Biophysical
Chemistry

Biophysical Chemistry 66 (1997) 1-12

Physico-chemical properties of the heat-induced
‘superaggregates’ of amphotericin B

*

Frangois Gaboriau *, Monique Chéron, Liliane Leroy, Jacques Bolard

Laboratoire de Physicochimie Biomoléculaire et Cellulaire (CNRS UA 2056), Université Pierre et Marie Curie, case 138, 4 place Jussieu,
75252 Paris cedex 05, France

Received 7 May 1996; accepted 3 September 1996

Abstract

The aggregation state of amphotericin B (AmB) was previously reported to modulate its therapeutic efficiency. As a
preliminary study to test the biological effects of ‘superaggregates’ generated by heat treatment, we present spectroscopic
data related to their formation in aqueous solutions. Drastic changes in the AmB aggregation state in water were shown to
occur on heating at 50-60°C. The concentration of the aggregates formed at high (A ) or room (A) temperature, and the
concentration of the monomeric form (M) of AmB were calculated by processing absorption data. The thermally induced
conversion from A to A, depends on the AmB concentration. Rayleigh scattering measurements suggest that the A,
aggregates are larger than the A aggregates. At room temperature, the condensation rate of A with M—Ileading to the
‘superaggregated’ form A ,—was slower and depended on the concentration of M. The superaggregated species A, was
shown to be the most chemically stable species. Physico-chemical properties of these superaggregates are discussed as a
potential new solution to improve the therapeutic efficacy of AmB.
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1. Introduction mycotic infections. The increased frequency of op-

portunistic fungal infections, which is related to the

Amphotericin B (AmB) is a heptaene macrolide
antibiotic that exhibits antifungal activity. Despite its
various side-effects, including nephrotoxicity,
hemolytic anemia and electrolyte abnormalities,
Fungizone® —the commercial form of AmB—re-
mains the most widely used drug to treat deep-seated

Abbreviations: RBCs, Red blood cells; CD, Circular dichro-
ism; AmB, Amphotericin B; DMSO, Dimethylsulfoxide; DMF,
Dimethylformamide; EPC, Egg phosphatidyl choline; LUV, Large
unilamellar vesicles

" Corresponding author.

increased frequency of organ transplants and to the
spread of acquired immunodeficiency syndrome
(AIDS), explains the large number of studies under-
taken since the mid-1980s to improve the therapeutic
efficacy towards fungal cells and to reduce the cyto-
toxicity of this drug on mammalian cells (for re-
views, see the work of Bolard and Brajtburg [1,2]).

The aggregation state of AmB was reported to
depend on various parameters [3—12]. Previous stud-
ies showed that the selectivity of AmB also depends
on its aggregation state [5,10,12,13]. The selectivity
of the AmB activity against ergosterol-containing
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fungal cells with respect to the toxicity against
cholesterol-containing mammalian cells can be in-
........... g liposomal formulations [14-20].

In aqueous solution, AmB is present as a mixture
of various species in equilibrium: monomers (M),
and soluble and insoluble aggregates. The concentra-
tions of each species depend not only on the total
AmB concentration but aiso on the method of
preparing the solutions [12]. The concentration of the
AmB stock solutions was also reported to modify the
relative proportion of each species [12]. It was con-
cluded that the self-associated soluble form of AmB
and the monomers induce K* permeability more
efficiently in cholesterol-containing membranes than
do insoluble aggregates [21]. Only seif-associated
AmB was shown to increase the K* permeability of
cholesterol-containing egg phosphatidyl choline
(EPC) vesicles, while both monomeric and aggre-
gated AmB modify the K™ permeability in ergos-
terol-containing liposomes [13]. Moreover, the toxic
and chemotherapeutic effects were previously
demonstrated to be correlated with the particle size
of intravenously injected amphotericin B [22]. The
particle size also affects the antibiotic inhibitory
effect on lymphocyte chemotaxis [23]. From these
results, it appears that the best strategy to decrease
the cytotoxicity of AmB is to develop new deriva-
tives and/or formulations that lead to decreased
aggregation, or to less toxic aggregates.

The equilibrium between monomers and aggre-
gates appears to play a key role in drug activity.
Consequently, the structural study and quantification
of the aggregates constitute essential steps in the
understanding of the molecular mechanisms of this
antifungal agent with respect to both selectivity and
cytotoxicity. Heat treatment was reported to increase
the size of AmB aggregates [24]. In a first attempt to
test the biological effects of ‘superaggregates’ gener-
ated by heat treatment, we present spectroscopic data
on the formation of superaggregates in aqueous solu-
tion. We developed a simple method to quantify the
concentrations of each species, by processing absorp-
tion data. This algorithm was used to estimate the
quantities of each species in aqueous solutions as a
function of various experimental factors, such as the
concentrations of the stock and final diluted solu-
tions, as well as the temperature.

Reactive oxygen species generated by this
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polyenic antibiotic have been assumed to be in-
volved in its auto-oxidative degradation [25] and in
could partly explain AmB’s cytotoxicity [26]. It was
suggested that the AmB aggregation state modulates
the AmB auto-oxidation kinetics [27,28]. Here, the
stability of the various aggregated species was ana-
lyzed as a first approach to comparing their reiative
efficiency in inducing peroxidative damage to cell
membranes.

2. Materials and methods

The salts and solvents used were of analytical
grade and were used without further purification.
Pure AmB was obtained from Squibb France. Mil-
limolar (except in specified cases) AmB stock solu-
tion was prepared in dimethylsulfoxide (DMSO).
Just before use, the stock solution was diluted 10-
fold, by vigorously stirring in pure water (Millipore
Milli Q ion exchanger). AmB solutions (heated for
20 min at 70°C, or unheated) were prepared from
these diluted solutions.

2.2. Calculation of concentration of AmB species
and spectroscopic measurements

As will be seen (Fig. 1(a)), the absorption spec-
trum of AmB, which results from the spectroscopic
contributions of aggregates formed at high (At) or
low temperature (A), and contributions of monomers
(M), depends on the percentages of these forms. For
an optical path of length 1 cm, absorbances at 322,
339 and 409 nm defined as Aj,,, Asy and Ay,
respectively, are expressed according to the Beer—
Lambert formulation as

Agp, = €f‘ztz[At] + €3?22[/\] + E31\32 [M] (1)
Az = 535\3'9[At] + E5‘39[/3‘] + E31%9[1\/1] (2)
Ao = fpo[At] + efy[A] + €55[M] (3)

Assuming that AmB aqueous solutions corre-
spond to a mixture of these three spectroscopic
species, the total AmB concentration was expressed
as the sum [At] + [A] + [M]. As demonstrated below,
the good agreement between the values of the total
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AmB concentration estimated in this way and the
theoretically expected values supports this hypothe-
sis. Molar extinction coefficients (€) for each spec-
troscopic species were deduced from their typical
absorption spectra at 409, 322 and 339 nm for
monomers (spectrum obtained for 1077 M AmB),
and for aggregates heated at 70 °C or unheated (spec-
tra obtained for 107* M AmB). The mean € values
reported in Table 1 were obtained from three mea-
surements (standard deviations less than 5%). The
superscripts denote aggregated AmB at high (At) or
low (A) temperature and for the monomeric form
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Fig. 1. Heat-induced changes in the AmB aggregation state in
aqueous solutions: (a) absorption spectra; (b) circular dichroism
spectra. The absorption and CD spectra were obtained at a low

concentration (10”7 M) for monomers (M; —---— ) and at a
higher concentration (10~* M) for samples heated at & = 25°C
(————), ®=45°C (---), @ =55°C (---), @ =57.5°C (
———), ®=60°C (—— ——), ® =70°C (————). The

amplitude of the monomer CD spectrum is very low and is not
drawn in the figure.

Table 1

Molar extinction coefficients € at 322, 339 and 409 nm of AmB
aqueous solutions (prepared from a 107> M DMSO stock solu-
tion) as a function of aggregation state

€322 €339 €409
At 87200 38800 7100
A 32500 83900 13200
M 11800 20800 115300

The three spectroscopic species were obtained at a low concentra-
tion (1077 M) for monomers (M) and at a high concentration
(10™% M), with aggregates heated for 20 min at 70°C (At), or
unheated (A). The mean € values were obtained from three
measurements (standard deviations less than 5%). For the high
concentration (10™* M), the values were corrected for the low
contribution of the monomeric form (less than 5%).

(M), while the subscripts indicate the wavelength of
the measurement. For high concentrations (10™* M),
the € values were corrected for the low contribution
of the monomeric form (less than 5%).

The mean number of AmB monomeric units in
each aggregated form is unknown and probably cor-
responds to a wide size distribution. Consequently,
the e values were estimated considering monomeric
AmB. The concentrations of M, At and A were
expressed in terms of monomeric AmB. These con-
centrations, which are the solutions of Eq. (1)-(3),
were calculated according to the expressions

[M] = {[(6?22A409 - €4A09A322)

X (5?22€?§9 - 5?39513*52)]

- [(5?22A339 - e[3\39A322)

X (5[3\225%9 - E?oﬁ?z‘z)]}

x {[(6[3\225%9 - €4Ao9€];/l22)

X (53\22513%9 - e/33‘396{;}2‘2)]

- [(5?225%9 - 5?3952422)

X (5?226?59 - €{4\09613\2[2)] } - (4)
[A]l= [(513\2‘2/\339 - e?3‘916‘322)

- M _At _ _M _At
[M](€339€322 €3225339)]

-1
X [(6?39513\2[2 - 5/3\225?59)] (5)
Ay — [A] 5?22 - [Mlexz
[At] = At (6)
€322
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Absorption measurements were performed using a
CARY-1E UV-visible spectrophotometer controlled
by a personal computer. The temperature was regu-
lated by a thermostat-equipped cuvette holder. The
optical path of the quartz cuvettes (0.1, 0.5, 1 and 10
cm in size) was chosen to obtain absorbance values
lower than 1.5. After readings at 322, 339 and 409
nm (band width, 4 nm; signal averaging time, 2 s),
the concentrations and percentages of each species
were calculated according to Eq. (4)-(6). The
Rayleigh scattering contribution, which depends on
the aggregate size, was simultaneously monitored in
a spectral range where AmB does not absorb (650
nm). Except for specified cases, the absorption mea-
surements were performed immediately after prepar-
ing the AmB solutions.

Circular dichroism (CD) spectra were recorded
with a Jobin—Yvon Mark IV dichrograph using a
thermostat-equipped cuvette holder. Ae (M~! cm™")
is the differential molar dichroic absorption coeffi-
cient.

3. Results

3.1. Heat-induced changes in the aggregation state
of AmB in aqueous solution

AmB self-association in water was previously
reported to be concentration dependent [13,29]. For
concentrations lower than 107% M, in aqueous solu-
tion, the monomeric form of AmB (M) predomi-
nates, with a typical absorption spectrum exhibiting
maxima at 365, 384 and 409 nm and a shoulder at
around 348 nm (Fig. 1(a)). The CD spectrum of the
monomer does not show any significant dichroic
doublet.

At higher concentrations, self-association and ag-
gregation occur, leading to changes in the spectro-
scopic properties. At 10”* M, when practically all
the molecules are aggregated (around 95% of A), a
bathochromic shift occurs (Fig. 1{(a)) with a new
maximum at 339 nm. Two minor peaks also appear
at 390 and 420 nm. At this concentration, the CD
spectrum of AmB (Fig. 1(b)) exhibits a dichroic
doublet centered at 339 nm (positive and negative
peaks at 329 and 350 nm respectively), indicating an
organized asymmetric structure. Such a CD spec-

trum, which is typical of the self-associated soluble
form of AmB, is assumed to reflect excitonic interac-
tions between the AmB molecules within the aggre-
gates [13,24,29].

3.1.1. Effect of heating to 70°C

Heating (for 20 min at 70°C) and cooling the
concentrated (10™* M) solution leads to significant
changes in the AmB aggregation state. The thermal
treatment does not induce molecular dispersion but
seems to increase the size of aggregates until floccu-
lation occurs. Light scattering by the concentrated
AmB solution increases after heating, indicating an
increase in aggregate size until flocculation. The
opalescent solution obtained is subjected to centrifu-
gation at 12000 X g for 10 min to eliminate insolu-
ble aggregates as a yellow precipitate, leading to a
clear solution. This increase in aggregate size ex-
plains the term ‘superaggregate’ used in the present
study to define the heat-induced aggregation state of
AmB. It is possible to detect this heat-induced change
in aggregation by analyzing typical changes that
occur in the solution spectroscopic properties on
heating.

As shown in Fig. 1(a), the absorption at 339 nm
of the 107 M solution in water progressively de-
creases, while a new peak centered at 322 nm ap-
pears when the temperature increases from 25 to
70°C. An isobestic point around 328 nm, when the
temperature increases from 25 to 70°C, suggests that
the aggregated species that absorbs at 339 nm (A)
was thermally converted to another form that shows
a maximum at 322 nm. These two maxima (339 and
322 nm) correspond to pure electronic transitions, as
suggested by the first derivative processed spectra.
The solution absorption spectrum remained un-
changed for temperatures higher than 70°C with its
maximum at 322 nm—which is typical of the new
superaggregated form At-—one minor absorption
peak centered at 420 nm and a shoulder at around
390 nm. A bathochromic shift and a decrease in the
intensity of the dichroic doublet can be seen in the
CD spectrum of the concentrated solution when the
temperature is increased from 25 to 70°C (Fig. 1(b)).
At 70°C, the new species {At) exhibits a typical CD
spectrum centered at 322 nm, with positive and
negative peaks at 313 and 332 nm respectively.
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3.1.2. Temperature profile and distribution of the
species as a function of temperature

The three spectroscopic species (M, A and At)
obtained at low concentrations (1077 M) for
monomers (M), and at high concentration (10™* M)
for heated (At) or unheated (A) aggregates, were
present as mixtures between these two concentration
limits. The absorption properties of the species, as
summarized in Fig. 1(a) and Table 1, were taken as
references to process the absorption data at 322, 339
and 409 nm according to the algorithms described
above. The concentrations of each spectroscopic
species as a function of temperature—calculated ac-
cording to this algorithm—are shown in Fig. 2(a).

At high concentrations (1.1 X 107* M), the
monomeric form is negligible, while practically all
the AmB molecules are self-associated. The heat-in-
duced transition from the A form to the superaggre-
gated At form occurs slowly up to 50°C, and occurs
faster for temperatures between 50 and 60°C. The
midpoint of the transition occurs at around 56 °C. At
70°C, practically all the self-associated form A is
converted into the At form. As shown in Fig. 2(b),
by subtracting the concentration of both forms A + M
from the theoretical AmB concentration, we obtain a
value similar to the concentration of the superaggre-
gated form At for each temperature below the transi-
tion temperature. This result not only provides fur-
ther validation of the algorithm but also indicates
that At formation results from the condensation of
the monomeric form M with the aggregated form A.

Light scattering increases on At formation, indi-
cating that this spectroscopic species probably corre-
sponds to an aggregation state higher than that of A.
The total AmB concentration calculated from the
absorption data remains practically constant up to
50°C and decreases slightly at higher temperatures.
Maintaining the solution at 70°C for 1 h also leads
to a slight decrease in the total AmB concentration,
probably as a consequence of the auto-oxidation
process that takes place in AmB solutions when the
temperature increases (see below).

3.1.3. Dissociation of A aggregates and At superag-
gregates on dilution

The concentration threshold beyond which the
aggregated forms of the AmB derivatives dissociate
into monomers is generally assumed to be an impor-
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Fig. 2. Heat-induced changes in the AmB (1.1X 10™* M) aggre-
gation state in aqueous solutions: (a) concentrations of the spectro-
scopic species—monomers (M; — o -), heated (At; -+« =) or
unheated (A; — W -) aggregates, and total AmB concentration
((M]+[At]+[A]; —- +--); (b) heat-induced formation of the
superaggregated form At. Left hand scale: (At; — - —), ([Am-
Brotallyeoreiical —[A + M, cacured; — ® —). Right hand scale: scat-
tered light at 650 nm; — < ~)Concentrations of the various spec-
troscopic species were calculated from the absorption data at 322,
339 and 409 nm according to the algorithm described in Section 2.

tant parameter that modulates the biological activi-
ties of the derivatives. Progressive dilution of the
aggregated form A, as obtained from an unheated
1074 M aqueous solution, leads to its dissociation
into the monomeric form (Fig. 3(a)). (The very low
percentage of At superaggregates generated under
these conditions is not reported in the figure). At
1 X 1078 M, half of the unheated AmB solution is in
the form of A aggregates and the other half is in the
monomeric form.

As shown in Fig. 3(a), progressive dilution of the
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Fig. 3. Distribution of the aggregated species (A and At) and of
the monomeric AmB (M) as a function of the concentration. The
percentages of the various spectroscopic species were calculated
from the absorption data at 322, 339 and 409 nm according to the
algorithm described in Section 2. (a) AmB aqueous solutions
(10™* M prepared from a 10~* M DMSO stock solution) were
successively diluted in water. The solutions were unheated (per-
centage of A (--- @ ---) and percentage of M (--- O - ) or
heated for 20 min at 70°C prior to dilution (percentage of At
(- + -) and percentage of M (- ° -)). (b) Calculated total AmB
concentration (IM]+[At]+[A]) as a function of the total AmB
concentration (theoretical, ) expected from the dilution
factor. The AmB solutions were unheated (<) and heated for 20
min at 70°C (#).

superaggregated form At (10°* M AmB aqueous
solution) obtained on heating (20 min at 70°C) also
leads to the dissociation of the superaggregate into
monomers. Data were recorded and processed imme-
diately after the dilution at room temperature. The
minor aggregated form A, which is only slightly
involved in this equilibrium (less than 3%), is omit-
ted from the figure. The 500-fold diluted solution

corresponds to a theoretical AmB concentration of
2X 1077 M and exhibits an absorption spectrum
close to that typical of the pure monomer (data not
shown). The total AmB concentration that leads to
‘half-dissociation’ (50% monomer and 50% superag-
gregates) is around 5 X 1077 M. These data show
that the dissociation of the At superaggregates takes
place at lower AmB concentrations than is the case
for the A aggregates.

Values of the total AmB concentrations ([At] +
[A] + [M)) calculated for each dilution as described
above are reported in Fig. 3(b) as a function of the
total theoretical AmB concentration (expected from
the dilution factor). The linear relationship between
these two parameters for concentrations higher than
2 X 107° M (slope equals 1) provides further valida-
tion of the algorithm. In contrast, the underestima-
tion of the calculated values with respect to the
theoretical values for concentrations lower than 2 X
107 M points to the limit of accuracy of our
method and to its range of reliability. This inaccu-
racy could arise because the processing of data does
not include the screening effect that occurs at high
concentrations and because of the contribution of
light scattering in the heated samples.

3.2. Effect of time and stock solution concentration
on the aggregation state of AmB at room tempera-
ture

At high concentrations (107°-10"* M), AmB
solutions spontaneously undergo—even at room
temperature—slow changes in their spectroscopic
properties that reflect changes in the aggregation
state. When a 1075 M AmB solution is maintained
at 20 °C for a long time (100 h), a slight bathochromic
shift of the absorption maximum takes place from
339 to 334 nm, while the total AmB concentration
decreases by less than 10%. The rate of this sponta-
neous process can be accelerated by stirring and by
decreasing the concentration of the stock solution.

As shown in Fig. 4(a), half of the 1.2 X 107> M
AmB aqueous solution prepared from a low concen-
tration DMSO stock solution (107* M) is in the
monomeric form and the other half is aggregated (At
and A). The spontaneous change in the aggregation
state that occurs on stirring as a function of time at
20°C leads to the formation of the aggregated form
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At, accompanied by the disappearance of both the A
and M forms. During such a conversion from A to
At, the total AmB concentration remains practically
unchanged (degradation of less than 5%). Over longer
periods (100 h), the absorption maximum of this
solution, which is typical of the main superaggre-
gated form At (around 322 nm), does not change,
while the total AmB concentration decreases by 30%
(data not shown).

The proportion of DMSO was kept constant in all
the experiments shown in Fig. 4, to avoid changes in
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the critical micellar concentration. The increase in
the DMSO proportion from 1% to 12% was found to
increase the amount of the monomeric form and to
reduce the amount of the aggregated form A, but it
did not induce the formation of the At aggregates
(data not shown). As shown in Fig. 4(b), an increase
in the concentration of the AmB stock solution (10~*
M) gives rise to a higher concentration of A and to a
lower monomer concentration. Under these condi-
tions, the concentration of At is negligible just after
the dilution, and slowly increases up to 1 X 107 M
after 20 min of stirring at 20 °C. Over a longer period
(100 h), the absorption maximum of this solution,
which is typical of the main aggregated form A, is
progressively shifted from 340 to 330 nm, while a
60% decrease in the total AmB concentration takes
place.

These results clearly show that the change in the
AmB aggregation state occurs spontaneously in solu-
tions at room temperature. The results highlight the
importance of the method of preparing the diluted
solutions. Both the time factor and the concentration
of the monomeric form, which is strongly increased
in the case of low concentration stock solutions,
affect the aggregation process.

Values of the At, A and M concentrations mea-
sured for 1.2X 107> M AmB solutions prepared
from various DMSO stock solutions after 20 min of
stirring at 20°C are reported in Fig. 4(c). For all the
stock solutions between 10~ 4—1072 M, the monomer
concentration reaches equilibrium at a constant value

Fig. 4. Kinetics of the spontaneous change in the AmB (1.2X 1073
M) aggregation state in aqueous solutions at 20°C with stirring,
showing the monomer (M; — o —), aggregated (A; — ® -) and
superaggregated (At; — - —) forms, and total AmB concentration
(M1+[At]+[A]l, -+ --): (a) AmB solution prepared from a
10™* M DMSO stock solution; (b) AmB solution prepared from a
10~? M DMSO stock solution; (c) concentration of the various
spectroscopic species in equimolar (1.2X 107 M) AmB solu-
tions. The percentages of the various spectroscopic species were
calculated from the absorption data at 322, 339 and 409 nm
according to the algorithm described in Section 2. The figure
shows the monomer (M; - ), aggregated (A; — B -) and
superaggregated (At; — - —) forms as a function of the concentra-
tion of the DMSO stock solution. The proportion of DMSO (12%)
was kept constant in all the measurements. A,, and B,, corre-
spond to the values presented in (a) and (b), respectively, after 20
min of stirring at 20°C.



o0

close to 2 X 107® M. In contrast, the concentrations
of the aggregated forms A and At vary greatly under
these conditions. Only the superaggregated form At
is formed when the concentration of the stock solu-
tion is low (107* M; A,,), while the other aggregate
A largely predominates for stock solutions of higher
concentrations (107° M; B,,). Further evidence for
the formation of larger aggregates from lower stock
solution concentrations (10°* M) was provided by
the threefold increase in light scattering at 650 nm
with respect to that observed for solutions prepared
from less diluted stock solutions (1072 M).

3.3. Effect of heat treatment on the chemical stabiliry
of AmB in aqueous solutions

The stability of the various species was monitored
for the experimental conditions used for treatment of
biological material. Absorption spectra were recorded
for aqueous AmB solutions (107° M) that were
unheated (Fig. 5(a)) or preheated for 20 min at 70°C
(Fig. 5(b)), covering various incubation times at
37°C, under vigourous stirring. The concentrations
of each species calculated from absorption data are
reported inset in Fig. 5. The total AmB concentra-
tions estimated using this spectroscopic method are
in close agreement with the values obtained using
high performance liquid chromatography (data not
shown). The decrease in the AmB concentration
estimated from spectroscopic and chromatographic
analyses depends on various experimental factors,
including the temperature, shaking and the oxygen
concentration.

Deaerated AmB solutions remain quite stable
when kept under nitrogen. As previously reported
[27], this result shows that the decrease in the AmB
concentration is an oxygen-dependent process and
corresponds to the auto-oxidation of the AmB. While
the total AmB concentration of the unheated solution
shows a 25% decrease after 2 h of incubation (Fig.
5(a)), the AmB auto-oxidation involves less than
10% of the heated solution (Fig. 5(b)). The concen-
tration of the aggregated form A (A,,, = 339 nm), as
derived from the data in Fig. 5(a), decreases by 40%
after 2 h of incubation. About 10% of this decrease
results from the condensation of A with M to give
the At superaggregate. Fig. 5(b) shows that a de-
crease of less than 10% occurs after 2 h when the At
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Fig. 5. Effect of thermal pretreatment of the 1X10™° M AmB
aqueous solutions on the kinetics of auto-oxidation at 37°C with
stirring: (a) unheated; (b) heat treated (20 min at 70°C). The
absorption spectra are shown at 0 min ( ), 30 min (---),
60 min (-@-@) and 120 min (---). Concentrations of the
various spectroscopic species reported as insets were calculated
from the absorption data at 322, 339 and 409 nm according to the
algorithm described in Section 2. The figure shows the monomer
(M; --°-), aggregated (A; — M -) and superaggregated (At;
— - -) forms, and total AmB concentration ((M]+[At]+[A];
— ),

superaggregales are the predominant species (A, =
322 nm), as obtained after heating for 20 min at
70°C.

In Fig. 6, we compare the auto-oxidation rate of
AmB (for incubation for 2 h) with the concentration
of A aggregates obtained with increasing AmB con-
centration. This rate, expressed as the total amount
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Fig. 6. Involvement of the aggregated species A in the auto-oxida-
tion process of AmB in aqueous solutions at various concentra-
tions. Left-hand scale: total auto-oxidized AmB concentration
after 2 h at 37°C, with the solutions unheated (- ° —) or preheated
for 20 min at 70°C (- + -). Right-hand scale: concentration of the
aggregated species A calculated from the absorption data at 322,
339 and 409 nm according to the algorithm described in Section 2,
with the solutions unheated (- O ~) or preheated for 20 min at
70°C (- B -). Data are the mean values (+ SD) of three measure-
ments.

of AmB auto-oxidized after 2 h, increases (left-hand
scale) with the concentration of A aggregates (right-
hand scale). The auto-oxidation process involves
about 50% of the total amount of AmB for a concen-
tration of 1 X 10~% M, while it reaches no more than
25% for the higher concentration of 1X 107 M.
The auto-oxidation rate is low and does not vary
significantly with the concentration of solutions
heated for 20 min at 70 °C, showing that the concen-
tration of A is very low. As mentioned above, for
long stirring times of the 10™° M solutions (obtained
from 1077 M DMSO stock solution), these results
clearly demonstrate that the chemical stability of At
is higher than that of A when incubated under stir-
ring for 2 h at 37°C, as is the case in our biological
assays.

4. Discussion

The self-associated water-soluble form of AmB
was previously shown to trigger permeability changes
in red blood cell (RBC) membranes [12] and to
induce cytotoxic events. In aqueous solutions, char-

acteristic changes in the absorption and CD spectra
were reported for concentrations higher than 1077
M. These changes were shown to result from a large
spread of aggregated asymmetric structures from
dimers to high molecular weight polymers. In human
erythrocytes, the higher toxicity of the water-soluble
aggregated form with respect to the water-insoluble
aggregates was demonstrated after their separation
by centrifugation [12]. The concentration threshold
beyond which the drug gives rise to aggregates
seems to be the main parameter that modulates the
biological activity of the drug. In fact, AmB deriva-
tives with a higher concentration threshold for aggre-
gation are less efficient for inducing RBC permeabil-
ity (preliminary results).

In the present study, changes in the absorption
properties of AmB related to its aggregation state
were analyzed to estimate the quantities of each
spectroscopic species in equilibrium in aqueous solu-
tion. Heat treatment was shown to modify the aggre-
gation state of the AmB. The spectroscopic species
At, generated after heating (A} =322 nm, Fig.
1(a)), exhibits a dichroic doublet in its CD spectrum
that is typical of an aggregated state that displays
excitonic interactions between monomeric units. The
At form results from condensation of the aggregated
form A (AR2* = 339 nm) with monomers (AT = 409
nm), and probably corresponds to a superaggregated
state with a size larger than that of A, as inferred
from the significant increase in light scattering after
thermal treatment. This increase was concomitant
with the formation of At as well as with the disap-
pearance of both A and M. Furthermore, the opales-
cence that results from the superaggregates in the
heated solutions was removed by centrifugation
(12000g for 10 min).

When formed, the superaggregated state At was
shown to be in equilibrium with the monomeric
form, independently of the other aggregated form A.
The dissociation of At superaggregates into
monomers takes place at lower AmB concentrations
than is the case for the A aggregates.

A thermally induced increase in aggregate size in
Fungizone® aqueous solutions (10”5 M) has been
reported [24]. The size, as deduced from light scatter-
ing measurements, was constant until 60°C and in-
creased rapidly at higher temperatures. In aqueous
solution at 70 °C, the apparent mass of the aggregates
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was shown to be about 500-fold larger than the mass
at 20°C, so justifying the term ‘superaggregate’ used
in the present study.

At low concentrations (less than 2 X 10~% M),
AmB induces a reversible permeabilizing effect on
erythrocytes, while it causes lysis at higher concen-
trations. The relationship between these two distinct
mechanisms of action is neither generally admitted
nor clearly elucidated. However, it is generally as-
sumed that permeabilizing effects are related to
AmB’s ability to form transmembrane channels,
while the lytic effect could be caused by its perox-
idative action at the membrane level [26]. The oxida-
tion of unsaturated fatty acids leads to a fragilization
of the membrane, which becomes more sensitive to
leakage-induced osmotic shock, as a result of the
channel formation.

Auto-oxidation of AmB in solution, as well as
AmB-induced peroxidation of unsaturated acyl chains
of cell membranes have been assumed to be trig-
gered by reactive oxygen species produced by the
antibiotic [28]. Free radical formation during Fungi-
zone® auto-oxidation was previously demonstrated
by following the kinetics of decay of the electron
spin resonance (ESR) signal of TEMPOL—a stable
nitroxide [27,28]. The restricted mobility of these
radicals suggests that they arise from AmB molecules
in aggregates. Our present comparison of the stabili-
ties of various AmB aggregation states strongly sup-
ports this assumption.

The monomeric form of AmB is not involved in
the auto-oxidation process. Furthermore, greater sta-
bility of the heat-treated samples (mainly At) with
respect to the unheated samples (mainly A) was
observed in our study. This result suggests that At is
less efficient than is the A form for producing reac-
tive oxygen species. The auto-oxidation rate of A is
probably the limiting step of its degradation process.
This would explain why the increase in the amount
of auto-oxidized AmB is not proportional to the
increase in the concentration of A and, consequently,
why the percentage of A that undergoes auto-oxida-
tion decreases with increasing AmB concentration.
With regard to the peroxidative and lytic actions of
AmB, the above considerations could also explain
the lower lytic efficiency of the heat-treated samples
(in preparation).

Temperature (in the range 10-40°C) was previ-

ously reported to modulate AmB’s ability to induce
K" leakage from large (cholesterol-containing) unil-
amellar vesicles (LUVs) [10]. The decrease in the
intensity of the CD doublet centered at around 340
nm, which is characteristic of the aggregated species
(A form in the present work), was interpreted in the
previous study as a decrease in the AmB aggregation
state. Consequently, the heat-induced decrease in the
AmB permeabilizing effect was assigned to molecu-
lar dispersion of the aggregates. The present results
allow us to conclude that superaggregation processes
occur at a slow rate at 40 °C, as indicated by absorp-
tion and CD data, as well as by light scattering
measurements (Fig. 2). The results underline that a
decrease in the CD doublet could also be related to a
blue-shift of the electronic transition and/or to the
appearance of a weak CD doublet at lower wave-
length—both events reflect an increase in aggregate
size.

Our results show that spontaneous changes in the
aggregation state also occur in aqueous AmB solu-
tions (10~ *~10"° M) maintained at 20 °C, leading to
the formation of the superaggregated form At. Dur-
ing thermal conversion, this spontaneous aggregation
that takes place at room temperature is related to the
concomitant disappearance of both forms A and M,
and is responsible for a relative increase in the
aggregate size, as suggested by light scattering mea-
surements. In contrast to the thermally induced ag-
gregation, the rate of the spontancous process at
20°C is slow and depends on the monomer concen-
tration.

For a constant AmB concentration (107° M), a
low concentration of the DMSO stock solution (10~*
M) leads to a relatively high percentage of monomer
in the diluted solution, so increasing the rate of
spontaneous At formation by condensation of A with
M. In contrast, this rate is greatly decreased in
equimolar solutions prepared from higher concentra-
tion stock solutions (107* M), so leading to large
amounts of A. In this second case, the slow transi-
tion between the aggregated state (A, 339 nm) and
the superaggregated state (At, 322 nm) is not charac-
terized by an equilibrium between both species, as
suggested by the absence of an isobestic point. For
long periods (10—100 h), the formation of superag-
gregates seems to involve intermediate aggregation
states, each showing typical spectroscopic properties,
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as suggested by the progressive blue-shift of both the
absorption maximum and the processed absorption
data as first derivative.

In a previous study [12], the kinetics of AmB-in-
duced K* leakage from human RBCs was shown to
depend on the concentration of the stock solution;
the kinetics were slower for concentrated DMSO or
dimethylsulfoxide (DMF) stock solutions (1072 M).
The insoluble self-associated form (high molecular
weight) that was separated by centrifugation was
concluded to be less permeabilizing at 2 X 10°¢ M.
While our study provides qualitative information that
is in agreement with this work, a direct, quantitative
comparison between these results and the present
data is not possible, because the various species were
not similarly defined in both studies. We describe
here spectroscopic properties of the various aggre-
gated species, while Legrand et al. [12] discriminate
between these species on the basis of size. Finally,
our present results provide a plausible interpretation
of the blue-shift of the dichroic doublet observed on
decreasing the concentration of the DMSO stock
solution in the previous work .

Emst et al. studied AmB-DOC aggregates in
aqueous solutions by measuring changes in the opti-
cal spectra as a function of the AmB and ethanol
concentrations [11], as well as the variation with
temperature [24]. When the temperature increased,
the authors observed a weakening of the excitonic
CD, an increase in the monomer absorption and a
slight blue-shift (at around 7 nm) of the 328 nm
absorption peak as a result of the aggregates—asso-
ciated with an increase in aggregate size—as de-
tected by Rayleigh scattering. The absorption and
CD spectra of the AmB aggregates exhibit features
that strongly suggest that they are linear polymers. It
is generally assumed that the simplest polymer in
agreement with these spectroscopic properties is a
helix with dimers as elementary units {3,11]. In this
model, the hydrophobic side of the AmB molecule,
i.e. the polyene moiety, is protected from the aque-
ous environment. When the temperature rises, the
frequency of hydrophobic interactions is assumed to
increase, resulting in a blue-shift of the absorption
maximum. These new spectroscopic species have
been demonstrated to be more stable than the aggre-
gates observed at room temperature.

In the present study, we demonstrated that the

formation of superaggregates, which seems to result
from the condensation of A aggregates with the
monomer, is a slow process at room temperature.
Heating can cause an increase in the monomer con-
centration and /or in the hydrophobic forces, leading
to an increase in the condensation rate. In this case,
the blue-shift observed in the absorption maximum
could result from the higher stacking in the superag-
gregates, and their relative chemical stability could
reflect the low exposure of the polyenic structure to
the aqueous solvent.

5. Conclusions

In the present study, we have demonstrated
changes in the aggregation state of AmB in solution
after heating at 50-60°C. The concentrations of
aggregates formed at high (At) or room (A) tempera-
ture, and that of monomeric AmB (M) were calcu-
lated by processing absorption data. The thermally
induced conversion of A to At depends on the AmB
concentration. Rayleigh scattering measurements
suggest that At aggregates are larger than A. The At
superaggregates were shown to be in equilibrium
with the monomers. Their dissociation into monomers
takes place at lower AmB concentrations than those
observed for the A aggregates.

At room temperature, the A—M condensation rate
that leads to the At superaggregate is slower than the
corresponding rate at 70 °C, and seems to depend on
the monomer concentration. These results clearly
show that the change in the AmB aggregation state
occurs slowly in solution at room temperature. The
results indicate the importance of the method of
preparation of the diluted solutions. Both time and
the concentration of the stock solution affect the
aggregation.

The At superaggregate and the monomer are more
stable than the aggregated species A. The auto-oxida-
tion process involves mainly the aggregated A form,
which was previously demonstrated to be more effi-
cient at inducing K* leakage and lysis in RBCs.

These results show that the superaggregated form
At generated by heating at 70°C or by diluting the
stock solution at room temperature constitutes an
AmB monomer reservoir. The relative stability of
this species probably reflects its low efficiency for
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auto-oxidizing via the formation of reactive radical
species. Assuming that the toxicity of AmB is mainly
chemical properties of the superaggregated form At
suggest that this species could be less toxic to mam-
malian cells. We are currently investigating the bio-
logical properties of the heat-induced superaggre-
gated form of Fungizone® in RBCs, cuitured human
cells and fungal cells. Our preliminary data confirm
that heat treatment of Fungizone® solutions at 70°C
for 20 min could provide a new solution for the
simultaneous improvement of the therapeutic effi-
ciency of AmB against fungal cells and the reduction
of its cytotoxicity to mammalian cells (in prepara-
pid \

tion).
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