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Abstract-Aminoglycoside antibiotics such as gentamicin, which are fully hydrophilic, and cationic 
amphiphilic drugs such as bis(beta-diethylaminoethylether)hexestrol (DEH), are both known to inhibit 
lysosomal phospholipases and induce phospholipidosis. This enzymatic inhibition is probably related to 
the neutralization of the surface negative charges on which the lysosomal phospholipases Al and A2 
are dependent to express fully their activities (Mingeot-Leclercq et al., Biochem PharmacoZ37: 591- 
599, 1988). 

Using negatively charged liposomes, we show by 31P NMR spectroscopy that both gentamicin and 
DEH cause a significant restriction in the phosphate head mobility and, in sonicated vesicles, the 
appearance of large bilayer structures. Both DEH and gentamicin increased the apparent size of 
sonicated negatively charged liposomes (but not of neutral liposomes) as measured by quasi-elastic light 
scattering spectroscopy. Examination of replicas from freeze-etched samples, however, revealed that 
gentamicin caused aggregation of liposomes, whereas DEH induced their fusion and the formation of 
intramembranous roundly shaped structures. Only DEH caused a significant decrease of the fluorescence 
polarization of 1,6-diphenyl-1,3,5hexatriene, a fluorescent lipid-soluble probe. In addition, DEH, but 
not gentamicin, interfered with the bilayer to hexagonal phase transition occurring in dioleoyl- and 
dielaidoylphosphatidylethanolamine liposomes upon warming, and caused the appearance of an isotropic 
signal suggestive of the formation of inverted micelles. In computer-aided conformational analysis of 
the molecules at a simulated air-water interface, gentamicin was shown to display a largely-open crescent 
shape. When surrounded by phosphatidylinositol molecules, it remained as such at the interface which 
it locally m&shaped, establishing close contact with the negatively charged phospho groups. In contrast, 
DEH could be oriented perpendicularly to the interface, with its two cationic groups associated with 
the phospho groups, and its phenyl- and diethylethanediyl moieties deeply inserted between and 
interacting with the aliphatic chains. Thus, although both agents cause lysosomal phospholipases 
inhibition, the differences in their interactions with negatively-charged bilayers is likely to result in a 
different organization of the phospholipids accumulated in uiuo, which could lead to different toxicities. 

Lysosomal phospholipidosis is a conspicuous side drugs readily diffuse through membranes and 
effect of two types of drugs with largely different therefore enter many organs. They accumulate 
physico-chemical properties, namely the amino- in lysosomes [3], probably by ion-trapping and by 
glycoside antibiotics such as gentamicin, which are autophagic sequestration of the intracellular mem- 
totally hydrophilic polycationic compounds [ 11, and branes which they bind to [4,5]. Aminoglycosides 
the so-called cationic amphiphilic drugs, which are non-diffusible drugs, but they can enter cells 
belong to various pharmacological groups but have by endocytosis and also reach high intralysosomal 
in common to carry one or two aminogroups together concentrations [6-l 11. 
with a bulky hydrophobic moiety [2]. A typical Both cationic amphiphiles and aminoglycosides 
example of the second type of drug is the formerly inhibit the activities of lysosomal phospholipases 
used antianginal drug bis(beta-diethylamino- towards phosphatidylcholine included in negatively- 
ethylether)hexestrol (DEH). Cationic amphiphilic charged lipid layers in vitro [12-151. We recently 

proposed [16] that the drugs actually reduce the 

7 Address for correspondence and reprints: UCL & ICP, availability of the surface negative charges which 
avenue Hippocrate 75 Bte 75.39, B-1200 Bruxelles, lysosomal phospholipases require to act fully on 
Belgium. phosphatidylcholine present in a bilayer, even 
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though cationic amphiphiles [17], but not amino- 
glycosides [15, 161, are also able to inhibit lysosomal 
phospholipases towards phospholipids included in 
neutral bilayers. Binding of aminogly~osides and 
cationic amphiphiles to negatively charged phospho- 
lipid layers has been demonstrated [13, IS], and an 
analysis of the effects of both types of drugs towards 
negatively charged bilayers seemed therefore par- 
ticularly important, especially since most natural 
membranes are negative [19]. We have therefore 
undertaken and report here on a comparative 
biophysical description of the interactions between 
negatively charged phospholipid bilayers and genta- 
micin or DEH, taken as typical examples of an 
aminoglycoside antibiotic and of a cationic amphi- 
philic drug, respectively. Investigations were carried 
out at pH 5.4 to mimick in this respect the conditions 
prevailing in lysosomes [20,21]. 

MATERIALS AND METHODS 

Preparation of liposomes 

Unless stated otherwise, liposomes were prepared 
as described earlier 213, 161 with cholesterol, egg- 
yolk phosphatidyicholine, bovine brain sphingo- 
myelin and wheat germ phosphatidylinositol in a 
constant molar proportion of 5.5 : 4: 5 : 2. Except for 
lipid polymorphism studies and measurement of 
membrane fluidity, these liposomes were prepared 
in 4 mM acetate buffer pH 5.4. The total lipid con- 
centration of the preparations was varied according 
to the experiment performed and is indicated below. 

Analysis of liposomes dimensions and morphology 

These studies were performed on sonicated lipo- 
some preparations containing 10 mg of total lipids 
per ml. The apparent average diameter of the lipo- 
somes was first evaluated by quasielastic light scat- 
tering spectroscopy [22] using a Coulter@ Nano 
SizerTm (Coulter Electronics Ltd., Luton, Beds.), at 
an angle of 90”, and using monodisperse latex par- 
ticles of 100 and 800nm diameter (Dow Chemical 
Co., Midland, MI) for control. The real, individual 
diameter of particles was then measured by obser- 
vation of replicas of freeze-etched samples in the 
electron microscope 1231. Liposomes were first spray- 
frozen in the absence of cryoprotectants [24]. We 
checked by light scattering spectroscopy that spray- 
freezing did not change the apparent average size of 
the liposomes in our samples. Freeze-fracturing was 
made at - 100” and at a pressure of 4.10m6 Torr with 
a Balzers model BA 360 M apparatus (Balzers AG, 
Balzers, Lichtenstein) and examined in a Philips EM 
microscope at 60 kV. Morphomet~c analysis of the 
liposome profiles was made on seven pictures taken 
at random from each specimen at a microscope mag- 
nification setting of 34,000~. The accurate mag- 
nification was determined for each series of samples 
by comparison with a grating replica (2160 lines per 
mm). For each sample, 300-900 fiposome profiles 
were measured with a Zeiss TGZ 3 particle size 
analyzer [2S] and their diameter recorded in 4.3 nm 
class intervals. 

Measurement of membrane fluidity 

The method of Shinitzky and Barenholz [26] was 

followed to estimate membrane fluidity. The lipo- 
somes, prepared in 40 mM acetate buffer pH5.4, 
were of the same composition as that used for the 
analysis of particle dimension, but their con- 
centration was reduced to 0.25 mg lipids/ml, and the 
sonication step was omitted to obtain large multi- 
lamellar vesicles. In addition, the organic solvents in 
which the lipids were dissolved prior to the prep- 
aration of the liposomes contained a fluorescent 
lipid-soluble probe, 1,6-diphenyl-1,3,5_hexatriene 
(1 mol per 500 mol lipids). After addition of the drug 
to the liposomes, the temperature was gradually 
increased from 288°K to 328°K over approx. 1 hr, 
while the samples were illuminated with a polarized 
light beam at 357 nm. Light emission was measured 
at 428 nm in the planes parallel and perpendicular to 
the plane of the polarized excitation light. using 
an Aminco spectro~uorometer SLM-4800 equipped 
with a clan-Thomson polarizer. Results were 
expressed as the degree of fluorescence polarization. 

31P-nuclear magnetic resonance spectroscopy 

(a) Chemical shift anisotropy. These studies were 
performed with unsonicated and sonicated liposomes 
of exactly the Sam.? composition and concentration 
as those used for the analysis of particIes dimension 
and morphology. The liposome preparations were 
placed in 10 mm diameter NMR tubes. A WM 250 
Bruker Fourier Transform NMR spectrometer, 
operating at 101.3 MHz for ?‘P observation, was 
used with temperature control, deuterium “lock” 
(20% DzO added to the sample) and proton decou- 
pling (5 W). Accumulated free induction decays 
were obtained from a number of transients up to 
20,000 using 90” r.f. pulse with a 0.5 see interpulse 
time. 

(b) Lipid polymorphism studies. These studies 
were performed on unsonicated liposomes made of 
dioleoylphosphatidylethanolamine and dielaidoyl- 
phosphatidylethanolamine (1: 1) according to Cullis 
and de Kruijff [27] at a final concentration of 5.5 mg 
lipids/ml in 40 mM acetate buffer pH 5.4. The drugs 
were added at a final drug-lipid ratio of 1: 3 (w : w). 
The samples were brought at increasing tem- 
peratures from 286°K to 314°K by steps of 4”K, and 
spectra were accumulated at each step over a period 
of 60min. The other experimental conditions were 
the same as described above. 

Computer-aided semi-empirical conformational 
analysis 

The general procedure used to determine the con- 
formation of the isolated molecules of drugs and 
of phosphatidylinositol at a simulated lipid-water 
interface was the same as that described earlier [28- 
30]. In addition, the conformation of DEH was also 
calculated in a totally hydrophobic environment, by 
setting the dielectric constant to 2. 

Assembly of drugs and phosphatidylinositol to 
form mixed drug-lipid monolayers was then made 
as described in Ref. 31. Compared to our earlier 
approach [ZS. 321, this procedure uses a hyprrmatrix 
to store the energies and the coordinates of each 
molecule of phosphatidylinositol assembled in suc- 
cession around gentamicin. This procedure is faster, 
allows a more accurate analysis of the molecular 
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inter~~ions and, therefore, a more precise deter- 
m~natio~ of the positions of lowest energy. This 
procedure has recently been successfully applied to 
the analysis of the interactions of peptides and pro- 
teins with membrane biiayers [33]. All calculations 
were performed on an Olivetti M28 microcomputer 
equipped with an Intel@ 80287 a~thmetic co-pro- 
cessor, using the PC-MSAVY (Molecular Structure 
Analyses) and the PC-TAMM~~ (Theoretical 
Analysis of Molecular Membrane Organization) 
procedures. Graphs were drawn with the PC-MGM@ 
(Molecular Graphics Manipulation) program. 
Further information on these procedures and 
programs, and on their availability can be obtained 
from their author (R.B.). 

Gentamicin (sulphate salt) was supplied by 
Schering Corporation, U.S.A. &e&worth, NJ) as 
“Centamicin reagent solution” for in vitro and inves- 
tigational use. As for all commercial preparations 
of gentamicin, it consisted of a mixture of 3 main 
components, gentamicin Cl, Cfa and C2, in a molar 
ratio of approx. 30 : 30 : 40. These components oniy 
differ by the methyiation of the C’6 and/or the N’6 
atoms (see Fig. 5). Previous studies have shown 
that the interactions of these three components with 
phospha~dylinositol and their inhibitor activity 
towards lys~omal phospholipases &z fjord are similar 
[X5,32]. DEH was a kind gift from the Upjohn 
Company (Kalamazoo, MI). The natural 
glycerophosphoiipids (egg yolk phos~hatidylcho~ine 
and wheat germ phosphat~dyl~nositoi (grade 1)) were 
purchased from Lipid Product (Nr, Redhill, U.K.), 
I,&diphenyl-1,3,5hexatriene, bovine brain sphingo- 
my&n and cholesterol were obtained from Sigma 
Chemical Co. (St. Louis, MO). Dio~eoy~phospha” 
tidy~etha~olamine and dielaidoylphosphatidylethan- 
alamine came from Avanti Polar Lipids 
{Bi~in~ham, AL). Other reagents (analytical 
grade) were supplied by E. Merck, AG (Darmstadt, 
F.R.G.). 

RESULTS 

Since gentamicin and DEH are both cationic at 
pH 5.4, they may interact with the negativety- 
charged phospho group in ~~os~ho~ipids, which can 
be measured by examining the decrease in effective 
chemical shift anisotropy (Au} [34] observed by 31P 
NMR spectroscopy of liposomes upon warming. For 
this particufar study, we used unsonieated liposomes 
since the 31P-NMR spectra of sonicated iiposomes 
does not allow to study this parameter US]. Figure 
1 shows that the effective chemical shift anisotropy 
steadily decreased when control liposomes were war- 
med from 298°K to 348°K. This decrease was sig- 
nificantly lower in the presence of either gentamicin 
or DEH (added at an equ~n~rrn~l concentration). 
Except at 328”K, the d~~eren~~s observed between 
gentamicin- and DEH-treated Iiposomes were not 
significant. Addition of ~-~-~~ucos~mine (4.2 mM) 
had no effect as compared to control liposomes. 
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Fig. 1. Variation of the effective chemical shift anisotroov 
f&o, the chemical shift between the high field peak a& 
the few fif?Id shoutder of the 3iP-NMR broad sDectra1 of 
unsonicated, negatively charged tiposomes fch&esterol : 
pho~phat~dylcholine : ~p~~ngo~~eIin : ph~phati~yl- 
inositol; molar proportion 5.5 : 4 : 5 : 2) as a function 
of the temperature. The fiposomes (10mg ~ip~ds~ml) 
were prepared in 4mM acetate buffer pH5.4. 0, 
control liposames; I, 0, A, liposomes incubated 1 br 
at 37” with 4.2 mM gkosamine, 0.32 mM gentamicln or 
0.8mM DEW, respectively. Each series of samples was 
successively examined at increasing temperature and recor- 
dings were made over approx. 1 hr at each of the tem- 
peratures indicated in the abscissa. The vertical bars give 
the SD of the recordings made with four independent 

liposomes preparations. 

The influence of gentamicin and DEH on the 
ffuidity of the atiphatic chains of the phospholipids 
was then examined by measuring the degree of p&a- 
rization of the light emitted by 1,6-diphenyl-1,3,5- 
hexatriene inserted into the bitayer, upon excitation 
by a polarized light beam, and its decrease over 
warming. As shown in Table 1, the polarization of 
the emitted light was lower in the presence of DEW 

Table 1. Fluorescence polarization of the light emitted 
by 1 ,6-diphenyl-I,3 ,S-bexatriene embedded in unsonicated 
liposomes upon excitation by a beam of poiarized tight 

Polarization observed at 

298% 3WK 

Control 0.3672 ?I 0.004R 0.3169 It 0.8069 
+ Glucosamine O.3631 + 0.0054 0.3126 + Q.OOs5 
+ Gentamicin 0.3646 ” 0.0043 0.3103 + a.0062 
+ DEH 0.3561 ‘- 0.0051* 0.3006 +- 0.0010* 

* Significantly different from control (P c 0.05). The 
other values are not si~~~ca~tIy different from controls. 

Liposomes were prepared as in Fig. I, except that their 
concentration was set at 0.25 mg lipids/ml, and incubated 
1 hr with glucosamine, gentamicin or DEH, at a ~ug/~jpids 
ratio similar to that used in Fig. 1. Results are expressed 
as the degree of Ruorescence polarization. 

p = ((~~~~~./~~~~~.) - I)/((1 aY /fperpcnd.) + ~)~a~de~med 
by Shortly and Barenhotz 431. Results are given as p” 
means (*SD) uf 3 independent experiments. 
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Table 2. Influence of gentamicin or DEH on the apparent size of negatively charged 
and neutral liposomes, as measured by quasi-elastic light scattering spectroscopy 

(Coulter@, NanosizerTm) 

llvpe of 
fiposomes Drug* 

Diameter 
(nmft 

No. of 
different 

fiposomes 
preparations 

examined 

Negatived None 983 r 9 8 
0.W mM 94 f 10 gentam. 1 

0.162 mM gentam. 113 rt 15 K%!J mlvi gentam, 295 + 94 : 
0.801 mM DEH 335 f 17 1 
4.190 mM glucos. 110 -+ g 1 

NeutralEi None 111 f 13 4 
0.216 mM gentam. 128 T’- 10 1 
0.323 mM gentam. 114 A 19 1 
0,431 mM gentam 125 + 8 1 
0.801 mM DEH 106 Z!Z 9 1 
4, a90 mM ghlcos, 113 -+ 7 1 

* Gentam,, gentamicin; DEN, bis(beta-dit5thyIanoethylet~e~)hex; glucos. ) 
2-~-glucos~ine~ 

$ t SD. Each sample was anatped six times. The total number of &erminatims 
was thus six times the number of independent experiments. 

$ Liposomes made as described in Materials and Methods (cholesterol :phos- 
phatidyicholine : sphi~~omy~~in : phosphatidylinositol; 5.5 : 4 : 5 : 2). 

5 Liposomes containing no negatively charged phospholipida (cholesterol : phos- 
phatidylcholine : sphingomyelin; 5.5 : 4 : 7). 

~mpared to control liposomes at both 298°K and 
310°K. Iipiposomes incubated in the presence of 
gentamicin or glucosamine showed a small but non- 
si~i~Gant decrease in fluorescence ~la~zation a$ 
compared to controls. The results obtained at the 
other temperatures investigated (from 288°K to 
328%) were similar. 

Light scattering spectroscopy was used to examine 
the effect of gentamicin and DEH on the apparent 
diameter of liposomes. Sonicated liposomes were 
used since these showed a smaller, more repro- 
ducible and less heterogeneous diameter than 
unso~~cated liposomes (data not shown). As shown 
in Table 2, addition of gentamicin resulted in a 
significant increase of the apparent size sf negativeiy- 
charged Iiposomes rtt a drug ~o~~~~tration of 
0.323 mM. The ma~i~ude of this effect, however, 
was very variable both between different liposome 
preparations and within the same preparation (data 
not shown). DEH also induced a significant increase 
of the size of the negative liposomes, which was 
mu& more reproducible than for gentamicin. 2-D- 
glucosamine had no effect up to molar concentrations 
exceeding lo-fold the concentration of gentamicin 
causing a significant effect. Table 2 also shows that 
omission of phosphatidyl~nositol in the liposomes 
abolished tbe effect of both gentamicin and DEH, 
indicating that negative charges in the bilayer were 
essential in this respect for either compound, 

3 ‘I? ?VW? spectra at j&-& ~e~~~~~~ure 

The influence of ge~t~i~in and DEW on Iiposome 
apparent size was further examined by anaiysis of the 

JrP-NMR spectra at a fixed tem~rat~e of 29fC’IC. 
Figure 2A (panel Al) shows that control, sonicated 
liposomes display only a narrow peak (isotopic 
signal), indicating that the phosphate heads are 
highly mobile. Addition of either 8e~tarni&~ (panel 
A3) or DEH (panel AJ), at an equinormaI con- 
centration, resulted in a dual signa in which a broad 
component with a low field shoulder and a high field 
peak were supe~mposed on the isotropic signal. Z- 
D-glucosamine (panel AZ), at a molar concentration 
13-fold higher than gentamicin, showed no effect. 
Figure 2B shows tbe “IP-NMR spectra obtained at 
298°K with unsonicated liposomes. In the absence of 
drug (panel Sl), it showed both a narrow isotropic 
signal and a broad signal with its maximum at high 
field (panel Bl), With addition of increasing 
amounts of gentamicin (panels B2 to B5), the nar- 
row signal decreased and the broad ~ymetri~ signal, 
with a low field shoulder and a high field peak charac- 
teristic of large bilayer structures, steadity increased. 

Figure 3 shows the rn~rphoIo~~a1 appearance of 
replicas prepared from freeze-etched negatively- 
charged liposomes. Compared to controls (panel 
3A), it clearly appears that the increase of liposome 
apparent size in the presence of gentamicin (panel 
33) mostly resulted from an aggregation of the 
vesicles. Mo~h~rn~t~~ analysis confirmed that the 
size of most individual profiles remained dose to that 
of control liposomes (mean diameter: 25 nm), and 
only few vesicles d&playing a diameter exceeding 
1QOnm. In striking contrast, panel 3C shows that, 
at an equinormai ~o~ce~tration~ DEH induced the 
formation of large vesicles with a diameter ofapprox, 
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Fig. 2. “P-NMR spectra of sonicated (A) or unsonicated liposomes (B). The composition and con- 
centration of the liposomes were as in Fig. 1. Recording was made at 298°K and at a frequency of 
101.3 MHz. Al and Bl, control liposomes; A2, A3, A4, sonicated liposomes incubated 1 hr at 37” with 
4.2 mM glucosamine, 0.32 mM gentamicin or 0.8 mM DEH, respectively; B2-B5, unsonicated liposomes 
incubated 1 hr at 37” with increasing concentrations of gentamicin (0.11,0.22,0.32 and 0.43 mM). ui at 
Oppm is the chemical shift of phosphorus atoms undergoing isotropic motion. To allow comparison 

among the different spectra, the intensity of the maximal signal is set on an identical value. 

170nm, while the original, small-sized liposomes 
were much less numerous. No morphometric analysis 
of DEH-treated liposomes was performed in view 
of the magnitude and consistency of the effect. In 
addition to its effect on liposome size, DEH also 
altered the morphology of the liposome membrane, 
which displayed evenly distributed, round-shaped 
small inclusions. Such inclusions were never seen in 
control or in gentamicin-treated liposomes. 

31P NMR lipid polymorphism studies 

Since morphological studies clearly indicated that 
DEH induced fusion of the liposomes, and perhaps 
also a change in their membrane organization, the 
influence of DEH on lipid polymorphism was 
examined using 31P-NMR spectroscopy. For this 
study, we used liposomes made of dioleoylphos- 
phatidylethanolamine and dielaidoylphosphatidyl- 

ethanolamine (1: 1, w/w), since these allow a better 
characterization of specific phospholipid macro- 
molecular organizations such as hexagonal phases. 
Figure 4 shows the change of 31P-NMR spectra of 
these liposomes when the temperature was increased 
from 268°K up to 314°K. Control liposomes displayed 
a marked temperature transition between 302°K and 
306°K. The spectrum at low temperature showed the 
characteristic shape of an axially symmetric shielding 
tensor. At high temperature, the chemical shift ani- 
sotropy was reduced twofold and displayed a reverse 
asymmetry. Liposomes exposed to gentamicin (or 
to 2-D-glucosamine; data not shown) behaved as 
controls. In striking contrast, addition of DEH 
caused, already at a temperature as low as 286”K, 
the appearance of a narrow signal at q, intermediate 
between the two maxima detected on the spectra of 
control liposomes recorded at the low and the high 
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Fig. 3. Mcxphdogical appearance of negatively charged, sonicated liposomes after freeze-etching, The 
liposomes were of the same composition and conceniratian as that used in Fig. 1; A, control liposomes; 
B, C: liposomes incubated with equinormal concentrations of gentamicin (B, 0.32 mM) or DEH (C, 

0.8mM). Magnifications: A, Bl, Cl, 37.500~; BZ, C2, 85,000x. 
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Fig. 4. 3iP-NMR spectra of liposomes made of ~~~~yl~hosFha~dy~~thaRolarnine and dieiai- 
doy~~h~s~hat~dy~ethaao~amine (1: 1) at increasing temperatare. Gentamicin (GM) or DEE-f were added 
at a &aI ratio drag: lipids 1: 3. The 0 ppm value is set at q correspond&g to the isotropic shift value. 

temperature, respectively. When the temperature 
was raised, the magnitude of this signal increased in 
parallel with the decrease of the original broad signal, 

Conformational studies 
(a) Isolated molecules. Molecules were analyzed 

under their fully protonated forms, since all previous 
biochemical and biophysical studies have been made 
at pH5.4, i.e. at a pH value below the pK, of the 
amino-groups of either drug. This pH is also that 
probably prevailing in lysosomes [20,21]. The stmc- 
tural formulae of gentamicin and DEH and the tor- 
sional angIes of importance in this analysis are shown 
in Fig. 5. The results of the confo~at~ona~ analysis 
of the isolated gentamicin molecule at a lipid-water 
interface and stereoviews of the most probable (over 
99%) conformer have been published by us pre- 
viously [28,32] but appear again here (Fig. 6) for 
comparison, since the mode of representation used 
in the present paper (full-size atomic volumes) is 
different from that used earlier. The main charac- 
teristics of this conformer are given in Table 3. For 
DEN, the systematic analysis performed on the tor- 
sional angles @r, l/rl ffs, 6, and ffs and the simplex 
~nirni~~on procedure applied while orienting the 
conformers at a lipid-water interface, yielded ordy 
one highly probable conformer (99.5%). This con- 
former is shown in Fig. 6 and its main characteristics 

are given in Table 3. In contrast to gentamicin, 
which adopted a largely open crescent shape, with its 
concavity oriented towards the hydrophobic phase, 
DEH oriented at a lipid-water interface displayed 
an almost closed hairpin shape with its concavity 
directed towards the hydrophilic phase. The two 
amino groups of the molecule were close to each 
other at one extremity af the molecule and the phenyl 
groups exposed at the other. Consequently, the dis- 
tance between the hydroph~~c and hydrophobic grav- 
ity centers was very iarge and the molectde span 
across the interface, The aminogroups could there- 
fore completely be located in the hydrophilic zone, 
whereas the phenyl groups entirely stayed in the 
hydrophobic zone. When a similar analysis was 
repeated for DEW by simulating a totally hydro- 
phobic environment, DEH adopted a completely 
different conformation, in which the molecule was 
fully extended (data not shown). No conformer was 
calculated for gentamicin in an hydrophobic environ- 
ment since this molecule is not lipid-soluble. 

(b) Molecules inserted in phosphatidylinositol 
monolayers. A maximum of four mokcules of phos- 
phatidy~inosito~ could be assembled around either 
gentamicin or DEH. Table 4 shows the calculated 
energies of interactions and energies of transfer 
(hydrophobic and hydrophilic) between each drug 
and the surrounding pbosphatidyiinosito~ molecules. 
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Gentamicin 

Bis (Beta-Diethylaminoethylether) Hexestrol 

Fig. 5. Structural formulae of gentamicin and DEH. Gentamicin, as most clinically-used aminoglycosides 
(except streptomycin and neomycin), is made of a 2-deoxystreptamine moiety substituted by 2 amino- 
sugars. In accordance with a widely accepted convention [59], the sugar moiety substituting the 6- 
hydroxyl group of the 2-deoxystreptamine (3-deoxy-3(methylamino-4-C-methyl-beta-L-arabinopy- 
ranose), situated to the left in the figure) is referred to as the “sugar, whereas that substituting the 4- 
hydroxyl group of the 2-deoxystreptamine (2,6-diamino-2,3,4,6-tetradeoxy-alpha-D-e~yr~~o-hexo- 
pyranose), situated to the right in the figure), as the ’ sugar, respectively. The component of gentanicin 
shown in this figure, and in Figs 6 and 7, is the Cla (components Cl and C2 carry an additional 
methyl group in N6’ or C6’, respectively). The systematic name of DEH is 2,2’-(1,2-diethyl-1,2- 
ethanediyl)bis(4,1-phenyleneoxy)bis (NJ+diethyl-ethanamine). The figure also shows the torsional 
angles (gentamicin, 6, to 13~; DEH, 0, to 6,) which were systematically varied for the conformational 

analysis. The values of these angles in the most probable conformers are given in Table 3. 

I GENTAMICIN 

N i 
6 

I DEH 

Fig. 6. Space-filling stereoviews of the most probable con- 
formers of gentamicin and DEH at a water-lipid interface 
(the lipid phase being above). The positions of the ionizable 
aminogroups are indicated by the arrows on the left of the 
figure pointing to the N atoms (in black) visible in the figure 

(see Fig. 5 for numbering conventions). 

Cornpared to gentamicin, DEH showed a much 
higher energy of interaction, and the energy balance 
was much in favour of hydrophobic interactions. 
Figure 7 illustrates the most probable location and 
orientation of phosphatidylinositol molecules 
assembled around gentamicin or DEH, and shows 
how each drug interacts very differently with them. 
For gentamicin, the point of lowest energy was 
obtained when the hydrophilic/hydrophobic inter- 
face of the phosphatidylinositol monolayer was mis- 
shaped, as shown in Fig. 7. Thus, the four phos- 
phatidylinositol molecules could not be located on 
the same plane, and one (numbered 1 in Fig. 7) was 
placed as if it were attracted towards the aqueous 
phase, whereas a second (numbered 4 in Fig. 7) 
was displaced towards the hydrophobic phase. This 
position was imposed by the gentamicin molecule, 
which, in spite of its open crescent shape, remained 
therefore completely at or close to the hydrohilic/ 
hydrophobic interface. In particular, the N’6 amino- 
group of gentamicin could establish a close contact 
with the phosphate head of a phosphatidylinositol 
molecule. These positions of the phosphatidyl- 
inositol molecules around gentamicin are more 
plausible than the ones that we proposed earlier 
[28,32], in which this N’6 amino function of genta- 
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Table 3. Main characteristics of gentamicin and DEH conformers after simplex minimization 
procedure and orientation at a stimulated lipid-water interface 

737 

61 

Torsional angles (degrees)* 

62 f33 @4 

Distance between 
hy~ophobic and 

hydrophiiic 
centres (A) 

Gentamicin 223 154 217 119 0.60 
DEH 300 60 0 180 300 2.38 

* See Fig. 5 for the numbering of the torsional angles. 

Table 4. Calculated interaction and transfer energies, and molecular area of the complexes 
formed between DEH or gentamicin and phosphatidylinositol 

Energy of 
interaction* 

Transfer energy* 

Hydrophobic Hydrophilic 

Molecular 
area? 

A2 

Gentamicin -44.7$ 214.43 214.02 52 
DEH -112.8 258.66 57.39 60 

* kJ/mol. 
t Area of the drug molecule projected on the lipid-water interface. 
$ The value shown here is larger than that reported earlier (-35.2 kJ; see Ref. 32), because 

of the improvements introduced in the analysis of the complexes. 

micin penetrated into the hydrophobic domain of was in striking contrast to that of gentarnicin. First, 
the monolayer. The n&-shaping of the interface also only a minor perturbation of the hydrophilic/hydro- 
favoured the interactions of the other amino-groups phobic interface of the monolayer was apparent. 
of gentamicin with the surrounding phosphatidyl- Second, the DEH molecule inserted itself amidst the 
inositol molecules. The mode of insertion of DEW phosphatidylinositol molecules, almost in parallel to 

Fig. 7. Skeleton stereoviews of the mode of assembly of gentamicin (A) or DEH (B) and 
phosphatidylinositol. In order to facilitate the orientation, the ball representation of the drugs with the 
same conformation as they adopt in the complex, are displayed in the right panels. The solid arrows on 
the left panel refer to the positions of the inositol moieties of the four phosphatidylinositol molecules 

surrounding the drug. 
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the fatty acid chains. Thus, the two aminogroups 
remained located below the hydrophobic-hydro- 
philic interface, where they probably established 
close electrostatic interactions with the phospho 
groups, whereas the phenyl groups and the diethy- 
lethanediyl moiety joining them were fully inserted 
into the hydrophobic part of the bilayer, establishing 
close contacts with entire segments (C4 to C8) of the 
adjacent aliphatic chains. 

DISCUSSION 

Both gentamicin and DEH accumulate in lyso- 
somes where they reach concentrations in the milli- 
molar range [3,10, 111 and are expected to be fully 
protonated, since the lysosomal pH is around 556 
[20,21]. They could therefore bind to the membranes 
of these organelles and/or to the cellular membranes 
carried into lysosomes by autophagy [36], since most 
cellular membranes [19], including those of lyso- 
somes [37], contain negatively-charged phospho- 
lipids. In the present study, we have used a somewhat 
simplified model of membrane containing only phos- 
phatidylinositol, as a negatively charged phospho- 
lipid, and phosphatidylcholine, sphingomyelin and 
cholesterol as “structural” phospholipids. Yet the 
use of membrane layers of composition similar to or 
simpler than that used here already have allowed it to 
be shown that (a) both aminoglycosides and cationic 
amphiphiles displace Ca*+ from negatively-charged 
membranes [13, 18,38,39]; (b) that cationic amphi- 
philes interact with membranes by both hydrophobic 
and hydrophilic forces [40,41]; (c) that binding of 
gentamicin to a membrane requires negative charges 
[15] and primarily results from the electrostatic 
potential prevailing in the aqueous layer adjacent to 
that membrane [42]. Together with the data summa- 
rized above, the experimental observations and the 
results of the calculations reported in this paper show 
that both gentamicin and DEH interact with the 
hydrophilic domain of the negatively-charged mem- 
branes, but that only DEH can influence the prop- 
erties of the hydrophobic domain. 

The results of the slP NMR spectroscopy show 
that both gentamicin and DEH cause a significant 
restriction in the movements of the phosphate heads 
of the phospholipids. The data of our conformational 
analysis support this interpretation, the calculated 
positions of the amino groups in both DEH and 
gentamicin being such that they can establish close 
contact with the negatively charged phospho groups 
of phosphatidylinositol. Mobility could be impaired 
by bridging several phosphatidylinositol molecules if 
complexes of an order higher than 1: 1 (drug: 
phosphatidylinositol molar ratio) are formed, as 
shown by our conformational analysis. The binding 
of gentamicin to liposomes is indeed cooperative 
with respect to the phosphatidylinositol content [32]. 
Moreover the drug concentration necessary to obtain 
charge reversal of negatively charged phospholipid 
vesicles decreases when their content in phos- 
phatidylinositol or phosphatidylserine increased 
[42], which suggests that the binding of gentamicin 
is favoured by the closeness of the negative charges 
on the membrane surface. Bridging several negative 
charges also explain the aggregation of the liposomes 

caused by gentamicin (see below for a discussion of 
the effect of DEH). 

In contrast to their common effect on the mobility 
of the phosphate heads, DEH and gentamicin very 
differently affect specific properties of the hydro- 
phobic domain of the phospholipids. Thus, in accord- 
ance with the lack of detection of a boundary 
potential within the membrane in liposomes exposed 
to gentamicin [42], the results of the fluorescence 
polarization studies made with 1,6-diphenyl-1,3,5- 
hexatriene, which is a totally hydrophobic fluoro- 
chrome, show that gentamicin binding to the lipo- 
somes is not associated with a significant interaction 
with the hydrophobic domain of the bilayer. Com- 
pared to our previous proposal [32], our new con- 
formational model indeed shows that, because of the 
deformation of the interface it induces, gentamicin 
can remain entirely within the hydrophilic region in 
spite of its open-crescent shape. Conversely, DEH 
causes a significant decrease of the fluorescence 
polarization of 1,6-diphenyl-1,3,Shexatriene 
embedded in the liposomes, reflecting an increased 
mobility of the hydrocarbon chains [26,43]. This 
effect can be understood on the basis of the con- 
formational model proposed for DEH interacting 
with a phosphatidylinositol monolayer. Further- 
more, the 31P-NMR spectroscopic examination 
of dioleoyl- and dielaidoylphosphatidylethanol- 
amine liposomes (Fig. 4) shows that DEH inter- 
feres with the change in lipid reorganization that 
occurs in these membranes upon warming, causing 
the appearance of a new type of lipid organization 
indicated by a narrow peak at u, characteristic of a 
phase where isotropic motion occurs. This isotropic 
signal could be due to the formation of inverted 
micelles within the membrane [44]. By contrast, the 
spectra of control liposomes or of liposomes after 
addition of gentamicin are similar, and the modi- 
fication of the shape of the spectrum seen upon 
increase of the temperature is indicative of a normal 
transition from a bilayer to an hexagonal organ- 
ization of the lipids [44]. The marked fusion of lipo- 
somes induced by DEH further points out to a 
specific interaction of this drug with the hydrophobic 
domain of the membrane, since a profound reor- 
ganization of fatty acid chains is probably necessary 
to induce bilayer fusion [45-47]. The roundly shaped 
intramembranous particles seen after addition of 
DEH (Fig. 3C) could represent inverted micelles, 
the formation of which has indeed been associated 
with membrane fusion phenomena (48-501. Intra- 
membranous inclusions similar to those shown here, 
have also been observed in the limiting membrane 
of lamellated inclusions appearing in the retinal tis- 
sue of animals treated in uivo by cationic amphi- 
philes, after freeze-fracture examination [51]. 

In addition to its interaction with the hydrophobic 
domain, however, DEH also needs to establish elec- 
trostatic interactions with the bilayer to cause fusion 
of the vesicles, since no increase in apparent size is 
seen when DEH is added to neutral liposomes (Table 
2). A general conclusion of our work could therefore 
be that an agent is fusogenic only if it can both attach 
to the surface of the bilayer (polar domain) and 
insert itself into the hydrophobic domain. Thus, the 
exclusive interaction of gentamicin with the polar 
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domain of the negatively charged bilayers would 
prevent it from causing fusion, whereas its polyc- 
ationic character would favour vesicle aggregation 
when its concentration reaches a critical threshold. 
Whether by fusion or aggregation, however, large 
biIayer structures will be formed, which explains the 
similar changes seen in the 3*P NMR spectra upon 
addition of either gentamicin or DEH (Fig. 2). A 
similar appearance or a large bilayer signal has been 
observed in multilamellar phosphatidylserine ves- 
icles exposed to gentamicin or IV&*+ f42]. The for- 
mation of aggregates upon exposure of liposomes to 
gentamicin probably also accounts for the apparent 
increase in size observed by quasi-elastic light scat- 
tering spectroscopy. Discrepancies between the 
absolute values of the mean liposome diameters rec- 
orded by light scattering spectroscopy and by mor- 
phometry of the freeze-etched replicas, respectively, 
and the apparently very large variability fram one 
measurement to another may be accounted for by 
the fact that the former type of measurement is 
strongly influenced by the presence of a small number 
of large particles. 

The differences observed between the interactions 
between phospholipid bilayers and gentian or 
DEH, taken as a typical aminoglycoside and a typical 
cationic amphiphile, respectively, may result in a 
different organization of the phospholipids accumu- 
lated in uiuo upon treatment with either drug, This 
could lead ta different toxicities. Buckheim et al. 1.511 
have observed that the polar lipids accumulating in 
retin& cells after treatment with ~hlo~hente~ne, a 
cationic amphiphile, often display specific structural 
organizations consistent with those observed in vitro 
in the present study, namely a lattice-like pattern and 
intramembranous inclusions which have not been 
reported in gentamicin-induced phospholipidosis 
[lo, 521 nor in inherited phospholipidoses (see Ref. 
53 for review). A major difference between the 
phospholipidosis induced by the aminogly~osid~ 
and that caused by cationic amphiphiles is that the 
former is quickly associated with cytotoxicity 
whereas the latter results in a huge accumulation of 
intralysosomal myeloid bodies without apparent sign 
of ceil death [57]. Further comparative biochemical 
and biophysical studies of the lipids accumulated 
upon exposure to either drug may help to unravel 
and assess better the meaning of these morphoIogica1 
and functional differences. 

We reported earlier [ 161 that gentamicin and DEH 
are equipotent inhibitors of lysosomal phospho- 
lipase Al, assayed ti u&r0 towards phospha- 
tidyl~holine included in negatively-charged 
liposomes, when these drugs are added at equi- 
normal concentrations. Although cationic amphi- 
philes could also act on the enzymes [41,.58], it is 
tempting to speculate that interactions with the polar 
domains of the phospholipid layers, and in particular 
charge neutralization is the critical determinant in 
this inhibition. Yet, hydrophi~c ~om~unds with 
only three positive charges, such as streptomy~i~~ 
are much less potent inhibitors than gentamicin, or 
DEH, even at equinormal concentrations [32]. We 
therefore suggest that the hydrophobic interactions 
established between DEH and the hydrocarbon 
chains are probably important for confering enough 

stability to the complex between this drug and the 
negatively charged bilayers in spite of its low number 
of cationic functions. A similar conclusion was 
reached by L~l~~n d af. [lS] concerning the capa- 
city of cationic amphiphiles to displace Ca2+ from 
negatively charged monofayers, compared to amino- 
glycosides [39]. We do not known, however, whether 
this conclusion can be extended to monoaminated 
amphiphilic drugs such as chlorphentermine or chlo- 
ropromazine, which also induce phospholipidosis. 
Moreover, ex~~men~ in which the intralysosomal 
concentration of an a~nogly~oside and an amphi- 
philic cationic drug would be correlated with the’ 
extent of the phospholipidosis they cause, will also 
need to be performed before the present in vitro 
observations can be taken as correctly describing the 
situation prevailing in uiuo. 
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