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The amphotericin B-deoxycholate (AB-DOC) system (1:2, mole basis) was studied with regard to its organizational 
properties making use of spin label ESR spectra. The spectra of a fatty acid spin label intercalated in AB-DOC 
preparations revealed two components, one strongly (S) and one weakly (W) immobilized. Spectral subtractions 
indicated that S corresponds to label in mixed AB-DOC aggregates while W is due to label in deoxycholate micelles. 
This situation, coexistence of different aggregates, is similar to that found in systems consisting of bile salts and 
plmsplmlipids. 'fhe D O C / A B  mole ratio in the mixed aggregate is highest when pure DOC micelles are present. 
Dilution leads to disal~marance of the latter and to continuous loss of DOC from AB-DOC accompanied by an increase 
in size and decrease in solubility of the aggregates, as verified by filtration and centrifugation experiments. The results 
indicate that AB-DOC systems are polydisperse. Since amphotericin B preparations having different organizational 
properties display different toxic and therapeutic effects, the study of amphotericin B aggregates should help in 
understanding these phenomena at a molecular level. 

Introduction 

The polycnic antibiotic amphotericin B (AB) is largely 
used in the treatment of mycotic infections. It acts at 
the membrane level, altering cell permeability. Although 
a large amount of work has been done, the molecular 
basis for the mechanism of action of amphotericin B is 
still unclear [1]. 

Due to its very low water solubility (10 -7 M), a 
preparation containing deoxycholate (DOC) is used in 
order to solubilize the antibiotic (AB/DOC, 1:2 on a 
molar basis, Fungizon, [2]). Little is known about the 
organization of this system at a molecular level. Aggre- 
gation phenomena in this preparation have been studied 
by Rinnert et al. [3] using light-scattering measurements 
of ethanol-water systems. The optical absorption and 

Abbreviations: AB, amphotericin B; DOC, sodium deoxycholate; CD, 
circular dichroism; ESR, electron spin resonance; 5-SASL, 2-(3- 
carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazolidinyloxy; ASL, 17~- 
hydroxy-4',4'-dimethyl spiro(5 a-androstane-3,2'-oxazolidin)-3'-yloxy. 

Correspondence: S. Schreier, Department of Biochemistry, Institute 
of Chemistry. Universidade de S~o Paulo, C.P. 20780, CEP 01498, 
S[o Paulo, Brazil. 

CD spectra of AB-DOC obtained by Rinnert et al. [3] 
and Ernst et al. [4] were analysed by Hemenger et al. 
[5], who proposed a helical arrangement for the aggre- 
gates. 

The use of bile salts to solubilize poorly soluble 
molecules ts a common procedure [6,7]. it has been 
widely shown that in systems containing bile salts and 
phospholipids [7-11], there are regions of the phase 
diagram that correspond to the coexistence of mixed 
micelles and pure detergent micelles. A theoretical model 
for this phenomenon has been presented [12]. 

Previous work has compared the therapeutic and 
toxic effects of the deoxycholate preparation with those 
of amphotericin B crystals [13,14] and of its methyl 
ester [15,16]; different crystals of other antibiotics have 
also been studied with regard to differences in toxicity 
and therapeutic effects [17,18]. In addition, recent data 
on the use of phospholipids [19-23], as carriers for 
amphotericin B have shown that toxicity is greatly 
decreased, suggesting that the nature of aggregation 
affects the toxicity. No definitive explanation is availa- 
ble at present for the different behavior of these pre- 
parations. 

Here we present a study of the orgardzational proper- 
ties of AB-DOC systems, making use of ESR spec- 
troscopy of an intercalated fatty acid spin probe. 
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Materials and Methods 

Fungizone and crystalline amphotericin B (type I) 
were provided by Squibb Industria Quimica S.A., S~o 
Paulo, Brazil, and were stored at 5°C and - 1 5 ° C ,  
respectively, in the dark. 5-SASL, its methyl ester, ASL, 
and DOC were purchased from Sigma Chemical Co. All 
reagents were analytical grade. Doubly distilled de- 
ionized water was used throughout. 

Amphotericin B suspensions were prepared im- 
mediately before use. A concentrated suspension (10 -2 
M AB) of Fungizone was prepared by adding NaCI to 
the powder (which already contains sodium phosphates) 
to obtain a NaCI-37 mM phosphate buffer, 300 mosM. 
Whenever needed, the pH was adjusted to 7.4. The 
sample was vortexed for 5 rain. Dilutions were done by 
addition of NaCI-37 mM phosphate (pH 7.4), 300 mosM. 
DOC samples were prepared in the same buffer system. 

Amphoteriein B suspensions (5.10 -2 M, without 
DOC) were freshly prepared by dissolving crystalline 
AB in DMSO and diluting to the desired concentration 
with 300 mosM NaCI-37 mM phosphate buffer (pH 7.4) 
to a final DMSO concent:ation of 0.2% (v/v). 

Stock solutions of spin labels were prepared in 
CHCI 3, and kept at - 15°C. The desired amount of 
label (1% in moles of amphotericin B, when AB was 
present, or DOC, in pure DOC preparations) was dried 
by a stream of nitrogen and kept under vacuum for 2 h. 
The aqueous preparations (Fungizone, amphotericin B, 
or DOC) were added, and the sample vortexed for 5 
min. 

Amphotericin B concentration was determined by 
measuring the absorbance of samples diluted with 
DMSO at 415 nm ( e =  13-104 M -1 -cm- l ) .  

For filtrations, GSWPO 1300 Millipore filters were 
used. Centrifugations were done in a Sorvall H-1000 
centrifuge, at 1000 × g for 30 rain. ESR spcgtra were 
obtained with either Varian E-4 or E-9, X-band spec- 
trometers, at room temperature (22 =I=2oc), unless 
otherwise stated. Flat quartz cells for aqueoos solutions 
came from James Scanlon, Costa .~.esa, CA. Optical 
absorption spectra were obtained wit, a DMR-10 Zeiss 
spectrophotometer. 

Results 

The spin probe 5-SASL was chosen since it seems to 
be able to intercalate in a non-specific maflner in the 
various aggregates examined in the present work. This is 
in contrast with the behaviour of its methyl ester which 
is not incorporated at all~ and with that of ASL which, 
by virtue of its steroid structure, i tanains always bound 
to amphotericin B, yielding spectra due to a strongly 
immobilized probe in all cases (results not sllown). 

The ESR spectra obtained for 5-SASL i,q the pres- 
ence of AB-DOC display two components: one corre- 
sponding to a strongly immobilized population (Fig. la, 
S) and another due to a weakly immobilized population 
(Fig. la, W). 

Fig. 1 (a-c) shows that, as the preparatiorJ is diluted, 
there is a gradual loss of W. At 1.0 mM amphotericin B, 
onl~ S is present (Fig. lc). Computer subtractions of a 
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Fig. 1. ESR spectra of 5-SASL in AB-DOC (a-c) and DOC (e-f) systems (see Materials and Methods): (a) 5.0; (b) 1.6; (c) 1.2 mM Ai~; (d) 6 0; (e) 
2.0; (f) 1,0 mM DOC, S and W indicate the low-field components of the spectra due to strongly and weakly immobilized label populations, 

respectively. The dotted line in d corresponds to the spectrum obtained by subtracting le from la (for details, see text). 



TABLE I 

Quantitative analysis of  the AB.DOC system as a function of dilution 

lAB] Total ~W [miccllar + [DOC DOC/AB 
(raM) IDOC] (+  5) monomeric in the mixed mol ratio in 

(mM) DOC] aggregate] the mixed 
(raM) (raM) aggregates 

10.0 20.0 50 6.0 14.0 1.4 
5.0 10.0 50 3.0 7.0 1.4 
3.0 6.0 40 1.8 4.2 1.4 
2.0 4.0 25 1.5 2.5 1.2 
1.8 3.6 17 1.5 2.1 1.2 
1.6 3.2 11 1.4 1.8 1.1 
1.4 2.8 4 1~2 1.6 1.1 
1.2 2.4 3 1.2 1.2 1.0 
1.0 2.0 0 1.0 1.0 1.0 

spectrum of AB-DOC containing 1.0 mM amphotericin 
B at 24°C (to obtain the same preparation between the 
outer extrema as that in Fig. la, 62.5 G) show that for 
5.0 and 10.0 mM antibiotic, S and W contribute 50% 
each to the total spectrum (Table I); upon dilution, S 
increases at the expense of W (Table I). 

In similar studies with pure D o e ,  a single spectrum 
due to weakly immobilized label in detergent micelles is 
observed for the hir+,hest D o e  co.ncentrations (3-6 mM, 
Fig. ld). As the preparation is diluted, a composite 
spectrum is observed c~rre+~ponding to label in DOC 
mie,¢ll~ and fre¢ in solution (Fig. le), in~cating that 
5-SASL partitions between both phases. The compo- 
nent due t o  5-SASI in mieellar DOC gradually disap- 
pears and no more micelles are detected at 1.0 mM 
IX)C; spectrum If  corresponds to label exclusively in 
the aqueous phase. Different amounts of spectrum I f 
were subtracted from spectra for the higher DOC con- 
centrations to yield the percentage of micelle-bound 
5-SASL in each case (Fig. 2). The concentration range 
in this study is in good agreement with cmc values 
reported for DOC under similar conditions [24,25]. 

The spectrum of 5-SASL in pure DOC micelles (Fig. 
ld) was compared to that obtained by subtracting pure 
S (as described above) from the composite spectr,,lm in 
Fig. la. The resulting lineshape (Fig. ld, dotted line) 
shows that the match between the two spectra is excel- 
lent, indicating that in Fig. la, W corresponds to DOC 
micelles. 

In order to check whether S corresponds to mixed 
AB-DOC aggregates or to pure amphotericin B, we 
compared S with spectra of 5-SASL in aggregates formed 
by the antibiotic in the absence of detergent. Pure 
ampl'.otericin B aggregates gave rise to spectra similar to 
that in Fig. lc. However, the separation measured for 
the outer extrema (A,,)  in Fig. lc was 63.5 G while that 
for pure amphotericin B was 66.5 G. This result sug- 
gests that spectrum S corresponds to aggregates con- 
taining both AB and DOC and that these aggregates 

209 

provide a more mobile environment for the spin probe. 
That this is the case rather than a lower polarity effect 
wan evinced by mea:urements at - ! 4 0 ° C ,  which 
yielded 68.5 G for the mixed aggregate while ampho- 
tericin B alone gave 67.0 G. 

In addition, optical absorption spectra of ampho- 
tericin B in the two preparations at 10 ̀ `4 M antibiotic 
are also indicative of differer, ces between pure ampho- 
tericin B and AB-DOC systems [26]. 

Therefore, the antibiotic-bile salt preparations con- 
sist of mixed aggregates in equilibrium with pure DOC 
micelles. 

Filtration and cent:ifagation experiments were per- 
formed in order to evaluate the dimensions of the 
AB-DOC aggregates as a function of concentration. 
ESR spectra were obtained before and after filtration 
through a 220 nm filter. It was found that the two-com- 
ponent spectrum at 5.0 mM amphotericin B is totally 
recovered, whereas the strongly immobilized component 
is essentially lost at 2.0 mM amphotericin B, and the 
single spectrum due to the strongly immobilized label is 
completely lost at 1.0 mM amphotericin R (Fig. 3). 

it is noteworthy that although spectra indicative of a 
high degree of immobilization are observed for all con- 
centrations, the additional filtration procedure demon- 
strates that they correspond to aggregates of a diffeTent 
size. 

Spectrophotometric determinations of amphotericin 
B in filtrates were in agreement with the above results 
showing approx. 100% and 0% recovery for 5.0 mM and 
1.0 mM amphotericin B, respectively. 2.0 mM ampho- 
tericin B samples, however, yielded very mattered re- 
sults ranging from 20 to 60+~ recovery. 

~e~ i t t 
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Fig. 2. Calculated percentage of micell¢-bound 5-SASL as a function 
of DOC concentration (O). The values were obtained by subtraction 
of the sp¢ctrum m Fig. I f from those for higher DOC concentrations. 
The other curves correspond to the behaviour of 5-SASL in DOC 
micelles present in AB-DOC mixtures assuming fixed DOC/AB 
molar ratios in the whole range of AB concentrations: A, 1.4; ,% 1.2; 

&, 1.0. For details, s¢¢ the Discussion. 
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Fig. 3. ESR spectra of 5 - l A S t  in AB-DOC preparations containing 
5.0 (top), 2.0 (middle) and 1.0 mM (bottom) amphotericin B, before 
and after f;ltration through 220 nm filters. For experimental details, 

see Materials and Methods. 

The centrifugation experiments were in good agree- 
ment with the ESR plus filtration data, yielding 93 ± 5, 
41 ± 5, 16 ± 3, 2 + 1 and l + 1% amphotericin B re- 
covery for 5.0, 3.0, 2.0, 1.0, and 0.5 mM amphotericin B, 
respectively (averages of four experiments). 

Discussion 

The information concerning the organization of 
ampbo, ericin B or amphoiericin B-deoxycholate aggre- 
gates is very scarce [3-5,27]. 

Rinnert et al. [3] have analysed the organizational 
properties of AB-DOC system~ by light scattering and 
concluded that the amphotericm B particle was 600 A 
(2000 AB molecules) in size, This is a smaller size than 
found in our studies but it refers to solvent systems at 
lower ionic strength and containing ethanol, which may 
have led to smaller particles. No mention is made of the 
presence of DOC in the aggregates. Co.~]sidering that 
DOC micelles might disappear even faster in these 
systems, and that the study was done at a maximum 
amphotericin B conctntration of 10 -4 M, little DOC 
may have actually remained in the aggregates. This 
would validate the helical model proposed by Hemenger 

et a!. [5] for aggregated amphotericin B which does_ not 
take into account the presence of DOC molecules. 

Our results, show that the AB-DOC system consists 
of AB-DOC aggregates coexisting with pure DOC 
micelles. The spectra of 5-SASL in this system display 
two components (Fig. In): S, corresponding to a strongly 
immobilized population (AB-DOC aggregates) and W, 
due to a weakly immobilized population (DOC micelles). 

Upon dilution, the spectra indicate that the DOC 
micelles disappear. The ESR data, in conjunction with 
the filtra'ion (Fig. 3) and centrifugation results, indicate 
that the disappearance of DOC micelles is concomitant 
with an increase in the dimensions and decrease in 
solubility of the AB-DOC aggregates. The system is 
polydispe;se and consists of particles of the order of 
thousands of angstroms. The results are in quantitative 
agreement with the study describing the preparation of 
Fungizone [2] where it was found that DOC concentra- 
tions below 1.5 mg/ml (3.6 raM) are unable to solubi- 
lize amphotericin B. 

Quasi-elastic light scattering data (Lamy-Freund, 
M.T., Schreier, S., Pdtzsch, R. and Reed, W.F., unpub- 
lished data) fully support the above pl?.ture. 

Table I shows that for the highest a_mphotc.,icin B 
concentrations (between 5.0 and 10.0 mM), the spectra 
correspond to 50% strongly immobilized and 50% weakly 
immobilized spin label populations. Upon dilution, the 
decrease in the percentage of W indicates ttte disap- 
pearance of micellar DOC. In contrast to the pure DOC 
system (Fig. ld-f) ,  where the spin probe pertitioned 
between the micelles and the aqueous phase, in the 
AB-DOC system the label lost by the disappearing 
DOC micelles is incorporated in the remaining AB-DOC 
aggregates, as indicated by the absence of an aqueous 
peak and by the increasing conversion of W into S. 

The composition of the AB-DOC aggregates and the 
amount of monomeric and micellar DOC were calcu- 
lated based on a model that takes into account the 
above spectral behavior and on the assumption that the 
DOC micelles in the composite system behave in a 
similar way to that in pure detergent (Fig. 2). 

For the highest amphotericin B concentrations (5.0 
and 10.0 raM), W is constant (50~ Table I). This would 
correspond to 100% micelle-bound 5-SASL in pure DOC 
(100~ in the ordinate of Fig. 2). Then, the other values 
of W (40%, 25%, 17%, and so on) correspond to lower 
percentages of micelle-bound 5-SASL (80%, 50%, 34%, 
respectively). 

Fig, 2 can be used to obtain the concentrations of 
micellar + monomeric DOC as a function of dilution, 
i.e., by using the translated percentages as the ordinates 
and assuming that the experimental curve holds for the 
composite system. In Table I, these concentrations are 
given in the fourth column. The concentrations of DOC 
in the mixed aggregates (fifth column) were calculated 
by subtraction of the fourth column from the total 



DOC concentratior. (second column). This analysis 
shows that the disappearance of micellar DOC leads to 
a decrease of the DOC/AB mole ratio in the aggregate 
(last column). 

The analysis can be done without uncertainty for 1.2 
through to 3.0 mM amphotericin B. For 5.0 and 10.0 
mM amphoterk.m B the following considerations were 
made: Fig. 2 shows that 3.0 mM is the lowest co,a- 
centration before DOC miceiles start disappearing. 
Thus, 3.0 mM was taken as the concentration of micel- 
lax + monomeric DOC in 5,0 mM amphotericin B, which 
leaves 7.0 mM DOC in the mixed aggregate (therefore, 
1.4 DOC/AB molar ratio). Since the percentage of W 
remains constant at amphotericin B concentrations >~ 5.0 
raM, this would indicate that the DOC/AB ratio also 
remains constant, i.e., the composition of the mixed 
aggregate is unaltered above 5,0 mM amphotericin B. 

When the percentage of W is 0 we estimate a 
DOC/AB mole ratio of 1.0 (Table I). This is the lowest 
possible value consistent with the absence of micellar 
DOC (see Fig. 2). On the other hand, a higher value 
would not be in line with the steady decrease of the 
DOC/AB mole ratio upon dilution. 

It is worth noticing that it would not be possible to 
reproduce the behavior of micellar DOC if the DOC/AB 
mole ratio were constant throughout dilution. Constant 
ratios would lead to the simulated curves in Fig. 2. 

The AB/DOC mole ratios in Table l are model-de- 
pendent. The qualitative conclusion, however, i.e., that 
the DOC/AB mole ratio decreases upon dilution is 
granted by the experimental results which indicate that 
the aggregates become larger and less soluble most 
likely due to the loss of the solubilizing agent. 

Thus, micellar DOC serves as a pool of the detergent 
to keep the mixed aggregate unaltered (and solul~le) 
according to the following scheme: 

A B  : D ( ~  ~ DOCmonome ~ -~- DOCnu~euar 

and the disappearance of the micelles leads to the 
continuous loss of DOC from the mixed aggregate. 

Our analysis indicates that aggregates containing 
amphotericin B retain DOC down to the lowest con- 
centrations examined. This conclusion is supported by 
the different spectra of 5-SASL in AB-DOC and in pure 
arnphotericin B. The spin labeling technique did not 
allow working at micromolar amphotericin B concentra- 
tions such as found in the circulation [28]. It is con- 
ceivable that less DOC remains in micromolar ampho- 
tericin B, as suggested by the different distribution of 
DOC and amphotericin B in the body of experimental 
animals I29]. 

Bile salts have been extensively studied with respect 
to their abifity to solubilize phospholipids. Except for a 
few disagreeing reports [30,311, the data have been 

~. 
analysed m terms of the occurrence of a region in the 
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phase diagrams of these systems where mixed micelles 
coexist with pure bile salt micelles [7-12]. In the present 
study it is found that this property is extensive to other 
solutes. 

Biological implications. Amphotericin B has very 
serious toxic effects. Its toxicity a~,d that of other poly- 
ene antibiotics seem to depend on the nature of aggre 
gation. Thus, differences in therapeutic efficiency and 
toxicity have been found between different amphoteri- 
cin B crystals [14], between crystalline amphotericin B 
and AB-DOC [13,14], and between AB-DOC and AB's 
methyl ester [15,16]. In addition, administration of 
amphoteri~;in B in conjunction with lipoproteins re- 
ndered the preparation more toxic [32]. Recent use of 
phospholipids as carriers of amphotericin B [19-23] has 
shown that these preparations are considerably less 
toxic than AB-DOC. Although a definitive explanation 
for these differences is presently not available, the na- 
ture of the aggregates might play a role. 

Another aspect concerns the hypothesis that au- 
toxidation of AB might lead to lipid peroxidation 
processes which would, then, be involved in the mecha- 
nism of action of the antibiotic [33,34]. Work from this 
laboratory has s,lown that amphotericin B undergoes 
autoxidation [35]. M3,e recently we have found that the 
kinetics of autoxidation depends on the aggregatkm of 
amphotericin B (Lamy-Freund, Ferreira, Faljoni-At~rio 
and Schreier, in preparation). 

A final point refers to the fact that in the circulation 
amphotericin B is transported by serum proteins (:~.po- 
proteins and albumin) [~8,36.37]. Nevertheless, as dis- 
cussed above, the history of the preparation clearly 
plays a role in its toxic properties. Thus, the equilibria 
between different aggregates and serum proteins and 
the kinetics of these processes have to be analysed in 
order to obtain a deeper insight into the mechanism of 
action and toxicity of amphotericin B. 
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