with subsequent  photodynamic damage  of the vacuolar 
met~brane.  

It has been suggested that  plasma membrane  dam- 
age is responsible for loss of clonogenicity induced by 
TB and light [1,19,20]. This paper  shows that  a drast ic 
change c,f plasma membrane  permeabii i ty  occurs in an 
all-or-none fashion but  that  such a loss of barr ier  
propert ies  is probably not responsible for the reduced 
viability of the yeast (Fig. 1). Still, considering the 
per ipheral  Iocatic, a of TB it set;gas obv]otts that  the 
p lasma membrane  must be the primary target  of pho- 
todynamicaHy-induced loss of  clonogenicity, as the short  
l ifetime of the genera ted  singlet oxygen will not  allow 
substantial  damage  of intracel lular  targets  [21]. There-  
fore, not the loss of the barr ier  function, but  other,  
more subtle forms of membrane  damage  will probably 
be involved in photodynamically-induced loss of clono- 
genicity. I t  is possible that  a subtle modification of the 
plasma membrane  changes its permeabi l i ty  character-  
istics in such a way that  a small fraction of the dye 
enters  the cell. This  was suggested by Bertoloni et  al. 
[22] for t rea tment  of  Candida with haematoporphyrin.  
At  a concentrat ion of 10 I:g/mi TB we indeed ob- 
served a reallocation after  i l luminat ing for 30 rain. 
Since at  a concentrat ion of 1 p , g / m l  no absorption 
could be measured,  no cor.clusion can be drawn on the 
possible reallocation of Toluidine  blue. Fur ther  s tudies 
will have to reveal the exact mechanism of photody- 
namic inactivation of K. marxianus ceils. 
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