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The kinetics of formation ¢f :.--t, ~hotericin B (AraB) aqueous por.;s in c~,o~tctc, l-containing DMPC or egg-PC li~oso,~vs -¢.'a~ 
investigated ~si.~, a v~'ol~2e.,:l-flow method. The formation of aqueous pores by Arab occurred very rapidly (in milliseconds to 
seconds depending of the AraB concentration), anti it was always preceded by the formation of transient, non-aqueous pro-pore 
structures. As anticipated, these non-aqueous pre-pore structures made the liposomes more permeable t~ urea without at the 
same time leading to a decrease of the reflection coefficient of urea or to an enhancement of glucose permeability. However, 
when !ipo~mes were composed of egg-PC and cholesterol, the formation of non-aqueous and aqueous channels by Arab 
occurred after a lag time of several minutes. S~ch a time lag for AraB action was not observed in cholesterol-containing DMPC 
liposomes, an indication tha~ the phospholipid composition is an important parametur in the forma,fion of non-aqueeus channels 
by AraB. Both non-aqueous and aqueous channels were always formed at lower concentrations of Arab in liposumes containing 
ergosterol while higher concentrations were needed in cholesterol-containing liposomes. Measurements of the permeabilizing 
effect of AraB on liposomes prepared without sterols indicate that non-aqueous channels were formed in DMPC (but not in 
egg-PC) at polyene concentrations identical to that found for cholesterol-containing liposomes. No evidence of the formation of 
aqueous channels by Arab was found in pure DMPC liposomes. These data are consistent with the concept that AmB forms 
non-aqueous channels without the direct participation of sterol molecules. The initially formed non-aqueous channels subse- 
quently interact with the sterols in the membrane to form aqueous channels, having an enlarged diameter. This sequential 
mechanism for the formation of AraB aqueous pores in liposomes provides a rationale for the understanding of the effect of both 
the phospholipid composition and type of stcrol in the interaction of Arab with natural mcmbra~,es and artificial bilayers. 

Introduction 

The polyene antibiotic amphotericin B (AraB) is an 
efficient killer of fungi and parasitic protozoa, but is 
also toxic to mammalian cells (reviewed in Refs. 1 and 
2). It has been assumed that such a selective toxicity of 
AmB for fungi is the result of its capacity to bind more 
strongly to ergostcrol, the principal funsal sterol than 
to cholesterol, which is the principal sterol of mam- 
malian cells [3,4]. For both types of membranes, a 
common mechanism of action for AraB has been pro- 
posed to involve the formation of aqueous pores of 
about 4 h, in radius [5,6,7]. According to this theory., 
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these pores cause the membrane to be non-selective 
leaky and cell death ensues. 

However, the details of the relationship between the 
formation of aqueous channels by AmB and its lethal 
action on sensitive cells is not yet fully understood, For 
example, it has been repo, ted that AmB can induce 
changes in ion permeability in Candida albicans with- 
out causing cell death [8]. Others have failed to detect 
a correlation between the sensitivity of f:mgi t.o polyene 
antibiotics and the corresponding steroi content [9,10]. 
in Leishmania mexicana, the sensitiviro, to AraB has 
actually been shown to be enhaeed after reducing the 
ergosterol content of the p|a., raa membrane upon their 
transformation by heat into a~-nastigote-like forms [11]. 
The reason for a more rapid response to AraB by 
heat-transformed leishmanias has been suggested to he 
based on changes in the degree of saturation of the 
phospholipid chains, which could conceivably facilitate 



the formation of aqueous channels [11,12,13]. Other 
effects of AmB, such as the lipid peroxidation obser~ed 
in various cell types, could also play a role ir~ the 
mechanism of action of AraB [14]. 

Previous models for formation of aqueous channels 
by Arab in membranes have emphasized formation of 
an initial complex between the antibiotic and sterols 
[6,7]. According to this concept, the complex consists of 
8 to 10 s terol /AmB dimers packed to form a cylindri- 
cal transmembrane structure, the interior of which is 
lined by hydrox'yl groups from the Arab molecules. 
However, it has seemed very unlikely that the rate- 
limiting step for formation of such a multimeric aque- 
ous channel could actually be the simultaneous associa- 
tion of these AmB/sterol  complexes as a single event. 
Rather, it is possible that AmB aqueous pores may be 
formed in a sequential mechanism involving the initial 
formation of a 'complex" between Arab and lipid 
molecules, in earlier studies, we reported that Arab 
can form channels in ergosterol-containing liposome 
[15] and Leishmania membrane vesicles [!6], which 
differ in internal diameter. The simplest hypothesis to 
consider is that phosr~holipids themselves common to 
all membranes, interact with AmB and that complexes 
with other membrane components could the.n follow. 

To test this hypothesis, we have used a rapid 
stopped-flow method to study the effect of phospho- 
lipid composition and type of sterol in the time course 
for channel formation by AmB. For this purpose, we 
have prepared large unilamellar liposomes composed 
of either DMPC or egg-PC, in the presence or absence 
of either ergosterol and cholesterol. We report here 
that in the absence of sterols, only the non-aqueous 
pre-pore structures are formed. However, if ergosterol 
or cholesterol are also present, the pre-pore non-aque- 
ous structures progress to form AmB aqueous pores. 
We conclude that AraB may interact with biological 
membranes by a sequential mechanism in which an 
initial interaction with phospholipids to form non- 
aqueous pre-pore structures is followed by interaction 
of the complex with sterols to form complete aqueous 
pores. 

M a t e r i a l s  and  M e t h o d s  

Materials. Analytical quality reagents were used 
whenever possible. Amphotericin B (AmB), egg phos- 
phatidylcholine (egg-PC) and dimyrist.gy!phosphatAd,.,! - 
choline (DMPC) were purchased from Sigma. Ergos- 
terol (Sigma) was purified as described previously [15]. 
In all experiments, AmB was dissolved in dlmethyl- 
formamide (DMF) at a concentration of ! mg/ml .  

Preparation of liposomes. Large unilamellar lipo- 
somes were formed by the reverse-phase evaporation 
method as described by Szoka and Papahadjopoulos 
[17]. For the preparation of J.UV, 2 ml of an aqueous 

phase containing 60 mOsm potassium phosphate buffer 
(pH 7.0) were mixed with 6 ml diethyl ether containing 
20 #moles  of a lipid mixture (egg-PC + 16 mol% ergos- 
terol). For the corresponding preparation of liposomes 
composed of DMPC with or without cholesterol or 
ergosterol, the ether phase was substituted by 10 ml of 
a mixture of chloroform/diethyl ether (1 : 1, v/v). In 
both cases, the resulting two-pilase system was soni- 
catcd in a cylindrical bath sonicator, until the mixture 
become a one-phase dispersion. Liposomes were 
formed after the organic solvent was removed under 
rcdt~ced pressure in a rotary evaporator. This ";)repara- 
tion of liposomes was filtered through a polycarbonate 
membrane (Nuclepore, pore size 0.4 pm)  without loss 
of lipid. The ergosterol content of such liposumes was 
founO to be identical to the lipid composition in the 
original solution, indicating that the incorporation of 
sterol was maximal. Liposomes were found by 
n~gativc-staining electron microscopy to be homoge- 
neous irl size (average diameter 0.1 + (I.(14 /.tin), being 
predominantly unilamellar. Oligolamellar veslcies were 
also occassionally observed. 

Osn~otic measurements. Volume changes of lipo- 
somes occurring after an exposure to an osmotic gradi- 
ent were followed by measuring the 90 ° light scattering 
intensity at 450 nm, in a Durrum stopped-flow spectro- 
photometer (D-! 10). As shown previously [18], tl',= light 
scattering increase observed at 90 ° to the incident 
beam corresponds to the shrinking of the liposomes 
due to water efflux. As predicted by the Boyle-Van't 
Hoff equation, a linear relationship was found between 
the reciprocal of the total light scattering changes (at 
equilibrium) and the reciprocal of impermeable solute 
concentration in the external solution. Thu,: the 90 ° 
light scattering changes could be directly related to 
changes in liposome volume. 

The effect of AmB on the permeability coefficients 
for different solutes was measured by the 'maximum 
slope" method developed by Hill and Cohen [19]. The 
rate of swelling and shrinkage of liposomes as well as 
the extent of the minimum volume (Vmi .) depend on 
the value of the solute's reflection coefficient. On the 
other hand, the maximum slone of the volume changes 
after attaining the minimum volume is proportional to 
the solute permeability coefficient, provided that the 
so-called 'drag term' in the equation, which describes 
the solute flow [19], is small and can be neglected. 

Before mixing in the Stop-flow apparatus, the lipo- 
somes were diluted to a lipid concentratton of I mM 
concentration and incubated with different concentra- 
tions of AmB. For mixing in the stop-flow, it was found 
most convenient to use a 4:1 ratio drive syringe, which 
permits one volume of vesicles contained in syringe I to 
be mixed with four volumes of an hyperosmotic solute 
solution (600 mosM) contained in syringe ll. In all 
cases, AraB was dissolved in DMF and the stock solu- 



tion added (in #,l) so that the organic solvent final 
concentration was less than 0.5% by volume. Control 
experiments indicated that at this concentration DMF 
itself had no effect on light scattering changes.All 
measurements were done with water continuously cir- 
culating through the drive syringes and mixing cuvette 
at a constant temperature. 

In order to measure the effect of AmB on the total 
extents of the volume changes of liposomes suspended 
in hyperosmotic solutions, the light scattering changes 
were stored in a computer until no changes were 
observed. The corresponding rate constants k (in s - i )  
for :olute permeation were calculated by dividing the 
maximum rate of swelling after V~. by the total extent 
of the light scattering changes. For a first-order process 
it can be demostrated that k = P "A/V,  where P is the 
solute permeability, A is the total area of liposomes 
and V is the liposome volume. We have taken k values 
as proportional to the solute permeability coefficient 
since the A / V  ratio has nearly the same value in all 
the liposomes prepared by the present method. 

O M P C / E R G  (84 /16 ,  m o l a r  ra t ios )  
UREA 

I. CoMrot 

2-0.4 uM 
3- 0.8 ~M 
4-1.2 ~uM 
5-1.6 ~M 
6-3.2 ~uM 
?-6.4 jukl 

Results 

Formation of non-aqueous channels and aqueous chan- 
nels by AmB across ergosterol-containing DMPC lipo- 
somes 

We have previously reported that in the time course 
of the permeabilization by AmB of eggPC/ergosterol 
liposome, s [15] two types of channels appear to be 
formed depending of the AmB concentration and the 
time elapsed after mixing. Fig. 1 shows the effect of 
increasing concentrations of Arab on the biphasic light 
scattering of DMPC/ergosterol liposomes after rapid 
mixing with a hyperosmotic urea solution. Up to an 
Arab concentration of 0.8/zM, modest but significative 
increments in the total volume changes were observed 
(Fig. l, top). However, beyond 1.2 /.LM AmB, the 
extents of shrinkage decreased abruptly (Fig. 1, bot- 
tom). This finding demostrates that the reflection coef- 
ficient for area has decreased (see Methods). This 
observation is consistent with previous data indicating 
that addition of AraB to planar lipid bilayers leads to a 
decrease of the reflectio, coeffcient of urea from unity 
in untreated membranes to a value near 0.6 [5,6]. 

The light scattering curves presented in Fig. I also 
show that at AraB concentrations below the 'critical' 
concentration value of 1.2 p.M (Fig. 1), we could detect 
an increase in the rate of swelling of liposomes after 
they had attained t~eir minimum volumes. When the 
corresponding changes of the rate constants for urea 
permeation (dk(urea)) were calculated (see Methods) 
and plotted against the external AraB concentration 
(Fig. 2, empty circles) a linear relationship was ob- 
tained up to an AraB concentration of 1.6/zM. Beyond 

Fig. 1. Stopped-flow traces of volume changes in urea-suspended 
liposomes treated with AraB. Ordinate: Light scattering intensity 
changes at 90 ° (in mV). Liposomes were prepared from DMPC and 
ergosterol (84:16, molar ratios) in a 60 mosM ~fffer phosphate 
solution (pH 7.0) They were then rapidly mixed (1:4, volume ratios) 
with a 600 mosM urea solution conlaining increasing Arab concen- 
trations. The final AraB concentrations were as follows. 1. control; 2, 
0.4 g-M; 3. 0.8 g-M; 4, i.2 g-M; 5,1.6 g-M; 6, 3.2 g.M; 7, 6.4 g-M. The 
cu~,ed traces show the first sweep of the oscilloscope and the 
horizontal lines indicate the fina~ light scattering equilibrium values. 

Final lipid concentration 0.2 raM; Temp. 30°C. 

this concentration, the measured dk were smaller 
than those expected from a linear dose-response. 

It follows that the channels that are formed by AraB 
at low AraB concentrations ( < 1.2 p.M) allow a signifi- 
cant increment of the urea permeability across 
DMPC/ergosterol liposomes (Fig. 2, empty circles) 
without at the same time exerting any reduction in the 
reflection coefficient of urea (Fig. 1, top). Such struc- 
tures will be referred to now as non-aqueous AmB 
channels. 

Formation of AmB aqueous channels -from non-aque- 
ous channels 

The results shown in Fig. I (bottom) also indicate 
that a few seconds after attaining Vmi n, the swelling 
portion of the curves corresponding to AraB concen- 
trations higher than 0.8 p.M, exhibit a characteristic 
break or discontinuity. It can be observed in Fig. l that 
such breaks occurred at progressively shorter times 
after mixing, as the AraB concentration was increased. 



W h e n  an  AraB concen t r a t ion  o f  6.4 ~tM was reached ,  
we clearly observed an  actual  min imum in the t ime 
course  o f  the swelling (a r row in Fig. 1). 

The  possibility ar ises  tha t  the  presence  of  such  kinks 
dur ing  the  t ime c o t , r ~ e  of  the  swelling could  be  directly 
re la ted  to r e a r r a g e m e n t s  of  lipids a n d  A m B  leading to 
the  fo rmat ion  o f  AraB  aqueous  channels ,  i f  this were  
so, one  might  expect  tha t  any  kinks due  to r ea r rage-  
men t s  o f  the  AmB-phospho l ip id  complex might  be  
e l iminated  by lengthy exposures  of  l iposomes to A r a b  
p r io r  to  mixing. In o r d e r  to investigate this possibility, 
l iposomes were  the re fo re  p re - incuba ted  for  15 min 
with d i f ferent  AraB  concen t ra t ions  pr ior  fo mixing with 
the  hypcrosmot ic  u rea  solut ion (Fig. 3). It can  be  seen 
in Fig. 3 tha t  no  'k inks '  were  observed  when  l iposomes 
were  p re - incuba ted  with e i ther  2 p.M A m B  (Fig. 3A, 
curve I) o r  4 ILM A m B  (Fig. 3B, curve 1) and  then  
mixed in the  stop-flow a p p a r a t u s  with an  u rea  solut ion 
con ta in ing  no  AraB.  This  lack o f  kinks can be taken  as 
an  indicat ion tha t  the  fo rmat ion  o f  the aqueous  pores  
occu r r ed  dur ing  the  p re - incuba t ion  per iod.  This  con- 
clusion is re in forced  by the observa t ion  tha t  the  extents  
o f  shr inkage  o f  such incuba ted  l iposontes (curves i in 
Figs. 3A and  3B, respectively) were  smal ler  than  those 
exhibi ted by cont ro l  l ipasomcs  t r ea t ed  with the same  
final A m B  concen t r a t ion  (curves 3 in Figs. 3A a n d  3B). 

A s  a f ,  r t h e r  test  o f  the  hypothesis ,  we p re - ineuba ted  
l iposomes in 6_rnB and  then a l lowed the osmot ic  gradi-  

4. 
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Fag. 2. The effect of AmB on the urea permeability of lipo:.)mus. 
Ordinate: changes of the rate constant for urea permeatien ~,~k i,* 
s-  i ). Absissa: final AraB concentration (in #M). o, Liposomes were 
mixed with a hyperosmotie urea solution containing increasing AmB 
concentrations, o, Liposomes were pre-incuhated for 15 rain with 
increasing Arab concentrations and thl i mixed w~th a hyperosmotic 
urea solution containing Arab at different concentrations, z~, Lipo- 
shines were pre-incubated for 15 rain with increasing AraB concen- 
trations and then mixed with a hy~rosmotic urea solution. The rest 

of experimental details as in Fig. 1. 

DMPC/ERG (92:8, molar  ratios) 
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Fig. 3. Stopped.flow traces of the volume changes of urea-suspended 
liposomes treated with AraB under different conditions. Ordinate: 
Light scattering intensity changes at 90 ° (in mV). (A) Curve I: 
Liposomes were .arc.incubated with 2 p.M AmB and then mixed with 
a hyperosmotic urea solution containing no AraB (final AraB concen- 
tration 0.4 p.M) Curve 2: Liposomes were pre-incubaled with 2/*M 
Arab and then mixed with a hyperosmolic urea solution containing 
0.5 p.M AraB (final AraB coucentration 0.8 /zM). Curve 3: Lipo. 
shines were mixed with a hyperosmotic urea solution containing 0. 5 
/zM Arab (final AraB concentration 0.4 /xM). (}s~ ¢'urve I: Lipo. 
shines were pre-incubated with 4 /.tM Arab and then mixed with a 
hyperosmotic urea solution containing no AraB {final AraB concen- 
tration 0.8/zM). Curve 2: Liposomes were pre-incubated with 4 p.M 
AraB and then mixed with a hyperosmofie urea solution containing 
1.0 /zM Arab (final Arab concentration 1.6 p.M). Curve 3: Lipo- 
shines were mixed with a hyperosmotic urea solution containing 1.0 
p.M AraB (final AmB concentration 0.8 p-M). Liposomes were pre- 
pared from DMPC a,d ergosterol (92:8, molar ratios) in a 60 mosM 
buffer phosphate solution (pH 7.0) as described in Methods. Aliquots 
of lilmsomes were pre-incubatgd for 15 rain with different Arab 

concentrations. The rest of experimental details as in Fig. 1. 

ent  to occur  in di f ferent  final concen t ra t ions  o f  ArnB. 
As shown in bo th  Figs. 3A a n d  3B (curves 2), kinks 
were  aga in  observed only if the  addi t ional  a m o u n t  o f  
the  ant ibiot ic  tha t  was  a d d e d  to the hypcrosmot ic  
aqueous  solut ion was  g r ea t e r  than  the 'cr i t ical '  concen-  
t r a u o u  of  0.8 p.M. It follows tha t  the p resence  o f  kinks 
in the swel}ing por t io  a o f  D M P C / e r g o s t e r o l  l iposomes 
exposed to ?~nB is connec t ed  with the  fonna t i on  of  
aqueous  pores  by the antibiot ic ,  a n d  tha t  kinks a re  a 
consequence  o f  in terac t ions  be tween  AraB  a n d  the  
m e m b r a n e  occur r ing  over  a t ime scale much  g r ea t e r  
than  seconds.  



The corresponding changes of the rate constant for 
urea permeation (Ak(urea)) across liposomes exposed 
to AmB with or without pre-incuhation with AmB are 
plotted in Fig. 2. it can be seen in Fig. 2 that Ak(urea) 
for pre-incubated liposomes (triangles) are much 
smaller that those measured for non-incubated lipo- 
somes (empty circles) exposed to the same final AraB 
concentration. Clearly, the osmotic method to measure 
solute permeabilities grossly underestimales the true 
permeability coefficient of urea when measurements 
are carried out after the formation of the aqueous 
pores. 

However, when the AmB-incubated liposomes were 
exposed to an urea solution also containing AmB (Fig. 
2, filled circles) the magnitude of the Ak(urea) exhib- 
ited by these liposomes were essentially identical to 
those measured for non-incubated liposomes, under 
equivalent concentrations. This result is not surprising 
since in all cases (see Me~.hods) the rate of urea perme- 
abilization was calculated by taking the maximum slope 
(after the minimum volume) from the portion of the 
swelling curves preceding the formation of kinks. 

The permeability o f  the AraB aqueous channels to glu- 
cose 

The aqueous pores that are formed by AmB in 
planar lipid bihtyer~, liposomes or natural membrane 
vesicles are known to exh~blt an small but significative 
permeability to glucose [4,5,15,16]. This behaviour was 
also observed when ergosterol-containing DMPC lipo- 
somes were mixed with a hyperosmotic glucose solu- 
tion containing AmB at increasing concentrations (Fig. 
4). 
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It can be seen in Fig. 4 that no changes o[ glucose 
permeability were induced by AmB until the 'critical' 
concentration of 0.8 p.M Arab was added to the sys- 
tem. Beyond this concentration, a linear enhancement 
of glucose permeability was measured with raising AmB 
concentrations. 

As far as the magnitude of the measured enhance- 
ment of glucose permeability is concerned, it is impor- 
tant to note that k(glucose) at 0.8 p.M AraB (Fig. 4) is 
about 500-times smaller ~.hat k(urea) at the same AraB 
concentration and temperature (Table i). 

The formation c!f non-aqueous channels by AmB across 
liposomes preb, ared without sterols 

We then proeeded to test the hypothesis that sterols, 
per se, had influenced in the eventual development of 
aqueous pores. As shown in Fig. 5, AmB exerted a 
bimodal effect on the permeability of urea across lipo- 
somes prepared with DMPC but without any sterol 
present. Thus, at low AmB concentrations (<  0.8 p.M) 
the k(urea) decreased with respect to the untreated 
(control) liposomes but beyond such a concentration, a 
modest but significative enhancement of k(urea) was 
observed. The total volume changes at V,,i, of such 
sterol-free liposomes suspended in urea do not differ 
from the control values, even at polyene concentrations 
as high as 10 p.M. 

The behaviour of DMPC liposomes that were incu- 
bated with Arab for 15 min previously to its mixing 
with the urea solution was also investigated. Under this 
condition, an enhancement of urea permeability was 
also measured but such changes were not accompanied 
by variations in the extents at  Vmi n (not shown). It 

DMPCI~RG (84:16, molar relloa) 
GLUCOSE 1t~ 

i 2 3 4 5 6 
[Ar,e].M 

Fig. 4. The effect of AmB on the glucose permeabili~.y of liposomes. 
Ordinate: Ihe rate conslanl for glucose permeation (k in s-I). 
Absissa: the final Arab concentration (in /,tM). Liposomes were 
prepared from DMPC and ergosterol (84:16. molar ratios) as de- 
scribed in Methods. They were rapidly mixed with a 600 mosM 

glucose solution containing Arab at increasing concentrations. 

0'31 DMPC , ~  
UREA 

Q 
6 I :~ ~, 4 ~ 

[ArnB] ~M 
Fig. 5. The effect of AmB on the area permeability of sterol-free 
liposomes. Ordinate: the rate constant for urea pernteation (k in 
s- J ). Absissa: the final Arab concentration (in pM). Liposomes were 
prepared from DMPC in a 60 mosM buffer phosphate solution 
(pH ~ 7.0) They were rapidly mixed with a 600 mosM urea solution 
containing Arab at increasing concentrations. Final lipid concentra- 

tion 0.4 raM; Temp. 30~C. 



EggPC/CHOL ( 84:16, molar ratios) 

GLUCOSE 
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Fig. 6. Stol:0ed-flow traces of volume changes of cholesterol-contain- 
ing liposomes suspend,:d in kypelosmolic solutions of different so- 
lutes. Ordinate: Light scattering intensity changes at q()° (in mV). (At 
Urea; (BI KNO~: (C) glucose. Liposomes were prepared from egg-PC 
and cholestero" (84:16, molar ratios) in a 60 mosM phosphate buffer 
(pH 7.0). Aliquo;s of liposomes (I raM) were pre-incubated for 15 
rain with increasing concentration of AmB. They were rapidly mixed 
with a hyperostaotic 600 mosM solution of the tested solute. The 
final AraB concenlrations (after 1:4 volume mixing) were as follows: 
C. c, mlrol; I. 1.0 p.M; 2, 3.0 p.M; 3, 5.0 p.M: 4, 10.0 p.M. Final lipid 

concentration 0.2 raM: Temp. 20°C. 

follows tha t  in p u r e  D M P C  ! iposomcs ,  the  pcnneab i l i i y  
lo u r e a  tha t  is i nduced  by A m B  o c c u r r e d  only  by way  
of  the  fo rma t ion  o f  n o n - a q u e o u s  channe l s .  

A s  an t i c ipa ted ,  w h e n  l iposomes  w e r e  p r e p a r e d  f rom 
e g g - P C  in the  absence  o f  s terols ,  no  e n h a n c e m e n t  o f  
u r e a  pe rmeab i l i t y  nor  any  c h a n g e s  o f  the  tota l  v o l u m e  
c h a n g e  at  Vmi n w e r e  m e a s u r e d  up  to A r a B  c o n c e n t r a -  
t ions as  high 10 p,M, i n d e p e n d e n t l y  o f  its be ing  pre- in-  
c u b a t e d  wi th  t he  ant ibiot ic .  

o~ --. 
Eg~PCrCHOL ( 84:16, molar ratios) 
O t~A 
• x ~  a 

<3 005. 

2 4 (~ 8 10 
[An~M 

Fig. 7. The effect of AmB on the permeability of cholesterol-contain- 
ing liposomes to mea and potassium nitrate. Ordinate: changes of 
the rate constant for solute permeation (Ak in s i). Absissa: final 
Arab concentration (in/zM). o. Urea; o. KNO~. The rest of experi- 

mental details as in Fig. 6. 

D M P C / E R G  ( g 2 : 8 ,  m o l a r  ra t ios )  

urea  A 

~ L  

D M P C / C H O L  (84:16, molar  rat ios) B 

Fig. 8. Slopped-fiow traces of AmB-indueed volume changes in 
ergosterol and chol,-'~:tcr~l.c2ntaining lipo~;omer,. Ordinate: Light 
scancring intensity changes it 9lt ° (in mY). IA) Ergosterol-containing 
DMPC liposomes (92:8, molar ratios). Curve 1: Liposomes were 
mixed with a 600 mosM hyperosmotic urea solution. Curve 2: Lil~r- 
somes were mixed with a 600 mosM hyperosmofie urea solution 
containing AmB. Final AraB concentration I).8 #M. (B) Cholesterol- 
containing liposomes t84:16, md,!ar ratios). Curve I: Liposomes were 
mixed with a 600 mosM hypcrosm.~fie urea solution. Curve 2: Lipo- 
somes were mixed with a 600 mosM hyperosmotic urea solution 
containing AmB, Final AraB com:entration 6.4 pM. The rest of 

experimental t;ctails as in Fig. 3. 



Formation o f  non-aqueous and aqueo:ts cliu,tnels by 
AraB hi cholesterobcontaining liposomes 

When egg-PC liposomes were prepared with choles- 
terol and then mixed directly with the AmB containing 
urea solution, no enhancemenl of the . tea permeabil- 
ity nor any changes of the total volume changes at Vmi . 
were observed (data not shown). However, if liposomcs 
were ~re-inc-bated for 15 rain with AmE concentra- 
tions higher than 11.8 p.M (Fig. 6At, the rate of swelling 
after V,.~. increased. The calculateo changes of the 
rate constant for urea permeabilizafion (zl/c(urea)) 
across egg-PC/cholesterol liposomes arc plotted iv 
Fig. 7 as a function of the final AmB concentration. 

It can be seen in Fig. 6A that such an enhancement 
of urea permea;:~lity induced by AraB across egg-PC/ 
cholesterol liposomes was not accompanied by any 
changes in the magnitude of the total extents at V.,i. 
for AmB concentrations lower than 10 p.M (curves 1 to 
3 in Fig. 6At. This observation indicates that at such a 
concentration range, AmB seems only to generate the 
formation oi non-aqueous channels. At 10 gM AmB, 
the total extent abruptly decreased (Fig. 6A, curve 4) 
indicating the formation of aqueous pores. In fact, at 
this concentration, a modest but signiflcative increment 
of glucose permeability could be measured (Fig. 6C). 

Similar incubation conditions to those employed for 
urea and glucose were used to investigate the effect of 
AmB on the permeability of egg-PC/cholesterol lipo- 
somes to potassium nitrate (Fig. 6B). It can be ob- 
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.-,c,,'ved in Fig. 7 that the KNO 3 rate constant was not 
affected significantly by AmB until a concentration of 
about 3 g.M AmB was added to the system. 

Comparison between the rate o f  formation o f  non-aque- 
ous channels by A m B  across ergosterol and cholesterol- 
contahting liposomes 

The fact that urea permeabilization across egg-PC/ 
cholesterol liposomes is not accompanied by any varia- 
tions in the total extents of l.~.i, or in the glucose 
permeability indicates that AmB concentrations lower 
than 10 p.M seem to generate the formation of non- 
aqueous channels. However, the fact that we could 
observe such non-aqueous channels only after the incu- 
bation of egg-PC/cholestert~ liposomes for several 
minutes with AmB contrasts with the observed forma- 
tion of the same type of channels just after rapidly 
mixing of AmB with DMPC/ergosterol (Fig. 11 or 
egg-PC/ergosterol liposomes (Cohen, 19861 [15]. It 
was thus possible that the choice of phospholipid could 
influence the nature of the interaction betwen AmB 
and the membrane. To test this hypothesis, we com- 
pared the rates of formation of AmB non-aqueous 
channel in DMPC/cholcsterol liposomes with DMPC, 
ergosterol liposomes (Fig. 8). As shown in Fig. 8, the 
time course of the permeabilization that is induced by 
AmB across DMPC/cholesterol liposomes is essen- 
tially similar to that shown by DMPC/ergos te ro l  lipo- 
somes. 

TABLE I 
Tit; effect of AraB on the urea permeability of liposomes 

k = P-V/A (P = solute permeability' ¢oefficiem: V = volume of liposornes; 
determinations ( ± S.D.). 

A = area of liposomes. All k values quoted tire an average of five 

Composition T [AmB] k ak  " Om t. 
(molar ratios) (°(') ( pM)  (s t) (s i) 

( I )  DMPC liposomes 
(at no-slerol 311 0 0.19_+ t).03 

31) h.4 11.2"/+ 'J.0l 0.08 
(b) DMPC/('IIOL 30 0 0.05:1:0.002 

(84 : 161 311 ().4 0.14 _+ 0.01 0.09 
DMPC/C I IOL  40 0 0.21 :± 0,02 
(84 : 16) 411 6A 0.25 ± 0.02 0.04 

(c) DMPC/ERG 20 0 0.04 + O,(X)5 
(92: 8) 20 0.8 0.19 + 0,01 0.15 
DMPC/ERG 31) 0 0.14 + 0.01 
'92 : 8) 311 11.8 0.86 ± 0.06 0.72 

(2) Egg-PC liposomcs 
(a) eggPC/ERG 20 0 0.17±0.01 

(84 : 16) 20 11.8 (i 23 _+ 0.01 0.[16 
eggPC/ERG 30 (1 0.33 ~ 0.()4 
(84 : 16) 311 11.8 0.40 ± 0.07 0.07 

(b) eggPC/CIIOL 211 0 0.06±0.003 
(84 : I 6) 20 6.4 " G, | 2 ± tL005 0.0b 

11.44 

" Ak = klAraB)-k(0). 
" Qm = kiT + IO)/k(TL 
c Liposomes were incubated fi~r 15 rain wi~h ~,mB heft)re mixing. 
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The effect o f  temperature on AraB-induced urea perme- 
ability across ergosterol- and cholesterol-containing lipo- 
somes 

The effect of temperature on the AraB-induced 
r~ermeability of urea across ergosterol- and cholesterol- 
containing liposomes was investigated by measuring 
permeabilities at two temperatures (Table i, column 2). 
From the k(urea) values the corresponding Qi0 values 
were calculated (Table i, column 6). It can be observed 
that the Qio value is large and positive fol ergosterol- 
containing DMPC liposomes but negative for choles- 
terol-containing DMPC liposomes. It can also be ob- 
served in Table ! that the permeability to urea which is 
induced by AraB across egg-PC/ergosterol liposomes 
was not greatly affected by temperature. 

Discussion 

The present kinetic studies of the differential per- 
meabilization of liposomes to small non-electrolytes 
indicates clearly that addition of AmB to liposomes 
leads to the for~nation of non-aqueous and aqueous 
channels, differing in internal diameter. The formation 
of non-aqueous channels was characterized by the abil- 
ity of AmB to cause an increase in urea permeability 
without inducing either a decrease of the reflection 
ceefficient for this solute.or an increase of glucose 
permeability. Indeed, this last set of permeability prop- 
erties is characteristi.c of the formation of aqueous 
pores by AmB in planar lipid bilayers [5,6]. 

The formation of aqueous channels by AmB in 
liposomes may occur by a sequential mechanism in 
which an initial interaction with phospholipids to form 
non-aqueous pre-pore structures is followed by the 
interaction of the complex with sterols to form aqueous 
pores. This hypothesis is supported by the finding that 
the Ak(urea) values corresponding to nen-aqueous 
channels formed at 30°C by adding AraB to liposomes 
composed of either pure DMPC, DMPC/cholesterol  
or egg-PC/ergosterol are identical (Table L column 5), 
regardless of the presence or not of sterol and the 
AraB concentration. The operational meaning of these 
set of data is obviously that non-aqueous channels are 
formed by the interaction of AraB molecules with 
phospholipids, without the participation of sterol 
molecules. 

However, the present data also indicate that non- 
aqueous channels are formed at lower AraB concentra- 
tion in ergosterol-containing liposomes than in those 
containing cholesterol, regardless of the phospholipid 
composition of the liposomes (Tatqe 1). From Table ! 
(colu~an 5) we note similar Ak values (at 30°C) for 
either ergosterol-containing egg-PC liposomes treated 
with 0.8/zM AraB or cholesterol-containing egg-PC or 
DMPC liposomes treated with 6.4 /.tM AraB. These 
results strongly suggest that an specific interaction be- 

tween AmB and an ergos:ero!-containing membrane 
matrix is essential, both for an increased initial process 
of insertion of AmB molecules into a target m~mhrane 
as well as for the rapid formation of aqueous channels 
from non-aqueous pre-pore structures. 

In ergosterol-containing liposomes composed of ei- 
ther egg-PC [15] or DMPC (Fig. 1) the formation of 
non-aqueous channels have been found to be a tran- 
sient phenomena leading in a time scale of ms to s 
(depending on the AmB concentration) to the forma- 
tion of aqueous pores. By contrast, when liposomes 
were prepared from egg-PC and cholesterol, pre-in- 
cubation of liposomes with AraB for several minutes is 
always needed for the formation of non-aqueous chan- 
nels or aqueous pores. The occurrence of a time lag of 
several minutes for the process of  channel formation 
by AraB has also been reported in planar lipid bilayers 
[20] and erythrocytes [21]. However, such a time lag for 
AraB channel formation does not occur when choles- 
terol-containing liposomes are prepared with DMPC 
instead of egg-PC (Fig. 8). It therefore appears that 
this phenomena can be related to ;.he phospholipid 
composition of the liposomes. In this respect, it is 
important to note that the binding of Arab to egg-PC 
liposomes (with or without constituent sterols) reached 
saturation at rather low AraB/lipid ratios, a result not 
observed in DMPC liposomes [22]. 

The present data also indicate (Table I, column 5) 
that the increment in the rate constant for urea perme- 
ation across ergosterol-containing DMPC liposomes 
treated with 0.8 /zM AmB is about one order of  
magnitud higher (Ak =0.72 s - I )  than for ergosterol- 
containing egg-PC liposomes treated with the same 
concentration of Arab (Ak =0.07 s - ' )  at the same- 
temperature (30°0.  Such a differential enhancement 
by AmB of the process of urea permeation across 
D M P C / E R G  liposomes as compared with egg- 
P C / E R G  liposomes can be explained on the basis that 
DMPC liposomes have a thinner lipid bilayer than 
egg-PC liposomes. In fact, it is known that AmB chan- 
nel formation is very sensitive to the fatty acyl chain 
length which determines the thickness of the bilayer in 
which the polyene is inserted [23,24]. The formation of 
an increased number of channels by Arab in D M P C /  
ergosterol liposomes may be also facilitated by the 
existence of an stronger rate of adsorption of 
monomeric AmB molecules into saturated liposomes 
as compared to unsaturated egg-PC liposomes [22,25]. 

Mechanism fi~r the formation of  aqueous pores by AmB 
across liposomes 

in a previous attempt to elucidate the initial events 
that leads to the formation of aqueous pores by differ- 
ent polyene antibiotics, it was found that AraB as well 
as nystatin and candicidin were able to induce a signi- 
ficative enhancement of water permeability across er- 



gosterol-containing liposo~.~s [18] and Leishmania 
membrane vesicles [26] at much shorter dmes than 
tbo~e required for the onset of a significative salt 
permeability. It was also shown in that work that most 
of the AraB-induced enhancement of water permeabil- 
ity occurred below 0 .5 / tM AmB; beyond this concen- 
tration, no further increment of  water permeability 
across such vesicles could be demostrated in spite that 
the corresponding salt permeability increased linearly 
from this concentration up to AraB concentrations as 
high as 3.2/zM [26]. 

On the basis of the present data, such an initial 
enhancement of  water permeability can be ascribed to 
the primary interaction of Arab with membrane ergos- 
terol leading to the formation of aqueous pores by the 
following sequential mechanism: 

(a) At Arab concentrations lower than 0.5 p.M, 
Arab interacts specifically with membrane ergosterol, 
leading to a transient enhancement of water perme- 
ability. Since AmB self-association is kt,.own to occur at 
0.5 p-M [27], it is proposed that .~unB monomers are 
solely responsible of such an initial interaztion with 
membrane ergosterol. 

(b) The establishment of  an AraB-ergosterol inter- 
action also may leads to a local membrane rearrage- 
ment that allows the insertion of Arab oligomers (di- 
mers or tetramers) into the membrane to form non- 
aqueous channels. 

(c) After a certain time, that may depend on various 
parameters such as the AraB/lipid concentration ratio 
and the membrane lipid composition, the non-aq"eous 
channels interact with the entire lenght of the ergos- 
terol molecules present in the membrane to form aque- 
ous pores with an enlarged diameter. 

Other authors have proposed the need of special 
conditions in the membrane phase in order to facilitate 
the penetration of polyene molecules i.e. an ordered 
membrane phase [13,14]. In the present mechanism, it 
is proposed that the initial interaction of AraB with 
ergosterol-containing membranes allows for the proper 
insertion and rearragement of Arab small oligomers, at 
relatively low AmB concentrations [28]. In this respect, 
the energy required for such an initial interaction of 
AmB with membrane ergosterol may account for the 
positive temperature dependence measured for the 
process of solute permeation across ergosterol-contain- 
ing membranes (Table I, column 6). Such a positive 
temperature dependence was not observed for the 
corresponding urea permeation across cholesterol-con- 
taining iiposomes(Table I, column 6). This finding is in 
agreement with the observation that in cholesterol-con- 
taining membranes, the interaction between Arab and 
the sterol is much weaker than in ergosterol-containing 
membranes [3,4,22]. It follows that in cholesterol-con- 
taining liposomes the participation of the sterol is 
restricted to the formation of the aqueous pores, with 
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no role in the process of formation of the non-aqueous 
structures. As a result, non-aqueous AraB channels are 
formed in cholesterol-containing liposomes at concen- 
trations ~'ich are similar to those found in sterol-free 
liposomes(Table i). 

In the absence of ergosterol, an ordering effect 
appears to be exerted by the Arab molecules them- 
selves upon its interaction with the membrane /water  
interface. Support for this proposition Can be found in 
the measured reduction of the basal permeability of 
the DMPC liposomes to urea at low AraB concentra- 
tions (<  0.8 p-M)) (Fig. 5). This finding is also consis- 
tent with the observation that ergosterol-containing 
liposomes suspended in a hyperosmotic urea solution, 
exhibited a modest but significant enhancement of the 
total volume changes at l,~i . ,  with increasing AraB 
conceutrations (Fig. 1, top). 

Finally, the present sequential mechanism for the 
formation of aqueous pores by AmB provides a ratio- 
nale for the observation that both the pbespholipid 
composition and the type of sterol are involved in 
determining the rate of formation of such structures. 
The separate modulation of phospholipid composition 
and sterol content in different cell types may explains 
some of the complexities of AraB biological action. 
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