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     The cationic permeability induced by two aromatic heptaenes, vacidin A and candicidin D, 
  has been studied on egg yolk L-a-phosphatidylcholine single walled vesicles as a function of 
  cholesterol and ergosterol concentration. For comparison amphotericin B and nystatin 

  were also tested. 
     Vacidin A and candicidin D elicit cation permeability in both types of vesicles in the 

  same concentration ranges and exhibit only quantitative differences in cholesterol and ergo-
  sterol vesicles. The active concentration range is of the same order of magnitude as the active 
  concentration range of amphotericin B, at variance with what is obtained on biological cells. 

  This difference is interpreted in term of mechanism of action of polyene on both biological 
  and model membranes.

   There are about one hundred known polyene macrolide antibiotics'). Among them, the so called 
"aromatic heptaenes" are particularly promising . 

   These aromatic heptaenes, like the other large macrolide ring polyene antibiotics studied, induce 

permeability changes in sterol-containing cell membranes. However this action exhibits some parti-

cular features: The permeability change that they induce in eucaryotic microorganisms'--6) and animal 

cells2•;-I1° is specific for monovalent cation, and appears reversible to a large extent'," 12) Moreover 

as shown on red blood cells and on black lipidic films, this permeability exhibits a higher degree of 

intercationic selectivity•14'. At variance with amphotericin B and nystatin, cholesterol-containing cells 

seem to be more sensitive to some of them than those containing ergosterol1 ). The feature which 

prompted the interest for these aromatic heptaenes is that their biological activity is about two to three 

orders of magnitude higher than non-aromatic heptaenesl.s,10,12> Membrane effects of aromatic 

heptaenes have not been so well characterized, because, until recently, they were not available in a pure 

chemical form but only as complex mixtures of related compounds, and their chemical structure was 

not completely elucidated. 

   In this report data are presented concerning the permeability effect of two of these aromatic hep-

taenes, vacidin A and candicidin D, studied on a model system made of egg yolk phosphatidyl choline 

single walled vesicles, as a function of cholesterol and ergosterol content. For comparison, data 

obtained on the same system and under the same experimental conditions with the now well-charac-

terized amphotericin B and nystatin are also presented. 

  * To whom correspondence should be sent .



885VOL. XXXIV NO. 7 THE JOURNAL OF ANTIBIOTICS

   The chemical structures of vacidin A and candicidin D are presented in Fig. 17) : all members 

of the aromatic heptaene group are characterized by a p-aminophenyl residue attached to the macrolide 

ring in position 37 by a six carbon atoms aliphatic chain. Candicidin D and vacidin A have a cis-

trans heptaene chromophore") as compared to the all-trans heptaene chromophore of amphotericin B. 

                             Materials and Methods 

 L-a-Phosphatidylcholine from egg-yolk was prepared according to PATEL and SPARROW'''. Cho-
lesterol was supplied by Fluka, ergosterol by Sigma, carbonyl cyanid-a-trifluoromethoxyphenyl hydra-
zone (FCCP) by Boehringer. Amphotericin B and nystatin were Squibb products, whereas candicidin 
D and vacidin A were isolated and purified in the Department of Pharmaceutical Technology, Technical 
University, Gdansk, Poland. 
   Vesicles suspensions were prepared by dissolving weighted amounts of phospholipid and sterol 
in chloroform. After removal of the solvent 400 mm sodium phosphate pH 5.20 (1 ml/30 Itmo1e lipid) 
was added. The sample was sonicated under nitrogen stream at 4°C. The vesicles suspension was 
dialysed at equilibrium against 500 volumes of isotonic sodium sulphate. 
   Proton efflux was measured using a pH-stat (Radiometer, Copenhagen) in the following way: 

0.5 ml of vesicles suspension (15 mole lipids) was diluted with 3.5 ml of dialysing buffer in the pH-stat 
titrating vessel and equilibrated at 25°C under constant nitrogen stream. The pH was brought to 7.40 
by addition of 30 mivt NaOH in isotonic sulphate. Then 10 µ1 of a 10-z M FCCP solution in ethanol 
was added (final concentration 2.5x10-1m). Subsequently, the desired amount of polyene was added 
as microliter volumes of a freshly made 1 mg/m1 solution in dimethyl formamide (DMF) using Hamil-
ton syringes. The proton efflux was measured as the volume of 4 mm NaOH solution in isotonic sodium 
sulphate required to maintain pH 7.40. All experiments were carried out at 22°C. 

                                   Results 

                 Principle of the Method of Permeability Measurements 

   This comparative study of cation permeability induced by different polyene antibiotics is based 

upon the measurement of proton-cation exchange through the vesicle membrane: sonicated vesicles

Fig. I. Molecular formula of vacidin A and candicidin D.

Vacidin-A M.W. 1112

Candicidin-D M.W. 1108



886 THE JOURNAL OF ANTIBIOTICS JULY 1981

of egg-yolk phosphatidylcholine containing sterol or not, are rigorously impermeant to hydrophilic ions 

such as phosphate or sulphate and it has been shown previously"" by 311? NMR spectroscopy that 

vesicles prepared as described above are able to maintain more than a 4 pH unit difference across 

their membrane during several hours or days depending upon lipid composition. In this system any 

cation movement across the vesicle bilayer can take place only by strictly electroneutral exchange. 

The addition of the proton carrier FCCP to vesicles submitted to a large JpH does not result in any 

proton net flux and another path must be provided for the exchanging cation. In this condition, 
the permeability to cation induced by polyene antibiotics on vesicles submitted to a pH difference be-

tween intravesicular and external medium can be conveniently measured by monitoring the proton 

flux occurring in exchange through FCCP, provided this proton flux is not rate limiting. This condition 

has been proved easy to fulfil at least at the low or moderate polyene concentrations used in this study. 

                     Verification of the Experimental Conditions 

   The typical course of an experiment is shown in Fig. 2. It has been shown, by preliminary experi-

ments, that 1) in absence of any ionophore, the proton efflux is practically undetectable, amounting to 

about 0.1-1 % of the total titratable protons in the sample per hour, depending upon lipid composi-

tion; 2) FCCP added alone is not able to promote any significant increase of this basic flux even at 

concentration as high as 10-3 M; 3) the proton efflux mediated by FCCP in the presence of polyene 

is maximum and independent of FCCP concentration above 10 M; 4) the total amount of titratable 

proton in the vesicle sample was measured after Triton X-100 addition: the intravesicular volume cal-
culated on this basis was routinely found equal to 1.2+0.2 % of the volume of the 30'tmole lipid/ml 

stock vesicles suspension. Under the influence of FCCP+polyene (in the highest concentration range 

studied) more than 95 % of this amount was titratable; this confirms the fact already shown by 31P NMR 

spectroscopy") that most vesicles are unilamellar, since it may be considered that the polyenes studied 

here cannot reach the inner layers of multilayered vesicles"". In these conditions"), the number 

of vesicles in the sample (each being made of about 2,500 phospholipids molecules) can be calculated 

and the concentration of polyene expressed either in limole/,1"mole lipids, or in number of polyene mole-

cules per vesicles.

                     Fig. 2. Typical time course of an experiment. 

   The amount (p l) of 4 mna NaOH solution necessary to maintain pH 7.40, is recorded as a function 

of time. Arrows indicate tines of addition.

Time (minutes)

Triton X100

Polyene
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                 Permeability Induced by Vacidin A and Candicidin D 

   In Fig. 3 are given typical time courses of proton efflux from vesicles containing 20 mole % of chole-

sterol (Fig. 3A) and 20 mole % of ergosterol (Fig. 3B) upon the addition of vacidin A at various con-

centrations. The proton efflux is expressed as the percentage of the total amount of titratable proton 

in the sample measured after Triton X-100 addition. Two main features are to be noted. First, the 

proton efflux which starts within I or 2 seconds after polyene addition develops rapidly and more 

so with increasing concentration. After 5 to 10 minutes at most, the amount of proton released reaches 

a plateau which remains stable with time (several hours). Second, the totality (100%) of the titratable 

proton is released only at the highest concentration of vacidin A. The percentage released decreases 
with decreasing concentration. A new addition of vacidin A at the plateau promotes the release of 

more proton until 100 % is reached (not shown on the figure). 

   It can be seen that comparable results are obtained in cholesterol and ergosterol-containing vesicles, 

the only significant difference being a slightly faster efflux rate in ergosterol-containing vesicles. 

   Qualitatively and quantitatively the results obtained with candicidin D are quite similar.

Fig. 3. Proton efflux (in % of total titratable proton) elicited in cholesterol (A) or ergosterol (B) containing 
   vesicles under the influence of vacidin A: 1) 0.3, 2) 0.65, 3) 1.3 and 4) 2.6: 10-„ pmole/jimole lipids.

Time (minutes)

Fig. 4. Maximal proton release (in % of total titratable proton) as a function of concentration of cholesterol 
   (A) and ergosterol (B) under the influence of vacidin A: 1) 0.3, 2) 0.65, 3) 1.3 and 4) 2.6x 10-3 pmole/ 
   iimole lipids.

Cholesterol (mol C) Ergosterol (mol %)
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   In Figs. 4 and 5 are summarized the data obtained with different sterols concentrations, for vacidin 

A and candicidin D respectively. In these figures the percentage of titratable proton obtained at the 

plateau is plotted as a function of cholesterol (Figs. 4A and 5A) or ergosterol (Figs. 4B and 5B) con-

centration in mole %. 

   First it can be seen that sterol-free vesicles are insensitive to both aromatic heptaenes. Second, 

the percentage of proton released increases with heptaene concentration (as already seen in Figs. 2 and 3) 

and sterol concentration, in both cases, but in a somewhat different way. 

   Vacidin A: increasing the cholesterol content beyond 10 mole per cent does not result in a greater 

efficiency of the heptaene. At the lowest vacidin A concentration, a significant proton release is obtained 

only beyond 10 mole % cholesterol and the maximum release is not yet reached with 30 mole % chole-

sterol. In ergosterol-containing vesicles the release increases with increasing sterol concentration. 

   Candicidin D: a maximum seems to be reached for 20 mole °„ ergosterol, while a continuous in-

crease is observed with cholesterol concentration. 

                 Permeability Induced by Amphotericin B and Nystatin 

   In order to compare the action of the two aromatic heptaenes with the action of non-aromatic 

ones in the same experimental conditions, experiments have been carried out with amphotericin B and 

nystatin. The results obtained by the present method generally confirm the data already published in 

the literature concerning the sensitivity of ergosterol and cholesterol-containing vesicles" ,21) and the de-

pendency upon sterol concentration. However, two particular results should be stressed: first, sterol-
free vesicles appear to be sensitive to amphotericin B and significant proton release is obtained at 

concentration as low as 0.21 x 10_3 iemole/limole lipids.

Fig. 5. Same as Fig. 4 but for candicidin D: 1) 0.4, 2) 0.8, 3) 1.6 and 4) 2.6;; 10-' Iimole/pmole lipids.

Cholesterol (mol %) Ergosterol (mol %)

Table 1. Sensitivity to polyenes of cholesterol and ergosterol containing vesicles.

   Polyenes 

Amphotericin B 

Nystatin 

Vacidin A 

Candicidin D

Cholesterol 
(pmole/pmole   li

pids) 

   1x10-' 

   5 x 10-3 

 2.5 x 10-? 

 3.0 x 10-3

Number molecules/ 
     vesicles 

  (10 mole %) 

2 

     10 

5 

6

 Ergosterol 
(Fimole/pmole 

  lipids) 

   2 x 10-a 

   4 x 10_3 

 2.5x10-3 

 2.5x10-3

Number molecule/ 
    vesicles 
  (10 mole %) 

4 

8 
5 

5



889VOL. XXXIV NO. 7 THE JOURNAL OF ANTIBIOTICS

   Second, vesicles containing sterol (either cholesterol or ergosterol) are apparently more sensitive 

to amphotericin B than to the aromatic heptaenes vacidin A and candicidin D (Figs. 4 and 5 and Table 1). 

   Nystatin exhibits a particular mode of action as compared to both amphotericin B and aromatic 

heptaenes. The proton efflux obtained under its action is extremely slow in cholesterol-containing 

vesicles as compared to those containing ergosterol. Figs. 6A and 6B, whereas in Fig. 2, the percentage 

of proton released is plotted versus time, show that with ergosterol containing vesicles (Fig. 6B) the 

proton release reaches its plateau (which again depends upon nystatin and sterol concentration) within 

about 20 minutes. This compares well with the time scale of the action of amphotericin B and aromatic 

heptaenes. Such is not the case with cholesterol-containing vesicles, especially at low nystatin concen-

tration. The proton efflux develops very slowly, lasts several hours and finally reaches a plateau value 

comparable to those obtained in about 20 minutes with ergosterol-containing vesicles. As a matter 

of fact this extreme slowness makes it difficult to precisely measure this plateau value. However, with 

this peculiar feature of nystatin taken into account, its efficiency in cholesterol-containing vesicles, as 

measured by the percentage of proton which can be released at relatively low concentration is not very 

different from its efficiency in ergosterol-containing vesicles. 

                                   Discussion 

   Two main conclusions can be drawn from the results obtained on vesicles: first, the quantitative 
difference in the sensitivity of cholesterol and ergosterol-containing vesicles to the two aromatic hepta-
enes vacidin A and candicidin D is not very important, as shown in Table 1 for vesicles containing 

10 mole per cent sterols. Second, both aromatic heptaenes appear to be slightly less active than 
the non-aromatic heptaene amphotericin B. Obviously, at least on the second point, there is a clear 
discrepancy between these results and those obtained on biological membranes. 

   However, in order to draw conclusions relevant to the understanding of the activity of polyene on 
biological membranes from data obtained on simple model systems such as sonicated purely lipidic 

vesicles, it appears necessary to closely consider the experimental conditions in which this activity is 
tested in both cases. 
   Aromatic heptaenes have been tested comparatively on yeast and red blood cells as representatives 

of ergosterol or cholesterol-containing membranes1,1,13> At variance with amphotericin B, vacidin A 

(or rather aureofacin, which is a mixture of aromatic heptaenes, but mainly vacidin A) and candicidin D 
are more efficient on RBC than on yeast.

Fig. 6. Same as Fig. 3 but for nystatin: 1) 0.4, 2) 0.8, 3) 1.6 and 4) 2.6 x 10-3,imole.1/imole lipids.

Time (minutes)
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   Comparing these results with those on vesicles, it must be considered that yeast membranes contain 
about 20% ergosterol whereas RBC membranes contain more than 30% cholesterol. Therefore the 
comparison should be made with vesicles of the same sterol concentrations, since this parameter is very 
important: one can see that there is no real significant difference between the activity of both vacidin A 
and candicidin D on ergosterol and cholesterol-containing vesicles. 

   In biological membranes, aromatic heptaenes are 10" 100 times more active than amphotericin B. 
This difference has been found not only on RBC and yeast, but also on cell types such as the baby 
Hamster kidney cells (BHK-21)10'. It is mainly this fact which prompted the interest for the aromatic 
heptaenes. Such a large difference is absent in cholesterol or ergosterol-vesicles, in which the per-
meability is induced within about the same concentration range for aromatic and non-aromatic hepta-
enes. 

   In order to account for this obvious discrepancy, it seems necessary to consider closely the mecha-
nism of action of these polyenes. The main information about the mechanism comes from the numerous 
studies on amphotericin B: nothing specific is known about aromatic heptaenes. However, since 
vacidin A and candicidin D are known to form intercationic selective pathways, it is reasonable to 
assume that their mechanisms of interaction with membrane is comparable to amphotericin B and 
that the molecular basis of their action is the formation of pores by polyene-sterol complexes including 
several molecules of each2l~. 

   In the experiment reported here, the polyene concentrations studied range from 0.25 - 2.5 : 10-' 

irmole//tmole lipids, that is about 0.5-5 polyene molecules per vesicle: in other words, there are 
not enough polyene molecules to provide each vesicle with a pore. However as pointed out already 
by VAN HOOGEVEST and DE KRU1JFF1", the reaction proceeds by rapid exchange of the polyene between 
the vesicles. Moreover it may be assumed, according to GENT and PRESTEGARD21 that, due to the 
very small size of a sonicated vesicle, less than 1 millisecond is sufficient to equilibrate the internal 
and external medium, once the pore formed. Therefore upon addition of the polyene, as relatively 
concentrated solution in DMF, the proton flux is observed to be correlated with the dispersion of the 

polyene by exchange throughout the vesicle population. At low concentration, as the dispersion 
proceeds, the probability of pore formation, which demands a given number of molecules being present 
at a time in one vesicle, becomes vanishingly small and the proton flux stops. This can explain the fact 
that independent of time, the percentage of proton released (which in this hypothesis would correspond 
to the percentage of vesicle measured during this process) depends upon the number of polyene molecule 

per vesicles. 
   The situation in the biological membranes studied, appears to be very different: the polyene 
concentration necessary for 50% potassium leak, which is the most classical test for activity, is within 
about the same range as in vesicles, expressed in umole/,umole membrane lipids, that is about 10-1. 
However, this means that the number of polyene molecules per cell is orders of magnitude higher 
than in vesicles, and each cell has undoubtably enough polyene molecules to make many pores. There-
fore, among different polyenes, the difference in activity has to be related to the stability of the pores 
formed, their life time and their intrinsic permeability properties. 
   On the basis of this reasoning, there is no discrepancy between the results obtained on cells and 
on vesicles since actually different parameters are tested. 

   In conclusion, the much greater potency as permeabilizing and cytotoxic agents of aromatic 
heptaenes as compared to non-aromatic heptaenes, appears to be explained in terms of the rate con-
stant rather than in the order of the reaction of pore formation. 
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