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Abstract—Aminoglycoside antibiotics accumulate in lysosomes of kidney and cultured cells and cause
an impairment of phospholipid catabolism which is considered to be an early and significant step in the
development of their toxicity. Using liposomes, we previously demonstrated that the activity of lysosomal
phospholipases A; and A, towards phosphatidylcholine was markedly enhanced by the inclusion of
phosphatidylinositol in the bilayer, and that gentamicin impaired this activity by binding to phos-
phatidylinositol. Since gentamicin-induced inhibition was inversely related to the amount of phos-
phatidylinositol included in the liposomes, we proposed that gentamicin impairs activity of
phospholipases by decreasing the quantity of available negative charges carried by the bilayer surface
(Mingeot-Leclercq et al., Biochem Pharmacol 37: 591-599, 1988). We now extend these observations
to phosphatidylserine and phosphatidic acid, and compare the inhibition caused by gentamicin, amikacin
and streptomycin towards lysosomal phospholipases on the hydrolysis of phosphatidylcholine in the
presence of each of these acidic phospholipids. Inclusion of phosphatidic acid in liposomes, and, to a
lesser extent, phosphatidylserine, caused a larger increase in phospholipases activity than phos-
phatidylinositol. In parallel, the three aminoglycosides tested were found less inhibitory towards
phospholipases activity measured on phosphatidic acid- or phosphatidylserine-containing liposomes than
was previously observed with phosphatidylinositol, even though equilibrium dialysis experiments failed
to demonstrate significant difference in binding parameters of the drug towards each of these liposomes
populations. Yet, as for phosphatidylinositol-containing liposomes, the inhibition was inversely related
to the amount of phosphatidic acid or phosphatidylserine included in the bilayer and the inhibitory
potency of the three drugs was consistently gentamicin > amikacin > streptomycin with the three types
of negatively-charged liposomes used. We conclude that impairment of lysosomal phospholipases activity
towards phosphatidylcholine included in negatively-charged membranes by aminoglycoside antibiotics
is dependent upon drug binding to the bilayer, but that it is modulated by the nature of the acidic
phospholipid that binds the drug as well as by that of the drug itself. A companion paper (Mingeot-
Leclercq et al., Biochem Pharmacol 40: 499-506, 1990) will examine by computer-aided conformational
analysis the parameters (drug-phospholipid energy of interaction, position of the drug in a monolayer
and its accessibility to the aqueous phase) which may be important for these effects.
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Aminoglycoside antibiotics are useful in the treat-
ment of infections caused by Gram(~) bacteria, but
show a narrow therapeutic index because of oto- and
nephrotoxic reactions [1-3]. These drugs are taken
up by the proximal tubular cells of renal cortex and
sequestered in lysosomes {4, 5], which display early
alterations consisting in the inhibition of the activities
of phospholipases A (measured towards phospha-
tidylcholine), sphingomyelinase, and phosphatidyl-
inositol phospholipase C ([6]; P. Lambricht and G.
Laurent, personal communication). A concomitant
accumulation of myelin-like figures in lysosomes,
associated to an enlargement of their size and a
decrease of their buoyant density, has also been
observed [5, 7-9]. These alterations are followed by
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the development of tubular necrosis and neph-
rotoxicity, but the underlying mechanism(s) relating
these phenomenons remain still uncovered (see
discussion in Refs 10 and 11}. Recently, it was shown
that polyaspartic acid, which completely protects
against aminoglycoside-induced  nephrotoxicity
{12, 13], also protects against the development of the
early lysosomal alterations described above [14, 15],
suggesting that the inhibition of lysosomal phospho-
lipase activities by aminoglycosides is indeed a key
factor in the cascade of events leading to neph-
rotoxicity,

Previous studies have shown that aminoglycoside
antibiotics inhibit the activities of lysosomal
phospholipases A and C in vitro when the substrate is
organized as negatively-charged bilayers or micelles
{6, 16, 17]. Binding of the drug to the phospholipid
bilayer is critical in the inhibition of phospholipases
A [18,19], and we have recently proposed that
aminoglycosides actually decrease the available
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negative charge required in the bilayer for optimal
activity [20]. Indeed, the activity of lysosomal
phospholipases A; and A, towards phosphatidyl-
choline included in liposomes markedly increases
when the phosphatidylinositol content of the vesicles
is raised from 10 to 30% of the total phospholipid
content [20], i.e. in a range found in most natural
membranes for total negatively-charged phospho-
lipids [21,22]. Addition of gentamicin, taken as a
typical aminoglycoside, causes a concentration-
dependent decrease in these activities, but this effect
is inversely proportional to the amount of phos-
phatidylinositol present in the bilayer [20]. In the
present paper, we further characterize the influence
exerted by negative charges carried by the phospho-
lipid bilayer on the activity of lysosomal phospho-
lipases towards phosphatidylcholine and on their
inhibition by aminoglycosides. Thus, we examine the
influence of the nature of the acidic phospholipid
included in liposomes ( phosphatidylinositol vs phos-
phatidylserine vs phosphatidic acid) on the activity
of these enzymes, and measure the inhibitory
potency of gentamicin in correlation with its binding
towards the three types of liposomes, as measured
by equilibrium dialysis. We also compare gentamicin
with two other aminoglycosides, namely amikacin
and streptomycin which are less nephrotoxic [1, 3, 8]
and which, in previous studies, were found less
inhibitory towards phospholipases measured with
phosphatidylinositol-containing liposomes [6, 19].
This approach, combined with computer-aided con-
formational studies reported in a companion paper
[23], may enhance our molecular understanding of
the parameters which govern the activity of lyso-
somal phospholipases and influence the inhibitory
potency of aminoglycoside antibiotics towards lyso-
somal phospholipases.

MATERIALS AND METHODS

Preparation of liposomes. Unless stated otherwise,
sonicated liposomes were prepared from cholesterol,
egg yolk phosphatidylcholine, bovine brain sphingo-
myelin and one of the following acidic phospholipids,
namely wheat germ phosphatidylinositol, bovine spi-
nal cord phosphatidylserine, or phosphatidic acid
(made from egg lecithin by the action of phospho-
lipase D). The phospholipid: cholesterol molar ratio
was set at a value of 2: 1, and the phosphatidylcholine
content was kept constant at 4 moles per 11 moles
of phospholipids throughout. The negative charge
of the liposomes was varied by adding increasing
amounts of one acidic phospholipid, from 0 up to
6 moles, whereas the sphingomyelin content was
correspondingly decreased from 7 (for neutral lipo-
somes) to 1mole per 11 moles of phospholipids.
Labelled phosphatidylcholine (l-palmitoyl, 2-[1-
HCloleoyl-sn-glycero-3-phosphocholine) was added
for enzymatic and partition studies {140 and 10 mCi/
mol of phosphatidylcholine, respectively). Lipo-
somes were routinely prepared in acetate buffer at
pH 5.4 as described earlier [6] except that the con-
centration of the buffer was 40 mM instead of 4 mM
in order to keep the pH constant in spite of the wide
variations in acidic phospholipid content. The final

lipid concentration was 10 g/L. Liposomes were
stored under nitrogen and used within a week.

Determination of size of liposomes. The apparent
average diameter of the liposomes was evaluated by
quasielastic light scattering spectroscopy [24] using a
Coulter® Nano Sizer™ (Coulter Electronics Ltd,
Luton, U.K.). Fluctuation of light scattering was
measured at an angle of 90°, and monodisperse latex
particles of 100 and 800 nm diameter (Dow Chemical
Co., Midland, MI) were used as control.

Enzymatic studies. The activity of lysosomal
phospholipase A, (phosphatidate 1-acylhydrolase,
EC3.1.1.32) and the combined activities of phospho-
lipase A, (phosphatidate 2-acylhydrolase, EC
3.1.1.4) and of betalysophospholipase (lysolecithin
2-acylhydrolase, EC 3.1.1.-) towards 1-palmitoyl,
2-[1-1Cloleoyl phosphatidylcholine included in the
liposomes were determined by measuring the release
of ["*Cllysophosphatidylcholine and of [1-'*C]fatty
acid, respectively, upon exposure of the liposomes
to a soluble fraction of purified rat liver lysosomes,
as described previously [6, 18, 20].

Determination of liposomes surface charge. The
variation of surface charge of liposomes was esti-
mated by determining their partition in an aqueous
two-phases polymer system [25]. The system used
here was obtained by mixing 1.4 g of Dextran T500
20% (w/w) to 0.7 g of polyethyleneglycol 4000 40%
(w/w), and then adding 1.9 g of 0.15M NaCl and
citrate (4.5 mM) phosphate (11 mM) buffer, pH 5.4,
50:50 (v/v). The final system consisted therefore of
7% {(w/w) Dextran T500, 7% {w/w) polyethy-
leneglycol 4000. NaCl (35.6 mmol/kg) and phos-
phate (2.64 mmol/kg), buffered at pH 35.4.
Phosphate ions created a 2 mV potential difference
(measured with a voltmeter of high sensitivity)
between the two phases due to their preferential
distribution in the dextran-rich (lower) phase. The
partition behaviour of negatively-charged liposomes
was determined by using preparations containing
trace amounts of '*C-labelled phosphatidylcholine,
as described by Sharpe [26]. Briefly, 1 mL of lipo-
somes suspension was added to the 4 g of the two-
phases system, the phases were mixed at room tem-
perature by 30 inversions in S-mL graduated
syringes, separated by spinning the samples at 34 g
for 5 min, and 200 pL from the centre of each phase
were collected for radioactivity measurement.

Binding studies. The binding of gentamicin to lipo-
somes containing an increasing proportion of one
acidic phospholipid { phosphatidylinositol, phospha-
tidylserine or phosphatidic acid) was studied by equi-
librium dialysis using a Dianorm® apparatus
(Dianorm Gerite, Minchen, F.R.G .}, consisting of
sets of 0.2-mL twin cells made of Teflon® and sep-
arated by a Diachema® flat dialysis membrane (M,
cut off 5000). Liposomes were dispersed in appro-
priate volumes of acetate buffer 40 mM pH 5.4 in
order to obtain liposomes preparations with approx.
250 pmol of acidic phospholipid per mL over the
whole range of acidic phospholipid/total lipid ratios
investigated (0.061-0.364). Two hundred microlitres
of these liposomes preparations were then dialysed
against gentamicin (4-40 nmol/200 uL. in the same
buffer) for 5 hr at 4° under constant rotation of the
cell carrier unit (12 rpm). Samples collected from the
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cells without liposomes were assayed before and
after dialysis by reaction with fluorescamine [27],
and the amount of bound gentamicin calculated from
the difference. Determination of the binding par-
ameters was made by direct analysis of the Bound
vs Free gentamicin concentrations plots, and fitting
the experimental points to a hyperbolic equation
using the damping Gauss—Newton procedure [28].
The program used is derived from published litera-
ture [29] and further information can be obtained
from its author (J.P.).

Materials. Gentamicin (sulphate salt) was supplied
by Schering-Plough Corporation (Kenilworth, NJ)
as “Gentamicin reagent solution” for in vitro and
investigational use. Like other commercial prep-
arations, the gentamicin samples consisted of a mix-
ture of three main components, C,, C;, and C,
(differing by the degree of methylation of the C'6
and N'6 atoms), in a molar ratio of approx.
30:30:40. The inhibitory potency of each of these
components towards lysosomal phospholipases in
vitro does not, however, significantly differ from that
of the commercial mixture [18]. Amikacin was the
gift from Bristol Belgium (Brussels, Belgium) and
was supplied as Amukin® (sulphate salt solution) for
clinical use. Streptomycin sulphate was purchased
from Laboratorium Wolfs (Antwerp, Belgium}). The
structural formulae of gentamicin, amikacin and
streptomycin have been given in our previous pub-
lications [6, 30]). Glycerophospholipids (egg yolk
phosphatidylcholine, wheat germ phosphatidyl-
inositol, bovine spinal cord phosphatidylserine and
phosphatidic acid made from egg lecithin by the
action of phospholipase D)} were purchased from
Lipid Products (Nr Redhill, U.K.) as grade 1 prod-
ucts, and bovine brain sphingomyelin and cholesterol
from the Sigma Chemical Co. (St Louis, MO).
Radiolabelled phosphatidylcholine (1-palmitoyl-
2[1-*“CJoleoyl-sn-glycero-3-phosphocholine; 52 mCi/
mmol) was obtained from Amersham International
plc (Amersham, U.K.). Dextran T500 was supplied
by Pharmacia Fine Chemicals AB (Uppsala,
Sweden). Other reagents were obtained from E.
Merck AG (Darmstadt, F.R.G.) and were of ana-
lytical grade.

RESULTS

In a previous report [20], we showed that the
activity of lysosomal phospholipases towards
phosphatidylcholine included in liposomes was
dependent on the phosphatidylinositol content of the
bilayer. In a first step, we have examined whether
this observation could be extended to other acidic
phospholipids also naturaliy-occurring in subcellular
membranes such as phosphatidylserine or phos-
phaticid acid [21, 22]. As shown in Fig. 1, the release
of labelled lysophosphatidylcholine and of labelled
oleic acid (activity of lysosomal phospholipase A,
and of the sum of phospholipase A, and
betalysophospholipase, respectively) increased upon
addition of each of the three acidic phospholipids in
the liposomes roughly over a similar range (10 to
about 30% of total phospholipids). The magnitude
of this effect, however, varied according to the nature
of the acidic phospholipid. Thus, the release of label-
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led lysophosphatidylcholine was increased up to sev-
en-fold over the value observed for neutral liposomes
when phosphatidic acid was included in the bilayer,
whereas a maximal stimulation of three—four-fold
only was seen with phosphatidylserine or phos-
phatidylinositol. For the release of labelled fatty
acid, addition of phosphatidic acid or phospha-
tidylserine resulted in an approx. six-seven-fold
increase whereas phosphatidylinositol caused only
a modest change compared to neutral liposomes.
Interestingly enough, activities observed with 9% of
phosphatidylinositol, were significantly lower than
those recorded with neutral liposomes. Phospha-
tidylserine and phosphatidic acid did not cause a
similar effect. To check that the low activities found
with neutral liposomes were not due to the presence
of large amounts of sphingomyelin (the concen-
tration of which was decreased when that of acidic
phospholipid was increased in order to maintain
constant the phospholipid:cholesterol and phos-
phatidylcholine: total phospholipids ratios), neutral
liposomes were prepared with phosphatidylcholine
and cholesterol only (4:5.5 mol: mol) and exposed
to lysosomal extracts. No significant difference in
the activities studied was seen compared to neutral
liposomes prepared with sphingomyelin (phosphat-
idylcholine : cholesterol : sphingomyelin  4:55:7
mol: mol).

In a next step, we compared the inhibitory potency
of gentamicin on the activities of lysosomal phospho-
lipases measured towards phosphatidylcholine in
liposomes containing a fixed proportion (18%) of
each of the three acidic phospholipids studied. The
results obtained are shown in Fig. 2. The inhibition
of phospholipase A, activity was markedly influ-
enced by the nature of the acidic phospholipid, with
the strongest inhibition observed with phosphatidyl-
inositol and the lowest with phosphatidic aad.
Although less striking, similar differences were also
observed for the release of fatty acid. In both cases,
the inhibition achieved by gentamicin on the activi-
ties measured with phosphatidic acid-containing lipo-
somes was largely uncomplete at the maximal drug
concentration investigated.

We reported earlier [20] that the gentamicin-
induced inhibition of lysosomal phospholipases
activity towards phosphatidylcholine was inversely
proportional to the content of the bilayer in phos-
phatidylinositol. Thus, dose-response curves of the
inhibition of lysosomal phospholipases by gentamicin
were established for liposomes containing increasing
amounts of each of the three acidic phospholipids
studied here. Table 1 shows the drug concentration
needed to achieve 25% reduction of enzymatic
activity (IC,s) (this value is shown rather than that
causing 50% of activity reduction (1Cs) used earlier
[18, 19] since inhibition of activity in liposomes con-
taining 18% of phosphatidic acid did not reach 50%
at the maximal gentamicin concentration investi-
gated). As for phosphatidylinositol, the inhibitory
potency of gentamicin on the activity of lysosomal
phospholipases towards phosphatidylcholine was
inversely related to the bilayer content in phos-
phatidylserine or phosphatidic acid. The nature of
the acidic phospholipid was, however, also critical
over the whole range of contents investigated. 1Cy5
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Fig. 1. Degradation of 1-palmitoyl-2-[1-"*Cloleoy! phosphatidylcholine included in liposomes as a
function of their content in acidic phospholipid (A, phosphatidylinositol; @, phosphatidylserine; O,
phosphatidic acid) in the presence of lysosomal extracts at pH 5.4. The amounts of labelled compound
released are shown on the ordinates and expressed as the percentage of the total radioactivity present
in the assay mixture. The lower part of the diagram shows the release of labelled oleic acid (combined
activities of phospholipase A; and betalysophospholipase); the upper part shows the release of labelled
lysophosphatidyicholine (2-[1'*Cloleoyl-sn-glycero-3-phosphocholine) {activity of phospholipase A)).
Each symbol with a vertical bar (£SD) refers to the mean of at least three separate experiments.

values systematically increased from phosphati-
dylinositol- to phosphatidylserine- and to phos-
phatidic acid-containing liposomes. For the latter,
inhibition was very weak and no I1C;5 could be deter-
mined in liposomes containing more than 27 and
36% of this acidic phospholipid for the release of
lysophosphatidylcholine and of fatty acid, respect-
ively.

We also reported that amikacin and streptomycin
are less inhibitory than gentamicin towards lysosomal
phospholipases activity measured with phosphati-
dylinositol-containing liposomes [6,18]. As for
gentamicin, the inhibitory potencies of amikacin and
of streptomycin were found inversely related to the
content of the bilayer in phosphatidylinositol (data
not shown). Table 2 shows that the ranking of inhibi-
tory potencies of the three aminoglycosides was the
same for phosphatidylserine- and phosphatidic acid-
containing liposomes as reported earlier for phos-

phatidylinositol-containing liposomes, i.e. gentami-
cin > amikacin > streptomycin [18]. Moreover, the
ranking of the 1C,5 values found for amikacin or
streptomycin in function of the nature of the acidic
phospholipid included in the bilayer was the same as
for gentamicin, i.e. phosphatidylinositol < phos-
phatidylserine < phosphatidic acid.

Carlier et al. [18] observed a direct correlation
between the amount of gentamicin, amikacin and
streptomycin  bound to phosphatidylinositol-con-
taining liposomes and the inhibition of the activity
of lysosomal phospholipases towards phosphatidyl-
choline, as measured in the present study. We there-
fore measured the binding parameters of gentamicin
to liposomes containing increasing amounts of phos-
phatidylinositol, phosphatidylserine or phosphatidic
acid, using the equilibrium dialysis technique. The
calculated K, and B,,, values are shown in Table
3. The maximal binding capacity of liposomes per
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Fig. 2. Effect of gentamicin on the degradation of labelled phosphatidylcholine included in liposomes

containing 18% of phosphatidylinositol (A}, phosphatidylserine (@) or phosphatidic acid (O) (per-

centage of total phospholipids) in the presence of lysosomal extracts at pH 5.4. The abscissa shows the

actual concentrations of antibiotic in the final assay mixture. The ordinate gives the amount of reaction

product as the percentage of that measured in parallel experiments without antibiotic. Part A of the

diagram shows the activity of phospholipase A,, and part B, the combined activities of phospholipase
A; and B-lysophospholipase, as explained in the legend of Fig. 1.

Table 1, Effect of gentamicin on the degradation of labelled phosphatidylcholine (1-palmitoyl, 2-[1-4Cloleoyl-sa-glycero-
3-phosphocholine) included in liposomes containing increasing amounts of ome acidic phospholipid (PI, phos-
phatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid)

Dirug concentration {(uM) causing 25% inhibition of

Phospholipase A, +
Phospholipase A* B-lysophospholipaset
Acidic phospholipid content
{% of total phospholipid} PI PS PA PI Ps PA
18 i7x4 44 %5 13+ 16 25x5 B2 S0x4
27 28x5 150+ 11 310+ 50 5032 7035 200 = 22
36 648 375+ 44 >300 649 89+9 278 25
54 128 + 17 >375 >300 125 %11 222+ 16 >278

* Release of labelled lysophosphatidylcholine.
1 Release of labelied fatty acid.
Each value represents the mean of three determinations + SD.

Table 2, Effect of gentamicin (), amikacin (A) and streptomycin {S) on the degradation of labelled phosphatidylcholine
{1-palmitoyl, 2-{1-"*Cloleoyl-sn-glycero-3-phosphocholine) in function of the nature of the acidic phospholipid included
in liposomes {18% of total phospholipids)

Drug concentration (uM) causing 25% inhibition of
Phospholipase A, +

Acidic Phospholipase A,* B-lysophospholipaset
phospholipid included
in liposomes G A s G A S
Phosphatidylinositol 174 8 =10 146 £ 16 25%5 445 97 +9
Phosphatidylserine 44 x5 150 = 16 313x32 38x2 106 = 12 201 =18
Phosphatidic acid 139x 16 694 + 81 819+ 64 50x4 222220 736 + 82

* Release of labelled lysophosphatidylcholine.
+ Release of labelled fatty acid.
Each value represents the mean of three determinations £ SD.
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Table 3. Binding parameters of gentamicin to negatively-charged liposomes containing
phosphatidic acid (PA), phosphatidylserine (PS) or phosphatidylinositol (PI) as determined
by equilibrium dialysis

Negatively-charged
phospholipid

Content (% of

B *

max
(nmol gentamicin/nmol K;*

total lipid) Nature acidic phospholipid) (uM)

9 PA 0.124 = 0.008 18.71 = 3.59
PS 0.176 = 0.015 23.58 £4.83

PI 0.125 = 0.018 47.24 + 13.36
18 PA 0.262 = 0.020 13.35+3.10
PS 0.229 = 0.015 12.66 = 2.28
PI 0.302 #+ 0.035 14.63 = 4.81
27 PA 0.369 = 0.018 9.60 * 6.51
PS 0.269 = 0.038 15.03 = 6.51
PI 0.325 = 0.029 14.92 +3.99
36 PA 0.451 = 0.154 12.34 £ 5.92
PS 0.464 = 0.026 23.51 £3.10
PI 0.347 + 0.011 7.64 £0.93
45 PA 0.431 = 0.031 23.24 +4.24
PS 0.403 + 0.042 9.42 +4.04

PI 0.290 = 0.046 37.26 = 14.40
54 PA 0.400 = 0.010 4.00 = 0.48
PS 0.340 = 0.034 3.63 +3.99
PI 0.306 = 0.027 17.11 + 4.69

* The parameters were calculated from the direct plots of bound (B) vs free (F) gentamicin
concentrations to which an hyperbolic function B = B,,,,.F/(K, + F) was adjusted by the
Taylor’s development using the Gauss-Newton method [28, 29]. The resolution of system
of normal equations gives the values of K, (dissociation constant) and B,,, (maximum
capacity of binding) and the matrix of variance-covariance gives the deviation of these

parameters.

nanomole of acidic phospholipid increased with the
content of the membrane in the corresponding lipid,
up to a plateau value of approx. 0.300 nmol of genta-
micin per nanomol of acidic phospholipid. No
marked, systematic difference among lipids,
however, was observed. K, values ranged between
approx. 347 uM, with no systematic difference with
respect to the nature or the relative content in acidic
phospholipid.

Partition studies between two, non-miscible aque-
ous two phases (polyethyleneglycol/dextran-phos-
phate) showed that an increase of the proportion of
acidic phospholipid included in liposomes resulted
in a correspondingly greater accumulation of the
vesicles in the dextran-phosphate (bottom) phase,
consistent with an increase of their net surface charge
[31]. The technique, however, does not allow to
directly compare liposomes with different negatively-
charged phospholipids in this respect.

The influence of the liposome composition, with
respect to the nature and the relative content in acidic
phospholipid, on their average size was examined by
light scattering spectroscopy. The results so obtained
varied around 100 nm, whatever the nature of acidic
phospholipid included in the bilayer as long as the
content of negatively-charged lipid was less than 27%
of total phospholipid. Values obtained when more
than 27% of acidic phospholipid was present in the
bilayer were, however, variable. The technique used,
however, is very sensitive to the minor aggregations
which were sometimes observed with these lipo-
somes.

DISCUSSION

In vivo and in vitro studies have shown that amino-
glycoside antibiotics impair the lysosomal catabolism
of phospholipids, causing the intralysosomal
accumulation of undegraded polar lipids (‘myeloid
bodies’), by decreasing the activities of phospho-
lipases (reviewed in Ref. 11). Previous in vitro stud-
ies using liposomes containing phosphatidylinositol
have shown the importance of the binding of amino-
glycosides to the bilayer in this respect [6, 18, 20],
and its relevance to aminoglycoside toxicity towards
kidney or other cells or tissues has been discussed
[10, 32]. Most natural membranes, however, also
contain other negatively-charged phospholipids such
as phosphatidylserine or phosphatidic acid. Phos-
phatidylserine is a major acidic phospholipid of
membranes including the pericellular and lysosomal
ones {33], and binding of gentamicin to this lipid has
been demonstrated in vitro [34, 35]. The membrane
content of phosphatidic acid is usually very low but,
in many cells and tissues, there is initially an exten-
sive net conversion of phosphatidylinositol to
phosphatidate following stimulation to secretion [36-
39]. The concentrations of drugs used, the pH at
which the experiments were performed, and the type
of liposomes used are relevant to the situation pre-
vailing in vivo in cells developing typical lysosomal
alterations upon aminoglycoside treatment. Thus,
aminoglycosides accumulate in the lysosome of
proximal tubular cells, or of cultured cells, and these
organelles display an acid pH, probably equal to or
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lower than 5.5 in vive {40}, In lysosomes, amino-
glycosides reach millimolar concentration, even after
treatment with, or exposure to, moderate amounts of
these antibiotics [3, 8, 41]. Membranes and myeloid
bodies isolated from the kidney and urine of amino-
glycoside-treated animals and humans show an
enrichment in phosphatidylinositol and phospha-
tidylserine [42-44], which remain within the range
investigated here [45]. It is noteworthy that the mem-
brane content in total acidic phospholipids is closely
regulated [46,47], and that mutant cells deficient
in the synthesis of phosphatidylinositol contain a
correspondingly increased amount of phospha-
tidylglycerol. In the present models, only one
acidic phospholipid was introduced in each type of
liposome studied for the sake of simplicity, but a
future report will deal with the effect of the sim-
ultaneous presence of several acidic phospholipids
on phospholipases activity. We have also limited
ourselves to examine the catabolism of phospha-
tidylcholine by phospholipases A; and A,. This
phospholipid, however, is a major constituent of all
cellular membranes {21}, is primarily degraded by
phospholipases A, and A,, and is being accumulated
to large extents in renal cortex or cultured cells
upon aminoglycoside treatment [41-44]. In addition
phosphatidylethanolamine, the second other major
zwitterionic phospholipid of most membranes, is also
degraded by lysosomal phospholipases A, and A,
{48].

In the first part of our study, we observed that
phosphatidylserine and phosphatidic acid are as or
more effective, than phosphatidylinositol, at increas-
ing the digestive capacities of lysosomal extracts
towards phosphatidylcholine. Assuming that the
release of "“C-labelled lysophosphatidylcholine and
of "C-labelled fatty acid observed in our experi-
ments is entirely accountable for by the activity of
phospholipase A, and by the combined activities of
phospholipase A, and B-lysophospholipase, respect-
ively, as demonstrated earlier for phosphatidyl-
inositol-containing liposomes [6], our results indicate
that these enzymes are, generally speaking, highly
dependent upon the presence of negative charges in
the bilayer in which their substrate is included, as
suggested earlier [20]. We, however, have no simple
explanation concerning the marked, quantitative dif-
ferences observed among the negatively-charged
phosphoglycerides studied. No important variation
in liposome size was observed. Differential distri-
bution of phosphatidic acid across the membrane
compared to phosphatidylserine or phosphatidyl-
inositol, as reported for natural membranes {49}, is
unlikely in view of the lack of constant differences
in the binding parameters of gentamicin towards
liposomes containing each of the three acidic
phospholipids. The activity of lysosomal phospho-
lipases measured on neutral liposomes made of syn-
thetic phosphatidylcholine only is maximal at the
temperature of lipid phase transition [S0]. It could
therefore be suggested that the acidic phospholipids
would influence indirectly the enzymatic activity of
phospholipases, by modifying this temperature
{51, 52]. We did not, however, observe any marked
change of phospholipases activity over a 15 to 50°
range using liposomes of similar composition and
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negative charge as those used here (unpublished
data), and those liposomes are indeed not expected
to show a definite, sharp phase transition upon tem-
perature increase in that range. In a study of the
hydrolysis of synthetic phosphoglycerides by
phospholipase A, it was observed [53] that small
substituents on the phosphate made better substrates
than large apolar substituents, as if enzyme anchored
to the interface could more easily interact with the
corresponding monomer phospholipid. The same,
may be true for the binding of the lysosomal
phospholipases to the acidic phospholipids, taking
mnto account the effective size of the hydrated
phospholipid headgroupsin the bilayer [54]. Alterna-
tively, the isothermal lateral phase separation of the
acidic phospholipids could be different, resulting in
distinct organization of the negative charges at the
surface of the bilayer, and, therefore, in differences
in enzyme binding. Whatever the explanation of the
differential effect of the negatively-charged phospho-
lipids, on lysosomal phospholipases, it is interesting
to note that the activity of other enzymes involved
in polar lipid catabolism, such as glucosylceramidase,
is also a function of the presence of phosphatidic
acid or phosphatidylserine {A.M. Vaccaro, personal
communication), Moreover, membrane-proteins
such as Na*/K* ATPase [55] are also influenced by
negatively-charged lipid.

The results obtained in the second part of our
study confirm and extend our previous observations
concerning the interactions of aminoglycosides with
acidic phospholipids and the inhibitory potency of
these drugs towards lysosomal phospholipases. First,
they show that the amount of gentamicin that can
bind to liposomes per mole of acidic phospholipid
increases with the percentage of this negatively-
charged phospholipid, as found earlier for phos-
phatidylinositoi-containing liposomes [19]. This,
however, is probably more related to the closeness
of the negative charges—which make them more
available to the drug molecule—rather than to a true
cooperative process, since the dissociation constants
{K,) are not significantly influenced by the per-
centage of acidic phospholipid in the bilayer. These
dissociation constants are similar from one phospho-
lipid to another, and close to those obtained by Kubo
et al. [56] for liposomes made only of phospha-
tidylcholine (60%) and phosphatidylinositol, phos-
phatidylserine or phosphatidylglycerol (40%). The
present results also confirm and extend our previous
observations that amikacin, and still more strep-
tomycin, are much less inhibitory than gentamicin
towards lysosomal phospholipases in vitro [18]. This
observation is probably critical in explaining the
lesser nephrotoxicity of these agents compared to
gentamicin (see review in Refs 10 and 11). Moreover,
the three aminoglycosides tested were found less
inhibitory towards phospholipases activity measured
on phosphatidic acid- or phosphatidylserine-con-
taining liposomes than was previously observed with
phosphatidylinositol even though equilibrium
dialysis experiments failed to demonstrate a signifi-
cant difference in binding parameters of the drug
towards each of these liposome populations. Finally,
the constant observation that the inhibition of
phospholipases by aminoglycosides is inversely pro-
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portional to the bilayer content in acidic phospho-
lipids supports our hypothesis concerning the
importance of surface charge neutralization in this
process. In this respect, our results may be compared
to those obtained with Adriamycin®, which inac-
tivates cytochrome c-oxidase by binding to cardio-
lipin, a negatively-charged phospholipid essential for
its activity [57]. The results of the dialysis experi-
ments, however, clearly demonstrate that gentamicin
binding to the bilayer at equilibrium is not the only
parameter governing the drug-induced phospho-
lipase inhibition, when comparing liposomes with
different acidic phospholipids. This conclusion was
already suggested by the study of streptomycin
derivatives such as streptomycylamine, which tightly
binds to negatively-charged liposomes but are poorly
inhibitory [30]. The results of a conformational
analysis examining the interactions of gentamicin
and amikacin with the three types of negatively-
charged phospholipids, and reported in a companion
paper [23], may explain these discrepancies between
binding and inhibitory potency which could not
clearly be revealed from studies using only one type
of negatively-charged liposomes [18]. It must be
stressed, however, that we have not measured the
actual surface potentials of liposomes containing
phosphatidylinositol, phosphatidylserine or phos-
phatidic acid, and their change upon addition of
aminoglycosides under our experimental conditions.
Binding of the same amount of a given amino-
glycoside (at equilibrium) to different types of neg-
atively-charged liposomes does not, indeed,
necessarily imply that the original surface potentials
and the changes caused by addition of the different
aminoglycosides studied are the same.
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