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Abstract—Thirteen aminoglycoside antibiotics were investigated with respect to their ability to replace
Ca from phosphatidylserine monolayers. The affinities of the glycosides for the Ca-binding sites depended
on the pH and the Ca** concentration of the aqueous subphase. At a Ca’" concentration of
1.2 X 1075 M and a pH of 7.5 the half maximum concentrations to replace Ca were found to range from
0.4 x 107¢ (sisomicin) to 6 X 1075 M (streptomycin). The interaction between the streptomycins and Ca
were of a competitive nature, whereas the aminoglycoside antibiotics with higher affinities displayed
unusual steep dose-response curves suggesting positive cooperativity. The aminoglycoside antibiotics
were also able to replace Ca from biomembranes (red cell ghosts and isolated sarcolemma of cardiac
muscle) in a dose-dependent manner. The high affinity of aminoglycoside antibiotics to a phospholipid
is considered to be involved in the toxic side effects of these antibiotics, e.g. nephrotoxicity and

impairment of contractile force.

The aminoglycoside antibiotics exert (besides oto-
toxicity) a well-defined renal side effect, i.e. a toxic
action upon proximal tubules. At the ultrastructural
level, proximal tubule cells contain lamellated inclu-
sion bodies the size and number of which depend
upon the dosage and duration of treatment. Finally,
the cells undergo necrosis accompanied by corre-
sponding impairment of kidney function [1]. The
lamellar bodies are membrane-bound and are
derived from lysosomes. As judged from their ultra-
structural appearance, the inclusion bodies in prox-
imal tubule cells appear to consist, at least in part,
of accumulated polar lipids. This has recently been
confirmed by chemical analysis. Kaloyanides and
Pastoriza-Munoz [2] reported that the phospholipid
content of the renal cortex in rats is elevated upon
treatment with aminoglycosides. In cultured fibro-
blasts, to which the aminoglycosides have rather slow
access, the phospholipid content was also found to
-be raised, and lamellated inclusion bodies were pres-
ent [3].

The accumulation of polar lipids in lysosomes to
which aminoglycosides have gained access [4] stimu-
lated us to investigate the possibility of whether or
not a direct interaction between aminoglycosides and
phospholipids does occur which then might intefere
with the intralysosomal degradation of these lipids.
To study a possible interaction we used the method
of “Ca replacement” from lipid monolayers which
has been successfully used previously for investigat-
ing the interaction between cationic amphiphilic
drugs and polar lipids [5-7]. In addition, Ca replace-
ment from biomembranes by aminoglycosides was
investigated. The results obtained by both pro-
cedures suggest a direct interaction between ami-
noglycosides and polar lipids.

*TES = N-tris
ethane-sulfonic acid.

(hydroxymethyl)-methyl-2-amino-

METHODS

Ca replacement from phosphatidylserine monolay-
ers. In principle the method makes use of the accu-
mulation of Ca by a monolayer of acidic phospho-
lipids spread on the surface of buffer solutions which
contain different concentrations of Ca* labelled hy
“Ca[8, 9]. Owing to the weak radiation of **Ca, only
the Ca concentration present at the surface will be
measured by a methane flow counter placed on top
of the buffer solution. In the presence of drugs which
compete with Ca for the binding sites of the lipid
layer the yield of radioactivity will decline
accordingly.

In the present study phosphatidylserine—the
phospholipid with the highest capacity for binding
Ca—was used at a surface pressure of about
11 mN m™? corresponding to an occupation of about
60 A? per molecule of phospholipid. The Ca®* con-
centrations varied between 3 X 10 and 1 x 107* M.
The buffer solution had the following composition:
5mM NaOH, 2 mM TES,* 2 mM histidine adjusted
to pH 7.5 by HCI if not stated otherwise. The tem-
perature was kept constant at 24°. A more detailed
description has been given previously [7].

Ca replacement from biomembranes. The method
of determining the Ca replacement from biomem-
branes involves three steps: (1) preparation of the
membranes in a Ca-free medium, (2) refilling of the
binding sites with Ca, and (3) replacement of Ca by
aminoglycoside antibiotics.

Preparations of red cells ghosts (open sheets) were
obtained according to the methods of Dodge et al.
[10] and Hanahan and Ekholm [11]. A plasmalemmal
fraction from guinea pig heart muscle was obtained
as described by Lillmann and Peters [12]. Both
methods yield membranes which are nearly equiv-
alent to intact biomembranes with respect to lipid
composition, protein distribution, and function of
enzymes. During the preparation processes the
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media contained no Ca so that the membranes were
free of Ca. The presence of a chelating agent was
avoided in order to preserve the plasmalemmal struc-
ture [13, 14].

In a second step, the Ca content was refilled by
incubating the membranes for 5 hr in a medium with
Ca (1 mM) labelled with ¥*Ca. After centrifugation
of the membranes (red cells ghosts at 25,000 g for
1 hr, and plasmalemma at 45,000 g for 1 hr, respec-
tively) the Ca content was determined in a liquid
scintillation counter and corrected for the extraves-
icular space, which was estimated by the difference
of the volume of distribution between [*"H]H.O and
[“C]EDTA. The Ca binding per milligram of protein
[15] was taken as 100%.

To investigate the Ca replacement by aminogly-
coside antibiotics, the membranes loaded with Ca
were incubated in the medium described earlier con-
taining the antibiotics at different concentrations.
The aminoglycosides investigated were dibekacin,
amikacin and streptomycin. The Ca content was
determined in a liquid scintillation counter as earlier,
and the decrease was set in relation to the drug-
dependent Ca replacement. When “*Ca and the
antibiotics were simultaneously applied to the mem-
brane fractions the same results were obtained. To
examine the mechanism of Ca replacement, different
Ca concentrations ranging from 3 x 1075 to 1073 M
were applied.

RESULTS

Replacement of Ca from monolayer binding sites by
aminoglycosides

Thirteen aminoglycoside antibiotics were investi-
gated for their potency to interact with Ca bound to
phosphatidylserine under standard conditions (pH
7.5, Ca®* concentration 1.2 X 107°M, 24°). The
results are summarized in Table 1 and presented in
simplified dose-response curves for some of the

Table 1. Half maximum concentrations of the aminogly-

coside antibiotics investigated to replace Ca from phos-

phatidylserine monolayers at a Ca® concentration of
1.2 X 1075 M, expressed as IDsg (x 1077 M)

1IDsp

(x1077M) ID75/ID2s
Streptomycin 60 17
Dihydrostreptomycin 60 30
Amikacin 10 19
Ribostamycin 7 4
Kanamycin 6 5
Paromomycin 6 2
Tobramycin 6 2
Netilmicin 5.5 2
Neomycin 5 2
Framycetin 5 2
Gentamicin 5 2
Dibekacin 4.5 2
Sisomicin 4 2

To characterize the slope of the dose-response curves
the ID75/IDys ratios are given.
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Fig. 1. Replacement of Ca from phosphatidylserine (PS)
monolayers by different aminoglycoside antibiotics at a
Ca®* concentration of 1.2 X 107> M. Ordinate: Percentage
of ¥*Ca replaced, 100% refers to complete replacement,
0% reflects 86 pmoles of Ca bound per square centimetre;
abscissa: molar concentrations of drugs. Vertical bars rep-
resent range of data (n = 5-7). The curves are projected
upon each other by shifting the ordinate. Concentrations
of drugs replacing 50% Ca bound to phospholipid mono-
layers (IDsos) are marked by ®. The dotted vertical lines
indicate the decades and half-decades.

antibiotics in Fig. 1. As can be taken from the curves,
the antibiotics were able to completely replace Ca
bound to the monolayer. Most compounds displayed
threshold concentrations below 3 x 1077 M and half
maximum concentrations of about 5 X 10~7M, but
reached their maximum effect only at concentrations
of about 1075 M, thus yielding asymmetrically shaped
dose-response curves. In contrast to the majority of
compounds, streptomycin and dihydrostreptomycin
were found to be less active in replacing Ca; their
symmetrical dose-response curves were found to be
markedly flatter than those obtained with other
aminoglycosides. In Table 1, the different slopes are
characterized by the ID;5/ID;s ratios.

Replacement of Ca by aminoglycosides at different
pH

To check whether or not the degree of protonation
plays a role in the potency of aminoglycoside anti-
biotics to replace Ca from phosphatidylserine mono-
layers, experiments were performed at different pH
values of the aqueous phase. In the case of dibekacin,
which contains five amino groups, the ability to com-
pete with Ca increased with increasing H* concen-
trations, reaching a maximum at pH 7.5 (Fig. 2a).
A further increase to pH 6.0 and 4.0 (the latter not
shown) did not influence the replacement curve.
Streptomycin, which besides carrying only one amino
group has two guanidyl groups, which are rather
strong bases, was found to be fairly independent of
the pH (Fig. 2b) in the range between pH 8.5 and
4.0.
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Fig. 2. Replacement of Ca from PS monolayers by dibek-
acin (a) and streptomycin (b) dependent upon the pH of
the aqueous phase at a Ca®* concentration of 1.2 x 107°
M. Ordinates: Percentage of “Ca replaced; abscissa: molar
concentrations of the drug. Symbols represent means +
S.EM. (n=35-7). pH 8.5 (W), pH 7.5 (O), pH 6.0 (A).
The curve obtained at pH 4.0 (not shown) was identical
with that at pH 6.0.

%

Fig. 3. Replacement of Ca from PS monolayers by strep-
tomycin. (a) Dose-response curves were obtained at dif-
ferent Ca®* concentrations: 1 X 107*M (A), 3% 107°M
(M), 1x10°°M (O) and 3 X 107°M (A). Ordinates: Per-
centage of Ca replaced; 0% reflects 164 pmoles of Ca bound
per square centimetre at a Ca®* concentration of 1 X
107*M, 135pmoles at 3 x 107°M, 86 mmoles at 1 x
107°M, and 56 pmoles at 3 x 107 M, respectively; abscissa:
molar concentrations of the drug. Symbols represent
means = S.EM. (n =35). (b} The same data presented as
a Lineweaver-Burk plot. Drug concentrations 3 X 107* M
(@), 1x10*M (@), 3x107°M (4A), 1 xX107°M (1),
3 x 10"*M (O) and control (A). Ordinate: Inverse Ca**
concentrations; abscissa: reciprocal of the amount of Ca
bound (nmoles) per square centimetre of monolayer.
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Replacement of Ca by aminoglycosides at different
Ca’* concentrations

The earlier results were obtained at a standard
Ca?" concentration of 1.2 x 10> M in the aqueous
phase. To study the type of interaction between Ca
and aminoglycosides the Ca** concentration was var-
ied between 3 X 107¢ and 10~ M, and dose-response
curves for some aminoglycosides were evaluated.
The results obtained with streptomycin are depicted
in Fig. 3a. With increasing Ca’* concentration, the
dose-response curves were parallel-shifted to the
right. Analysis of these data in a Lineweaver—Burk
plot (Fig. 3b) suggests that the interaction between
Ca and streptomycin is of a competitive nature. The
results yielded with dibekacin demonstrate a more
complex interaction. In this case, again, the IDsp
values were shifted to the right with increasing Ca®*
concentrations, but the shape of the dose-response
curves markedly changed (Fig. 4). At low Ca?* con-
centrations the curves were unusually steep; at a
high Ca®** concentration they were unusually flat,
covering about 3.5 decades. The complex type of
interaction becomes particularly evident when the
experimental data are plotted according to Scatchard
(Fig. 4, inset). The resulting lines demonstrate con-
vex curvature which has been proposed to indicate
positive cooperativity (e.g. [16-18]).

Replacement of Ca from biomembranes by amino-
glycoside antibiotics

Three of the aminoglycosides were studied with
respect to their potency to replace Ca bound to
biomembranes. Figure 5 shows the results obtained
with dibekacin. From both biomembranes, i.e. red
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Fig. 4. Replacement of Ca from PS monolayers by dibek-
acin. Dose-response curves were obtained at different Ca®*
concentrations; 1x 10*M (A), 3x10°M (R), 1x
10 M (O) and 3 x 10"*M (A). Ordinate: Percentage of
“Ca replaced; abscissa: molar concentrations of the drug.
Symbols represent means = S.E.M. (n=15). Inset: The
same data presented as a Scatchard plot. Control (A),
dibekacin concentrations: 3x 1007M (O), 6x107'M
(W), 1x107°M (A), 1L.8X10°M (@) and 3 x 107°M
(0). Ordinate: Ratio Ca bound (pmoles per square cen-
timetre of monolayer) divided by free Ca®* concentration
(moles of Ca per millilitre of aqueous phase); abscissa: Ca
bound (pmoles) per square centimetre of monolayer.
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Fig. 5. Replacement of Ca by dibekacin from red cell ghosts
(a) and plasmalemma from guinea pig heart muscles (b).
Dose-response curves were obtained at different Ca®* con-
centrations: 1 X 10*M (A), 3 x 107*M (W), 1 x 10*M
(O) and 3 x 10°M (A). Ordinates: Percentage decrease
of the replaceable Ca bound to the membranes; abscissa:
molar concentrations of the drug. For sake of clarity the
S.E.M. were omitted; S.E.M. were in the range 5-10%
(a) and 10-15% (b).

cell ghosts and cardiac plasmalemma, Ca could be
replaced by the aminoglycoside in a dose-dependent
manner irrespective of the Ca?* concentration (range
3 X 1075-107° M). Amikacin proved to be similarly
potent, whereas streptomycin was less active. At low
Ca’* concentrations, the 1Dy of debekacin amounted
to about 107 M for the red cell ghosts and to about
3 x 10~°M for the plasmalemma. The aminoglyco-
side concentrations necessary to replace Ca from
biomembranes are thus higher than those replacing
Ca from PS monolayers at similar Ca®* concentra-
tions. In principle, aminoglycoside antibiotics also
interfere with the Ca binding to biomembranes.

DISCUSSION

Aminoglycoside antibiotics specificailly damage
the epithelial cells of the renal proximal tubules.
This toxic action involves three steps: the uptake of
the antibiotics into the cells, the intralysosomal lipid
storage, and finally cell necrosis. Concerning the first
step, the aminoglycoside antibiotics are highly
water-soluble compounds which hardly penetrate
into any cell except the proximal tubule cells. As
elucidated by Just ez al. [4] and Just and Habermann
[19], the proximal tubular epithelium possesses a
polybase “transport” essential for reuptake of basic
oligopeptides. The polybasic aminoglycosides fit into
the “transport” system and are taken up by
receptor-mediated endocytosis. By fusion with
endocytotic vesicles aminoglycoside antibiotics are
transferred to the lysosomes. In the present paper
we report on an interaction between aminoglycoside
antibiotics and a polar lipid. The results are thought
to offer an explanation for the lipid accumulation
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within the lysosomal apparatus observed in proximal
tubule cells upon systemic treatment by these anti-
biotics. In addition, an interaction of aminoglyco-
sides with biomembranes could also be demon-
strated. The interaction might facilitate the
disruption of lysosomal membranes, which then may
lead to cell necrosis.

As shown by dose-response curves (Fig. 1), all 13
aminoglycoside antibiotics investigated are able to
totally replace the Ca bound to the PS monolayer.
Under standard conditions the half maximum con-
centrations (IDss) range between 3 x 1077 and
107*M except for the streptomycins which display
IDsos of about 6 X 107 M. Thus, the affinities of the
aminoglycosides are rather high at a Ca’* concen-
tration of 1.2 x 107 M which might mimic the intra-
lysosomal Ca®* concentrations. When the protona-
tion of the aminoglycosides is promoted by
decreasing the pH of the subphase, the affinities
increase until pH values are reached at which the
protonation can be considered complete. In contrast
to the bulk of aminoglycosides, the affinities of strep-
tomycins were nearly independent of pH changes
(Fig. 2); this is in accordance with the presence of
only one amino group and the strongly basic proper-
ties of the two guanidyl groups.

By studying the interaction of aminoglycosides
with the PS monolayer over a large range of Ca®*
concentrations (3 X 10%-10"*M) a competitive
antagonism was revealed in the case of streptomycin
(Fig. 3), whereas dibekacin, an example of an ami-
noglycoside with a high affinity, demonstrated a
rather complex interaction (Fig. 4). Both the shape
of the dose-response curve and the Scatchard analy-
sis suggest positive cooperativity, i.e. the replace-
ment of small amounts of Ca by dibekacin facilitates
further Ca substitution by the aminoglycoside.

The degradation of polar lipids by lysosomal
lipases is critically dependent upon the micellar struc-
ture and the surface charge of the substrate [20, 21].
It is conceivable that the binding of aminoglycoside
antibiotics to polar lipids—instead of Ca—alters the
physicochemical properties of the lipid as substrates
and renders them indigestible for the lysosomal
lipases. In fact, this has recently been demonstrated
by Hostetler and Hall [22]. Thus it becomes under-
standable that polar lipids accumulate within the
lysosomes of proximal tubule cells upon treament
with aminoglycoside antibiotics, as it has extensively
demonstrated for cationic amphiphilic compounds
inducing a generalized lysosomal storage of polar
lipids [23, 24].

Our study has been extended to possible interfer-
ence of aminoglycosides with Ca binding to bio-
membranes. As shown with red cells ghosts and
cardiac sarcolemma, the antibiotics were able to
displace Ca from these structures. The effect proved
to be dose-dependent (see Fig. 5). Increasing the
Ca?* concentration of the medium resulted in a par-
allel shift of the dose-response curves to the right.
As shown in an additional experiment with intact
cells, the interaction between aminoglycosides and
Ca led to functional consequences. When the sedi-
mentation rate of red cells was determined in hep-
arinized blood, the presence of aminoglycoside
antibiotics retarded the sedimentation rate, dibek-
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acin being effective in the range 107*~107° M. In the
case of isolated guinea pig atria (temperature 32°,
Ca’* concentration 1.8 mM, stimulation frequency
3Hz), the contractile force could be reduced by
dibekacin and streptomycin in a dose-dependent
manner. The threshold concentration was estimated
to be about 10™*M. A strong negative inotropic
effect of the aminoglycosides could completely be
overcome by addition of Ca yielding a final concen-
tration of 2.8 mM. We conclude from these results
that aminoglycoside antibiotics inferfere not only
with the Ca binding to lipid monolayers but also with
Ca binding to biomembranes resulting in functional
disturbances.

The nephrotoxic action of aminoglycoside anti-
biotics is accompanied by a loss of brush border
enzymes suggesting damage to the luminal plasma-
lemma, and by disruption of cytosomal membranes
leading to necrosis of tubular epithelial cells. As
shown in the present work, aminoglycosides interact
with biomembranes as indicated by Ca replacement.
Most recently Williams et al. [25] reported on a
decrease in the Ca content and binding of the baso-
lateral membranes of tubular cells of rats treated by
gentamicin. It is tempting to speculate that the
drug-membrane interaction might participate in the
damage of cellular membranes occurring in the neph-
rotoxic processes induced by treatment with ami-
noglycoside antibiotics.

In conclusion, aminoglycoside antibiotics possess
high affinities for polar lipids. The complex forma-
tion is thought to be responsible for the lipid accu-
mulation of polar lipids in lysosomes of proximal
tubule cells (lamellar inclusion bodies). This inter-
action can also be demonstrated to occur with bio-
membranes which may result in functional disturb-
ances. It is conceivable that the replacement of Ca
from cellular membranes by aminoglycosides pro-
motes the disruption of membranes of storage-
affected lysosomes, which are exposed to high con-
centrations of aminoglycosides, but still contain
active enzymes. The result will be cell necrosis.
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