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TRANSFER OF THE POLYENE ANTIBIOTIC AMPHOTERICIN B BETWEEN SINGLE-WALLED VESICLES
OF DIPALMITOYLPHOSPHATIDYLCHOLINE AND EGG-YOLK PHOSPHATIDYLCHOLINE

JACQUES BOLARD #*, ALINE VERTUT-CROQUIN 2, BARBARA E. CYBULSKA Y and CLAUDE M. GARY-BOBO ©

8 Département de Recherches Physiques (LA CNRS 71), Université Pierre et Marie Curie, 4, Place Jussieu, 75230 Paris Cedex 05
(France), b Department of Pharmaceutical Technology and Biochemistry, Technical University, Gdansk (Poland) and
€ Service de Biophysique, Département de Biologie, C.E.N. Saclay, 91191 Gif-sur-Yvette Cedex (France)

(Received March 12th, 1981)

Key words: Phosphatidylcholine vesicle; Amphotericin B transfer; Dipalmitoylphosphatidylcholine vesicle; Circular dichroism

Amphotericin B transfer between single-walled vesicles of dipalmitoylphosphatidylcholine (DPPC) and of egg
phosphatidylcholine, both containing 10 mol% cholesterol, has been studied concurrently by circular dichroism
spectroscopy and permeability measurements. At 22°C amphotericin B is rapidly transferred from DPPC to
DPPC vesicles as well as from egg phosphatidylcholine to egg phosphatidylcholine vesicles. On the other hand,
although amphotericin B is rapidly transferred from egg phosphatidylcholine to DPPC vesicles, it is not trans-
ferred from DPPC to egg phosphatidylcholine vesicles. At 48°C, above the transition temperature of DPPC, trans-
fer occurs rapidly both ways. These results are interpreted in terms of difference of association constant of
amphotericin B with vesicle membranes in the gel and liquid-crystalline state.

Introduction

Polyene macrolides’ interaction with cell mem-
brane, which leads to permeability changes and even-
tually to membrane disruption, is a complex phenom-
enon. In the case of amphotericin B, the molecular
basis of this action seems to be the formation by
amphotericin B-sterol complexes of aqueous channels
[1-3] which can exist in a closed or open state with
many transitions between these two functional states
[4]. Due to the very low aqueous solubility of
amphotericin B, which results in its aggregation in
aqueous medium, the primary events of the interac-
tion with membranes are in themselves complex and
difficult to study: as a matter of fact, spectroscopic
studies by electronic absorption [5] or circular
dichroism [6] have shown the existence of inter-
mediate steps presumably involving adsorption at the

* To whom correspondence should be addresssed.
Abbreviations:  DPPC,  dipalmitoylphosphatidylcholine;
DMSO, dimethy! sulphoxide.

membrane surface. In order to focus on the ampho-
tericin B complexes responsible for membrane per-
meability, it appears convenient to study the ex-
change of amphotericin B between membranes, a
phenomenon which has been proved to take place
by van Hoogevest and de Kruijff [7], thus avoid-
ing the complexity of the primary interaction be-
tween amphotericin B aggregates in solution and
membranes.

In the present report, the exchange of ampho-
tericin B between unilamellar vesicles made of either
dipalmitoylphosphatidylcholine (DPPC) or egg phos-
phatidylcholine containing 10 mol% cholesterol has
been studied concurrently by two different methods:
circular dichroism (CD) spectroscopy, which has been
proved to be very sensitive to amphotericin B confor-
mational changes and makes possible the observation
of numerous species [6], and permeability measure-
ments, which allow us to distinguish among these
numerous observable species those which are effec-
tively responsible for permeability induction. As will
be shown, the combination of the two types of result
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leads to useful information concerning the association
between amphotericin B and membranes and the con-
dition of pore formation.

Materials and Methods

L-a-Phosphatidylcholine from egg yolk was pre-
pared according to the method of Patel and Sparrow
[8]. L-a-Dipalmitoylphosphatidylcholine (DPPC) was
supplied by Sigma, cholesterol by Fluka, FCCP (car-
bonylcyanide-p-trifluoromethoxyphenylhydrazone)
by Boehringer and amphotericin B by Squibb
France.

Vesicle suspensions were prepared by dissolving
weighed amounts of phospholipids and cholesterol in
chloroform. After removal of this solvent in vacuo,
the appropriate buffer solution was added to give the
desired final concentration of lipid and the sample
was quickly vortexed and sonicated to clearness
under nitrogen, the temperature being maintained
above the transition temperature of the phospholipid.

It is known that vesicles prepared this way are pre-
dominantly unilamellar. In our particular case this has
been checked by 3!P-NMR spectroscopy [9]. Assum-
ing that the vesicles are about 22 nm in diameter and
made of about 2000 lipid molecules [10,11], the
concentration of amphotericin B can be expressed as
number of molecules per vesicle, as well as in mol per
mol lipid.

Results

Circular dichroism studies

It has been already shown [6] that the ampho-
tericin B spectrum in aqueous solution depends upon
its concentration: namely, above the critical micelle
concentration (1077 M) a strong dichroic doublet at
319 nm appears which is characteristic of ampho-
tericin B aggregates. Upon addition of vesicles, this
signal disappears simultaneously with the appearance
of the characteristic spectrum of amphotericin B in
vesicles. The rate of transfer from solution to vesicles
depends upon concentration and, at a high ampho-
tericin B/vesicle ratio, can take up to 1 h to be com-
pleted. In all the experiments described below, it was
ensured, by monitoring its specific signal, that there

was no amphotericin B present in aggregated form in
solution during the exchange between vesicles.

It has been already shown [6], that amphoteri-
cin B in phospholipid vesicles exhibits distinct spectra
depending upon its concentration and the physical
state of the phospholipid (gel or liquid crystalline
state). In the case of phospholipid in the gel state
(such as DPPC with or without cholesterol at 22°C),
at a concentration of amphotericin B of 0.5 - 1073
mol/mol lipid (one molecule per vesicle) a positive
peak is observed (Ae = +8) at 417 nm and for 25 am-

" photericin B molecules per vesicle (12.5 - 10~ mol/

mol) this positive peak (Ae = +22) is observed at 420
nm. In the liquid-crystalline state (with egg phos-
phatidylcholine, for instance) a peak is observed
at 415 nm (Ae = +8) with one amphotericin B
molecule per vesicle, and at 420 nm (Ae = —30) with
25 amphotericin B molecules per vesicle. On the basis
of these differences the transfer of amphotericin B
from vesicle to vesicle can be monitored.

In the following experiments, egg phosphatidyl-
choline vesicles contained 10% molar cholesterol (un-
less otherwise indicated); DPPC vesicles contained
either O or 10% cholesterol. They were prepared in a
5-107% M Tris-HCl buffer, pH 7.5, and CD spectra
were recorded as previously described [6]; all exper-
iments were carried out at 22°C.

Exchange of amphotericin B between vesicles in the
same physical state

Vesicle suspensions were loaded with ten ampho-
tericin B molecules per vesicle (5107 mol/mol
lipid), adding the desired amount of its 1 - 10 M
solution in DMSO. The spectra were recorded and
then a suspension of the amphotericin-free suspension
of vesicles of the same nature was added in such a
way that the final concentration of amphotericin B
decreases to 0.25 mol/mol (0.5 molecule per vesicle).
This experiment has been carried out with egg phos-
phatidylcholine vesicles (liquid crystalline state) and
with DPPC vesicles (gel state). The cholesterol con-
tent of DPPC vesicles has no influence. In both cases
(Fig. 1) the initial spectrum typical of a high ampho-
tericin B/vesicle ratio is transformed rapidly into a
spectrum typical of a ratio lower than 1. Therefore
amphotericin B distributes itself between all vesicles
present. The half-time for the exchange was found to
be about 30 s (insert Fig. 1).
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Fig. 1. Amphotericin B exchange between egg phosphatidylcholine 10 mol% cholesterol vesicles at 22°C:
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, CD spectrum of

5 -107% M amphotericin in 1 mM vesicle suspension (ten molecules/vesicle); - - - - - - , CD spectrum obtained 1 h afterwards, using
1 vol. of the precedent suspension with 1 vol. 20 mM vesicle suspension (final concentration: 0.5 amphotericin B molecules/vesi-
cle). Ae, differential molar dichroic absorption coefficient (103 cm?2 - mol™Y). Inset: rate of appearance of the second spectrum, as

percentage of its final amplitude.

Fig. 2. Amphotericin B exchange between vesicles in different physical states at 22°C. First experiment:
2 -10™% M amphotericin B in 10 mM egg phosphatidylcholine 10% cholesterol vesicle suspension (100 molecules/vesicle). - - - - - -

, CD spectrum of

CD spectrum obtained 1 h after mixing 1 vol. of the preceding suspension with 1 vol. 10 mM DPPC vesicle suspension. Inset: rate
of appearance of the second spectrum in percentage of its final amplitude. Second experiment: ------ , CD spectrum of 5 -
1076 M. Amphotericin B in 1 mM DPPC vesicle suspension; 1 h after mixing 1 vol. of the preceding suspension with 1 vol. 10 mM
egg phosphatidylcholine 10% cholesterol vesicle suspension the CD spectrum remains identical. Ae, differential molar dichroic

absorption coefficient 103 cm? - molY).

Exchange of amphotericin B between vesicles in dif-
ferent physical states

In a first series of experiments, a suspension of
DPPC vesicles (in the gel state) was added to a suspen-
sion of amphotericin Bloaded egg phosphatidylcho-
line vesicles (10 - 1072 mol/mol; 20 molecules/vesicle)
(in the liquid<crystalline state). These experiments
were carried out with three phospholipid concentra-
tions: 0.1, 1 and 10 mM. In the three cases, one ob-
serves the rapid transformation (half-time about 30 s)
of the spectrum typical of amphotericin B in vesicles
in the liquid-<rystalline state into the spectrum of
amphotericin in vesicles in the gel state (Fig. 2). The
kinetics are concentration-dependent and at a concen-

tration of 10 mM phospholipids, a two-step process is
observed. The cholesterol content of DPPC vesicles
has no influence.

In a second series of experiments, the reverse was
done: a suspension of egg phosphatidylcholine vesi-
cles was added to DPPC vesicles preloaded with 20
amphotericin B molecules/vesicle. In this case no
detectable change was observed in the spectrum,
which remained typical of amphotericin in phospho-
lipid in the gel state. The same result was obtained in
absence of cholesterol in the vesicle.

Permeability studies
Sonicated vesicles of either egg phosphatidylcho-
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line or DPPC are rigorously impermeable to hydro-
philic ions such as phosphate or sulphate and it has
been previously shown by 3!P-NMR spectroscopy
that in phosphate buffer these vesicles are able to
maintain more than a 4 pH unit difference across
their membranes for several hours or several days,
depending upon lipid composition and temperature
[9]. It must be pointed out that, due to their imper-
meability to hydrophilic anions, any cation move-
ment across the vesicle bilayer can take place only by
strictly electroneutral exchange. The addition of a
proton carrier such as FCCP to vesicles submitted to a
large proton gradient does not result in any net pro-
ton flux: another path must be provided for the
exchanging cation. Under these conditions, the per-
meability to cation induced by amphotericin B on
vesicles submitted to a pH difference between intra-
vesicular and external medium can be conveniently
measured by monitoring the proton flux occurring in
exchange through FCCP, provided this proton flux is
not rate limiting, and this condition is easily fulfilled,
at least at low and moderate concentrations of am-
photericin B.

The vesicles used in the following experiments car-
ried out on this basis were obtained by sonicating a
mixture of 27 umol phospholipid and 3 pumol choles-
terol in 1 ml 400 mM sodium phosphate buffer, pH
5.20. After sonication, the vesicle suspension was
dialysed at equilibrium against 500 vol. isotonic sodi-
um sulphate. The proton flux was measured using pH-
stat equipment (Radiometer) as follows:

1 ml dialysed vesicles suspension was diluted with
3 ml dialysing medium in the titrating vessel of the
pH-stat. After equilibration under a constant nitrogen
stream, the pH of the suspension was adjusted to
7.40. Thus a pH difference of 2.2 units was estab-
lished between intravesicular and external medium.
20 pl of a 1 -1072 M FCCP solution in ethanol was
added. Then amphotericin B was added and the pro-
ton efflux elicited was measured against time as the
amount of a 4 mM NaOH solution in isotonic sul-
phate necessary to maintain pH 7.40.

Ampbhotericin B was introduced according to the
two following procedures:

Procedure 1: directly as 60 ul of a 1 mg/ml solu-
tion in DMSO, that is, about 2 - 1072 mol/mol (four
amphotericin B molecules per vesicle);

Procedure 2: at the end of the experiment carried

out according to procedure 1, the pH equilibrium
being reached between intravesicular and external me-
dium, the vesicle suspension was withdrawn and
stored in a syringe. A new vesicle suspension was pre-
pared as before, including FCCP addition, and the
syringe contents were added to it. Therefore the final
concentration of amphotericin B thus added as pre-
loaded vesicles was only 1 - 1073 mol/mol lipids (two
molecules per vesicle).

It has been checked in preliminary experiments
that: (1) in the absence of ionophore, the proton
efflux is practically negligible, amounting at most to
about 0.1-1% of the total titratable protons per h,
depending upon lipid composition and temperature;
(2) FCCP added alone is not able to promote any sig-
nificant increase of the basic flux even at concentra-
tions as high as 1 - 1073 M; (3) the proton efflux me-
diated by FCCP in presence of amphotericin B is
maximal and independent of FCCP concentration
above 2 - 107° M; (4) the total amount of titratable
proton was measured after Triton X-100 addition:
the intravesicular volume calculated on this basis was
found to be equal to 1.3 +0.2% of the volume of the
stock vesicle suspension. Under the influence of
FCCP plus amphotericin B, more than 95% of this
amount is titratable.

Exchange of amphotericin B between vesicles in the
same state

The effects at 22°C of amphotericin B added
according to procedures 1 and 2 are described in
Figs. 3 (for DPPC vesicles) and 4 (for egg phosphati-
dylcholine vesicles). The proton efflux observed is
given as percentage of the total titratable protons
(after Triton X-100 addition) versus time. The No. 1
curves of Figs.3 and 4 represent the proton efflux
obtained respectively on DPPC and egg phosphatidyl-
choline vesicles by direct addition of amphotericin B
according to procedure 1. The No.2 curves in the
same figures represent the proton efflux obtained by
addition, according to procedure 2, of preloaded
DPPC and egg phosphatidylcholine to vesicles of the
same nature.

In both cases, a comparable flux rate is obtained,
which demonstrates, as previously shown by Hooge-
vest and de Kruijff [7], that amphotericin B can be
transferred between vesicles of the same lipid compo-
sition. The proton efflux obtained by procedure 2 is
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Fig. 3. Proton release from DPPC 10% cholesterol vesicles at 22°C. Curve 1: direct addition of amphotericin B; curve 2: addition
of amphotericin B preloaded DPPC 10% cholesterol vesicles; curve 3: addition of amphotericin B preloaded egg phosphatidylcho-
line 10% cholesterol vesicles. Amphotericin B concentration, 2 - 1073 mol/mol lipid. Ordinate: percentage of total titratable pro-

ton released.

Fig. 4. Proton release from egg phosphatidylcholine 10% cholesterol vesicles at 22°C. Curve 1: direct addition of amphotericin B;
curve 2: addition of amphotericin B preloaded egg phosphatidylcholine-10% cholesterol vesicles; curve 3: addition of amphoteri-
cin B preloaded DPPC-10% cholesterol vesicles. Amphotericin B concentration, 2 - 107 mol/mol lipid.

slower than by procedure 1. This difference is at least
partly ascribable to the difference in the number of
amphotericin molecules present per vesicle, which in
procedure 2 is half of that in procedure 1.

Exchange of amphotericin molecules between vesicles
in different physical states

The results of this experiment, carried out by pro-
cedure 2 is described in the No. 3 curves of Figs. 3
and 4. The No. 3 curves of Fig. 3 represent the efflux
obtained when at 22°C preloaded egg phosphatidyl-
choline vesicles are added to DPPC vesicles; it can be
seen that this efflux is not significantly different from
the efflux obtained by transfer of amphotericin B
from DPPC to DPPC vesicles. The reverse experiment
is described by curve 3 in Fig. 4. It can be seen that
when preloaded DPPC vesicles are added to egg phos-
phatidylcholine vesicles no proton efflux occurs.
Therefore the transfer of amphotericin B is not sym-

metrical; it occurs from egg phosphatidylcholine to
DPPC vesicles but not from DPPC to egg phos-
phatidylcholine vesicles.

The transfer experiments were then performed at
48°C, that is above the transition temperature of
DPPC. The resulting proton fluxes are described in
Figs. 5 and 6. In Fig. 5, curve 1 describes the proton
flux obtained on DPPC by direct addition (proce-
dure 1) and curve 2 by addition of preloaded egg
phosphatidylcholine vesicles (procedure 2). In Fig. 6,
curve 1 describes the proton flux obtained on egg
phosphatidylcholine vesicles by direct addition,

.curve 2 that obtained by addition of preloaded DPPC

vesicles. At this temperature, the proton efflux ob-
tained is the same in both cases and the transfer of
amphotericin B occurs from DPPC to egg phosphati-
dylcholine as well as from egg phosphatidylcholine to
DPPC vesicles. This result demonstrates that DPPC
vesicles in the liquid-crystalline state are able to trans-
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Fig. 5. Proton release from DPPC 10% cholesterol vesicles at 48°C. Curve 1: direct addition of amphotericin B; curve 2: addition
of amphotericin B preloaded egg phosphatidylcholine 10% cholesterol vesicles. Ordinate: percentage of total titratable proton

released. Amphotericin B concentration, 2 - 1073 mol/mol lipid.

Fig. 6. Proton release from egg phosphatidylcholine 10% cholesterol vesicles at 48°C. Curve 1: direct addition of amphotericin B;
curve 2: addition of amphotericin B preloaded DPPC 10% cholesterol vesicles. Amphotericin B concentration, 2 - 1073 mol/mol

lipid.
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Fig. 7. Proton release from egg phosphatidylcholine 10% cholesterol vesicles by addition of DPPC 10% cholesterol vesicles pre-
loaded with increasing amount of amphotericin B. Temperature, 22°C. The figures indicate the number of amphotericin B mole-
cules/DPPC vesicle. Ordinate: percentage of total titratable proton.



fer amphotericin B to egg phosphatidylcholine vesi-
cles.

Exchange experiments between preloaded DPPC
vesicles (in the gel state, at 22°C) and egg phosphati-
dylcholine vesicles were carried out at a function of
amphotericin B molecules/DPPC vesicle ratios. In
these experiments it was ensured by circular dichro-
ism spectroscopy that even at ratios as high as 240,
no amphotericin aggregate was present in the aqueous
medium. The results are given in Fig. 7. It seems that
proton efflux begins to appear beyond 32 amphoteri-
cin B/DPPC vesicle. With a further increase of this
ratio, the proton efflux rate increases, as well as the
percentage of titratable protons which can be
released, this reaching 100% for a ratio of 132 (66 -
1072 mol/mol lipid).

The exchange can possibly proceed in two differ-
ent ways: either through amphotericin B molecules
in the aqueous medium or by direct contact between
vesicles during collision, which in turn might induce
fusion. Several experiments have been carried out in
order to test these possibilities.

(1) Exchange experiments were studied as a func-
tion of vesicles dilution, from 0.5 to 15 umol lipid
per ml (the lipid concentration routinely used being
7.5 mol/ml). The results obtained both by spectro-
scopic and permeability methods are not significantly
affected by the dilution in this range.

(2) Exchange experiments between DPPC or egg
phosphatidylcholine vesicles negatively charged by
addition of 5 mol% of phosphatidic acid: the only
difference with uncharged vesicles appears to be a
slight increase in the half-time of the proton release,
both in the direct and ‘indirect’ (exchange) experi-
ments.

(3) Fusion experiments: it is known that DPPC
vesicles below the transition temperature undergo
aggregation and fusion. As compared with the
exchange process, which is completed within 1-2
min the fusion process is very slow, taking place
over several hours and even days [12]. However, am-
photericin B might act as fusogen; fusion between
DPPC vesicle at 22°C was followed comparatively in
the absence and presence of amphotericin B, using
the methods of Wilschut and Papahadjopoulos [13,
14].

The increase in the fluorescence signal due to the
complexation of terbium ions (in one vesicle popula-
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tion) by dipicolinic acid (in the other vesicle popula-
tion) upon mixing of the two vesicle populations was
found to be 4—5% of the maximum fluorescence ob-
tained by detergent addition, after 90 min. Ampho-
tericin B addition up to 20 -107% mol/mol lipid,
either directly as DMSO solution, or indirectly (pre-
loading either one of the two populations) does not
result in a significant increase in the fluorescence sig-
nal.

Therefore the negative results obtained in the
three types of experiment indicate that under our
experimental conditions, amphotericin B exchange
cannot be accounted for in terms of direct contact
and fusion of vesicles.

Discussion

The results obtained by circular dichroism spec-
troscopy and permeability measurements demon-
strate that the exchange of amphotericin B is relatively
fast between vesicles in the same physical state, but is
clearly asymmetrical between vesicles in different
states. The fact that the state of the lipids is involved
rather than a more specific interaction related to the
different chemical nature of the hydrocarbon chains
is shown by the experiments carried out at 48°C, a
temperature at which no significant difference is ob-
served between the exchange of amphotericin B from
egg phosphatidylcholine to egg phosphatidylcholine
or DPPC to DPPC on the one hand and from egg
phosphatidylcholine to DPPC or DPPC to egg phos-
phatidylcholine on the other.

Between vesicles in the same state, the exchange
occurs rapidly, with a half-time of about 30 s as seen
by the evolution of CD spectra. This rate is quite
compatible with the development of proton fluxes
observed under the same conditions. This result con-
firms and expands the results already obtained by van
Hoogevest and de Kruijff 7] on vesicles in the liquid-
crystalline state.

This exchange seems to occur through the aqueous
medium. It has been shown on black films [15] that
the membrane/solution equilibration of amphoteri-
cin B is fast. It must be pointed out that since the CD
signal characteristic of amphotericin B aggregates in
solution is not detectable under our conditions, the
amphotericin B concentration in solution is not
greater than 1 - 1077 M, which means that the pool of
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amphotericin B molecules in solution is small as com-
pared to the total amount present. ‘

Therefore, when amphotericin B is added to vesi-
cles either directly as DMSO solution or by exchange,
it distributes itself rapidly and evenly throughout all
the vesicles present, and this is confirmed by the
evolution of the CD spectra. However, an important
feature of the proton effluxes induced by exchange is
that, at lbw amphotericin B/vesicle ratios, this proton
efflux is not only slower, but imcomplete, involving
only a fraction of the titratable protons, that is only a
fraction of the vesicle population. This can be ex-
plained only by considering, in accordance with the
now classical pore model [3], that much more than
one amphotericin molecule is required in one vesicle
to elicit permeability; therefore, as the dilution of
amphotericin B increases, the probability of having
enough molecules per vesicle, and of pore formation,
becomes vanishingly small and the proton efflux
stops.

The exchange of amphotericin B between vesicles
in different physical states is found to be asymmetri-
cal: although at 22°C amphotericin in egg phosphati-
dylcholine vesicles is rapidly transferred to DPPC vesi-
cles, the reverse is not true, at least at low amphoteri-
cin B/vesicle ratios. However, transfer occurs when
this ratio increases. In order to interpret these results,
one has to consider that the binding of amphotericin
with phospholipids in the gel state is much higher
(about 200-times) than with phospholipid in the
liquid crystalline state, as has already been shown for
nystatin [16].

Any kinetic effect seems to be excluded: Chen and
Bittman [5] have shown that, on the contrary, the
initial rate of association decreases as the interaction
between phospholipid hydrocarbon chains within the
vesicles becomes stronger, namely, when passing from
the liquid crystal state to the gel state.

Finally, the comparison of CD spectra and per-
meability measurements allows a useful distinction to
be made among the former: the species observed
either by electronic absorption [5] or by CD [6] are
numerous and their evolution in time complex. It
appears that the species recorded by spectroscopy in
the very first moment of the reaction of amphoteri-
cin B with vesicles are not responsible for the induced
permeability; on the contrary, those presented here

are effectively related to pore formation. A remark-
able point is that two clearly distinct spectra are ob-
tained for DPPC in the gel state and for egg phospha-
tidylcholine. This might correspond to two different
types of ionophoretic entity. The proton efflux mea-
surements presented here give no information about
this possible difference: however, work in progress in
our laboratory seems to indicate that there are differ-
ences in the selectivity of the pores induced in the
two phospholipids.
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