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A review of the recent work from the Molecular Biophysics Laboratory, at the Institute of Chemis-
try, University of Sao Paulo, on the polyene antibiotic amphotericin B (AB) is presented. The studies
focus on aggregation and autoxidation properties of the antibiotic. Aggregates were characterized
making use of spectroscopic techniques such as electronic absorption, circular dichroism (CD), elec-
tron spin resonance (ESR) and quasielastic light scattering (QELS). Autoxidation was monitored by
ESR (nitroxide spin label signal loss and spin adduct formation), and by oxygen consumption. AB
aggregates formed in DMSO-containing buffer, as well as by complexation with borax, and in the
presence of deoxycholate (DOC), were investigated. AB:DOC systems (1:2, molar basis) were found
to be polydisperse and unstable. Above the DOC critical micelle concentration (cmc), large mixed
AB:DOC aggregates (~5x10° Da) coexist with pure DOC micelles. The AB:DOC molar ratio and the
micellar DOC concentration vary with concentration. Below the DOC cmc, pure DOC micelles disap-
pear and the mixed aggregates lose DOC, becoming larger and less soluble. The autoxidation process
takes place via a radical mechanism and the kinetics depend on the state of AB aggregation. The
understanding of these processes should help in the design of more effective and less toxic AB prepa-
rations.
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INTRODUCTION

The polyene antibiotic amphotericin B (AB) is widely used
in the treatment of systemic mycotic infections. Its use has
increased in the past decade due to the rise in the number of
immunosupressed patients (especially due to AIDS, leukemia
and transplants). AB is very toxic, a major effect being neph-
rotoxicity.

AB is a polyenic macrocycle containing seven conjugated
double bonds (Figure 1). Due to its hydrophobicity and zwit-
terionic character, AB is very poorly soluble in aqueous me-
dium (ca. 107 M). In view of this low solubility, AB is cur-
rently administered intravenously in the form of a deoxy-
cholate(DOC) complex (1:2, mole:mole, AB:DOC, Fungizone)

AB acts at the membrane levell3. The antibiotic has been
proposed to interact with sterols (showing a preference for
ergosterol, present in fungi, over cholesterol, present in mam-
malian hosts), leading to pore formation and increased cell
permeability!-3, Studies with model lipid membranes have
provided evidence for this mechanism*®7. Nevertheless, mem-
brane permeability also increased upon addition of AB to
phospholipids, in the absence of sterols”1?, More recent re-
search has suggested the involvement of oxidative processes
in AB’s mechanism of action!}12,

In an attempt to decrease AB’s toxic effects, research has
been carried out on carriers other than DOC. A large amount
of work has been done with phospholipid bilayers and other
phospholipid aggregates!3-16. Some of these preparations have
been used in clinical trials!”-!%. Lipoproteins?® and emul-
sions2!-23 have also been tested. A recent paper describes the
use of triglyceride-rich emulsions?®. The rationale for the
choice of the latter system is based on the ability of these
emulsions to bind the apoproteins from endogenous lipopro-
teins in the circulation; as a result, these particles behave
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Figure 1. Structures of amphotericin B, 5-doxyl stearic acid,

TEMPOL (2,2,6,6-tetramethyl-4-hydroxyl-1-oxyl piperidine), and PBN
(phenyl-t-butyl nitrone).
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metabolically like native lipoproteins and their contents are
internalized via cell surface receptors?s.

It is worthwhile noticing that, in spite of its hydrophobic-
ity, AB does not partition into lipid bilayers to a very large
extent when added from the aqueous phase26. This is due to
the very low solubility of the antibiotic in water, which im-
poses membrane saturation at low AB concentration in the
membrane. Preparations where higher AB:phospholipid molar
ratios have been achieved, were obtained by mixing the com-
ponents prior to bilayer formationl6:26.27, This variable behav-
ior points at the metastability of such systems. Such metasta-
bility is also a consequence of AB’s low water solubility
which, ultimately, tends to lead to precipitation. Indeed, Lamy-
Freund et al?® have observed that AB:DOC preparations sepa-
rate out into precipitated AB and DOC in the aqueous phase
upon standing for several days.

Clearly, the understanding at a molecular level, of AB’s
aggregation properties and of its interaction with different
carriers should provide useful information for the design of
less toxic, specifically targeted preparations.

Our laboratory has been engaged in the study of the
AB:DOC system making use of spin labeling electron spin
resonance (ESR), electronic absorption, circular dichroism
(CD), and quasielastic light scattering (QELS) measurements.

In addition, using spin labels, spin traps, and measurements
of oxygen consumption, we have examined the autoxidation
of AB, as well as the influence of its aggregation properties
on this process.

SPIN LABEL STUDIES OF AGGREGATION
PROPERTIES OF THE AB:DOC SYSTEM

When the spin label 5-doxyl stearate (Figure 1) is interca-
lated in AB:DOC, a two-component ESR spectrum is observed
(Figure 2a), one due to strongly immobilized (S) and another
due to weakly immobilized (W) probe. As the AB:DOC con-
centration decreases, W disappears (Figure 2c).

The ESR spectra of 5-doxyl stearate incorporated in pure
DOC micelles are those of a weakly immobilized probe (Fig-
ure 2d). As the DOC concentration decreases, a spectrum due
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to probe in the aqueous phase is observed (Figure 2e), and
finally, below DOC'’s critical micellar concentration (cmc),
only this latter spectrum, which is due to probe in the aqueous
phase, is seen (Figure 2f).

Spectral subtractions (spectrum 2c¢ minus spectrum 2a) in-
dicate that the weakly immobilized component in the two-
component spectra of AB:DOC corresponds to pure DOC
micelles (dashed line in Figure 2d). The percentages of W in
the spectra of 5-doxyl stearate for various AB:DOC concen-
trations are given in Table I.

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

[AB] Total %W [micellar + [DOC DOC/AB
(mM) [DOC] (£5) monomeric in the mixed molar ratio in
(mM) DOC] aggregate) the mixed
(mM) (mM) aggregates
10.0  20.0 50 6.0 14.0 1.4
5.0 10.0 50 3.0 7.0 14
3.0 6.0 40 1.8 42 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 32 11 1.4 1.8 11
14 2.8 4 1.2 1.6 1.1
1.2 24 3 1.2 1.2 1.0
1.0 2.0 0 1.0 1.0 1.0

In order to check whether the strongly immobilized com-
ponent was due to pure AB or to AB:DOC particles, spectrum
2c was compared to that obtained for 5-doxyl stearate in pure
AB. It was found that the separation between the outer ex-
trema in the latter spectrum is 66.5 G whereas it is 63.5 G for
AB:DOC, suggesting that, in this system, the strongly immo-
bilized component corresponds to particles that contain both

o
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Figure 2. ESR spectra of 5-doxyl stearate in AB:DOC (a-c) and DOC (e-f) systems: (a) 5.0; (b) 1.6; (c} 1.2 mM AB; (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 2¢ from 2a. NaCl-37 mM phosphate buffer, 300 mOsm, pH 7.4. From

ref. 29.

344

QUIMICA NOVA, 16(4) (1993)



the antibiotic and the bile salt.

Therefore, in the AB:DOC system, particles containing both
AB and DOC coexist with pure DOC micelles. As the prepa-
ration is diluted to concentrations below the cmc of the bile
salt, the micelles of pure DOC disappear, leading to the dis-
appearance of the weakly immobilized component (Figure 2c).
As a result, the AB:DOC mixed aggregates lose DOC and the
DOC/AB molar ratio decreases in these particles (a more de-
tailed discussion is presented in the next section). The loss of
the solubilizing agent leads to larger, less soluble particles, as
evinced by filtration, centrifugation and QELS experiments.

When preparations containing AB:DOC (at concentrations
ranging from 10 to 1 mM AB) and 5-doxyl stearate are fil-
tered and their ESR spectra taken, before and after filtration
through 200 nm filters, the two-component spectrum displayed
by the higher concentrations is recovered after filtration (Fig-
ure 3). For lower concentrations, the weakly immobilized
component disappears and the particles giving rise to the
strongly immobilized component are retained in the filters.
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Figure 3. ESR spectra of 5-doxyl stearate in AB:DOC preparations
containing 5.0 (top), 2.0 (middle) and 1.0 mM (bottom) amphotericin
B, before and after filtration through 220 nm filters. Experimental
conditions as in Figure 2. From ref. 29.

These results are corroborated by centrifugation experi-
ments. While large amounts of AB are recovered in the super-
natant at 5.0 and 3.0 mM AB (93 and 41%, respectively),
only small amounts are recovered at 2.0 and 1.0 mM AB (16
and 2%, respectively), clearly indicating an increase in par-
ticle size.

AB:DOC molar ratios in the mixed aggregates as a func-
tion of AB and DOC concentration were calculated making
use of the following assumptions: 1- the spin probe 5-doxyl
stearate partitions between the various aggregates showing no
preference for either AB:DOC or micellar DOC; 2- DOC mi-
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celles behave similarly in the presence and in the absence of
AB:DOC mixed aggregates; 3- when DOC micelles disappear,
the spin probe is incorporated in the mixed aggregates. Table
I presents the molar ratios in the AB:DOC aggregates as a
function of concentration. Although the values are model de-
pendent, the loss of bile salt upon dilution is clearly seen.

FURTHER CHARACTERIZATION AND TIME-
DEPENDENCE STUDIES OF AB:DOC AGGREGATES
BY QELS

Additional information about particle size and polydisper-
sity of the AB:DOC preparations was obtained from QELS
measurements?3. The latter also allowed the evaluation of the
effect of time on aggregate stability.

QELS experiments indicated that AB:DOC aggregates are
unstable, and that their size increases as a function of time.
The majority of the studies were done at low ionic strength,
since at high salt the rate of increase of particle size was too
fast to allow for accurate measurements. Average hydrody-
namic diameters, Dy, were calculated from measured diffu-
sion coefficients (D) making use of the Stokes-Einstein equation

Dy = kT/3 nD

where m is the viscosity.

Figure 4 shows that Dy is concentration and time- depen-
dent, the lower concentrations exhibiting larger size and faster
rate of increase of Dy
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Figure 4. Average hydrodynamic diameter of AB:DOC aggregates as
a function of time. 10.0 (X), 5.0 (D). and 2.9 () mM AB. 37 mM
phosphate buffer, pH 7.4. From ref. 28.

Figure 5 displays the initial rate of average hydrodynamic
diameter change as a function of AB concentration. The right
hand scale on the figure indicates the initial rate of Dy change
at high ionic strength.

Molecular weights were estimated for the AB:DOC aggre-
gates at several concentrations from the total scattered light at
several angles. The initial molecular weight for AB concen-
trations between 6 and 10 mM was 5x10% Da. These values
are in rough agreement with those obtained for AB:DOC in
hydroalcoholic solution3®,

On the basis of the ESR and QELS results, the AB:DOC
system can be envisioned in the following manner: at suffi-
ciently high DOC concentrations, the bile salt exists in the
following pseudo equilibria
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Figure 5. Initial rate of average hydrodynamic diameter change of
AB:DOC mixed aggregates as a function of DOC concentration for
no added salt ( B ; left hand scale) and in the presence of 83 mM
NaCl ( O ; right hand scale). 37 mM phosphate buffer, pH 7.4.
From ref. 28.

ABm:DOCn < > DOC & > DOCmicellar

The AB:DOC aggregates are unstable at any initial con-
centration (Figures 4 and 5). The source of instability is the
low AB solubility even in AB:DOC aggregates. DOC, on the
other hand, tends towards equilibrium in solution, partitioning
itself between monomeric, micellar, and mixed aggregate
phases. The m and n subscripts represent the proportion of
AB and DOC in mixed aggregates and vary as a function of
time and concentration. Upon dilution, the ESR results indi-
cate that the DOC micelles disappear. The disappearance of
the micelles is concomitant with the increase in dimensions
and decrease in solubility of the AB:DOC aggregates. The
results are in quantitative agreement with the observation that
DOC is unable to solubilize AB at concentrations below 3.6
mM?31, Thus, micellar DOC serves as a pool to keep the mixed
aggregate in a more soluble form. The disappearance of the
micelles leads to loss of DOC from the mixed aggregates.

The behavior of the AB:DOC system is analogous to that
found for bile salts-phospholipids systems32-34, In the latter
case, some regions of the phase diagram also reveal the coex-
istence of mixed aggregates and pure bile salt micelles.

At micromolar AB concentrations, as found in the circula-
tion, it is conceivable that less DOC remains in association
with the antibiotic, as suggested by the different distribution
of both compounds in the body of experimental animals?’,
Although significative amounts of AB have been found to be
bound to serum proteins36-38, clearly the state of AB aggrega-
tion3? as well as the interaction between the antibiotic and the
carrier system seem to play a role in its toxic properties. Thus,
the equilibria between AB in different preparations and serum
proteins and cell membranes, and the kinetics of these pro-
cesses have to be taken into account in the analysis of the
mechanism of action and toxicity of AB.

AB AUTOXIDATION: RADICAL FORMATION

AB’s seven conjugated double bonds render the molecule
prone to autoxidation processes. The spin label 2,2,6,6-
tetramethyl-N-oxyl piperidine (TEMPOL) and the spin trap
penyl-t-butylnitrone (PBN) (Figure 1) were employed to moni-
tor radical formation during AB autoxidation??. Loss of
TEMPOL ESR signal as a function of time in the presence of
AB was observed as a result of the reaction between the
formed radicals and the nitroxide moiety.

The signal decay depended both on AB (Figure 6) and
TEMPOL (Figure 7) concentrations. The kinetics did not fol-
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Figure 6. Effect of AB concentration on the kinetics of TEMPOL
ESR signal decay in 260 mOsm phosphate buffer - 10% DMSO, pH
74. TEMPOL =5 uM; AB (mM): (O) 1.0; (@®)25; ([0)50;
(W) 7.5, (A) 10.0. From ref. 40.
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Figure 7. Effect of TEMPOL concentration on the kinetics of
TEMPOL ESR signal decay in 260 mOsm phosphate buffer - 10%
DMSO, pH 74. AB = 5.0 mM. TEMPOL (uM): (O ) 25; (@) 10;
(A)7.5;(A)S5.0;,(0)2.5. From ref. 40.

low any simple rate equation. While the rate of signal decay
increased with AB concentration, the opposite was observed
for TEMPOL. This latter result is due to the fact that the rate-
determining step is the formation of radicals. Since these are
formed at a very low steady state concentration, it is easier to
detect them when they react with lower spin label concentra-
tions. Indeed, this may be the reason why previous attempts
to detect free radicals during polyene antibiotics autoxidation
were unsuccessful®l. On the other hand, free radicals were
measured by ESR and have been suggested to be involved in
the mechanism of inactivation of polyene antibiotics by
Bronov et al*2, in agreement with the early suggestion of
Beggs and coworkers, based on the protection of AB’s
antimycotic activity by antioxidants#3#4, In more recent work,
autoxidation has been proposed to play a role in the mecha-
nism of action of the antibiotic!-12,

QUIMICA NOVA, 16(4) {1993)



Free radical formation during AB autoxidation was also
monitored with the spin trap PBN. When AB dispersions were
prepared in aqueous media containing 10% DMSO (used to
dissolve the antibiotic prior to addition of water), the ESR
spectra of the spin adducts formed were those of two DMSO
radicals (Figure 8c). The hyperfine constants for those spectra
are given in Table II; they are very similar to those reported
by Saprin and Piette for carbon radicals originating from
DMSO%. Although this interpretation was questioned by
Janzen*$, it seems to apply to our system.

Figure 8. ESR spectra of PBN spin adducts. (a} AB:DOC. The arrows
indicate the broader sub-spectrum. (b) AB directly dispersed in
260 mOsm phosphate buffer, pH 7.4. (c) AB in 260 mOsm phosphate
buffer - 10% DMSO (viv), pH 7.4. Spectra were obtained after ca. 20
hours. AB = 10 mM, PBN = 0.1 M. From ref. 40.

Table II. Hyperfine splitting constants of PBN spin adducts.

System Spectrum aM (Gauss) aH (Gauss)
AB:DOC (Fig. 8a) 16.10 £ 0.10 3.50 £ 0.10
AB in phosphate A 15.05 £ 0.05  3.35 + 0.50
buffer - 10% DMSO
(Fig. 8¢) 15.102 3,422
B 16.40 £ 0.05 3.70 £ 0.05
16.462 3.60°

3 Taken from ref. 45.

In order to avoid the use of DMSO, AB:DOC was em-
ployed, yielding the composite spectra of Figure 8a. The hy-
perfine splittings for the narrower subspectrum (Table II) are
indicative of a carbon-centered radical. Hyperfine parameters
could not be measured for the broader spectrum, which is
probably also due to a carbon-centered radical, since the hy-
drogen hyperfine splitting seems to be similar to that of the
narrower spectrum. Both subspectra display differentially
broadened lines, indicative of moderately slow tumbling, sug-
gesting that the adducts are located in sites of restricted mobil-
ity. The data also suggest that the spin adducts do not corre-
spond to small, water soluble products of AB autoxidation,
since such fragments should give rise to narrow lines. These
results are in agreement with those of Rickards et al.%l, who
have found that the major products of the autoxidation of the
polyene antibiotics filipin and lagosin were their epoxides.

Attempts to obtain spin adduct spectra for AB directly dis-
persed in aqueous medium yielded the results in Figure 8b.
The spectrum is very similar to that in Figure 8a. The much
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lower concentration of spin adduct is due to the very low
extent of AB solubilization.

EFFECT OF AGGREGATION ON AB
AUTOXIDATION

The kinetics of AB autoxidation were found to depend on
the aggregation state of the antibiotic*?. The aggregates were
characterized by optical and CD spectroscopy, and by QELS.
Figure 9 presents the optical and CD spectra of monomeric
AB (in DMSO) and of AB aggregates in buffer-10% DMSO,
in buffer-10% DMSO-100 mM borax, and of AB:DOC.

The various aggregates display different spectra. In DMSO,
AB is monomeric. The optical spectrum is typical of the
heptaene chromofore, with a resolved vibronic structure. Ag-
gregation takes place for mixtures containing at least 40%
buffer, as indicated by a blue shift and concomitant disap-
pearance of the vibronic structure (Figure 9). The intense CD
spectra of AB aggregates indicates an organized asymmetric
structure. CD spectra of the antibiotic?® have been interpreted
in terms of a helical model#S.

Optical and CD spectra did not reveal differences between
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Figure 9. Optical absorption (bottom) and CD (top) spectra of
0.1 mM AB: monomeric in DMSO (-.-.-.-); in buffer-10% DMSO
{ ); in buffer-10% DMSO-100 mM borax (----- ); AB:DOC (...).
Path length was 0.1 cm. The right-hand scale corresponds to
monomeric AB (bottom) and to AB:DOC (top and bottom). The CD
spectrum for monomeric AB is expanded by a factor of 10. From ref. 47.

two different forms of crystalline AB, type I and type II (the
former coming from additional purification steps of the lat-
ter), in buffer-10% DMSO. Nevertheless, QELS (Table III)
and filtration (Table IV) data indicate a difference in aggre-
gate size. Optical and CD spectra arise from the interaction
between a few molecules’®51, Thus, type I and type II AB
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Table III. QELS determination of equivalent hydrodynamic diameter (Dy), polydispersity (Q), and diffusion coefficients (D) of
type I and type IT AB aggregates and of their borax complexes in water-10% DMSO=*?

Medium AB type n¢ Dy, pm Q D x 1073,
em?/s
Water-10% DMSO I 15 0.901 £ 0.121 0.369 + 0.082 3.67 £ 0.73
1I 11 0.275 + 0.026 0.333 + 0.054 9.32 + 243
+ 1 mM Borax I 10 0.215 + 0.028 0.431 = 0.106 8.76 = 4.83
IT 9 0.197 £ 0.014 0.433 + 0.063 11.55 £ 3.34

a[AB] = 0.1 mM. PThe values are mean + standard error. °Number of experiments.

Table IV. Percentage of AB recovered after filtration through
membranes of different pore size®P.

Table VL. Time required for 30% oxygen consumption for
different AB preparationsa.

AB
Pore Size, um Type 1 Type 11
1.20 75 84
0.80 55 75
0.45 21 50
0.22 4 16
0.10 2 3

a[AB] = 0.1 mM in water-10% DMSO. *The values are the mean
average of three determinations, with a maximum deviation of 10%.

seem to form aggregates of different size, but with similar
microenvironments. It is worthwhile to notice that the borax
complexes’? of type I and type II AB have similar dimensions
(Table III).

While monomeric type I and type II AB underwent au-
toxidation at similar rates, their various aggregates displayed
different kinetics, as monitored by the loss of the TEMPOL
ESR signal (Table V) and by oxygen consumption (Table VI).
Since type I and type II AB originate from different stages of

Table V. Time required for loss of 30% TEMPOL ESR signal
for different AB preparations?.

Time (min) for:

Medium Type I AB Type 11 AB
Buffer-10% DMSO 18 £2 (11) 384 (11)
Buffer-10% DMSO 35+ 5(5) 38+5(5)
+ 100 mM borax
Buffer-10% DMSO 26 + 1(2) 46 £ 1 (2)
+ 0.1 mM desferrioxamine
Pure DMSO 95 + 6 (5) 98 +4 (5)

[AB] = 5 mM; {Tempol] = 5 uM; the values are mean * standard
error; the number of experiments is given in parentheses.

purification, their different behavior could arise from impuri-
ties that might influence radical formation rather than from
different aggregation. To check for spurious metal ion cataly-
sis, two chelating agents were used, diethylenetriamine
pentaacetic acid (DTPA) and desferrioxamine3334, DTPA,
which chelates transition metal ions nonspecifically’s, had no
effect on the kinetics of the TEMPOL signal loss. However,
because the DTPA- iron complex also catalyses radical pro-
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Time (min) for:

Medium Type I AB Type I AB
Buffer-10% DMSO 40,48 100,120
Pure DMSO 92 90

[AB] = 5 mM.

cesses’5, desferrioxamine, whose iron complex is considered
not to act catalytically’, was also employed. Table V shows
that desferrioxamine inhibits radical formation by type I and
type II AB to a similar extent, but the TEMPOL signal loss
does not depend on the presence of metal ions (iron) to a
large extent, the difference between both types of AB being
maintained after the addition of desferrioxamine.

The borax complex of type I AB autoxidizes at a slower
rate than the parent compound in buffer (Table V), in agree-
ment with the differences in aggregation observed by elec-
tronic absorption and CD spectra (Figure 9) and by QELS
(Table III). It is worthwhile noticing that both type I and
type II AB borax complexes display similar autoxidation
rates, in agreement with the QELS data (Table III), suggest-
ing that both types give rise to similar aggregates upon com-
plexation.

Several interrelated factors, such as oxygen concentration,
metal ion content, reaction medium, and aggregation state
could influence the rate of AB autoxidation. The above re-
sults clearly indicate that aggregation plays a role in the
chemical reactivity of the antibiotic.

CONCLUSIONS

The use of spectroscopic techniques such as ESR, CD,
optical absorption, and QELS, has provided insight into ag-
gregation properties of systems containing the polyene antibi-
otic amphotericin B.

AB-deoxycholate preparations were found to be polydis-
perse, containing both AB:DOC mixed aggregates and pure
DOC micelles, above DOC’s cmc. The AB:DOC aggregates
are large particles whose initial molecular weight is of the
order of 5 x 10% Da at low ionic strength. Below the cmc of
DOC, the mixed aggregates lose the bile salt becoming larger
and less soluble. The aggregates are unstable at all concentra-
tions evidencing the tendency of AB to come out of solution
due to its low water solubility.

The understanding of the physiochemical basis of AB ag-
gregation and of the metastibily of its aggregates should be of
value in the design of less toxic AB preparations.

AB autoxidation was monitored by ESR (loss of nitroxide
signal and formation of spin adducts), providing evidence for
radical formation, and by oxygen consumption. The results

QUIMICA NOVA, 16(4) (1993)



indicated that aggregation also plays a role in this process,
different aggregates yielding different kinetics. Since autoxi-
dation has been implied in the mechanism of action and inac-
tivation of the antibiotic, information regarding the chemistry
of this process, as well as knowledge of the effects of AB self
or mixed aggregation upon its kinetics should contribute to
the development of more effective AB carriers.
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