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Summary. The active hexose transport system of Chlorella vulgaris is obligatorily 
coupled to metabolic energy. No facilitated diffusion component, as in the p-galactoside 
transport of Escherichia coli, for example, is observed with Chlorella. In the presence of 
nystatin, however, facilitated diffusion of sugar analogues occurs. Thus, only under this 
condition can the classical overshoot experiment be successfully carried out. The net 
efflux of sugars induced by nystatin does not take place through holes. It can be ex- 
plained by the assumption that the mobility of the unloaded carrier is less restricted in 
the presence of nystatin. Nystatin also changes the Km for influx, whereas the K,, for 
efflux is not significantly affected. Possible roles of sterols in this eucaryotic sugar 
transport system are discussed. 

Polyene antibiotics like nystatin and filipin have been shown to severely 

affect membrane permeabilities for various substrates [7, 19, 21]. They are 
only active, however, when the membranes exposed to them contain sterols. 
Thus, only eucariotic cells [12, 19] and Mycoplasma laidlawii grown in the 
presence of sterols [5, 27] show high rates of efflux of ions and nonelectrolytes 
when polyenes are added. They bind to sterols [4, 20] and at least under 

certain conditions are thought to produce holes in membranes [12]. 

In Chlorella vulgaris cells an active, nonphosphorylating hexose transport 
system can be induced [16, 26]. Recently, evidence has been obtained that 

this transport of sugars, which can be driven by respiration or light, is a 
proton symport [13]. The following data will show that although nystatin 
greatly increases net efflux of sugar analogues accumulated by Chlorella, 
the efflux does not proceed through holes. The results obtained can be 
explained by assuming that the influx of carrier without substrate, pre- 
viously shown to be the rate-limiting reaction for net efflux [14, 15], is 
greatly increased by nystatin. Sterols possibly constitute an important factor, 

therefore, responsible for the normal transport characteristics of these cells. 
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Materials and Methods 

6-Deoxyglucose was obtained from Koch-Light Laboratories, Colnbrook, England, 
and tritiated by the Radiochemical Centre, Amersham. Carbonylcyanide p-trifluoro- 
methoxyphenylhydrazone (FCCP) was generously provided by Dr. P. Heytler, Dupont 
de Nemours. Nystatin (mycostatin) was obtained from Serva, Heidelberg. Stock solutions 
of 10 mg nystatin/ml dimethylsulfoxide were prepared, stored at -20  ~ in the dark 
and used up within a week. The addition of the same amount of dimethylsulfoxide 
without nystatin was without effect on the algae. All experiments were performed with 
the green alga Chlorella vulgaris in air in the dark at 27 ~ 

Growth of the algae and induction of the hexose uptake system was carried out as 
described previously [26]. The cells were incubated in 0.025 ~ sodiumphosphate buffer, 
pH 6.5. Samples were filtered, extracted and the radioactivity determined as described 
elsewhere [14]. 

Results and Discussion 

It has been shown before that uptake of sugar analogues into Chlorella 
vulgaris cells proceeds by a strictly energy-coupled transport system [15, 16]. 

Thus, uptake is severely inhibited by uncoupling agents even below con- 

centration equilibration of the sugar and no net efflux occurs, when loaded 
cells are poisoned. Similar observations have been made with other eucaryo- 

tic cells like yeast and Neurospora for the transport of ions [25], sugars [8], 
and amino acids [17, 18]. The effect has also been described for ion transport 
in ChIorella [1 ]. Therefore, it seems that these cells do not have a facilitated 
diffusion system in series to an active transport system as has been proposed 
for example for/%galactoside transport in E. cob [10, 29]. When nystatin is 

added to such cells [18, 19, 25] they rapidly lose part of their accumulated 
substances. This is also the case with 6-deoxyglucose accumulated by 
Chlorella when 6 ~Lg nystatin/ml are added to the cells (Fig. 1). The addition 

of FCCP to cells considerably accelerates efflux. Under these conditions 

Chlorella, therefore, resembles qualitatively E. coli, which loses galactose [9] 
or T M G  [11] for example, when poisoned with uncouplers or azide. In the 
absence of nystatin the addition of FCCP produced no effect on the level 
of accumulated sugar, which in this experiment amounts to 50-fold the 

outside concentration. 
The result could be explained in the following way: net efflux occurs 

through holes produced by nystatin and the stimulation of efflux by FCCP 
in the presence of low amounts of nystatin could mean that pumps are still 
active to counteract part of the outflow. These remaining pumps are blocked 

by FCCP. The following two results, however, strongly indicate that net 
6-deoxyglucose efflux does not proceed through holes produced by nystatin. 
Thus, the kinetics of efflux (Fig. 2) have, for at least 20 min, the characteristic 
of a zero-order rather than a first-order reaction. This is expected for a 
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Fig. l. Efflux of 6-deoxyglucose after addition of nystatin and FCCP. Cells (10 pliters 
of packed cells/ml) were preloaded with (3H)-6-deoxyglucose (3 x 10 - 3  M; 55 ~tC/mmole). 
After 4 hr, nystatin (final concentration 6 ~tg/ml) was added to samples b and c and 
5 x 10  - 5  M F C C P  to sample d; sample a is the control. After another hour, FCCP at a 

final concentration of 5 • 10 -5 M w a s  added to c 
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Fig. 2. Net efflux caused by nystatin; a zero-order reaction. Algae (10 ~tliters of packed 
cells/ml) were preloaded with (3H)-6-deoxyglucose (10 -2 M, 240 ~tC/mmole) for 3.5 hr. 
The cells were then harvested, washed once and resuspended in a large volume of incuba- 
tion buffer with 100 ~tg nystatin/ml yielding a cell concentration of 0.2/aliter of packed 
cells/ml. 10,000 cpm/5 pliters of packed cells correspond to an intracellular concentration 

of 53 mM 
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Fig. 3. Inhibition of 6-deoxyglucose-uptake by glucose in nystatin-treated cells. Thick 
suspensions of algae (0.63 ml packed cells/ml) were incubated with 100 ~tg nystatin/ml 
for 30 min. Then to sample b (3H)-6-deoxyglucose was added (4 x 10-4 M; 250 pC/mmole); 
to sample a a mixture of (3H)-6-deoxyglucose (4x 10-4M, 250 pC/mmole) and of 
glucose (1 x 10 -2 M) was added. The decrease in radioactivity in the supernatant after 

centrifugation was determined 

carrier-mediated process as long as the carrier is saturated or close to 

saturation. Furthermore, 6-deoxyglucose influx into cells treated with high 
nystatin concentrations can be completely inhibited by glucose (Fig. 3) even 

below concentration equilibration. 
It then follows that the results shown in Fig. 1 need to be explained in a 

different way. Normally the carrier "moves"  to the inside at a significant 
rate only in the presence of substrate and energy [13, 15, 16]. Since the 
addition of an uncoupler stops the carrier translocation and movement of 

carrier is required for both influx and efflux [14], net efflux does not take 
place under these conditions. In the presence of sufficient nystatin the 

carrier or the carrier membrane interaction is changed in such a way as to 
allow the empty carrier to move in and out and in addition does not require 
energy. This carrier now should allow facilitated diffusion. In the presence 
of low amounts of nystatin part of the carrier will still be strictly coupled 
and another part will be transformed. The addition of FCCP will block the 
former. Any pumping would stop and net efflux would increase. 

If the above explanation were correct it should be possible to show the 
existence of facilitated diffusion in nystatin-treated cells. This has indeed 
been possible with an overshoot experiment (Fig. 4). The uptake of (3H)-6- 
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Fig. 4. Overshoot experiment. The algae (36 laliters of packed cells/ml) were preloaded 
in sodium phosphate buffer containing 10 - tM 6-deoxyglucose and 12 lag nystatin/ml 
for 2 to 3 hr. Then the cells were centrifuged and washed once with ice-cold buffer to 
remove external 6-deoxyglucose. During this washing procedure more than 75 % of the 
internal 6-deoxyglucose remained in the cells. The cells were resuspended in buffer con- 
taining (3H)-6-deoxyglucose (1 • 10 -s  M; 160 mC/mmole) to give 4.5 laliters of packed 
cells/ml. Part A--ce l l s  not treated with nystatin: curve (a)-cells not preloaded (pre- 
loaded ones give similar-uptake kinetics; s e e  Ref. [10]); curve (b)-with FCCP 5 • 10 -s  M 
present, ceils preloaded; curve (c)-with FCCP 5 • 10 -s  M present, cells not preloaded. 
Part B--cel ls  treated with nystatin (12 lag/ml) before and after dilution: curve (d)-with 
FCCP 5 x 10 - s  M, cells not preloaded; curve (e)-with FCCP 5 x 10 -s  M, cells preloaded. 

The broken line indicates concentration equilibrium 

16" 
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deoxyglucose was measured in the presence of nystatin and FCCP. The 
uptake reaches a plateau value slightly above the concentration equilibra- 
tion. When the uptake of the sugar analogue was measured under the same 
condition, except that cells preloaded with nonradioactive 6-deoxyglucose 
were used, an overshoot of radioactivity was observed which reached about 
three times the equilibrium concentration (Fig. 4B). The fact that the 
radioactivity in the nonpreloaded sample is somewhat above concentration 
equilibration as compared to the amount of radioactivity in the preloaded 
sample past the overshoot transient, can be explained by assuming that a 
small amount of the radioactive sugar is not free but adsorbed on (and may 
be in) the cells. In the preloaded sample this amount will not show up. 
The control (Fig. 4A) without nystatin and FCCP accumulates sugar under 
these conditions 200-fold. 5 x 10 -5 M FCCP inhibits the rate of influx by 
more than 90% and preloading does not lead to an overshoot when only 
FCCP is present (Fig. 4A). The overshoot experiment also excludes the 
existence of holes but in addition can be considered as evidence for the 
second explanation given above, since it is the most decisive experiment to 
demonstrate facilitated diffusion [24, 28]. 

The possibility that nystatin itself acts directly as a carrier has been 
excluded. Since the hexose uptake system of Chlorella is inducible [26] it 
was possible to compare the rate of uptake in the presence of nystatin of 
induced cells with that of noninduced cells. Clearly, the cells had to be 
induced to observe a significant rate of uptake. 

Finally it has been observed that the K,, for 6-deoxyglucose influx in- 
creases drastically due to the presence of nystatin. Although it has not been 
possible for technical reasons to obtain an exact K,, value (it is difficult to 
measure influx rates below concentration equilibrium and in addition at 
high substrate concentrations osmotic effects were already observed), the 
Km is certainly higher than 1 x 10-2 M. This value has to be compared with 
the Km of 2 x 10 .4 for untreated cells [14]. The Km for 6-deoxyglucose 
efflux, however, does not change significantly in the presence of nystatin, 
as can be seen from Fig. 2 (a K,, value of 2 x 10-z can be estimated from 
these data, which is close to the value obtained without nystatin; see Ref. 

[141). 
The experiments reported here have two consequences, which might be 

of general importance and not restricted to algae only. First, the assumption 
that polyene antibiotics produce holes in sterol containing biomembranes 
should be reconsidered in each individual case where outflow of substrate 
has been found. Possibly holes arising are smaller than 5 A, as has been 
estimated from experiments with black films [6]. Secondly, the results with 
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Chlorella can be taken as an indication for a role of sterols in active t ranspor t  

processes, since it seems safe to assume that  also in Chlorella nystat in acts 

due to its binding to sterols. Chlorella vulgaris contains ergostenol, chondril- 

lastenol and  chondrillasterol [23]. Sterols might  be responsible, therefore, 

to prevent the movement  of the carrier in the absence of substrate and energy. 

It  has been demonst ra ted  that  artificial membranes  become less fluid and 

less permeable above transit ion temperature  for a number  of substances in 

the presence of cholesterol [2, 3, 6]. Polyene antibiotics part ly revert the 

effect of cholesterol [6, 22]. One can imagine, therefore, that  also parts of 

the membrane  itself, here the carrier molecules, become more mobile when 

sterols present in the membrane  have reacted with nystatin.  On the other 

hand,  the results reported also allow the interpretat ion that  sterols may  play 

a more  direct part  in the funct ioning of eucaryotic active t ransport  systems. 

The expert technical assistance of Mrs. Zenzi Megies is gratefully acknowledged. 
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References 

1. Barber, J., Shieh, Y. J. 1973. Sodium transport in Na+-rich Chlorella cells. Planta 
111:13 

2. Butler, K. W., Smith, I. C. P., Schneider, H. 1970. Sterol structure and ordering 
effects in spinlabelled phospholipid multibilayer structures. Biochim. Biophys. Acta 
219:514 

3. Demel, R. A., Bruckdorfer, D. R., Van Deenen, L. L. M. 1972. The effect of sterol 
structure on the permeability of liposomes to glucose, glycerol and Rb +. Biochim. 
Biophys. Acta 255:321 

4. Demel, R.A., Van Deenen, L. L.M., Kinsky, S.C. 1965. Penetration of lipid 
monolayers by polyene antibiotics. Correlation with selective toxicity and mode of 
action. J. BioL Chem. 240:2749 

5. Feingold, D. S. 1965. The action of amphotericin B on Mycoplasma laidlawii. 
Biochem. Biophys. Res. Commun. 19:261 

6. Finkelstein, A., Cass, A. 1969. Permeability and electrical properties of thin lipid 
membranes. J. Gen. PhysioL 52:145s 

7. Gottlieb, D., Carter, M. E., Wu, L., Stoneker, J. H. 1960. Inhibition of fungi by 
filipine and its antagonism by sterols. Phytopathology 50:594 

8. H6fer, M., Kotyk, A. 1968. Tight coupling of monosaccharide transport and meta- 
bolism in Rhodotorula gracilis. Folia MicrobioL 13:197 

9. Horecker, B. L., Thomas, J., Monod, J. 1960. Galactose transport in Escherichia 
coll. I. General properties as studied in a galactokinaseless mutant. J. BioL Chem. 
235:1580 

10. Kennedy, E.P. 1966. Biochemical aspects of membrane function, ln: Current 
Aspects of Biochemical Energetics. N. O. Kaplan and E. P. Kennedy, editors, p. 433. 
Academic Press Inc., New York-London 

11. Kepes, A. 1960. Etudes cin6tiques sur la galactoside perm6ase d'Escherichia coli. 
Biochim. Biophys. Acta 40:70 



238 B. Komor, E. Komor, and W. Tanner: Action of Nystatin 

12. Kinsky, S. C., Luse, S.A., Van Deenen, L. L.M. 1966. Interaction of polyene 
antibiotics with natural and artificial membrane systems. Fed. Proc. 25:1503 

13. Komor, E. 1974. Proton-coupled hexose transport in Chlorella vulgaris. FEBS 
Letters (In press) 

14. Komor, E., Haass, D., Komor, B., Tanner, W. 1973. The active hexose uptake 
system of Chlorella vulgaris: K m values for 6-deoxyglucose influx and efflux and 
their contribution to sugar accumulation. Europ. Jr. Biochem. 39:193 

15. Komor, E., Haass, D., Tanner, W. 1972. Unusual features of the active hexose 
uptake system of Chlorella vulgaris. Biochim. Biophys. Acta 266:649 

16. Kornor, E., Tanner, W. 1971. Characterization of the active hexose transport system 
of Chlorella vulgaris. Biochim. Biophys. Acta 241:170 

17. Kotyk, A. 1973. Mechanisms of nonelectrolyte transport. Biochim. Biophys. Acta 
300:183 

18. Kotyk, A., Rihova, L. 1972. Transport of ~-aminoisobutyric acid in Saccharomyces 
cerevisiae. Biochim. Biophys. Acta 288:380 

19. Lampen, J.O. 1966. Interference by polyenic antifungal antibiotics (especially 
nystatin and filipin) with specific membrane functions. Symp. Soc. Gen. Microbiol. 
16:111 

20. Lampen, J. O., Arnow, P. M., Saffermann, R.S. 1960. Mechanism of protection 
by sterols against polyene antibiotics. J. BacterioL 80:200 

21. Marini, F., Arnow, P., Lampen, J. O. 1961. Effect of monovalent cations on the 
inhibition of yeast metabolism by nystatin. J. Gen. Microbiol. 24:51 

22. Norman, A.W., Demel, R.A., De Kruyff, B., Geurts van Kessel, W. S.M., Van 
Deenen, L. L. M. 1972. Studies on the biological properties of polyene antibiotics: 
Comparison of other polyenes with filipin in their ability to interact specifically with 
sterol. Biochim. Biophys. Acta 290:1 

23. Patterson, G. W. 1971. The distribution of sterols in algae. Lipids 6:120 
24. Rosenberg, T., Wilbrandt, W. 1957. Uphill transport induced by counter flow. Y. 

Gen. PhysioL 41:289 
25. Slayman, C. W., Tatum, E. L. 1964. Potassium transport in Neurospora. I. Intra- 

cellular sodium and potassium concentrations and cation requirements for growth. 
Bioehim. Biophys. Aeta 88: 578 

26. Tanner, W. 1969. Light-driven active uptake of 3-O-methylglucose via an inducible 
hexose uptake system of Chlorella. Biochem. Biophys. Res. Commun. 36:278 

27. Weber, M. M., Kinsky, S. C. 1965. Effect of cholesterol on the sensitivity of Myco- 
plasma laidlawii to the polyene antibiotic filipin. J. BacterioL 89:306 

28. Widdas, W. F. 1952. Inability of diffusion to account for placental glucose transfer 
in the sheep and consideration of the kinetics of a possible carrier transfer. J. PhysioL 
118:23 

29. Winkler, H. H., Wilson, T. H. 1966. The role of energy coupling in the transport 
of/~-galactoside by Eseherichia cotL J. BioL Chem. 241:2200 


