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Summary 

The interactions of calcium and the aminoglycosidic antibiotic, neomycin,  
with various lipids were investigated in monomolecular  films. Lipids were 
spread over a subphase of  0.05 M N-2-hydroxyethylpiperazine-N'-2-ethane- 
sulfonic acid, pH 7.0, and NaC1 to give an ionic strength of  0.2. Measurements 
of  surface pressure (Tr) were taken with a Wilhelmy balance. In the absence of  
Ca 2÷, 1 pM--1 mM neomycin in the subphase decreased 7r (i.e. condensed films) 
of  all acidic lipids tested. In the presence of  1 mM Ca 2÷, neomycin did not  
change ~r of films of  phosphatidylserine, phosphatidylinositol and phosphatidic 
acid while it lowered 7r of  cardiolipin and cerebroside sulfate films. A unique 
pattern of  interaction was observed with polyphosphoinosit ide monolayers. In 
the absence of  Ca 2÷, 1 pM neomycin decreased ~ followed by an increase of  
at higher neomycin concentrations. Ca 2* (1 mM) condensed the film signifi- 
cantly more than did neomycin. However, as little as 1 pM neomycin induced 
expansion of  the calcium/lipid film which at 1 mM neomycin reached the same 
~r as in the absence of Ca 2+. Such expansion was observed at all pressures of the 
film including the collapse pressure indicating a strong 'complex'  between the 
drug and polyphosphoinosit ide not  antagonized by Ca 2÷. In the absence of 
possible hydrophobic  interactions, both the condensation and the expansion of  
the film should be mediated by ionic forces. Combined in vivo and in vitro 
evidence is discussed to suggest the polyphosphoinosit ides as the physiological 
receptors for aminoglycosides in the mammalian cell membrane. 

* To whom c o r r e s p o n d e n c e  shou ld  be  addressed.  
Abbreviation: Hepes, N-2-h ydroxyethylpiperazine-N'-2-ethanesulfonic acid.  



Introduction 

It is well-established that  the first step of the action of many hormones and 
drugs is their binding to receptor sites in the cell membrane. Receptor sites 
have been characterized as proteins in the case of many neurotransmitters and 
hormones, as glycoproteins in case of lectins, glycolipids in the case of glyco- 
protein hormones and bacterial toxins [1,2]. In all these cases the observation 
has been that  the recognition of the cell receptor by the agonist is highly 
specific. In contrast, drug actions involving phospholipids do not seem to 
exhibit such a specificity. Local anesthetics, for instance, which form com- 
plexes with phospholipids based on hydrophobic and ionic interactions [3], or 
basic toxins such as the antibiotic polymyxin B, which require acidic phospho- 
lipids for their action, have no apparent preference for a specific lipid [4]. 

We have previously reported in vivo and in vitro actions of neomycin and 
related aminoglycosidic antibiotics on the metabolism of polyphosphoinositides, 
phosphatidylinositol phosphate and phosphatidylinositol bisphosphate * in 
mammalian tissues [5--7]. The action of this drug appeared to be directed 
specifically against these lipids and was attributed to a direct binding of neo- 
mycin to the polyphosphoinositides [8]. Preliminary experiments with mono- 
molecular films confirmed interactions between the antibiotic and these lipids 
[91. 

The objective of this study was to investigate whether there is a specific 
interaction of neomycin with polyphosphoinositides as compared to other 
anionic lipids as suggested by the in vivo results ** 

Materials and Methods 

Reagents. Phospholipids were obtained from Sedary Research Laboratories, 
London,  Ontario. Cerebroside sulfate was a gift from Dr. N. Radin, University of 
Michigan. Polyphosphoinositides were prepared by chromatography on 
immobilized neomycin [10]. Neomycin sulfate was USP Grade. All water was 
triple distilled from an all-glass still. 

Surface pressure vs. surface area (~ vs. A)  studies (compression isotherms). 
The film balance assembly has been described previously [11]. Briefly, it con- 
sisted of a rectangular Teflon trough with a movable Teflon barrier. A 
Wilhelmy balance with a thin platinum plate, roughened to ensure complete 
wetting, was used to record surface pressures as a function of surface area. In 
order to verify that  no surface-active agents were present in the aqueous solu- 
tions and organic solvents the surface tension was recorded at various trough 
areas at the beginning of each experiment. A clean surface was indicated by the 
same surface tension at all positions of the barrier. The buffer in the aqueous 
subphase was 50 mM sodium Hepes, pH 7.0, and its ionic strength was adjusted 
to 0.2 with sodium chloride heated for 12 h at 700°C. Lipids were spread on 

* 1 - ( 3 - s n - p h o s p h a t i d y l ) - D - m y o i n o s i t o l 4 - p h o s p h a t e  ( 1 - p h o s p h a t i d y l i n o s i t o l - 4 - p h o s p h a t e )  and 1-(3-sn- 
pho  spha t idy l ) -n  -my oino s i t o l -4 ,5 -b i sphospha t  e (1 -phosp  h a t i d y  l ino s i to l -4 ,5-bisp hosp  ha te ) .  

** P r e s e n t e d  in pa r t  a t  the  s y m p o s i u m  on 'Cye l i to l s  and  P h o s p h o i n o s i t i d e s ' ,  he ld  in  Eas t  Lans ing ,  MI,  

U.S.A. ,  J u n e  1977 .  



the subphase as solutions in n-hexane/ethanol (95 : 5, v/v), except polyphos- 
phoinositides. These were a mixture of phosphatidylinositol phosphate and 
phosphatidylinositol bisphosphate in an approximate 1 : 2  molar ratio and 
were spread as a solution in n-hexane/ethanol/chloroform (80 : 5 : 15, by vol.). 
Approximately 0.2 gg lipid/cm 2 was required to obtain the initial surface 
pressure. After spreading, the solvent was allowed to evaporate and the film to 
stabilize for 15 min. Measurements were made 2 min after compressing the film 
to a new surface area. It had previously been determined that stable pressures 
were obtained after this time. For each curve of surface pressure vs. surface 
area at least two readings each were taken at 26--30 different trough areas. 
Only duplicate readings agreeing to within 0.1 dyne/cm were acceptable. For 
the sake of clarity the averages of these values are plotted as smooth curves. All 
experiments were performed at 25 ~+ 3°C. 

Constant area studies. A Teflon beaker with an inner diameter of 8 cm and a 
Wilhelmy balance were used to measure surface pressure. A stationary 3 ml 
syringe whose needle remained immersed into the subphase {volume 100 ml) 
throughout  the experiment delivered additions to the buffer beneath the film. 
A Teflon-coated magnetic bar stirred the solutions at slow speed without  
disturbing the film. The amount  of lipid spread over the buffer varied from 0.2 
to 0.5 pg/cm 2 depending on the desired initial surface pressures which were 
recorded after the film had stabilized for 10 min. Neomycin was then injected 
into the subphase with the final concentration of the drug varying from 10 -s 
to 10 -3 M. After each addition of neomycin the subphase was mixed for 
15 min. When calcium was present in the experiments it was added to the 
buffer before the lipid film was formed. 

Two readings each were taken at ten different drug concentrations over the 
range indicated above. Experiments were acceptable only if duplicate readings 
agreed within 0.1 dyne/cm and the curves resulting from the average values are 
shown. 

Results and Discussion 

Compression isotherms 
Compression isotherms are a conventional technique to characterize lipid 

films and their interactions with drugs or ions. The addition of 1 mM calcium 
to a phosphatidylserine film (Fig. 1A) shifted the 7r vs. A curve to the left at all 
surface areas, indicating a condensation of the film. Neomycin,  in the absence 
of  calcium, also condensed the film but no further condensation was achieved 
when both neomycin and calcium were added to the subphase. Films of  phos- 
phatidylinositol and of phosphatidic acid gave essentially similar results while 
films of neutral phospholipids, phosphatidylcholine and phosphatidylethanol- 
amine, did not  interact significantly with either calcium or neomycin. 

The behavior of  a polyphosphoinositide film was markedly different 
(Fig. 1B). Because a stable film could not be obtained with phosphatidyl- 
inositol bisphosphate, presumably due to the hydrophilic character of  the lipid, 
a mixed film with phosphatidylinositol phosphate was used. With this mixture 
normal ~ vs. A curves were obtained, i.e. surface tension increased with 
diminishing surface area similar as with other acidic phospholipids. Addition of  
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F i g .  1 .  S u r f a c e  p r e s s u r e  vs. area  i s o t h e r m s .  F i l m s  o f  p h o s p h a t i d y l s e r i n e  a n d  o f  p o l y p h o s p h o i n o s i t i d e s  w e r e  

a n a l y z e d .  F i l m s  w e r e  s p r e a d  o v e r  s u b p h a s e s  c o n t a i n i n g :  - - ,  b u f f e r  o n l y ;  . . . . . .  , b u f f e r  a n d  1 m M  

C a C I 2 ;  . . . . . .  , b u f f e r  a n d  1 m M  n e o m y c i n ;  . . . . . .  , b u f f e r  a n d  1 m M  e a c h  o f  CaCI 2 a n d  n e o m y c i n .  In 
e x p e r i m e n t  ( A ) ,  t h e  c u r v e s  o b t a i n e d  f or  f i l m s  s p r e a d  o v e r  b u f f e r  a n d  1 m M  C a C 1 2  b o t h  t h e  p r e s e n c e  a n d  

a b s e n c e  o f  n e o m y c i n  w e r e  s u p e r i m p o s a b l e  a n d  are r e p r e s e n t e d  b y  t h e  d a s h e d  l ine  ( . . . . . .  ) .  

calcium to the subphase condensed the film at low surface pressures. The lack 
of  a calcium effect at higher surface pressures is in apparent contrast to the 
results of the 'Constant Area Studies' described below {Fig. 3). It should be 
noted that comparative 7r vs. A experiments may be subject to  serious errors at 
high surface pressures. An error of 1% in the amount  of material spread over 
the subphase can result in differences of surface pressure of more than 
10 dynes /cm at areas near the limiting area of the film [12] .  

Neomyc in  produced a biphasic response: it condensed the film at low 
pressures while it expanded the film at higher pressures. The area/molecule at 
the collapse of  the po lyphosphoinos i t ide /neomycin  film was much greater than 
that of  the film wi thout  the drug indicating that the drug/lipid film collapses as 
a single entity.  This contrasts with the action of other drugs such as local 
anesthetics which expand lipid films but which will be expelled from an area- 
determining posit ion at higher surface pressures. Thus, the behavior of  the neo- 
mycin /po lyphosphoinos i t ide  film demonstrates a very strong interaction 
between the lipid and the drug. The curve resulting from the addition of  equi- 
molar amounts  of  neomycin  and calcium did not  differ significantly from the 
curve with neomycin  alone. 

C o n s t a n t  area s tud ie s  
While compression isotherms are valuable for determining interactions 



between a ligand and a lipid film, they do not  easily permit extrapolations to 
events at a biological membrane. Lipids in biological membranes are tightly 
packed at a high surface pressure [13] and are in equilibrium with calcium in 
their environment. Therefore, in order to more closely mimic physiological con- 
ditions we designed experiments for examining the effects of  neomycin on 
tightly packed phospholipid films previously exposed to calcium. The orienta- 
tion of  lipid molecules in monomolecular  films becomes comparable to what 
might be expected in the biomembrane at surface pressures of about  30 dynes/ 
cm [14]. When increasing concentrations of  neomycin were added to such 
calcium/lipid films little or no effect of the drug on the surface pressure was 
seen with phosphatidylserine (Fig. 2A), phosphatidylinositol (Fig. 2B) or 
phosphatidic acid (Fig. 2C). In each case, omission of calcium from the 
system resulted in films of  higher surface pressure, and neomycin produced a 
calcium-like condensation. 

Two other lipids were included in our comparison, cardiolipin (Fig. 2D) 
because of  its higher charge, and cerebroside sulfate (Fig. 2E) because of  
reports  that it may serve as a membrane receptor [15]. These films were con- 
densed by the addition of  neomycin both  in the presence and absence of  
calcium. 

The above results were not unique to films of high pressure but  were 
similarly seen at lower film pressures. 

Because of  their non-typical behavior with neomycin polyphosphoinosit ide 
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films are shown as a complete  series of  measurements at different initial surface 
pressures (Fig. 3A--D).  For each subset of Expts. A--D the same amount  of 
phospholipid was spread once in the absence and once in the presence of 1 mM 
calcium. Calcium in the subphase considerably condensed the films and 
lowered their surface pressure. It was not  possible to study the film described 
in Fig. 3D in the absence of calcium because the amount of lipid created a sur- 
face pressure which exceeded the collapse pressure of  the film. Neomycin ,  
when added in the absence of  calcium caused a drop in surface pressure 
although in most cases much less than did calcium. This drop in surface 
pressure reached a minimum at 10-6--10  -5 M neomycin  and higher concentra- 
tions of  the drug expanded the film again. A most dramatic effect of neo- 
mycin was seen on calc ium/polyphosphoinosi t ide  films. As little as 1 pM neo- 
mycin increased the surface pressure and higher drug concentrations produced 
surface pressures comparable to those seen in the absence of calcium. Neo- 
mycin was even able to penetrate the film of  the highest initial pressure 
(Fig. 3D) and to increase its surface pressure to 42 dynes/cm which corre- 
sponded to the collapse pressure of the film (see Fig. 1B). 

A comparison of the calcium and neomycin  actions on lipid films shows that 
the predominant interaction of phosphatidylserine, phosphatidyl inositol  and 
phosphatidic acid was with calcium. Cardiolipin and cerebroside sulfate 
apparently interacted with both calcium and neomycin ,  each producing a con- 
densation of  the film. Polyphosphoinosi t ide  films are dominated by neomycin  
which produced a large expansion. Thus polyphosphoinosit ides  appear to be 
unique among the various phospholipid films with respect to both the type of  
interaction and the magnitude of the effect. 
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In terpretation o f  the in teraction between neomycin and polyphosphoinositides 
The experiments that  were carried out in the absence of calcium (Fig. 3A-- 

C) provide some insight into the mechanism of the neomycin action. The 
appearance of the minima in the surface pressure indicates that  neomycin 
exerts two types of effects on the lipid. First a condensation at low drug con- 
centrations and, second, an expansion at higher concentrations. At low drug 
concentrations, relatively few drug molecules are expected at the interface with 
the lipid. The major effect at these low concentrations would be an overall 
reduction of  the charge of the polar headgroups resulting in a reduction of the 
repulsive forces and a condensation of the lipid film. This nonspecific con- 
densation effect is not unique for the polyphosphoinositide film but is ob- 
served to varying degrees with all the other anionic lipids tested. This effect can 
be regarded as similar to that exerted by calcium. 

At a critical concentration of neomycin (10-6--10 -s M) condensation of the 
film is maximal. Further addition of neomycin to the subphase brings more 
drug molecules to the interface and decreases the condensation. This decrease 
of condensation, seen as an increase of surface pressure, may be the result of 
the rather large neomycin molecule binding to polyphosphoinositides in an 
area-determining position. In order for a very hydrophilic penetrant like neo- 
mycin to enter into an area-determining position in the film and remain in that  
position up to the collapse pressure, it has to be held very rigidly at the inter- 
face. This can be accomplished by the 'penetrant '  molecule attaching at two or 
more points on the phospholipid molecule. An examination of polyphospho- 
inositide and neomycin molecular models suggests that  the phosphate groups of 
the lipids may interact primarily with two or three amino groups of the 
neamine moiety of neomycin,  and the steric requirements for this interaction 
would explain why the effect is not seen with other acidic lipids. The addi- 
tional amino groups on the 2- and 6-position of the neosamine moiety of the 
antibiotic are still available for interaction with an adjacent anionic lipid mole- 
cule. These secondary interactions would strengthen the mixed film and 
reaffirm the area-determining position of neomycin. 

The interactions discussed thus far were in the absence of calcium and the 
model presented should be consistent with studies carried out in the presence 
of calcium. The addition of neomycin to the subphase of a calcium/polyphos- 
phoinositide film, even at concentrations around 1/~M caused an expansion. 
This is indicative of a very strong preference of the polyphosphoinositide film 
for neomycin over calcium. The expansion should be due to the fact that the 
phospholipid molecules are highly condensed in the presence of calcium so that  
the replacement of even small amounts of Ca 2÷ by the bulkier neomycin will 
produce film expansion. 

Conclusion 

The results obtained in the monolayer experiments are consistent with our 
in vivo experiments in the ear and the kidney [5--7]. The selective action of 
neomycin on polyphosphoinositides in those tissues can clearly be explained by 
a specific binding of  the drug to these lipids. It seems significant for a physiol- 
ogical action that  a concentration as low as 1 pM neomycin is able to expand a 



polyphosphoinositide monolayer in the presence of 1 mM calcium while other 
lipids do not  show an interaction under these conditions. This evidence 
supports our contention that  the polyphosphoinositides may serve as in vivo 
receptors for neomycin. Other experiments (Ref. 8; Lodhi, S ,  Weiner, N.D., 
Mechigian, I. and Schacht, J., unpublished data) indicate that  the action of 
neomycin is shared by other toxic aminoglycosidic antibiotics which is a 
further indication for the possibility of a correlation between in vivo toxicity 
and the action on an in vitro model system. 

Although polyphosphoinositides occur as trace lipids only in a number of 
tissues, they may serve an important  role in excitable membranes. They have 
been reported to be concentrated in neural tissues and their monoesterified 
phosphate groups undergo a rapid turnover which appears to be responsive to 
physiological stimuli [16]. There is, however, no evidence available to ascribe 
these lipids a precise function. Since polyphosphoinositides avidly bind calcium, 
their hydrolysis and rephosphorylation may regulate membrane-bound calcium 
which is known to be involved in bioelectric phenomena such as nerve impulse 
propagation [17]. Conversely, it has been suggested that  intracellular calcium 
levels control the rate of phosphoinositide hydrolysis [18]. In either case, 
binding of neomycin to polyphosphoinositides in vivo and displacement of 
calcium would interfere with the physiological role of these lipids explaining 
the toxicity of the antibiotic. In addition, from our in vivo and in vitro evi- 
dence it seems possible that  neomycin may serve as a suitable tool in studies of 
the biochemistry and physiology of the polyphosphoinositides. 
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