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           The fractional change in the corrected fluorescence of pimaricin or filipin in the presence 
       of a limiting amount of sterol and a competing polyene antibiotic has been used to estimate 

       the relative affinity of amphotericin B, nystatin, filipin, and pimaricin for stigmasterol and 
       for cholesterol. The relative affinities for cholesterol were filipin > amphotericin B > pimaricin 

       > nystatin, while the relative affinities for stigmasterol were filipin > pimaricin > amphotericin 
       B > nystatin. The data indicate that pimaricin and filipin can both interact simultaneously 

       with about 30% of the cholesterol or stigmasterol. However, the stoichiometry of filipin and 

       pimaricin alone for cholesterol and for stigmasterol in dilute aqueous solutions is 1 : 1. In 
       the experiments which indicated both pimaricin and filipin interact with the same sterol mole-

       cule changes in corrected fluorescence and the absorbance spectra were monitored: and 
       these criteria indicated that both pimaricin and filipin had interacted with the sterols. Light-
       scattering measurements indicate large aggregates were not formed. Although the data shows 

       in dilute aqueous solutions the stoichiometry of filipin and/or pimaricin for sterols is 1 : 1, 
       in more complex solutions, other combinations or interactions are indicated especially for 

       pimaricin. 

    Membrane sterols are a target for the action of polyene antibiotics". However, the degree of 

damage caused by polyene antibiotics in natural and model membranes is variable 2-5). Some of this 

variability may be the result of different affinities and interactions of polyene antibiotics for the mem-

brane-bound sterols. The purpose of this investigation is to measure the relative affinities of some 

polyene antibiotics for cholesterol and stigmasterol. 

   Most of the methods for measuring the interactions of polyenes with sterols are indirect and yield 

a diversity of experimental results',". Fluorescence techniques can be used to monitor the interac-

tions of some polyene antibiotics with sterols and give reproducible experimental results when the 

experimental conditions are carefully controlled'. Fluorescence data in general correlates well with 

the effects of polyene antibiotics on biological and model membrane systems10-1='. In dilute aqueous 

solutions, pimaricin and filipin exhibit characteristic changes in absorbance and fluorescence prop-

erties in the presence of sterols'-9"13`15'. The magnitude of the absorbance and fluorescence changes 

can be predicted for these simple systems". We have exploited the fluorescence properties of filipin 

and pima-icin in an effort to determine the relative affinities of polyene antibiotics for cholesterol and 

stigmasterol. The results of these experiments are present herein. 

                             Materials and Methods 

   Special chemicals were obtained as follows: cholesterol, stigmasterol, nystatin, and amphotericin 
B from Sigma Chemical Company, St. Louis, Missouri. Pimaricin was the generous gift of American 

Cyanamid Company, Princeton, New Jersey. Streptomyces filipinensis was kindly provided by P. G. 
PRIDHAM, Agricultural Service, United States Department of Agriculture, Peoria, Illinois. This organism
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was cultured and the filipin isolated as described elsewhere"). Other chemicals were reagent grade. 

   Stock solutions of filipin and pimaricin were prepared by dissolving I mg of the polyene antibiotic 
in 200 ml of distilled water with vigorous stirring at room temperature for 24 hours in the dark. Stock 
solutions of nystatin and amphotericin B were prepared by dissolving 2 mg of the polyene antibiotic 
in 283 ml of distilled water with vigorous stirring in the dark for 24 hours. Solutions of stigmasterol 
and cholesterol were prepared by dissolving the sterol in isopropanol to give the concentrations needed. 
The sterols were added to the polyene solutions by injection with a Hamilton syringe; specific details 
are given in the figure legends. 

    Fluorescence measurements were obtained using a computer-centered spectrofluorometer. The 
analytical quantity absorbance corrected fluorescence (CO) was used in these experiments. This quan-
tity is described in detail elsewhere"). For all experiments, filipin was monitored at an excitation 
wavelength of 338 nm and an emission wavelength of 495 nm. Pimaricin was monitored at an excitation 
wavelength of 308 nm and an emission wavelength of 405 nm. All experimental points presented in the 
figures and tables are the average of 5 separate experiments. 

                                   Results 

       Competition between Filipin, Nystatin, Amphotericin B, and Pimaricin for Sterols 

   The purpose of these experiments was to determine the relative affinity of various polyene anti-

biotics for different sterols. Experiments were designed so the amounts of one polyene were varied, 

i.e., pimaricin; and this was added to a solution which contained a fixed amount of filipin and a fixed 

amount of cholesterol. For example, in Fig. 1A, the samples contained 3.8 /IM filipin and 2.2 /IM 

cholesterol and variable quantities of pimaricin were added. The samples were allowed to stand for 

2 hours and then fluorometric and absorbance measurements were made to determine the binding of 

cholesterol to filipin and/or pimaricin. As shown in Fig. 1A, pimaricin, the closed circles, did not affect 

the fluorescence properties of filipin, the open circles, in the absence of cholesterol. However, in the 

presence of cholesterol, the data show that both filipin and pimaricin interacted with cholesterol even 

when the concentration of filipin as well as pimaricin were both greater than the concentration of 

cholesterol. When the mole ratio of filipin to pimaricin is 1, the total concentration of polyene anti-

biotic in solution was 7.6 111M and the total concentration of cholesterol was 2.2 ,ltM-a threefold greater 

concentration of polyene antibiotic. Yet the data indicate that approximately 80% of the initial pimari-

cin was bound to cholesterol. When pimaricin binds to sterols, the corrected fluorescence increases; 

and when filipin binds to sterols, the corrected fluorescence decreases approximately 60% at full in-

teraction. Similar types of data were obtained when: (a) the experiment was repeated, but cholesterol 

was replaced with stigmasterol (see Fig. 1 B), and (b) when 3.8 /tM pimaricin in the presence of 2.2 /IM 

cholesterol or 2.2 /IM stigmasterol was treated with varying amounts of filipin (Figs. IC and ID). As 

shown in Fig. 1C, when the filipin/pimaricin ratio is 1:1, pimaricin has interacted with about 75% of 

the total sterol and filipin has interacted with 65-70% of the total cholesterol. Thus at a 1:1 filipin 

to pimaricin ratio, about 30% of the cholesterol appears to be interacting with both polyene antibiotics. 

   Similar experiments were done in which filipin or pimaricin and the sterol were held constant and 

variable amounts of nystatin and amphotericin B were added to the solutions up to a 1:1 ratio with 

the other polyene antibiotic. These data are given in Fig. 2. Neither nystatin nor amphotericin B effec-

tively competed with filipin for either cholesterol (Fig. 2A) or stigmasterol (Fig. 2B), indicating a much 

smaller affinity for these sterols. The controls show that in the absence of sterols, neither nystatin or 

amphotericin B had an effect on the fluorescence properties of filipin.
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   When these experiments were repeated keeping the concentration of pimaricin constant and vary-

ing the amount of nystatin or amphotericin B, different results were obtained. These data are shown 

in Figs. 2C and 2D. Nystatin had very little effect on the fluorescence of the pimaricin sterol complex or 

on the pimaricin stigmasterol complex. A small decrease in the fluorescence of the pimaricin stigmasterol 

complex was obtained as the nystatin concentration was increased (Fig. 2D). However, when ampho-

tericin B was substituted for nystatin, a large decrease in the fluorescence of the pimaricin sterol com-

plex was seen, even in the presence of very low amounts of amphotericin B (see the closed circles' top 

curves of Figs. 2C and 2D). Thus amphotericin B competed for either cholesterol or stigmasterol with 

pimaricin, however, the competition was not complete. The initial drop in pimaricin fluorescence in-

dicates that when small amounts of amphotericin B were added, i.e., 0.4 ruM amphotericin B in the pres-

ence of 3.8 /GM pimaricin and 2.2,uM cholesterol or stigmasterol, 40 50% of this sterol was removed

Fig. 1. The effect of different amounts of pimaricin on the competition between filipin and pimaricin for 
   cholesterol and stigmasterol. 
     In A and B, pimaricin (0, 1.1, 2.3, 3.3, 4.5, 5.7, 7.5, and 11.4 mnoles) were added to samples con-
   taining 11.4 nmoles of filipin in a final volume of 3 ml in distilled water. The samples were incubated 

   for 2 hours at 37°C and allowed to cool to room temperature. The samples were then assayed at an 
   excitation wavelength of 338 rim and an emission wavelength of 495 rim. The samples were also meas-

   ured at an excitation wavelength of 308 rim and an emission wavelength of 405 rim. The experiment 
   was repeated, but 6.5 nmoles of cholesterol were added by injection with 10 ICI of isopropanol. 
   Closed circles: measurements made at an excitation wavelength of 308 rim and an emission wave-

   length of 405 rim (pimaricin). 
   Open circles: measurements made at an excitation wavelength of 338 rim and an emission wavelength 

   of 496 rim (filipin). 
   A in A and B, 6.5 nmoles of cholesterol were added to 11.4 nmoles of pimaricin in 3 ml of distilled 

   water. Samples were incubated as above and measurements were made at an excitation wavelength of
308 rim and an emission wave-
length of 405 rim. 
A in C and D, 6.5 nmoles 
cholesterol were added to 11.4 
nmoles of filipin and mea-
surements made at 338 rim ex-
citation and 496 rim emission. 

 In B, the protocol was iden-
tical to that described for A 
except stigmasterol replaced 
cholesterol. 

 In C and D, the protocol 
was identical to that used in A 
and B except pimaricin was 
held constant and different 
amounts of filipin were added 
to the solutions. 

 In these experiments, the 
maximum corrected fluores-
cence was set at 100 % and the 
changes measured were rela-
tive to this. 
O filipin (11.4 nmoles) in 3 ml 
distilled water measured at 
338 nm excitation and 495 
rim emission.
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from the pimaricin sterol complex. 

                        Sterol-Polyene Antibiotic Stoichiometry 

   Several interpretations of the above data are plausible. For example, one interpretation might 

be that with the experimental conditions used, the stoichiometry of polyene antibiotics to sterols is 

not 1:1. Another interpretation might be that the experimental conditions favor formation of a ternary 

complex, i.e., a polyene-sterol-polyene complex. Another might be the formation of a large complex 

with variable stoichiometries. We attempted to test some of these possibilities and consequently in-

itiated a series of experiments to determine the stoichiometry of binding of filipin and pimaricin for 

stigmasterol and cholesterol using the exact experimental conditions employed for Figs. I and 2. These 

data are given in Figs. 3A - 3D and show that the stoichiometry in dilute aqueous solutions is within 

experimental error 1: 1. The molar ratio of sterol to polyene antibiotic at the break in the curve is 

1.03: 1 in Fig. 3A, 1.05: 1 in Fig. 3B, 1.03: 1 in Fig. 3C, and 1.02: 1 in Fig. 3D. Thus in dilute 

aqueous solutions with the experimental conditions used for Figs. 1 and 2, the stoichiometry of the

Fig. 2. The effect of nystatin and amphotericin B on the fluorescence properties of filipin or pimaricin in 
   the presence and absence of cholesterol or stigmasterol. 
     In A, nystatin or amphotericin B (0, 1.1, 2.3, 3.3, 4.5, 5.7, 7.5, and 11.4 nmoles) was added to 

   samples containing 11.4 nmoles of filipin in a final volume of 3 ml of distilled water. The samples were 
   incubated for 2 hours at 37°C and allowed to cool to room temperature and spectral measurements 

   were made at an excitation wavelength of 338 nm and an emission wavelength of 495 nm. The experi-
   ment was repeated with the addition of 6.5 nmoles of cholesterol which was added by injection with 

   10 itl of isopropanol. 
   Open circles: filipin+nystatin, Closed circles: filipin+amphotericin B, Nys: nystatin,

Amph B: amphotericin B. 
  In B the procedure was 
identical to A except chole-
sterol was replaced by still 
masterol. 
  In C the procedure was 

identical to A except the 
filipin was replaced by pima-
ricin and the excitation 
was 308 nm and the emis-
sion was monitored at 405 
nm. 
Open circles: pimaricin + 
nystatin. Closed circles: 

pimaricin+amphotericin B. 
  In D the procedure was 
identical to C except stig-
masterol replaced choleste-
rol. 

 In C and D the maximum 
change in corrected fluores-
cence obtained by adding 6.5 
nmoles of sterol to 11.4 
nmoles of pimaricin was set 
at 100 % and corrected 
fluorescence values were de-
termined in the presence of 
amphotericin B or nystatin.
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Fig. 3. Titration of filipin and pimaricin with cholesterol and stigmasterol. 
     In A, cholesterol (0, 1.6, 3.2, 5.4, 6.5, 8.0, 13.0, 21, 32, and 65 nmoles) was added by injection with 
   10,u! of isopropanol to samples containing 11.4 nmoles of filipin in 3 nil of distilled water. The samples
were incubated for 2 hours 

at 37'C and allowed to cool 

to room temperature and 

measured at an excitation 

wavelength of 338 nm and 

an emission wavelength of 

495 nm. 

  In B, the procedure was 

identical to A except stignia-

sterol replaced cholesterol. 

 In C, the procedure was 

identical to A except pima-

ricin (11.4 nmoles) replaced 

filipin and the measurements 

were made at 308 nm (ex-

citation) and 405 nm (emis-

sion). 

 In D, the procedure was 

identical to C except stignma-

sterol was substituted for 

cholesterol.
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Fig. 4. Spectra of filipin and pimaricin in the presence of cholesterol and deoxycholate . 
     In A, filipin (11.4 nmoles) was mixed with (solid line) 11 .4 nmoles of pimaricin or with (dashed 

   line) 11.4 nmoles of pimaricin in the presence of 6 .5 nmoles of cholesterol in a final volume of 3 nil 
   of cistilled water. The samples were incubated for 2 hours at 37'C and allowed to cool to room tem-

   perature before measurements were made. The excitation spectra of filipin were monitored at 495 nm. 
     In B, pimaricin (11.4 nmoles) was mixed with (solid line) 11.4 nmoles of amphotericin B or with 

   (dashed line) 11.4 nmoles of amphotericin B in the presence of 6.5 nmoles of cholesterol in the final 

   volume of 3 nil of distilled water. The samples were incubated for 2 hours at 37°C and allowed to 

   cool to room temperature before absorbance spectra were taken . 
     In C, pimaricin (11.4 nmoles) was mixed with (solid line) 15 mtvt Na deoxycholate or with (dashed line) 

   11.4 nmoles of amphotericin B plus 6.5 nmoles of cholesterol . The final volume was 3 nil in distilled 
   water. The samples were incubated for 2 hours at 37°C and allowed to cool to room temperature . 
   The excitation spectra of these mixtures were monitored at an emission of 405 nm .
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filipin or pimaricin to stigmasterol or cholesterol is 1: 1 - certainly not 2 or 3 or 0.5. 

                           Spectral Evidence for Binding 

    As stated above, another possibility would be that with the conditions used, the fluorescence 

changes were due to other factors other than binding to sterols. We therefore attempted to determine 

if the changes in fluorescence (or absorbance for pimaricin) were those that would be expected for 

interactions with the sterols. These data are shown in Fig. 4. As shown in Fig. 4A, the filipin was 

binding to cholesterol (the dashed lines) in the presence of pimaricin. The change in spectra is the 

change expected for binding to sterols"''. In this experiment, the solutions contained 3.8 ,um pimaricin, 

3.8 /tM filipin, and 2.2 ,uM cholesterol. The solid line is the spectra for filipin in the absence of cho-

lesterol but in the presence of pimaricin. This is a normal spectrum for filipin. 

   The results in Figs. 2C and 2D indicated that amphotericin B was competing very effectively with 

pimaricin for cholesterol. Therefore, the spectral properties of pimaricin with these experimental con-

ditions were determined. The absorbance spectra of pimaricin in the presence of amphotericin B 

(solid line) and in the presence of amphotericin B and cholesterol (dashed line) are given in Fig. 4B. 

These spectra are similar, if not identical, to spectra that would be obtained if amphotericin B were not 

present. We previously reported that pimaricin exhibits increases in fluorescence due to binding to 

micelles such as lauryl sulfate; however, this was attributed to nonspecific binding"'. This nonspecific 

binding can be distinguished by changes in the excitation spectra of pimaricin. Therefore, these experi-

ments were repeated. Pimaricin was mixed with deoxycholate or with amphotericin B and cholesterol, 

and the excitation spectra was determined. Such an experiment is given in Fig. 4C. The solid line 

indicates the excitation spectra of pimaricin in the presence of deoxycholate, while the dashed line 

gives the excitation spectra of pimaricin in the presence of amphotericin B and cholesterol. The 

interactions are different. 

                         Light Scattering of the Complexes 

   Figs. 1 and 2 indicated that both filipin and pimaricin are interacting with sterols to a greater extent 

than is possible for a 1: 1 binding in which the binding to sterol by one polyene in a 1: 1 complex 

excludes the binding of the second polyene. If aggregates are formed in which the ratio of polyene 

antibiotics to sterol is variable, they might be large and detectable by light scattering. We therefore 

investigated the light scattering properties of different polyene antibiotic sterol mixtures using condi-

tions similar to those used for Figs. 1 and 2. The data (not shown) indicate that the order of addition 

of components had some effect, but these effects were not large. The data show that large aggregates 

were not formed. For example, the filipin-cholesterol complex was the same size as the filipin com-

plex, and the filipin plus pimaricin plus cholesterol complex is only slightly larger than the filipin choles-
terol complex. With these experimental conditions, the filipin had interacted with the cholesterol 

as indicated by a 53 % decrease in CO, and the pimaricin had interacted with the cholesterol by the 

80% of maximum change in CO; yet the light-scattering properties of the ternary mixture were very 

similar to that of controls. Similar results were obtained when the cholesterol was replaced by stigma-

sterol and the experiments repeated (data also not shown). These light-scattering measurements were 

performed as described previously'"). 

                                   Discussion 

   The results indicate that the relative affinities of various polyene antibiotics for cholesterol are:
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filipin > amphotericin B > pimaricin > nystatin; and the relative affinities for stigmasterol are: filipin > 

pimaricin ;> amphotericin B > nystatin. The relative affinities for cholesterol are in agreement with the 
effectiveness of interaction of polyenes for erythrocytes', 11 

   In these competition experiments, it is not apparent why the amphotericin B did not continue 
to compete with pimaricin for cholesterol or stigmasterol after the concentration of amphotericin B 
exceeds I /bM (see Figs. 2C and 2D). It could be due to the low solubility of amphotericin B in dis-
tilled water. 
   The data show that the stoichiometry of filipin for stigmasterol and cholesterol, and the stoichio-

metry of pimaricin for stigmasterol or cholesterol is 1: 1 in dilute (fuM) aqueous solution. However, 
the results also indicate that the stoichiometry of amphotericin B for cholesterol or for stigma-
sterol may be less than 1 : 1. This conclusion is derived from the fact that in Figs. 2C and 2D, the 
initial addition of amphotericin B reduced the fluorescence of the pimaricin-sterol complex to an 
extent greater than that expected if one sterol molecule was removed per molecule of amphotericin B 
added to the solution; i.e., addition of 1.1 nmole of amphotericin B appeared to remove approxi-
mately 2.5 nmoles cholesterol (Fig. 2C) or 2 nmoles stigmasterol from the 11.4 nmoles pimaricin. 
Thus the ratio of cholesterol or stigmasterol to amphotericin B appear to be greater than 1 : 1. 
Such ratios have been suggested by others". 
   The experiments herein were designed to ensure that the concentration of the polyene antibiotic 
would be greater than the concentration of sterol; so when a second polyene antibiotic was added, 
excess sterol would not be present. With these conditions competition between the polyene antibiotics 
for the sterols should be maximum, and hence changes in fluorescence properties might be proportional 
to changes in relative amount of sterols bound. The spectral properties of the polyene antibiotics (Figs. 
4A, B, and C) showed that filipin in the presence of the other polyene antibiotics, and pimaricin in 
the presence of amphotericin B, formed the expected complexes with cholesterol and stigmasterol. 
However, the fluorescence data indicate that in the presence of limiting amounts of sterols, both 

pimaricin and filipin bind to cholesterol to an extent that if the interaction is exclusive and is 1: 1, 
more sterol would have to be present in the solutions than had been actually added. The cholesterol 
concentrations were checked rigorously to ensure that they were indeed correct. This was done by 
determining the cholesterol concentration with a cholesterol oxidase method (details of the method 
submitted for publication) and by checking our cholesterol concentrations against those of an independ-
ent investigator. The polyene antibiotic concentrations were also rigorously checked using published 
absorbance spectra. Thus the data indicate that both pimaricin and filipin can interact with cholesterol 
and stigmasterol when the concentration of cholesterol is limiting. The interaction seems to be such 
that both antibiotics must be binding to the same sterol molecule. If both polyene antibiotics required 
a 3-/f hydroxyl group and the 17-alkyl side chain, then binding to the same sterol molecule would seem 
unlikely. Yet formation of a ternary complex seems to be a logical explanation. The data in Figs. 
3C and 3D indicate that after pimaricin interacts with cholesterol or stigmasterol in a 1 : 1 ratio, it 
continues to bind additional sterols (note the continued increase in CO). 

   Although the light scattering data indicate large aggregates or large ordered structures were not 
formed in the dilute solutions used in these experiments, formation of moderately large complexes with 
variable stoichiometries could not be eliminated. However, nonspecific binding of pimaricin to organiz-
ed structures seems unlikely since the spectral properties are those of pimaricin and/or filipin bound 
to sterols and not those of the polyene bound to a micelle such as previously shown for sodium deoxy-
cholate15> 
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