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Abstract 

Aminoglycoside antibiotics cause aggregation but not fusion of negatively-charged liposomes at an extent 
proportional to their capacity to interact with acidic phospholipids (Van Bambeke et al., 1995, Eur. J. Pharmacol., 
289, 321-333). To understand why aggregation is not followed by fusion, we have examined here the influence of two 
aminoglycosides with markedly different toxic potential (gentamicin > isepamicin) on lipid phase transition in 
negatively-charged liposomes using 3Jp-NMR spectroscopy, in comparison with spermine (an aggregating agent) and 
bis(fl-diethylaminoethylether)hexestrol or DEH (a fusogenic cationic amphiphile). Gentamicin, spermine, and, to a 
lesser extent, isepamicin inhibit the appearance of the isotropic signal seen upon warming of control liposomes and 
denoting the presence of mobile structures. This non-bilayer signal appeared most prominently when liposomes were 
incubated with DEI-I, a strong fusogenic agent. We conclude that aminoglycosides, like spermine, have the potential 
to prevent membrane fusion, by inhibiting the development of a critical change in membrane organization, which is 
associated with fusion. We suggest that this capacity could be a determinant in aminoglycoside toxicity. 
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I. Introduction 

Membrane fusion and fission are essential 
events in numerous biological processes, such as in 
membrane trafficking (reviewed in [1]). For in- 
stance, endocytosis involves the excision of por- 
tions of the pericellular membranes to constitute 
endosomes, and the subsequent fusion of these 
vesicles with lysosomes to form secondary lyso- 
somes. In protein transport and secretion, one sees 
also the fusion of the intracellular vacuoles to 
form secretory vesicles, which themselves fuse with 
the plasma membrane to excrete their content. 

Membrane fusion is an important determinant 
of several pathological situations, such as the 
intracellular penetration of viruses (which is medi- 
ated by specific surface proteins) (see [2] for re- 
view) or bacterial proteic toxins which must reach 
the cytosol to exert their effects [3]. Conversely, 
many microorganisms are known to inhibit the 
physiological processes of membrane fusion after 
their phagocytosis, and this explain in part their 
pathogenic character (see [4] and [5] for typical 
examples). 

Membrane fusion can also be modulated by 
drugs, if they interact with membrane lipids and/ 
or proteins. In this context, gentamicin, an amino- 
glycoside antibiotic which strongly binds to the 
acidic phospholipids of membranes, reduces the 
endocytic activity of the proximal tubular cells of 
the kidney [6] and inhibits the fusion between 
pinocytic vesicles and lysosomes in these cells [7]. 
These events were proposed as possible manifesta- 
tions of renal toxicity. 

These observations prompted us to study, on a 
model of liposomes, the influence of aminogly- 
cosides of different toxic potential on the mem- 
brane fusion process. In vitro, fusion of lipid 
vesicles implies first an aggregation of the mem- 
branes, followed by a partial dehydration at the 
point of contact between the two bilayers, and by 
a local and transient perturbation of the packing 
of the lipids at this site of contact, which is 
thought to trigger fusion itself [8,9]. In an earlier 
paper [10], we demonstrated that aminoglycosides, 
when added on the external side of negatively- 
charged liposomes, induce membrane aggregation 
to an extent proportional to their binding capacity 

to acidic phospholipids. Yet, this aggregation is 
not followed by fusion. To understand why aggre- 
gation induced by aminoglycosides is dissociated 
from fusion, we have examined, in the present 
work, the influence of aminoglycosides on lipid 
polymorphism. Structural alterations of lipid or- 
ganization seems indeed necessary for fusion to 
occur [11,12]. Experimentally, bilayer destabiliza- 
tion is conveniently studied on lipid mixtures rich 
in phosphatidylethanolamine, because this phos- 
pholipid undergoes a bilayer to hexagonal phase 
transition upon temperature elevation. On the 
other hand, the presence of acidic phospholipids is 
essential for the the binding of aminoglycosides to 
membranes [13]. We have therefore approached 
the problem by analysing, with 3~p-NMR spec- 
troscopy, the polymorphic behaviour of liposomes 
containing a large proportion of phos- 
phatidylethanolamine derivatives, phosphatidyl- 
choline (as a structural component), and 
phosphatidylinositol, in the presence of two 
aminoglycosides with marked different toxic po- 
tential, namely gentamicin and isepamicin. For 
sake of comparison, we have also studied the 
influence of DEH, a strong fusogenic diaminated 
amphiphile [14] and spermine, an effective aggre- 
gating polycation [15-18]. The structural formulae 
of these agents are illustrated in Fig. 3. 

As a complement to these experimental data, we 
have performed theoretical conformational analy- 
sis of the compounds under investigation in inter- 
action with phospholipids, with the aim to 
compare their mode of insertion in a lipophilic 
monolayer. 

2. Materials and methods 

Dioleoylphosphatidylethanolamine and die- 
laidoylphosphatidylethanolamine were purchased 
from Avanti Polar Lipids, Inc. (Birmingham, 
AL), and wheat germ phosphatidylinositol (Grade 
1) from Lipid Products (Nr Redhill, UK). 
Dimyristoylphosphatidylcholine and spermine 
were obtained from Sigma Chemical Co. (St. 
Louis, MO). DEH was a gift from the Upjohn 
Company (Kalamazoo, MI). Aminoglycosides, 
supplied as sulfate salts for research purpose, were 
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obtained from Schering Corporation (Kenilworth, 
N J) for gentamicin (a mixture of  the C~, Cl,, and 
C2 components in a molar ratio of  approximately 
27:21:52), and from Toyo Jozo Fermentation Co. 
(a division of  Asahi Chemical Industry Co. Ltd, 
Shizuoka, Japan) for isepamicin. 

2. I. Preparation ~ f  samples 
Lipid polymorphism studies were performed on 

large multilamellar vesicles prepared as follows: 
a dry film of lipids was hydrated during 1 h under 
nitrogen at 37°C, with a 40 mM acetate buffer 
pH 5.4, to obtain a final lipid concentration 
of 20 mM. The resulting suspension was there- 
after submitted to 5 freeze-thawing cycles. Rou- 
tinely, liposomes were made with a mixture of 
dioleoylphosphatidylethanolamine, dielaidoyl- 
phosphatidylethanolamine, dimyristoylphospha- 
tidylcholine, and phosphatidylinositol (0.375, 
0.375, 0.15, 0.10 tool ratio). An equimolar mixture 
of dioleoyphosphatidylethanolamine and of 
dielaidoylphosph~ tidylethanolamine was also 
used as internal control. 

These two deriivatives of phosphatidylethano- 
lamine were usedl because they allowed for the 
observation of ~t bilayer to hexagonal phase 
transition at a temperature between 33°C and 
70°C. 

2.2. Handling o f  samples Jor measurements 
Initial measurements were performed on 1.5 ml 

of  liposomes mixed with 0.2 ml of  D20 (used for 
field frequency st~tbilization) containing the agent 
under study at zhe lowest concentration consid- 
ered. This sample was heated (from 25°C to 70°C) 
and thereafter cooled (to 25°C) in steps of approx. 
10°C. The temperature was maintained constant 
at each selected value for approx. 105 min in 
order to perform the measurements. The total 
duration of  one cycle was thus approx. 20 h. The 
concentration of  the agent under study was then 
raised by the addition of a 20 to 50/xl aliquot of 
a concentrated solution and the sample was again 
heated and cooled as described above. Each sam- 
ple of  liposomes was used in that way for 4 - 6  
successive series of measurements over a total 
period of  time of '5-7 days. Controls were treated 
similarly with successive heatings and coolings but 

without addition of  agent. To check for sample 
homogeneity, selected preparations were freeze- 
thawed (five times) after each addition of  agent, 
but no difference was noted with unthawed prepa- 
rations. 

Because this protocol involves the maintenance 
of the samples at relatively high temperatures for 
considerable time, we checked for the chemical 
integrity of  the lipids by running thin layer chro- 
matography analysis (using a procedure adapted 
from [19]). No significant degradation was seen. 

2.3. Obtaining and handling o f  31P-nuclear mag- 
netic resonance spectra 

3~p-NMR spectra were obtained at 101.3 MHz 
on a Bruker WM 250 spectrometer. -~P chemical 
shifts were measured relative to the signal of 
sonicated vesicles (0 ppm). Spectra were recorded 
using an echo pulse sequence [20] for obtaining 
undistorted signals. Typical Fourier transform 
parameters were: spectral width 25 kHz; 4K data 
points; first pulse at 90 ° (23/xs) and second pulse 
at 180 ° (46 /~s) with a pulse spacing of  80 /ts; 
repetition time 0.78 s; 5000 free induction decays 
(FID) were accumulated with broadband proton 
powergated decoupling. A line broadening of 50 
Hz was applied to the FID before Fourier trans- 
formation. During the cycle of heating and cool- 
ing, the sample was allowed to equilibrate for 
about half an hour before acquisition of the data 
at each new temperature plateau. 

2.4. Conformational analysis 
Conformational analysis was performed follow- 

ing a two steps procedure extensively described in 
previous publications [21, 22]. Briefly, the first 
step consists in the calculation of the conforma- 
tion and orientation of  the polycation under study 
and of a phospholipid molecule at a lipid/water 
interface; the second step calculates the conforma- 
tion of this molecule inserted in a monolayer of 
this phopholipid, using an hypermatrix method. 
In this method, lipid molecules are assembled in 
succession around the polycation, and the ener- 
gies and the coordinates of each of these lipid 
molecules are stored in the hypermatrix to be used 
for assembly with the next lipid. This procedure is 
repeated until the polycation can no longer be 
surrounded by an additional lipid. 
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Fig. 1. 3~P-NMR of dioleoylphosphatidylethanolamine, dielaidoylphos- 
phatidylethanolamine, dimyristoylphosphatidylcholine, and phosphatidylinositol (0.375, 0.375, 0.15, 0.1 in tool ratio) recorded at 
33°C and 70°C. The different panels show control liposomes examined at days 0, 1, and 3 (panel A) and liposomes after addition 
to a same preparation of increasing amounts of DEH (panel B), spermine (panel C), isepamicin (panel D), or gentamicin (panel E) 
during successive days. The agent/phospholipids mol ratios investigated are 0.025, 0.05, 0.125, 0.25 for DEH and 0.01, 0.02, 0.03, 
0.04, 0.05, 0.075, 0.1 for spermine, isepamicin and gentamicin. Data are shown for mol ratios of 0.025 and 0.05 for DEH (days 0 
and 1) and of 0.04 and 0.05 for the other agents (days 3 and 4). 

3 .  R e s u l t s  

3.1. Polymorphism studies (~IP-NMR spec- 
troscopy) 

Fig. 1 (panel A) shows the 3'p-NMR spectra 
recorded with liposomes of standard composition 

(dioleoylphosphatidylethanolamine, dielaidoyl- 
phosphatidylethanolamine, dimyristoylphosphati- 
dylcholine and phosphatidylinositol) (0.375:0.375: 
0.15:0.10 in mol ratio) in the absence of polyca- 
tion and upon successive cycles of warming and 
cooling. 
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At 33°C, we detected a broad asymmetric sig- 
nal with a shoulder at low field and a maxi- 
mum at high field. A narrow signal at 0 ppm 
superimposed to this spectrum was clearly de- 
tected when the temperature was brought to 
70°C. 

This transformation was markedly different 
from that seen with liposomes made of di- 
oleoylphosphatidylethanolamine and dielaidoyl- 
phosphatidylethanolamine. These gave at low 
temperature a signal similar to that observed 
with liposomes of standard composition. At 
70°C, they gave a spectrum with a reverse asym- 
metry and a reduced width, but no isotropic 
signal (data not shown). 

Upon successive cycles of warming and cool- 
ing, the proportion of sharp to broad signals 
detected with liposomes of standard composi- 
tion increased, but a steady state was reached 
after 3 days. Actually, the transformation of a 
part of the broad signal into the narrow reso- 
nance showed an important hysteresis, since 
cooling the preparation after a first increase of 
the temperature did not restore entirely the orig- 
inal signal (viz. for instance the spectrum at day 
0 and 70°C vs. that obtained at day 1 and 
33°C). 

The next panels of Fig. 1 show the spectra 
recorded after addition of increasing concentra- 
tions of the polycations to standard liposomes, 
and during successive cycles of warming and 
cooling. Because the appearance of the spectra 
is cycle-dependent (see above), each spectrum 
obtained in the presence of the polycations has 
to be compared with those obtained after the 
same number of successive cycles (i.e. at the 
same day) in control. 

Addition of DEH strikingly modified the pat- 
tern of the recorded spectra. Even at the lowest 
concentration tested (DEH/phospholipids mol 
ratio of 0.025), and already at 33°C, this agent 
induced the formation of a narrow signal at 0 
ppm, which became highly predominant when 
increasing the temperature to 70°C (left spectra 
in panel B of Fig. I). This effect was dose- and 
probably also time-dependent, as shown on the 
right spectra in panel B of Fig. 1 (DEH/phos- 

pholipids mol ratio of 0.05). For a DEH to 
phospholipids ratio exceeding 0.05, and after 
more than two cycles of warming and cooling, 
the signal was sharp and symmetric at 0 ppm 
for the whole range of temperatures and succes- 
sive cycles (spectra not shown). 

Alterations induced by spermine were very 
different from those induced by DEH. Yet, they 
also varied as a function of their concentration 
and of the number of cycles. At the lowest con- 
centration investigated (0.01 tool ratio), sper- 
mine caused almost no change compared to 
controls (spectra not shown). Yet, at the largest 
concentration (0.05 mol ratio; right spectra in 
panel C of Fig. 1) and after five cycles, the 
signal remained largely similar to that seen in 
control liposomes before warming. Thus, a 
broad signal was recorded over the whole range 
of temperatures investigated. At lower concen- 
trations, and after fewer cycles, the signal was 
intermediate between that of the corresponding 
control and that seen at large concentration. 
Thus, it showed a progressive reduction of the 
narrow peak at 0 ppm when the concentration 
of spermine was increased (data shown for a 
mol ratio of 0.04 in left spectra of panel C in 
Fig. 1) 

The general pattern of the spectra recorded 
after addition of gentamicin at a mol ratio of 
0.05 and after five cycles was similar to that 
observed in the presence of spermine under the 
same conditions (right spectra in panel E of Fig. 
1). At low concentrations, and during the first 
cycle, gentamicin caused somewhat an increased 
appearance of the isotropic signal compared to 
control, but not at all to the extent observed 
with DEH (data not shown). The proportion of 
this isotropic signal progressively decreased 
upon addition of increasing concentrations of 
gentamicin (compare data obtained for a mol 
ratio of 0.04 and 0.05 in panel E of Fig. 1). 
The second aminoglycoside tested, isepamicin, 
cause almost no change at the lowest con- 
centration investigated (0.01 mol ratio) as 
compared to control, but, interestingly enough, 
was two times less potent than gentamicin to 
cause a similar 'freezing' of the spectrum upon 
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Fig. 2. 3~p-NMR spectra of liposomes made from a mixture of dioleoylphosphatidylethanolamine, dielaidoylphos- 
phatidylethanolamine, dimyristoylphosphatidylcholine, and phosphatidylinositol (0.375, 0.375, 0.15, 0.1 in mol ratio) and submitted 
to the combined action of increasing amounts of DEH and gentamicin during successive days. The sequence of the additions is 
indicated above each panel. Note that addition of gentamicin follows that of DEH in panel A but precedes it in panel B. 

increasing the drug concentra t ion  and the n u m b e r  
of  cycles. Thus,  in the presence of  isepamicin, an 
isotropic  signal was observed not  only at 0.04, but  
also at 0.05 mol  ratio (see Fig. 1, panel  D) and 
d isappeared  only when the mol  ratio was brought  
to a value exceeding 0.1 (data  not  shown). 

Because o f  the contrast ing effects o f  D E H  and 
gentamicin,  we examined the influence of  the se- 
quential  addi t ion of  these two agents  on lipid 
po lymorph ism.  

In the first series o f  experiments  (Fig. 2, panel  
A), D E H  was added to the sample at a mol  rat io 

with phosphol ip ids  o f  0.05 and 31p-NMR spectra 
were recorded during two successive cycles o f  
heating/cooling.  As expected, D E H  caused the 
appearance  of  a na r row isotropic signal at 0 ppm,  
which however,  was not  in this par t icular  experi- 
ment  as p redominan t  as seen in Fig. 1. Addi t ion 
of  gentamicin (0.05 mol  rat io) at day 2 and a 
fur ther  addit ion (to a mol  rat io o f  0.1) at day  3 
caused a stabilization of  the p ropor t ion  of  the 
spectrum with the s imul taneous presence o f  an 
isotropic signal at 0 p p m  and a b road  asymmetr ic  
bilayer signal (second and third series o f  spectra). 
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In a second series of experiments, we recorded 
the spectra of liposomes submitted first to the 
influence of gentamicin during one cycle of warm- 
ing and cooling. We then added DEH to this 
preparation at two increasing concentrations (dur- 
ing two successive cycles). We finally added a 
large amount of gentamicin during two successive 
cycles (data shown at day 4). 

The first addition of gentamicin (mol ratio of 
0.05) resulted in a broad signal being observed 
over the whole range of temperatures (spectra not 
shown), as already described in Fig. 1 (panel E). 
The subsequent addition of DEH to that prepara- 
tion at the same mol ratio than gentamicin did 
not modify this behaviour (first series of spectra), 
but an additional amount of DEH (to a mol ratio 
of 0.125) allowed for an upsurge of the isotropic 
peak (second series of spectra). At this point, 
addition of gentamicin to match the concentration 
of DEH (both are now present at a mol ratio of 
0.125) did not modify the spectrum significantly 
(day 3; data not shown). Yet, further addition of 
gentamicin at day 4 in an amount exceeding that 
of DEH (0.25 mol ratio), reduced the sharp signal 
up to its almost complete disappearance (Fig. 2, 
panel B, third ser~ies of spectra). 

3.2. Conformational analysis 
Fig. 3 shows the conformations of all the poly- 

cations studied in interaction with phosphatidyli- 
nositol, and of DEH, with dioleoylphospha- 
tidylethanolamine. The data for aminoglycosides 
and DEH in interaction with phosphatidylinositol 
has already been widely published [14,23,24] but is 
reproduced here for sake of clarity in the discus- 
sion and for comparison with the data of sper- 
mine and with phosphatidylethanolamine. 

Thus, as described, gentamicin, isepamicin and 
DEH adopt very different conformations and ori- 
entations when interacting with phosphatidylinos- 
itol. Gentamicin forms a complex with five 
phospholipids and lies largely flat and almost 
parallel to the lipid/water interface (data shown 
for Cla component). In contrast, isepamicin, 
which can be surrounded by four phosphatidyli- 
nositols, inserts itself between their acyl chains, 
with its side-chain substituting the N~ of the 2-de- 
oxystreptamine and its so-called "sugar" (on the 

left in the formula) protruding through the hydro- 
phobic domain. The whole molecule adopts there- 
fore an orientation almost perpendicular to the 
hydrophobic/hydrophilic interface. 

DEH adopts an hair-pin like conformation and 
inserts itself deeply in the phosphatidylinositol 
monolayer (panel B). The two amino groups 
which are located at the two extremities of the 
hair-pin establish electrostatic interactions with 
the phospho groups, whereas the hydrophobic 
part of the molecule is fully inserted between the 
aliphatic chains of the lipids. 

Because of the even distribution of its positive 
charges along its backbone and of the absence of 
bulky hydrophobic group, spermine adopts a to- 
tally linear shape. It can be surrounded by six 
phosphatidylinositols, the phosphate heads of 
four of them facing the four amino groups of the 
polycation. The two additional phosphatidylinosi- 
tols interact with the two amino groups situated 
at the extremities of the spermine molecule, be- 
cause of the lower stereohindrance at those 
points. Spermine lies horizontally exactly parallel 
and sligtly below the hydrophobic/hydrophilic in- 
terface. 

Because a previous study [14] disclosed that 
DEH, but not gentamicin, strongly interacts with 
liposomes made of phosphatidylethanolamine 
only, we have performed a conformational analy- 
sis of DEH inserted in dioleoylphos- 
phatidylethanolamine (Fig. 3B). The mode of 
insertion of DEH in a monolayer of this phospho- 
lipid is very comparable to that seen with phos- 
phatidylinositol. Yet, DEH enters more deeply in 
the hydrophobic domain so that almost the whole 
of the molecule lies in that domain. In addition, 
the presence of DEH induces more disorder in the 
packing of the lipids, beyond that caused by the 
unsaturation of the fatty acids (note that the 
conformational analysis made for phosphatidyli- 
nositol assumes the presence of saturated fatty 
acids). 

Also of major interest in the context of this 
work is the comparison of the energies of interac- 
tion between phospholipids and the compounds 
under study, which are given in Fig. 3. The 
strongest interaction was obtained with gentam- 
icin and spermine and included a major electro- 
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Fig. 3. Structural formulae and data from conformational analysis of the compounds used in the present study. The pictures 
represent these compounds in interaction with a monolayer of a selected phospholipid, as calculated by the hypermatrix method. 
The atoms of each agent are represented by cross-hatched balls. The phospholipids are oriented with their hydrophobic moiety 
towards the top the figure. The calculations were made for complexes where the compounds are completely surrounded by 
phospholipid molecules (4 7 per molecule), but the lipid molecules falling in front of the compound have been removed from the 
figure for sake of clarity. The figure shows also the energy of interaction of each polycation/phospholipid complex calculated per 
phospholipid molecule, as well as the Van der Waals', electrostatic, and hydrophobic contributions of this energy. It finally gives the 
number of phospholipids in the complex. Panel A shows the data obtained for the aggregating polycations (spermine, gentamicin, 
isepamicin) in interaction with phosphatidylinositol; panel B, the data obtained for DEH, a fusogenic cationic amphiphile, in 
interaction with phosphatidylinositol or dioleoylphosphatidylethanolamine. 
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static contribution. Isepamicin showed a much 
weaker, but still electrostatic, interaction. DEH 
interacted more tightly with phosphatidylinositol 
than with dioleoylphosphatidylethanolamine. In- 
terestingly, most of the energy was due to Van der 
Waals' and hydrophobic contributions, because the 
amphiphilic character of the molecule allows for a 
close contact with the hydrophobic moiety of the 
lipids. 

4. Discussion 

The present study was undertaken in an attempt 
to decipher at a molecular level the changes induced 
by aminoglycoside antibiotics in membrane organi- 
zation and properties. Aminoglycosides, added to 
negatively-charged liposomes, bind to these vesicles 
[19,25], reduce their surface potential [13,15], and 
decreases the activity of lysosomal phospholipases 
towards phosphatidylcholine, and probably other 
zwitterionic phospholipids [26]. They also cause a 
restriction in the )nobility of the phosphate heads 
[14] and a lateral phase separation [27]. We also 
recently demonstrated that aminoglycosides induce 
a marked aggregation but no fusion of negatively- 
charged vesicles [10,14]. The intensity of all these 
changes appears related to the toxic potential of 
aminoglycosides (see discussion in [28,29]). Yet, the 
molecular mechan:ism(s) linking these changes with 
the cellular necroses and other cellular dysfunctions 
these drugs are known to cause is not established. 

The present contribution actually explores the 
reasons why aminoglycosides bind to membranes 
but, in contrast with other polycations, such as 
polyallylamines, polyethyleneimines or polylysines 
[30,31] or even simple divalent cations, like Ca 2-- 
[32], do not induce fusion. Membrane fusion in- 
volves a profound reorganization of the phospho- 
lipids, with the formation of non-bilayer phases. 
These can be studied by 3~p-NMR spectroscopy 
with vesicles made of phosphatidylethanolamine 
only [33], because they easily undergo a phase 
transition between a bilayer structure and an hexag- 
onal phase (H~ structure) upon warming. Biological 
membranes, however, have a considerably more 
complex compositJion, and display a negative sur- 
face charge, due, partly, to the presence of phos- 

phatidylinositol or of other negatively-charged 
phospholipids. These must be taken into account 
in pharmacological and toxicological studies of 
cationic drugs, such as aminoglycosides. We there- 
fore have used here a more complex membrane 
composition than in many other studies of lipid 
polymorphism. 

The 3~p-NMR spectra obtained with vesicles 
made of phosphatidylinositol, dimyristoylphos- 
phatidylcholine, dioleoylphosphatidylethanola- 
mine and dielaidoylphosphatidylethanolamine re- 
vealed at 33°C a typical bilayer structure. Increasing 
the temperature resulted in a partial conversion of 
this structure to a new organization, characterized 
by a narrow component in the 31p-NMR spectra 
(isotropic signal) but no typical H~ phase. Induc- 
tion of an isotropic component by temperature 
increase has already been reported with vesicles 
made of phosphatidylethanolamine mixed with 
phosphatidylinositol [34], phosphatidylcholine 
[35-39], or phosphatidylcholine and cholesterol 
[40,41]. On the basis of freeze-fracture microscopy, 
the occurence of an isotropic signal has been 
ascribed to the presence of inverted micelles [39], 
lipidic particles arranged in a linear fashion [40], in 
a circular arrangement [40,42] or involved in the 
formation of 'honeycomb' type structure [41], or, 
finally, as denoting the presence of cubic structures 
[35,36,38]. The relationship between 'lipidic parti- 
cles' and cubic lipid phases has been discussed by 
Rilfors et al. [42], who concluded that it is not 
possible to decide from freeze-fracture images if the 
cubic phase is bicontinuous or composed of closed 
lipid aggregates (inverted micelles). Although the 
exact nature of these isotropic type structures is still 
unclear, they are supposed to play a crucial role in 
the fusion process [43-46]. Another frequent obser- 
vation on these complex mixtures is a strong 
hysteresis [37,39,40,44], which reflects the metasta- 
bility of inverted lipid structures [45] and which we 
also observed here. Yet, further studies are needed 
to directly establish which structures are responsible 
for the appearance of the isotropic signal in our 
conditions. 

The addition of DEH, a cationic amphiphile 
able to promote the fusion of negatively- 
charged liposomes [14], clearly enhances the devel- 
opment of the isotropic signal in our system. Phos- 
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phatidylethanolamine is required for this type of 
polymorphic transformation, since DEH had not 
such an effect on liposomes devoid of phos- 
phatidylethanolamine [14]. On the other hand, we 
already reported that DEH causes the appearance 
of a narrow peak in the 3tp-NMR spectra 
of dioleoylphosphatidylethanolamine/dielaidoyl- 
phosphatidylethanolamine (1:1) liposomes and 
abolishes the bilayer to hexagonal phase transi- 
tion [14]. The effect described here with nega- 
tively-charged liposomes is however much more 
pronounced, since a complete transformation of 
the bilayer phase in isotropic structure was ob- 
served at a mol ratio DEH/phospholipids of 
0.125, whereas only a partial effect was seen with 
neutral liposomes at a DEH/phospholipid ratio 
of 0.333 [14]. These effects of DEH on lipid 
organization could been explained by the type of 
interaction this drug establishes with phospha- 
tidylethanolamine and with phosphatidylinositol, 
as revealed by the eonformational analysis stud- 
ies. Its deep insertion in the hydrophobic domain 
of the membrane probably causes a destabilizing 
effect on the bilayer structure adopted by phos- 
phatidylethanolamine and by phosphatidylinositol 
below the phase transition. This would allow for 
the formation of isotropic type structures because 
this implies a remodeling of the membrane curva- 
ture which could be favoured by the deep inser- 
tion of DEH in the bilayer, The fact that DEH 
strongly interacts with phosphatidylinositol may 
account for the larger effect observed m nega- 
tively-charged liposomes in comparison with lipo- 
somes made of phosphatidylethanolamine only 
[141. 

Although we cannot ascribe with confidence the 
appearance of the narrow isotropic peak to any of 
the lipid arrangements described above, it seems 
safe to relate it to the fusogenic properties of 
DEH. Indeed, a correlation exists between the 
occurence of an isotropic signal and the setting of 
experimental conditions known to favour fusion 
[38,42,45]. It is also interesting to note that the 
formation of the structures causing the appear- 
ance of the isotropic signal is slowly irreversible, 
since it takes 2 days to appear and was not 
reversed by freeze-thawing after this time interval. 

In contrast with DEH, aminoglycosides and 
spermine induce aggregation but no fusion of 
negatively-charged liposomes [10,14]. The analysis 
of the 3~P-NMR spectra presented in this paper 
may offer a clue to this observation. We propose 
that the binding of spermine or gentamicin to the 
hydrophilic domain of the negatively-charged 
phospholipids is such that it totally prevents the 
drug to interact with the hydrophobic domain, 
making it unable to trigger the reorganization of 
the phospholipids towards an organization caus- 
ing the appearance of an isotropic signal. 

At low concentrations of gentamicin or sper- 
mine, an isotropic signal remains nevertheless de- 
tectable upon warming, probably because the low 
amount of polycation bound to the membrane is 
unsufficient to lead to an effective restriction in 
the mobility of the lipids. By contrast, at larger 
concentrations of these two agents, the formation 
of mobile structures will be totally inhibited, 
probably because the massive aggregation of the 
liposomes stabilizes the bilayer arrangement and 
is opposed to modifications of interface curvature 
neccessary for the reorganization in structures 
giving rise to an isotropic signal. 

Assuming the above interpretation of our data 
is correct, the behaviour of isepamicin could be 
explained by the fact that this drug binds less 
tightly to negatively-charged phospholipids than 
gentamicin or spermine. Studies examining the 
binding of isepamicin to negatively-charged lipo- 
somes [47] and the direct analysis of the modifica- 
tions of the resonance spectrum of 15N of 
isepamicin mixed with phosphatidylinositol in 
comparison to other aminoglycosides [48] demon- 
strate indeed a low level of interaction with the 
membrane surface negative charges (see also the 
results of the theoretical calculation of the energy 
of interaction between phosphatidylinositol and 
isepamicin in Fig. 3). Moreover, the conforma- 
tional analysis shows that isepamicin somehow 
penetrates the hydrophobic domain of bilayer and 
is therefore less opposed to lipid reorganization. 

Our observations on the respective influences of 
DEH and gentamicin on the 3Jp spectral charac- 
teristics when added sequentially further show 
that the two agents have antagonistic actions. 
When DEH is added first and has caused the 
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partial appearance of an isotropic signal, the effect 
of gentamicin is to stop the increase of this signal. 
Yet, it could not be reversed. We interpret this lack 
of reversibility as indicating that DEH has reached 
and is maintained in a domain of the membrane 
from where gentamicin cannot displace it or does 
it only slowly. Incidentally, this irreversible effect 
of DEH allows 1:o rule out the presence of small 
vesicles in our samples that could also yield 
isotropic resonance. Indeed, if DEH would have 
generate small diameter liposomes, addition of 
gentamicin in excess would have induced the aggre- 
gation of these vesicles and provoked disappear- 
ance of the 3~P-NMR iso-tropic signal. 

Conversely, a first addition of gentamicin pre- 
vents DEH from causing an increase in isotropic 
signal (probably by hindering its access to the 
membrane) unless its concentration largely ex- 
ceeds that of the aminoglycoside. Yet, this signal 
can still be rever..~ed by an additional addition of 
gentamicin. This could be due to the fact that 
exposure to DEH was too short to reach irre- 
versibility in the present experiments. This particu- 
lar point needs, however, to be more specifically 
addressed. 

In conclusion, data presented here, together 
with our earlier data [14] suggests that DEH, as 
other fusogenic agents, first interacts with the 
hydrophilic domain of negatively-charged bilayer, 
but quickly there, after induces the formation of 
structures giving rise to an isotropic signal, be- 
cause it enters and/or interacts with the deepness 
of the hydrophobic domain. Aminoglycosides and 
spermine also interact with the hydrophilic do- 
main of the bilayer, but are unable to further 
proceed into the deepness of the membrane and to 
induce the formation of structures triggering the 
fusion process. ]'his may be due to their hy- 
drophilic character and to the very strong interac- 
tions they establish with the phosphate heads. In 
more general te~nas, it is therefore possible to 
propose that poly,zations could be either fusogenic 
or aggregating no1: only on the basis of differences 
in their hydrophobic/hydrophilic balance, but also 
because they inte~'act at different levels with the 
membranes. This may open interesting perspec- 
tives for the study of the processes of aggregation 
and fusion of membranes in vivo as well as in 

vitro. 
A toxicological implication of our findings 

could be that those aminoglycosides or polyca- 
tions with a strong affinity towards negatively- 
charged phospholipids have the potential to be 
effective inhibitors of the various membrane fusion 
phenomena occuring in vivo. For the aminogly- 
cosides, this will preferentially take place within 
the endocytic and lysosomal vacuoles where these 
drugs accumulate. In vivo studies of membrane 
trafficking have indeed demonstrated that gentam- 
icin accumulated by the proximal tubular cells of 
the kidney inhibits the fusion between the 
pinocytic vesicles and the lysosomes of these cells 
[7]. This could be one of the key events leading to 
toxicity, in addition to the well-established effect 
of gentamicin on phospholipid catabolism in lyso- 
somes (see [28] for review). In this connection, it is 
must be stressed that isepamicin has a consider- 
ably lower nephrotoxic potential than gentamicin 
[49-51]. The present data may provide a first 
approach to the molecular mechanism responsible 
for this effect, even though aminoglycosides are 
concentrated in vivo inside the lysosomes and have 
therefore access only to the internal leaflet of the 
lysosomal membrane, i.e. the leaflet opposite to 
that priming fusion, a situation which is not repro- 
duced in our in vitro model. 

However, our studies on liposomes open inter- 
esting perspectives in the design of in vitro tests to 
evaluate the capacity of each drug to bind to 
phospholipids and, indirectly, its nephrotoxic po- 
tency. 
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