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Effect of High Concentrations of Nystatin upon Glycolysis and Cellular 
Permeability in Yeast." (26882) 

D. D. SUTTON,~ P. M. ARNOW AND J. 0. LAMPEN 
Znstitzite of Microbiotogy, Rutgers, The State University, New Brunswick, N .  J .  

The polyene antifungal agent nystatin in- 
hibits the ability of fungi, especially yeasts, 
to grow and to utilize various substrates( 1-3). 
Following treatment of yeast with nystatin, 
there is a leakage of acids in the tricarboxy- 
lic acid cycle ( 4 5 )  , of inorganic phosphate 
(2,3) and of K'(6). Since nystatin is equally 
inhibitory to glycolysis by intact yeast and 
by protoplasts, but has no effect on cell-free 
extracts( 7), it was suggested that binding by 
the cell membrane may be the critical step in 
nystatin action( 6 ) .  The resulting membrane 
damage would result in leakage of metabo- 
lites and death of the cell. The importance 
of permeability alterations in polyene action 
has also been indicated by Bradley and Jones 
(21, Drouhet, et nl.( 3 ) ,  and Kinsky( 8). 

With low concentrations of nystatin, in- 
hibition of glycolysis is apparently the result 
of K+ leakage, since the inhibition at  neutral 
pH can be prevented or reversed by exoge- 
nous K+ or NH.I+ (6) .  Under these conditions 
the K" loss still occurs and the fungicidal ac- 
tion of the polyene is not prevented. Evi- 
dence is now presented that a t  higher concen- 
trations of the antibiotic, a K+ - NH4+ mix- 
ture will protect or restore glycolytic activ- 
ity only in stationary phase cells and here 
only partially. For log phase cells, all the 
cofactors that are required in a cell-*free gly- 
colytic system must be added. The changes 
occurring in nystatin-treated cells and pro- 
toplasts are described, with particular em- 
phasis on indications of altered membrane 
permeability. 

Materials and methods. Saccharomyces 
cerevisiae strain LK2G12 was used for the 
present studies. Log phase and stationary 
phase cells and protoplasts were prepared as 
described by Marini et a L ( 6 ) .  
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A highly purified preparation of nystatin 
(Lot HV 942, obtained from the Squibb In- 
stitute for Med. Research, New Brunswick, 
N. J.) was dissolved at  15 mg/ml in dime- 
thy1 sulfoxide and diluted in water. The cit- 
rate-phosphate buffers were thwe described 
by Gomori(9). Na+ was replaced in certain 
experiments by K+ or NH4+. For manomet- 
ric measurements, Warburg flasks were 
flushed with nitrogen and equilibrated at 
30°C. The yeast juice was prepared by 
freezing and thawing bakers yeast ( 10) and 
was heated for 5 min in a boiling water bath. 
The contents of the flasks are described in 
the text. Abbreviations used: ATP, adeno- 
sine triphosphate; AMP, adenosine-S'-phos- 
phate; DPN, diphosphqyridine nucleotide; 
TPP, thiamine pyrophusphate; NY, ny- 
statin; (K+ - NH4+), a mixture of potas- 
sium and ammonium chlorides. 

Results. Cofactor requirements of N Y -  
treated cells. When 10 pg/ml or more of 
NU were added to log phase yeast cells in 
Na+-buffer, pH 7.0, glycolysis was inhibited 
almost immediately (Fig. 1). No protection 
was afforded by 36 mM KCl and NH4Cl, al- 
though one-fourth of this level prevented in- 
hibition by 5 pg/ml af NU. In  the presence 
of the cofactors required for glycolysis by 
soIuble extracts, including small amounts of 
pyruvate as an oxidant primer, COs produc- 
tion continued although at a rate only 30 to 
40% of that in the absence of NY. With 
stationary phase cells, protection could be 
achieved by adding 36 mM (K+ - NH4+) or, 
in other experiments, by 9 mM (K+ - NH4+) 
and cofactors. . 

Similar results were obtained when the re- 
versal of an existhg inhibition by high NY 
concentrations was studied, although in this 
case both cell types reached only 30 to 40% 
of the uninhibited rate. High (K+ - NH4+) 
levels were again effective only for stationary 
phase cells. The need 'for all the individual 
cofactors for reversal was somewhat more 
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FIG. 1. Protection of glycolysis against high con- 
centrations of NY. Each flask contained 1 X lo8 
cells, 0.1 M sodium citrate phosphate buffer, pH 7.0, 
120 pmoles glucose, 180 pg NY, and supplements 
as indicated in 3.0 ml. Glucose, NY, and suppie- 
ments added at 0 min. 0 ,  Control; 0, NY; n, 
NY + 9 mM KCl and NH,Cl; x, NY + 36 mhl 
KCl and NH,Cl; m, NY + 9 mM KCl and NH,Cl + cofactors as in Table I; A, NY + 36 mM KCI 

and NH,C1 + cofactors. 

clearly defined than in protection experi- 
ments. Results with log phase cells are pre- 
sented in Table I. In other tests, omission 

TABLE I. Requirements for Glycolysis by Cells 
Treated with High Levels of NY. 

p1 coi? 
Supplement 3 

NY, pg/ml omitted 0-25 min. 25-95 min. 

None 205 1100 
60 74 470 
60 A T P + D P N  ' 63 74 
60 Pyruvnte 64 55 
60 Mg++ 38 70 
60 TPP 42 65 
60 Glucose 4 20 

The flasks contained 1 X lo6 log phase cells in 3.0 
ml of .05 M ammoniuin citrate phosphate pH 7.0 
and the follom-ing supplements (pmoles), except 
where indicated: 120 glucose, 20 MgCl,, 10 ATP, 
5 DPN, 10 sodium pyruvate adjusted to pH 7.0, 5 
TYP, and 27 ,UM each of NKC1 and KCl. Gas 
phase, N,; temperature, 30°C. NY and glucose 
were- added front a sidearm at 0 min. After 25 min. 
when metabolism had ceased, pyruvate was added. 

of (K+ - NH4+) prevented reactivation. 
ATP could be replaced by equimolar AMP; 
as little as 0.1 pmole of either nucleotide pro- 
duced about half-maximal reactivation. TPN 
could not be substituted for DPN. I n  sev- 
eral experiments, 0.3 to 2.0 ml of the boiled 
yeast juice was added per cup. Glycolysis 
by both NY-treated and intact y m t  in- 
creased ca 20%, but the rate with the 
treated cells was still only me-third of that 
observed in absence of NY. Increased co- 
factor concentrations also failed to affect this 
relative rate. 

It should be noted that at  pH 4.0 neither 
protection against NY nor reversal was ob- 
tained, even with the combination of cofac- 
tors and high (K+ - NH4') levels or with the 
boiled yeast juice. This was anticipated, 
since a rapid destruction of enzymes occurs 
following treatment with NU at this pH( 5 ) .  

Action of N Y  on protoplasts. The mfac- 
tor requirement a t  high NY levels was also 
determined for these altered cells. In  this 
experiment (Fig. 2 )  all supplements except 
pyruvate were added at 0 min. Glycolysis 
ceased within 20 min in those vessels con- 
taining NY. At 40 min, pyruvate was added 
and COZ production measured. As previ- 
ously noted with intact cells, the maximum 
rate attained by treated protoplasts was ca 
30% of that in the absence af NY. Omis- 
sion of any constituent resulted in a sharp re- 
duction of glycolysis. 

Lysates af protoplasts did not produce COa 
from glucose unless the entire complement of 
cofactors was present (Fig. 2 ) .  Under these 
conditions, NU had no effect on glycolysis 
even at 90 pgjml. The maximum glycolytic 
rate by lysates was 30-40% of that obtained 
with intact protoplasts. 

NU-treated cells or protoplasts showed fer- 
mentation rates and cofactor responses essen- 
tially identical to those obtained with lysates. 
They cannot be considered as equivalent to 
lysates, however, since glycolytic activity was 
not released into the medium by the treated 
cells (Fig. 3) .  Suspensions of 1 X 10s pro- 
toplasts were incubated at 30°C for 2 0  min 
in 1.75 ml of pH 7.0 sodium citrate-phosphate 
buffer containing 0.82 M mannitol and either 
0 or 30 pg of NY/ml. The treated prdo- 
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on (K' - NHp+) and pyruvate and partially 
dependent on one or more cofactors. No sig- 
nificant glycolytic activity was found in the 
supernatant fluid from the NY-treated proto- 
plasts. Leakage of an incomplete cornple- 
ment of glycolytic enzymes has not, however, 
been excluded. 

Of considerable interest is the fact that 
the treated cells still retain permeability bar- 
riers to sugar phosphates. Thus, glucose-6- 
phosphate and ifructose diphosphate were not 
utilized by the treated cells even in the pres- 
ence of the cofactors and primer required for 
C 0 2  production from glucose. The same 
preparations were fermented readily by sol- 
uble extracts. 

Alterations in cells. The relation between 
K+ and NH4+ loss and the inhibition af gly- 
colysis is illustrated by the data of Table 11. 
At pH 5.8 in the presence of mannitol, gly- 

b'J(;. 2. Glycolysis requirements by NY-trea teil 
Iwotoplasts mil  by lysates. Coniplete test system : 
1.4 X loh  protoplasts in 0.04 11 sodium citrntv 
phosphate, pH 5.8, containing 0.82 ar niannitol (or 
lysate prepared by suspeiidiiig 1.4 X loq prolo- 
plasts i n  buffer without mmiiitol) , 2.4 Clmoles 
MgCl,, T.6 ,.,moles NH,Cl, 5 pinoles ATP, 2.5 pmolcs 
DPN, 2.5 pmoles TPP,  30 pnioles glucose, and 5 
pmoles pyruvate (pH 7.0) in  2.0 ml volume. e, 
Complete system = A ;  0, A + 30 pg NY/ml := 
B; A, B without glucose; m, B without pyruvate; 
A, R without ATP and D P S ;  @, B witliout XH,+: 

u, H without TPP. 

plasts were collected by centrifugation for 5 
min at 1500 X g and resuspended in 1.75 d 
of the buffered mannitol. Residual glycdytic 
activity was then determined in the presence 
of the following (pmoles): 30 glucose, 5 

2.5 TPP, 5 pyruvate, and water to 2.0 ml. 
With the complete system, the rate af gly- 
colysis by protoplasts preincubated with NY 
was ca one-fourth that exhibited by those 
preincubated in its absence-a relationship 
close to that existing before the washing pro- 
cedure (Fig. 2 ) .  The treated and washed 
protoplasts were still completely dependent 

ATP, 5 DPN, 40 %lgCl?, 14 KCl, 14 NHAC1. 

I 0 

% 

MINUTES 
FIG. 3. Glycolysis of protopla& pre-incubated 
with NY and then washed. See text for complete 
test system. NY-treated protoplasts : 0, complete 
supplement; A, no ATP, DPN, or TPP; 0, no 
(I(+ - NH,+) ; A, no pyruvate. 0 ,  no NY during 
pretreatment (complete supplement). ., superna- 

tant fluid (complete supplement). 
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TABLE 11. Alterations in KY-Treated Yeast.* 

Leakage of P y  ruvate 
NH, UV-absorbing decarboxylationQ 

7- materia1,O.D. r--3 

Buffer pg/ml pg/mg pg/mg pg/mg cellst medium# min. CO2/3O min. 
NY, K+ in cells, In cellsi In medium, (260 q) of Lag, Rate, pl 

pH5.8NaC-P 0 + .82 M 1 II 
mannitol 2 

5 
10 
30 

yH 7.0NaC-P 0 
2 

10 
30 

6 It 

15.7 2.1 
.i)6 I .3 

.- 
.Ii 

<.05 

11.1 .90 
5.9 .45 

-- 

.05 

<.I 

0 . loo - 
.87 . loo 25 

19 
10 

6 
1.42 .156 2 

.015 - .O 
34 .080 90 

.075 40 
22 

.73 205  16 

.3 

- 

4 
66 

161 
232 
297 
327 

20 
38 
63 
95 

144 

* Log phase cells used. K+ and NH, and O.D. data represent values following incubatiou 

t Corrected for NH, formed from NY during the analytical procedure (12.3 pg/mg-see 

$ Corrected for O.D. at 0 min. of mixtures without NY (.300 in pH 5.8 NaC-P + mannitol; 

$ NY added to lo8 cells and 200 pmoles pyruvate in 3 nil of buffer. The lag period before de- 

11 Rapid and complete inhibition of glycolysis occurred. 

with NY for 30 min. NaC-P = 0.03 M sodium citrate-phosphate buffer. 

text). 

.245 in pH 7.0 NaC-P). 

csrboxylation and the subsequent constant rate of CO, evolution are presented. 

colysis of log phase cells is inhibited almmt 
at once by 1 pg af NU per ml. At pH 7.0 
without mannitol, cells are less sensitive, ca 5 
pg per ml being required for rapid inhibition. 
This difference in sensitivity is attributable 
primarily to the high mannitol concentration 
(6) ,  which may accelerate leakage of ions 
from a partially damaged cell membrane. 
Similarly, almost complete loss of Ki oc- 
curred with 1 pg of NU at acid pH, whereas 
6 pg per ml were required at pH 7.0. Cellu- 
lar NH4+ was also lost (following exposure to 
NY but the concentrations of the antibiotic 
required were generally higher than those 
needed to initiate K+ leakage. 

For measurement of ion loss, approxi- 
mately 6 mg of log phase cells were incubated 
with the indicated levels af nystatin in 12 ml 
of buffer containing 0.04 M glucose. The 
suspensions were shaken 30 min at 28°C and 
then centrifuged. Certain supernatants were 
examined for leakage of ultra-violet absob- 
ing material, or analyzed for NH3 by the 
Markham technic ( 1 1 ) . The treated cells were 
suspended in 5 ml water and placed in boiling 
water bath for 5 min. The cells were re- 
moved by centrifugation, and the extracts 
analyzed for K+(6) or for NH3(12). Levels 
af NH3 in the original supernatants were too 

low to permit estimation by the specific Con- 
way technic. Relatively g o d  recoveries of 
the NH3 lost from the d l s  were obtained by 
the Markham procedure when correction was 
made for NH3 arising from NY during alka- 
line distillation. 

Although the intact yeast cell is appar- 
ently impermeable to the pyruvate ion and 
does not decarboxylate pyruvate at neutral 
pH, damage of the membrane by frwzing 
( lo) ,  drying(l3), or by surfactants(l4), will 
permit access of the ion to the dmboxylase.  
Yeast treated with NY will also dmrboxy- 
late pyruvate (Table 11). Several points are 
of special interest: 1) Lower NY concentra- 
tions are required to initiate decarboxylatim 
in pH 5.8 buffer containing mannitol than in 
pH 7.0 buffer, in parallel with the relative 
sensitivities of glycolysis to NU. 2) Decar- 
boxylation of pyruvate occurs only after a lag 
and at concentrations of NU considerably 
higher than those required to produce K+ and 
NH4+ loss and inhibit glycolysis. Thus, per- 
meability to pyruvate appears to be a sec- 
ondary result of the initial injury to the cell 
membrane. 3) Constant rates of C& pro- 
duction were observed following the lags, and 
the rate was dependent on NY concentration. 
This suggests an all-or-none acquisition of 
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permeability to pyruvate by the yeast, as 
Scharff and Maupin( 14) noted with benzal- 
konium chloride. 4) In pH 4.0 buffer, addi- 
tion of 10-30 pg of NY per ml produced a 
rapid destruction of pyruvate decarboxylase 
comparable to that noted by Scholz, et at. 
( 5 )  for other glycolytic enzymes. At pH 
values intermediate between 4 and 5.8,  both 
an increased accessibility of the decarboxy- 
lase and gradual inactivation could be dem- 
onst rated. 

In parallel tests, there was no pyruvate 
decarboxylation or K+ leakage with the high- 
est levels of solvent (dimethyl sulfoxide) 
used in any of these experiments. Also, the 
methyl ester and N-acetate of NY, which do 
not inhibit growth, did not initiate decar- 
boxylation or leakage even at 30 pg per ml. 

A detectable loss of ultra-violet-absorbing 
substances (acid-soluble) occurred even in 
the absence of NY (Table 11) confirming the 
report by Higuchi and Uemura(l5). This 
loss increased in the presence of NU, espe- 
cially a t  those high concentrations which pro- 
duced a deficiency of the nucleotide cofactors 
essential to glycolysis. At 30 pg NY per ml, 
some loss of protein from the cell was ob- 
served in several, but not all, experiments. 

Discussion. A graded series of effects upon 
yeast permeability can be obtained by addi- 
tion of increasing concentrations of nystatin. 
The pH range of 5.8 to 7.0 was used to avoid 
secondary autolytic changes believed to oc- 
cur at acid pH( 1). At the lowest levels of 
nystatin, the only alteration observed thus 
far is the rapid loss of K+ ions(6), which cor- 
relates well with inhibition of glycolysis. 
NH4+ ions, which can also restore glycolytic 
activity when added to the system, are not 
eliminated from the cell unless higher ny- 
statin levels are used. However, the concen- 
tration of ammonia in the cell is low, and Val- 
ues obtained even with the comparatively 
mild Colnway procedure may still represent 
substances other than ammonium ion avail- 
able for glycolytic activity. The results are 
consistent, therefore, with the idea that K+ 
depletion is the critical factor in the inhibi- 
tion. Although in the test system used by 
Marini et aL(6) no effect of phosphate ion 
could be shown, in pH 7 sodium acetate buf- 

fer under the general conditions of Bradley 
and Farber ( 16) , b d h  phosphate ions and IS+ 
or NH4+ were required for reversal of ny- 
statin inhibition of glycolysis. Thus, phos- 
phate leakage must also take place at rela- 
tively low nystatin concentrations. Increas- 
ing the level of nystatin will initiate leakage 
of UV-absorbing nuclmtides and cause suf- 
ficient change in the membrane that decar- 
boxylation of the pyruvate ion is pmsible. 
Leakage of pyruvate, malate and other car- 
boxylic acids and subsequently ot sugar phos- 
phates occurs under approximately the same 
conditions(4,S). This leakage, and conse- 
quent dilution of cafactors and of intermedi- 
ates, especially pyruvate, is probably the rea- 
son glycolysis halts under these conditions. 
At the highest nystatin levels, there is some 
loss of protein, but the bulk of the glycolytic 
enzymes must remain with the cell. 

At least partial reactivation of C& pro- 
duction can be attained by addition of exter- 
nal glycolytic cofactors. It should be noted 
that this response to external colfactors can 
be demonstrated only with very high nystatin 
levels and with the most sensitive cell types, 
that is, log phase cells or protoplasts. The 
reversal experiments presented here empha- 
size the role of pyruvate in initiation of gly- 
colytic activity but, as seen from the experi- 
ments on protection, the other cofactors are 
also required under comparable conditions. 
A requirement of external ATP for glycolysis 
has also been reported recently by Fox and 
Stevenson( 17)  for streptolcocci whose per- 
meability had been altered by treatment with 
trypsin. 

Even at  the highest nystatin levels the 
yeast membrane does not appear to be open 
to the entrance af all ions by simple diffusion. 
For instance, the cell retains the barrier to 
glucose- 6-p hospha t e and i r uct ose d iphos- 
p h t e  characteristic of yeast. The cellular 
alterations a t  lower concentrations of the an- 
tibiotic are probably even more specific, par- 
ticularly since there is significant loss of only 
certain cell constituents. 

Summary. Permeability alterations in- 
duced in yeast by high levels of the polyene 
antifungal antibiotic nystatin were exam- 
ined. Glycolytic activity could be protected 
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against nystatin either by adding ca 0.04 M 
K+ and NH4+ salts (stationary phase cells) or 
by 0.01 M K+ and N&+ salts and the cofac- 
tors essential for a cell-free glycolytic system 
(log phase cells or protoplasts) . Under these 
conditions there was leakage uf K+, NH4+, nu- 
cleotides and same protein, although glyco- 
lytic activity remained with the treated cells 
or protoplasts even after repeated washing. 
Pyruvate decarboxylase in NY-treated cells 
became accessible to pyruvate ions, but glu- 
cose-&phosphate and fructose1 ,&diphosphate 
were still not fermented. The rate of C02 
production by NY-treated cells or osmot- 
ically-lysed protoplasts d,id not exceed 25 
to 30% of that obtained with the original 
preparations. The nature of the membrane 
alterations is discussed. 
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Apparatus for Change of Medium in Extracellular Maintenance in vitro 
of an Intracellular Parasite (Malaria). (26883) 

WILLIAM TRAGER AND NILS A. JERNBERG 
The Rockejeller Institute, New York City  

Methods have been described whereby the 
avian malarial parasite, Plasmodium lophu- 
rae, can be removed from its host erythro- 
cytes and maintained extracellularly in vitro 
for up to 4 days at 4OoC(1,2). These meth- 
ods have made possible a study of some d 
the nutritional requirements Olf an intracellu- 
lax parasite itself, as distinguished from the 
host cell-parasite complex. 

To get the best survival and development 
it was necessary to change the culture fluid 
after the first 18 hours and at 12 hour inter- 
vals thereafter. This was done as follows: 
Each 50 ml Erlenmeyer culture flask re- 

ceived 0.25 ml of duckling plasma (obtained 
without use of an anticoagulant). To this 
was added 0.02 ml of a chick embryo-extract 
(1 10-day embryo ground in 4 ml of glucme- 
salt solution, mixture centrifuged, supem- 
tant used). The flask was then rotated rap- 
idly in such a way that the plasma clotted as 
a thin layer along the lower part of the wall 
of the flask, with the excess sometimes farm- 
ing a larger clot a t  the bottom. Each flask 
then received the culture medium and finally 
the inoculum of hemolyzed red cells and free 
parasites prepared by the treatment of blood 
from an infected duckling with guinea pig 




