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ABSTRACT 

Insertion properties of Lasalocid and Monensin as sodium salts (LAS-Na, MON- 
Na) in model membranes of dipalmitoylphosphatidylcholine (DPPC) have been 
studied in two biomimetic buffered systems: monolayers (Langmuir Film Balance) 
and multilamellar bilayers (Differential Scanning Calorimetry). Effects varying with 
the concentration and with the surface pressure have been observed within the 
experimental range of molar ratios r = antibiotic / lipid from 0.005 to 0.1. The area 
occupied by each antibiotic molecule and the relative molecular area increase at a 
given pressure, are different for the two molecules. The calorimetric measurements 
result in concentration dependent modifications of the characteristics of the gel-liquid 
crystal phase transition in the case of LAS-Na. No such modifications are observed 
in the case of MON-Na. 

I" 

Ion transport in the membrane mediated by crown ether derivatives has been subject to 
much interest in the literature l**. Lasalocid and Monensin, monocarboxylic polyethers 
from streptomyces, are related to such ionophores. It is well known that they form 
liposoluble cation complexes by ring closure between their end groups via hydrogen 
bonds 394. Such complexes are formed at the interface between lipid and water and they 
are driven across the bilayer by gradients in cation concentration or pH 5.6. 
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One difference between the two ionophores is seen from their transport selectivity, since 
Lasalocid is most efficient for carrying K+ ions and Monensin for Na+ ions 7. The 
antibiotic activity of these molecules probably arises from the carrier mechanism 8. The 
compounds are used for this reason in veterinary medecine. Their efficiency in MDR 
(multi drug resistance) in cancer therapy was discovered recently 9. This stresses the 
utility of further research on their action mode in the membrane. 

The present investigation deals with insertion properties of Lasalocid and Monensin 
in biomimetic systems. The main objective of the study has been to correlate the results 
from monolayers and multibilayers. Dipalmitoylphosphatidylcholine has been used as 
lipid component. The experiments have been performed at physiological buffer 
concentrations in order to mimic the membrane conditions as closely as possible and the 
molar ratios antibioticflipid have been kept at low values above the limits of detectable 
effects. 

The monolayers representing one half of the biomembrane have been obtained by 
Langmuir films. The influence of the antibiotic molecules on the lipid monolayer, 
measured from the compression isotherms, is the result of effects at the membrane 
interfacelo. This study is an extension of previous works on antibioticflipid mixed 
monolayers on pure water 11912. 

The lyotropic multibilayers have been studied by Differential Scanning Calorimetry 
(DSC). By means of this method, modifications of the thermodynamic parameters of the 
gel-liquid crystal phase transition in presence of the antibiotic molecules, due to 
interactions with the lipid, have been studied.The first results concerning the antibiotic 
influence on transition temperature and enthalpy are presented. 

The antibiotics as sodium salts were purchased from Sigma Chimie. Lasalocid (LAS- 
Na) was recrystallized from aqueous methanol and acetone, m.p. 169- 172OC. Monensin 
(MON-Na) was recrystallized from aqueous methanol and diethyloxyde, m.p. 260-264OC. 
Dipalmitoylphosphatidylcholine (DPPC) was of the purest available quality from Sigma 
Chimie. 

M, were prepared in chloroform- 
hexane 2:3 v/v and spread, mixed or separately, in the wanted molar ratios. The solvents 
were of analytical grade from Prolabo. They were distilled on molecular sieve for moisture 
removal. 

The monolayers were spread at a temperature of 22OC on to a subphase of buffer 
Hepes 10 mM, sodium chloride 145 mM, pH 7.4. The compounds were purchased from 

Stock solutions of antibiotic or DPPC, 5 
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Sigma and the subphase solution was prepared in water treated on an Elgastat UHQ 2 
system.The films were spread with a Hamilton CR-700-200 syringe ( 5 0 ~ 1  corresponding 
to lnm2molecule-1 at 150 cm2). The isotherms were measured with a Kriiss film balance 
using a pendulum 100 and recorded with an IBM-AT computer.The compressions were 
performed at a speed of 0.15 nm*min-l. 

For the calorimetric measurements, the lipid films @PPC alone or with appropriate 
amounts of antibiotic) were resuspended at 75 mM in the Hepes buffer solution. The 
suspensions were vortexed twice for 3 minutes at 48°C and then sonicated in a low power 
sonifier (60 W) of bath type in order to promote the formation of multilamellar bilayers. 

Differential Scanning Calorimetry was performed with a Perkin Elmer DSC4 
instrument. The samples (-lOmg) were sealed in 40p1 aluminium pans (Perkin Elmer 
Model B 014-3021) and were analysed at a heating rate of 4 dedmin in the temperature 
range of 5-50°C. The instrument was calibrated using lauric acid as standard. 

Repeated heating scans were performed three times at least and gave reproductible 
results. Transition temperatures T were taken at the onset of the transition13 and the AH 
was calculated from the peak area with a computer using TADS Software. The stability of 
the samples was controlled by DSC recording after two weeks of storage at 4°C . No 
significant modifications of the thermodynamic parameters were observed in these 
conditions. 

Monolaver study. 
Compression isotherms of mixed films have been examined at the following antibiotic 
lipid molar ratios r = 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.1. Selected 
examples of the FA curves b e  shown in Figures 1 and 2 together with the compression 
isotherm of pure DPPC. 

As seen from these curves, the presence of the two antibiotics results in 
modifications of the physical state of the monolayer which are dependent on the 
concentration. 

In both cases, within a certain range of surface pressure, the compression isotherms 
of the mixture are situated above the one of pure DPPC which means that the films 
become more resistant and that for a given surface pressure, the molecular area becomes 
larger. However, the two antibiotics evidence considerable difference: 
- for LAS-Na (Figure l), a more rigid film is maintained up to 35-40 mNm-l where the 
isotherm joins that of pure DPPC and where LAS-Na is likely expelled from the 
monolayer, 
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4 0.6 0.8 I .o 1.2 I T  

Moleculnr area ( 111112 ) 
~~ 

Figure 1. Compression isotherms at 22°C on buffer Hepes 10 mM, NaCl 145 mM, pH 7.4. - 
Pure DPPC,-e--o- LAS-Na+DPPC r=0.01, -++- LAS-Na+DPPC ~ 0 . 0 4 ,  -m--m- LAS-Na+DPPC 
r-0.1. Inserted Compression isotherm under the same conditions of pure LAS-Na. 

r - r  

4 0.6 0.8 I .o I .2 I 

Molecular :trea ( 111112 ) 
Figure 2. Compression isotherms at 22°C on buffer Hepes 10 mM, NaCl 145 mM, pH 7.4. - 
Pure DPPC,-O--e MON-Na+DPPC -0.01, -+-+- MON-Na+DPPC F0.06,-D--m- MON-Na+DPPC 
d . 1 .  Inserted Compression isotherm under the same conditions of pure MON-Na. 
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- for MON-Na (Figure 2), the monolayer shows increased rigidity only up to 15 - 20 
mNm-1. However, this effect diminishes at the highest value r = 0.1 probably with 
simultaneous expulsion of lipid molecules since the molecular areas become lower for the 
mixed film than for the film of pure DPPC in the highest pressure range. 

We have chosen to express quantitatively the observed effect as the area contribution 
of each antibiotic molecule SA* to the total molecular area of the mixed films. 

The films of the mixtures have been compared with that of pure lipid at a given 
pressure at which the films undergo the same physical strain. We have, nevertheless, 
selected surface pressures for which the two films are in the same physical state. The area 
SA* occupied by the antibiotic molecule in the film can be expressed as : 

NL SLNL 1 SL S A * = S L A  (1 + A - A = S L *  ( l + - )  r - - r 

where NL and NA are the numbers of moles of lipid and antibiotic respectively in the 
spreading mixture, SL and SLA are the molecular areas of lipid and lipid/antibiotic mixture 
(mean value) respectively, obtained from the compression isotherms at a fixed value of the 
surface pressure, and r = NA/NL. In this way the SA* values are expressed in regions 
where the molecular area increases are the most important as seen from the a- A 

compression isotherms in Figures 1 and 2. Figures 3 and 4 show plots of SA* versus r for 
LAS-Na and for MON-Na respectively. 

In the case of LAS-Na, two pressure levels, 14 and 20 mNm-1, have been selected 
for comparison purposes since observed effect remains up to high surface pressures. For 
MON-Na, only one pressure level of 10 mNm-1 has been chosen. 

The maximum values of SA* which are exceptionally high, are obtained at the lowest 
antibiotic concentrations (r c 0.02). Both curves show that SA* diminishes as the 
antibiotic molar ratio increases. The same trend was observed for the LAS-Na/DPPC 
mixed monolayer on a subphase of pure water where a linear decrease was found 12. 

In order to express the meaning of SA* differently, the ratio SA*/SA has been determined 
where SA is the molecular area obtained from the compression isotherms of the pure 
antibiotics (Figures 1 and 2 insert). These curves are completely reproducible when 
obtained under the same conditions as the compression isotherms of the mixed films and 
they provide examples of Langmuir films from non classical amphiphiles 14. 

The ratios SA*/SA are given in Table I at the selected surface pressures for different 

values of the molar ratio r. 
As seen from the table, the area occupied by the antibiotic molecule in the mixed film 

is, in all cases, superior to the molecular area of the pure antibiotic. At the pressure of 
maximum area expansion (i.e. 14 mNm-1 for LAS-Na and 10 mNm-1 for MON-Na) at 
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FIGURE 3. Variation of the molecular area SA* occupied by LAS-Na in the 
mixed DPPC film with varying molar ratios r, at 14mNm-1, 0 at 20 mNm-1. 

* 
v) 
a 

f x 100 
FIGURE 4. Variation of the molecular area SA* occupied by MON-Na in 
the mixed DPPC film with varying molar ratios r at 10 mNm-1. 
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Antibiotic SA Surface 
pressure mo'ecu'e nm mNm-1 

MON-Na 0.60 10 

LAS-Na 0.65 14 

LAS-Na 0.28 20 

TABLE I. SA*/SA ratios versus r at selected surface pressures. 

r = antibiotidDPPC (mole/mole) 
I 

0.005 0.01 0.02 0.03 0.04 0.05 0.06 0.1 

14.7 8.8 3.9 3.7 3.7 2.9 3.0 2.1 

5.7 4.9 2.9 2.8 3.0 2.6 2.2 2.1 

12.7 7.4 4.7 4.9 4.3 3.5 3.2 2.8 

which the two antibiotics have similar SAvalues (about 0.6 nm2), MON-Na takes up more 
space at the interface, this effect being amplified at the lower values of r. The SA*/SA 
ratios for LAS-Na at 20 mNm-l show the same tendency as at 14 mNm-l, but the S, 
value of 0.28 might be subject to discussion due to limiting conditions of the measurement 
device. 

Multibilaver studv. 

Figure 5 shows the DSC profiles recorded during the thermotropic gel to liquid crystal 
transition of pure DPPC and antibiotic/DPPC mixtures containing increasing 
concentrations of ionophore. The analysis was performed in excess of water at a constant 
DPPC concentration (75 mM). Among the six concentrations of LAS-Na and MON-Na 
studied, four are presented as above. 

The DSC curve of pure DPPC depicts the classical recording of the transitions 
corresponding to lamellar LP'ePP' * (34. l0C, pretransition) and Pp'GLa (41.8OC, main 
transition) structural changes. The La structure has a lamellar bilayer organization with the 

hydrocarbon chains in all-trans conformation and tilted with respect to the planar bilayer. 
The pretransition is associated with a structural transformation from a monodimensional 
lamellar to a bidimensional monoclinic lattice consisting of a lipid lamellae distorted by a 

* The nomenclature Lp'. Pp' and La is that of Tardieu et al?. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
04

 1
8 

Fe
br

ua
ry

 2
01

3 



18611 14741 

0.00 
1 

C. BETRENCOURT ET AL. 

0.50 

0.4 0 

0.3 0 

0.20 

0.1 0 

0.00 

0.80 

0.60 

0.40 

0.20 

0.0 0 

LAS 

MON 

20 25 3 0  35  40  45 50 

TEMPERATURE ("C) 

FIGURE 5. DSC curves of DPPC and of mixtures with both antibiotics at different molar 
ratios r. Same buffer as in Figure 1, sample weight about lOmg, scanning rate 4' min-1. 
Upper part: LAS-Na, lower part: MON-Na. 
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periodic ripple while the hydrocarbon chains are packed in a regular hexagonal lattice. In 
the L a  phase, the lipid chains adopt a disordered state with an average orientation 

perpendicular to the bilayer plane16J7. 

15 
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4 b  

i, 6 

A L  
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Y 

F 

0 

* 
0 

FIGURE 6. Variations of the gel-liquid crystal phase characteristics with varying molar ratios r for LAS- 
Na, of the transition onset temperature (filled signs A +) and of the total transition enthalpy (open 
squares a). 

- Lasalocid 
As shown in Figure 5 (upper part), the profile of the thermotropic transition is 

modified with increasing proportion of LAS-Na in agreement with a previous calorimetric 
study'*. The evolution of the transition parameters versus the LAS- Na/DPPC molar 
ratios is reported on Figure 6. 

The presence of LAS-Na produces vanishing of the pretransition even for r as low 
as 0.005. Until r = 0.04, the main transition is detected as a single peak. However a slight 
decrease in the temperature and a broadening of the transition is observed, indicating a 
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decrease in the transition cooperativity and therefore the existence of small perturbations in 
the DPPC acyl chain organization. Above r = 0.04, a new peak is observed at a 
temperature lower than that of the main transition of the pure DPPC and from r = 0.08 a 
shoulder appears above the main transition (Figure 5 upper part and Figure 6) .  

The occurrence of DSC peaks distinct from that of the main transition shows that 
increasing LAS-Na concentration provoke a pronounced disorganization of DPPC chains 
and may indicate specific interactions between LAS-Na and part of DPPC molecules. This 
might induce lateral phase separation in the phospholipid membrane. The existence of 
binding sites of LAS-Na to DPPC multibilayers has been evidenced by Aranda and 
Gomez18 from fluorescence measurements. 

Despite the drastic modifications observed through the thermotropic transition, the 
total enthalpy does not change whatever r (Figure 6). This indicates that all DPPC 
molecules, in interaction with LAS-Na or not, participate in the main transition. 
However, the shifting of the temperature and the existence of several peaks (r > 0.04) 
suggest that the chain melting occurs via successive steps according to their packing 
characteristics in the bilayer. 
-Monensin 

The DSC curves recorded for DPPCFION-Na mixtures (Figure 5 lower part) 
appear for all ratios very similar to that of pure DPPC. The pretransition is clearly detected 
even for r=O. 1, although its amplitude progressively decreases. The cooperativity of the 
main transition is perfectly preserved. This thermal behavior evidences that, at least in the 
antibiotic concentration range examined, the structural arrangement of DPPC acyl chains 
in the Lp', Pp' and L a  is not perturbed by the presence of MON-Na. 

Jain and Wu19 have related the effect induced by an additive on the DPPC phase 
transition profile to the localization of this additive along the thickness of the bilayer. The 
DSC profile arises from the change in the organization of acyl chains and then represents a 
description of the phase properties of the lipid bilayer as modified by various additives. 
The shape of the transition profile is indicative of the type of perturbation. Different types 
of perturbations have been found which globally depend on the polarity of the 
compounds, this last determining the localization in the bilayer. According to this 
qualitative classification, the ionophores of the Nigericin group have been localized close 
to the glycerol backbone of DPPC. However, as LAS-Na and MON-Na do not induce the 
same effect on the phase transition behavior, their interaction with DPPC molecules even 
if it might concern the polar head group, implies a different nature. A better understanding 
of the interaction modes of theses ionophores in the model membrane needs contribution 
of other physical methods. 
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CONCLUSION 

The two investigation techniques show that different effects arise from LAS-Na and 
MON-Na addition to the phospholipid in monolayers as well as in bilayers and that the 
most singular behavior is produced by MON-Na. 

In monolayers, the main effect resulting from antibiotic addition is to increase the 
film resistance, which is produced by MON-Na within a limited surface pressure whereas 
LAS-Na renders the film more pressure resistant over a much larger pressure interval. 
Concerning the concentration dependence, the lower the antibiotic ratio, the greater the 
effect of each molecule. 

LAS-Na strongly perturbs the phospholipid phase transition, abolishing the 
pretransition, and inducing, up to three steps for the chain melting in the main transition. 
In contrast, MON-Na does not show any significant effect on the phospholipid phase 
transition even for high concentrations. 

Although the molecules LAS-Na and MON-Na belong to the same group of 
antibiotic ionophores, our study shows that they have different implantation modes at least 
in model membranes. 
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