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Abstract O We have previously studied the autoxidation of the polyene
antibiotic amphotericin B (AB). In this paper we describe the dependence
of the kinetics of autoxidation on the aggregation state of the antibiotic.
Autoxidation, which is involved in drug inactivation and has been
suggested to play a role in tha mechanism of drug action, was assessed
through the reaction of formed radicals with the spin iabel Tempol
(2,2,6,6-tetramethyl-4-hydroxy-N-oxylpiperidine) by following the loss of

the electron spin resonance signal, as previously described, and by -

oxygen consumption. Two types of AB (i and |I) were used, the former
being obtained by further purification of the latter. The kinetics of
autoxidation were compared for aggregates formed by the antibiotic.
Differances in aggregation state for both type | and type i AB were
observed between monomeric, borax-complexed, and preparations in
water containing variable proportions of dimethyl sulfoxide (DMSO) by
optical absorption and circular dichroism (CD) spectra. On the other
hand, although the suspensions of type | and type Il AB in water—10%
DMSO did notdiffer in their optical properties, they could be distinguished
by quasielastic light scatiering experiments, type Il yielding smaller
aggregates. It is proposed that the lack of difference in optical and CD
spectra are due to the similarity of the microenvironments in both
aggregates. In contrast, the borax complex of both type | and type.ll AB
yielded similar optical and CD spectra and quasislastic kght scattering
behavior, indicating that complexation led to similar aggregates.
Whereas monomeric type | and type Il AB displayed similar autoxidation
kinetics, the aggregates formed in water—10% DMSO reacted at different
rates, with type |l yieiding slower kinetics. Transition metal ion chelating
agents had fitle, but aquivalent, or no effects on the kinetics of
autoxidation. The borax complexes of type | and type Il AB displayed
similar kinetics. Oxygen consurnption measurements were in agreement
with the electron spin resonance results. Aggregation properties could be
related to the mechanism of action and/or toxicity of the antibiotic.

Amphotericin B (AB) is primarily used in the treatment of
systemic mycotic infections, despite its being extremely toxic,
causing massive intravascular hemolysis and nephrotoxicity.
It acts at the membrane level, altering membrane permeabil-
ity by a mechanism thought to involve pore formation.! As a
result of the presence of a hydrophobic region in the molecule,
consisting of seven conjugated double bonds, and of its
zwitterionic character, AB is very poorly soluble in aqueous
media at physiological pH. In vivo studies with AB and other
polyene antibiotics suggest that both therapeutic and toxic
properties of these drugs might depend on aggregation.®?
Because many studies of the effects of AB on membranes are
done with the aggregated antibiotic, Aracava et al. suggested
that aggregation may play a role in the mechanism of action
of AB. On the other hand, the inactivation of the antibiotic
has been proposed to involve autoxidation. Beggs and co-
workerss.6 have shown that antioxidants delay AB inactiva-
tion. Rickards et al.” established the chemical nature of the
major products of the autoxidation of filipin and lagosin, but
were unable to detect free radicals by electron spin resonance
(ESR), possibly because of their low steady-state concentra-
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tion. Autoxidation of AB and other polyene antibiotics in
dimethyl sulfoxide (DMSOQ) was examined by Gutteridge et
al® through the reaction between formed products and
thiobarbituric acid. 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.® Autoxi-
dation of AB has also been suggested to mediate lipid
peroxidation, thereby leading to the lytic effects of AB.1°

We have previously demonstrated free radical formation
during AB autoxidation.!! Here we show that the kinetics of
AB autoxidation are affected by its aggregation state.

Experimental Section

AB was provided by Squibb Indistria Quimica S.A., S&o Paulo,
Brazil, and was stored at —10 °C in the dark. Two forma of crystalline
AB were used: type II (~800 ug/mg) and type [ (~800 pg/mg), which
comes from the last stage of AB purification. Fungizone, which
consista of AB:deoxycholate (1:2, mol:moD), was also a gift of Squibb
Industria Quimica S.A. Tempol (2,2,6,6-tetramethyl-4-hydroxy-N-
oxylpiperidine) was a gift of Dr. Rolf Mehlhorn from the Department
of Physiology and Anatomy, University of California, Berkeley, CA.
DMSO was from Merck-Quimitra (Rio de Janeiro, Brazil), desferri-
oxamine was from Ciba Pharmaceutical Company (Basel, Switzer-
land), borax (sodium tetraborate) was from Carle Erba (Sdo Paulo,
Brazil), and diethylenetriamine pentaacetic acid (DTPA) was from
Sigma Chemical Company (St. Louis, MO). All reagents were ana-
lytical grade. Double-distilled deionized water was used throughout.

AB solutions were prepared immediately before use. AB was first
dissolved in DMSO and then buffer was added. The samples were
shaken for 1 min in a vortex mixer. The samples containing borax
were prepared in a similar way, except that the buffer contained
borax at either 100 mM [optical and circular dichroism (CD) spectra
and ESR] or 1 mM [quasielastic light scattering (QELS)]. An

NaCl-10 mM phosphate buffer (pH 7.4, 260 mOsm) was used

throughout, except for the filtration and QELS experiments when
pure double-distilled, deionized water was used because the high ionic
strength greatly increases both aggregate size and polydispersity. AB
concentrations were determined spectrophotometrically.

For filtrations, membranes of different pore size (Millipore, Burl-

ington, MA) were used. ESR spectra were obtained with a Varian E-4 ;

X-band spectrometer at room temperature (22 + 2 °C). Flat quartz
cells for aqueous solutions came from James Scanlon, Costa Mesa,
CA. Oxygen consumption was measured in an oxygen biological
monitor (model 53, Yellow Springs Instruments, Yellow Springs,
OH). Oxygen consumption in pure DMSQ solutions was determined

by making use of the quenching effect of O, on the fluorescence of the |

ruthenium (II)—tris(bipyridyl) complex.1? Optical absorption spectra
were obtained with a DMR 10 Zeiss spectrophotometer. The CD
spectra were obtained with a Cary (Varian, Palo Alto, CA) model 60
recorder spectropelarimeter equipped with a model 6002 accessory.

Dynamic light scattering experiments were made at room temper-

ature (22 + 2°C) with a helium—neon laser (Hughes Aircraft Co., |

Carishad, CA) operated at 633 nm as the light source, and a BI 2030
instrument (Brookhaven Instruments Co., Ronkonkoma, NY) for
autocorrelation of the scattered intensity signal.

Autocorrelation curves were taken consecutively at a fixed obser-
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vation angle of 90°. Typically, there were 100 separate autocorrela-
tion curves per run. A standard second-order cumulant analysis'? was
'used for determining the z-average diffusion ceefficient (D). The
polydispersity index (@) was calculated by eq 1:

M2

°Tp

n

Ineq 1, T and u, are, respectively, the first and second moments of the

expansion of the logarithm of the electric field autocorrelation

function. Although the polydispersity values found are relatively

[ high (TableI), the cumulants technigue was used because the purpose

of the QELS measurements was primarily an estimation of the

difference in size distribution of the various aggregates under study.

For convenience and ease of interpretation, the equivalent hydro-

! dynamic diameter (Dy), given by the familiar StokesEinstein

E equation (eq 2) was used, although it is quite possible that the
- aggregates studied are not spherical:

kT

= 2
37D (2)

In eq 2, k is the Boltzmann constant, % is the viscosity, and D is the
| diffusion constant.

Results

Characterization of AB Aggregates—The AB aggregates
were analyzed by optical and CD spectroscopy and by QELS.
 In DMSO, AB seems to be monomeric. The optical absorption
gpectrum is typical of the heptene chromophore, with a
resolved vibronic structure.l* Four principal bands are ob-
 served at 418, 388, 368, and 350 nm (Figure 1). AB remains
monomeric when increasing proportigns of buffer are added to
DMSO0 solutions up to 40% buffer, aggregation taking ?lace at
higher proportions. In aqueous medium, above ~10~ M, AB
 is aggregated,15.1¢ ag indicated by a blue shift and concomi-
| tant disappearance of the vibronic structure (Figure 1). The
asyminetry of the 340 nm band is suggestive of a polydisperse
system. The intense CD spectrum of these aggregates (Figure
1) indicates an organized asymmetric structure. It should be
noted that the spectra in Figure 1 correspond to samples
containing 10% DMSO in volume. These results refer both to
type I and type II AB.

The polydispersity of aggregated AB is also evinced by
QELS (Table I) and by filtration (Table I} experiments. In
gpite of the inaccuracy involved in the latter experiment, the
results (Table II) show that when samples of type I and type
1 AB are filtered through membranes of variable pore size,
 the particle size distribution is in reasonable agreement with
 that obtained by QELS (Table I).

Although aggregated AB in buffer-10% DMSO is polydis-
 perse, a rough estimate of the degree of organization was
performed by calculating the anisotropy of the system with
the ratio # °/A, where @ ° is the ellipticity, measured from the
CD spectra, and A is the absorbance. The anisotropy of the
laggregates is —50 times higher than that of the monomer

Flgure 1—Optical absorption (bottom) and CD (top) spectra of 0.1 mM
AB. Key: monomeric in DMSO (-.-.-.7); in buffer—10% DMSQ );in
buffer—10% DMSO-100 mM borax (-- - - - ); fungizone (. . .}. See Ex-
perimental Section for details. Path length was 0.1 cm. The right-hand
scale corresponds to monomeric AB (bottom) and to fungizone {top and

bottom). The CD spectrum for monomeric AB is expanded by a factor of
10.

Table Il—Percentage of AB Recovered after Flitration through
Membranes of Different Pore Size™®

AB
Pore Size, um
Type | Type Il

1.20 75 84
0.80 55 75
0.45 21 50
022 4 16
0.10 2 a

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

(Table III).

In spite of the similarity of the optical and CD spectra for
type I and type II AB aggregates in buffer—-10% DMSO, QELS
measurements yield very different values for particle size and

Table —QELS Determination of Equivalent Hydrodynamic Diameter (D)), Polydis‘!:erslty (@), and Diffusion Coefficlents (D) of Type |
and Type 1l AB Aggregates and of Thelr Borax Complaxes In Water—10% DMSO*

Aggregate : e Dx 109,
Medium Type n Dy, pm Q cm?/fs
[Water—10% DMSO | 15 0.901 = 0.121 0.369 = 0.082 367 £0.73
[} 11 0.275 = 0.026 0.333 = 0.054 932 x 243
+1 mM Borax | 10 0.215 = 0.028 0.431 + 0.108 8.76 = 4.83
3 [} 9 0.197 = 0.014 0.433 = 0.063 11.556 = 3.34

2,50/0 1}
ciation _

: 7[AB] = 0.1 mM. ® The values are mean + standard error. © Number of experiments.
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Table lli—Anisotropy of AB Aggrogates”

AB Preparation 8° x 10° A 0°/A x 10°
In buffer—10% DMSO +106 0.47 226
(325) (340)
In buffer—10% DMSOQ + 43 0.43 100
+ 100 mM borax (314) (319)
Fungizone - +446 0.98 476
(324) (327)
In pure DMSO + 5.6 1.28 4.4
(418) {418)

& The numbers in parentheses are the wavelengths at which Aand 6 °
were measured; [AB] = 0.1 mM; path length = 0.1 cm.

diffusion coefficients, indicating that the aggregates are
different (Table I). These data are corroborated by the filtra-
tion results (Table II).

The solubility of AB increases on complexation with borax,
as described by Strauss and Kral.l” Our preparation was
somewhat different from that of these authors (see Experi-
mental Section). Clearly, complexation alters the structure of
the aggregates (Figure 1), the 340 nm band being shifted to
319 nm. We found a factor of ~5 x 10? difference in the value
of e (molar absorptivity) with respect to that reported by
Strauss and Kral.l? The optical spectra of the AB-borax
complex coincide for type I and type II AB. In contrast with the
uncomplexed aggregated antibiotic, in this case, QELS mea-
surements yield similar values for particle size, polydisper-
gity, and diffusion coefficients of the complexes (Table I),
strongly suggesting that complexation leads to similar final
structures. The anisotropy of the AB--borax aggregate is ~2.3
times smaller than that of aggregated AB in buffer-10%
DMSO (Table III), suggesting a looser structure for the
complex.

For comparison, we also present the optical spectra of
fungizone, which corresponds to a more homogeneous system.
The amplitude of the absorption band of fungizone is about
twice that obtained for either AB or AB-borax aggregates,
and the CD doublet is even relatively more intense, yielding
a very high degree of anisotropy (Table III). _

Kinetics of AB Autoxidation: Role of Aggregation—
Autoxidation was monitored by following the reaction of the
formed radicals with Tempol through the decay of its ESR
signal and by measurement of oxygen consumption.!! Previ-
ous studies with the spin trap phenyl-#-butyl nitrone (PBN})
indicated formation of DMSO spin adducts.l1 Although ag-
gregation probably depends on concentration, for technical
reasons, optical spectra and QELS measurements were per-
formed at 0.1 mM AB, whereas 5 mM AB was used for ESR
studies.

Monomeric type I and type II AB display similar autoxi-
dation rates (Figure 2). Analogous results were obtained for
solvent systems containing 100, 99, and 80% DMSO. Under
these conditions, AB is monomeric (see previous section). As
aggregation occurs (~60% DMSO), type I and type IT AB start
to present different kinetics, the autoxidation rate being
faster for the former. The differences between the two prep-
arations in buifer—105; DMSO are illustrated in Figure 3. The
times required for the decay of 30% of the ESR signal for
Tempol are indicated in Table IV. The use of this parameter
has been justified previously.!! It should be noted that, when
aggregated, type I and type IT AB display different kinetics of
autoxidation, regardless of the solvent system (buffer-DMSO
or water—-DMSO). Because type | and type II AB originate
from different stages of antibiotic purification, the different
kinetics could be due to impurities that might influence
radical formation rather than to different aggregation.

To check for the possibility of spurious metal ion catalysis,
two chelating agents were used, DTPA and desferrioxam-
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Table IV—Time Required for Loss of 30% Tempol ESR Signal for 3 W
Diiferent AB Preparations® 9\_:
. Time (min) for:
Medium {min) ~
Type | AB Type Il AB g
Buffer—10% OMSO 18 = 2 (11) 38 + 4 (11) =y
Buffer-10% DMSO 355 (5 385 (5 1))
+ 100 mM borax
Buffer—10% DMSO 2x1 (2 81 (2 o
+ 0.1 mM desferrioxamine £
Pure DMSO 95+ 6 (5) 98 £ 4 (5) £
a ] O
[AB] = 5 mM; [Tempol] = 5 uM; the values are mean + standard E
error; the number of experiments is given in parentheses. D
o

ine.181% DTPA, which chelates transition metal ions nonspe-
cifically,20 had no effect on the kinetics of the Tempol signal
loss. However, because the DTPA—iron complex also catalyses
radical processes,2! desferrioxamine, whose iron complex i
considered not to act catalytically,?! was also employed,
Desferrioxamine inhibits the formation of radicals to a sim
ilar degree both for type I and for type II AB, but the Tempo




signal loss does not depend on the presence of metal ions (iron)
to a large extent (Figure 3, Table IV). The difference between
the two types of AB is maintained after the removal of the
effect of metal ions,

Comparison of the kinetics of the Tempol ESR signal decay
for type I AB in buffer-10% DMSO with those of its borax
complex (Figure 4) indicates that the AB-borax complex
reacts more slowly, suggesting a correlation between differ-
B ences in aggregation as reported by optical and CD spectra
- ; and differences in the rate of radical formation. No difference

B was observed between the rates of autoxidation of type IT AB
and its borax complex (Table V). Of all the cases examined
in the present study, this is the only one in which a difference
was observed in the aggregation state that was not accom-
panied by changes in the kinetics of autoxidation. Other than

B being a coincidence, we have no explanation at present for

— B this result, It is worthwhile to notice that both type I and type

S 11 AB borax complexes display similar autoxidation rates, in

agreement with the QELS data (Table I), suggesting that both
types give rise to similar aggregates on complexation.

The effect of borax does not seem to be due to a nonspecific
increase of ionic strength because 0.3 M NaCl neither changes
the AB optical spectra nor alters the kinetics of Tempel signal
decay.

In agreement with the ESR results, measurements of
oxygen consumption show that in buffer—10% DMSO, type I
AB reacts faster than type II, whereas in DMSO, both types
display similar rates of oxygen consumption (Table V).

Vi type

Discussion

Several interrelated factors, such as oxygen concentration,
metal ion content, reaction medium, and aggregation state,
could affect the rate of AB autoxidation. Evidence for the role
of aggregation in this process is provided in this study. The
results of the experiments described clearly indicate that
differences in the kinetics of AB autoxidation are observed
between monomeric and aggregated AB. Although it is
reasonable to expect medium effects on reaction kinetics, the
results show that for the same medium the rates of radical
] formation are invariant for monomeric AB (type I and type II)

S but are significantly affected for aggregated AB.

v AB in " The kinetics of Tempol signal decay are similar for mono-

) in the | meric type [ and type II AB in DMSO (Figure 2, Table IV} and
10 mM in buffer-DMS0 mixtures containing enough of the latter
nal for § 3 100 1.8
; o~
L
L
1 A8 S g
4(11) MR = 60
5 (5) I O
: ;m o
-1 (2) . B=
4 (5) SR S
D
standard  E 20
; @O

nonspe-]

noneped 2 3 4
TIncubdation time ( hours )

nplex is
ployed)
0 a sim4
Tempo

igure 4-—Kinatics of the ESR signal decay of 5 uM Tempol in the
fresence of 5 mM type | AB in buffer—10% DMSO {#) and in buffer—10%
PMSO—100 mM borax (O). Control (X) was 5 uM Tempol in buffer—10%
BMSO (see Experimental Section for details).

Table V—Time Required for 30% Oxygen Consumption for
Different AB Preparations®

'ﬁme {min} for:
Medium
. Type | AB Type i AB
Buffer—10% DMSO 40, 48 100, 120
Pure DMSO 92 90

*|AB] = 5 mM.

solvent to keep the antibiotic monomeric. In contrast, in
buffer-10% DMSO, different rates of signal loss (Figure 3,
Table IV) and of oxygen consumption (Table V) are observed.

Although optical and CD spectra (Figure 1) do not reveal
differences between type I and type II AB in buffer-10%
DMSO, QELS (Table I} and filtration (Table I} data indicate
that their aggregates differ in size and diffusion coefficient.
Optical and CD spectra of AB arise from the interaction
between few molecules of the aggregated species.15.18 Thus,
types L and II AB seem to form aggregates with different sizes
but with similar microenvironments.

- The metal complexing studies indicate that the differences

between types I and IT AB are not due to metal ion content
(Figure 3). Moreover, type I AB, which originates from the
last stage of antibiotic purification, autoxidizes faster than
type II AB.

The optical spectra of AB change on addition of borax
(Figure 1). Because borax interacts with —OH and possibly
~NH,, groups,!7 intercalation of borate between stacked an-
tibiotic molecules could give rise to a looser structure, Al-
though a large degree of inaccuracy could be involved in
estimating the anisotropy of polydisperse AB, the smaller
anisotropy of borax-complexed AB (Table ITI) is suggestive of
a looser structure.

In agreement with the structural changes revealed by
optical and CD spectroscopy, the AB (type I)-borax complex
yields different (slower) kinetics of autoxidation (Figure 4,
Table IV). The lack of change in the autoxidation kinetics of
the borax complex of type II AB when compared with the
antibiotic in buffer—10% DMSO (Table IV} could be a coinci-
dence. The similarity of particle properties for the borax
complexes of types I and II AB, as revealed by QELS (Table
I), is indicative of similar complexes being formed on com-
plexation and correlates well with the similar autoxidation
rates displayed by both types of AB (Table IV).

The present results indicate that aggregation plays a role
in the chemical reactivity of the antibiotic. Aggregation has
also been found to affect the kinetics of lipid peroxidation
processes, 22

Chemical reactivity has been implied in the inactivation5¢
and mechanism of action!® of AB, The mechanism of action
and toxicity of AB might also be affected by its state of
organization. Several studies have indicated a correlation
between particle size and structure and therapeutic and toxic
effects of AB and other polyene antibiotics.2.3 Lamy-Freund et
al.23.24 have shown that the size, composition, and solubility |
of ABdeoxycholate (fungizone) mixed aggregates depend on |
concentration. Bolard and co-workers2s have shown that |
whereas monomeric AB interacts with ergosterol-containing |
liposomes, cholesterol-containing membranes bind the aggre- |
gated antibiotic. Thus, in studies with AB, it is important to \
take inte account the organizational state of the antibiotic. |
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