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The miscibility and the interactions of the antifungal Iipopeptide iturtn A with lipids, DMPC and cholesterol, are studied 
in monolayers at the air/water interface and a comparison of the respective behaviour of iturin A and the biologically 
inactive methylated derivative MeTyr-iturin A is made. Each lipopeptide is miscible with anyone of the lipids. This 
behaviour is revealed by the dependence of the transition pressure upon composition and by deviations from the 
addltivity rule of the mean molecular area. The thermodynamic properties of the mixed systems are studied by the 
method of Goodrich. The mixed monolayers are always more stable than the two ~parate components, subsequently 
there are interactions between the components. However, the excess free energy of mixing dG~, ~ is positive for the 
iturin A / D M P C  system which is an indication that the interactions between lipopeptide and lipid molecules are weaker 
than the interactions between the pure components themselves. This is compatible with the presence of self-associated 
lipopeptide molecules. However, dG,~ x is highly negative for the iturin A/cholesterol system giving evidence of the 
formation of a specific complex between iturin A and cholesterol which is not the case with the methylated derivative. 
These data are analysed in connection with previous results concerning the pore-forming properties of the~ 
iipopeptides and the lack of biological activity of MeTyr-iturin A. 

Introduction 

lturins are cyclic lipopeptide antibiotics produced by 
Bacil lus subtilis [1] which exhibit an antifungal activity 
depending on the primary structure (Fig. 1) of the 
peptiae cycle [2-41. The a-Tyr residue which is present 
in position 2 in all iturins seems to play a crucial role 
since its methylation dramatically decreases the antibio- 
tic properties [2,3]. The biological activaty of iturins is 
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Fig. I. Primary structure of iturin A. 

Abbreviations: DMPC, dimyristoylphosphatidylcholine; MeTyr.iturin 
A, O-methyltyrosine iturin A. 

Correspondence: R. Maget-Dana, Centre de Biophysique Mol6culaire, 
C.N.R.S., IA, avenue de la Recherche Scientifique, 45071 Orl6ans 
Cedex 2, France. 

related to their interactions with cytoplasmic mem- 
branes [5] the increased permeability of which leads to 
a leakage of intracellular K + ions [6]. We have demon- 
strated that these lipopeptides induce ion conducting 
pores in planar membranes and their characteristics also 
depend on both the primary structure of the peptide 
cycle and the lipid composition of the membrane [7-9]. 
In addition, we have shown that the methylation of the 
D-Tyr residue modified the interaction of iturin A with 
lipid vesicles [10]. in the present work we compare the 
behaviour of iturin A and MeTyr-iturin A in mixed 
monolayer.s with phospholipid and chole,,terol. 

Materials and Methods 

lturin A was extracted and purified as described 
previously [11] and the O-methyl derivative was pre- 
pared according to Ref. 2. DMPC was from Calbiochem. 
Cholesterol from Prolabo was recrystallized three times 
from methanol. Pyridin, hexafluoroisopropanoi (1,1,1, 
3,3,3-hexafluoropropanol [2]), hexane and absolute 
ethanol were from Merck. Cyclohexane was from Fluka. 
Pure water was obtained from a Millipore (Milli-Q) 
apparatus, 
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Mor~olayer experiments were done using a Langmuir 
film balance system previously described [12]. The lipo- 
pept~de/lipid mixtures were dissolved in the fo!lowing 
solvent system: pyridine/cyclohexane/ethanol/hexa- 
fluoroisopropanol/hexane (56:13 : 13: 10: 8, by vol.) 
and spread at the air /water interface of pure distilled 
water with a 50 #l Hamilton microsyringe. After the 
film stood to equilibrate at a large molecular area for at 
least 5 rain, it was compressed at a rate less than 0.05 
nm 2. m o l . - ]  min-~ in order to record the isotherm 
(surface pressure-area) curves. The temperature in the 
trough was kept constant at 20 °C  by circulating water. 

Results 

Lipopeptide / DMPC m,xed monolayer systems 
Typical isotherm (¢r-A) curves of the pure compo- 

nents and their mixtures are given at different molar 
fractions, x i : n i / (n  i + hi) (n: number of molecules at 
the interface; the subscripts i and I refer, respectively, to 
iturin and lipid), of iturin A or MeTyr-iturin A (Fig. 2). 
The monolayer characteristics of the pure lipopeptides 
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Fig. 2. isotherm curves of mixed films of iturins and DMPC, The 
molar fraction x i is indicated on the curves: (0) pure DMPC, (1) pure 
iturin. Insets: variation of the transition pressure ~r t as a function of 

composition. (a) hurLn A, (b) MeTyr-iturin A, 
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Fig. 3. Mean molecular areas of mixed films of ilurins and DMPC as 
a function of composition at various surface pressures, e ,  10 r a N - m -  !: 
4~, 15 r a N . m - I ;  A, 20 m N . m  -~. - - - - - -  represent the additivity 

rule values. (a) lturin A, (b) MeTyr-iturin A. 

have already been described [12]. The isotherm curve of 
iturin A monolayer presents a transition region the 
significance of which is not yet really understood. The 
surface pressure ¢t t at the beginning of this transition 
increases with the DMPC amount in the monolayer up 
to xi = 0.4. When the molar fraction of iturin A in the 
mixed monolayer is lower than 0.4 the (~rt-ln xi) plot 
presents a discontinuity. The linear plot (coefficient cf 
correlation r = 0.997) has then a slope of 6.24 m N .  m -  t. 
For ideal miscibility behaviour, the slope should be 
k T / A  t = 6.32 m N .  m-1 (k, Boltzmann constant; T, 
293 ° K; A t = 66- 10-2°m2, molecular area of pure iturin 
A at ~rt) (Fig. 2a, inset). The isotherm curve of MeTyr- 
iturin A presents an inflection at 33 r a N - m - t  that is 
taken as the ~t value. For the mixed MeTyr-iturin 
A-DMPC monolayers, the variation of ~r t versus x i are 
more complex than in the case of iturin A. A small 
amount of DMPC in the monolayer decreases exten- 
sively the value of ~t 1 that is only 22 m N - m  -~ at 
x, = 0.75. Then ~r t increases up to x i = 0.33 to decrease 
again when the molar fraction of the lipopept'de is less 
than 0.33 (Fig. 2b, inset). The values of the mea ~. 
molecular area, A, of the mixed films (data taken from 
the isotherms) are plotted against the molar fraction xi 
of the lipopeptide, at several surface pressures, in order 
to examine eventual deviations from the additivity rule 
[13] as an indication of the miscibility of the compo- 
nents. The mean molecular areas in mixed films of 
iturin A with DMPC show positive deviations from the 
additivity rule at all surface pressures (Fig. 3a). Con- 
versely, the deviatioas are negative in mixed monolayers 
of MeTyr-iturin A with DMPC (Fig. 3b). 

To study the spontaneity of the miscilibity process 
and the interactions of the molecules in the mixed films, 
the thermodynamic properties of the systems have been 
analysed by calculating the excess free energy of mixing 
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Fig. 4. Free energy of mixing as a function of composition for " "  
iturin/DMPC mixed films. (a) Excess free energy of mixing: IL iturin 
A; I:1, MeTyr-iturin A. (b) Total free energy of mixing: - - ,  iturin 
A; -- ~ - - ,  MeTyr-iturin A. The fine line represents the free energy 

of mixing of an ideal mixture. 

AG,~' by the relationship of Goodrich [13,14]: 

aG~x=/:A,2d+P-x;]o+A)d+-z2/:.+2d+ 
where A is the mean molecular area, x is the molar  
fraction, subscripts 1, 2, and 12 refer, respectively, to 
pure  components  1 and 2 and to their mixtures. 

The values of AG~ x were obtained by integ:rating 
under  m'-A curves of the mixture and of  each the pure  
component  (upper  limit of integration: 30 m N .  m-~) .  
The results axe shown in Fig. 4a. For iturin A / D M P C  
systems, AG~ '~ is positive on the whole molar  fraction 
range. Conversely, for MeTyr-i turin A / D M P C  systems, 
AG~ x is always negative. For  the two mixed systems 
ZIG~" increases with the amount  of lipopeptide in the 
monolayer.  When the amount  of  iturin A is low (x,  < 
0.4), AG~ ~ is near  zero. 

However if we examine the values of the total free 
energy change AG m = ,aG,~ x + AG~ where AG~ = 
kT(x i In x 1 + x 2 in x2) [13,14] (AGim d, free energy 
change for an ideal mixture; k, Boltzrnann constant;  T, 
absolute temperature)  we can see that the AGm values 
are always negative for the two l i p o p e p t i d e / D M P C  
systems studied (Fig. 4b). We observe a minimum in the 
AGm values at xi = 0.4 for iturin A and at x, = 0.33 for 
MeTyr-iturin A. 

Lipopeptide / sterol mixed monolayers systems 
Fig. 5 shows typical isotherm curves of iturin 

A/choles te ro l  and MeTyri turin A/choles te ro l  mixed 
monolayers.  The transition pressure ,r t does not vary 
extensively with xi when the amount  of iturin A in the 
monolayer  is high (xi > 0.66). But when the molar  frac- 
tion of iturin A is lower, ,r t increases abrupt ly  and then 
we note the absence of  any  transition on the isotherm 
curves when x i is less than 0.4 (Fig. 5a, inset). For  the 
MeTyr-iturin A/choles te ro l  sys tems  the value of ,r t at 
x i = 0 . 8  is very low (19.5 nan . m  -z)  but  subsequent 
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Fig. 5. Isotherm curves of mixed films of iturins and cholesterol. The 
molar fraction x i is indicated on the curves: (0) pure cholesterol, (1) 
pure iturin. 1,~ts. variation of the transition pressure ~r, as a func- 

tion of composition. (a) Iturin A, (b~ MeTyr-lturin A. 

increase of the amount  of chole_;terol leads to an in- 
crease of qr t (Fig. 5b, inset). 

Fig. 6 shows the ( A - x i )  plots at several surface 
pressures. For  the two l ipopeptide/cholesterol  mixed 
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Fig. 6. Mean molecular areas of mixed films of iturins and cholestcrc I 
as a functic, n of composition at various surface pressures, e, '.0 
mN'm-l;  0 ,  15 mN-m -1, A, 20 raN.m-Z; - - -  -- repre~n', the 

additivity rule values. (a) Iturin A. (b) McTyr-iturin A. 
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"7-ig. 7. Free energy of mixing as a function of composition for 
iturin/sterol mixed films. (a) Excess free energy mixing: It iturin 
A/cholesterol mixtures; A, iturin A/ergosterol mixtures; C3, MeTyr- 
iturin A/cholesterol mixtures. (b) Total free energy of mixing: -I~, 
iturin A/cholesterol mixtures; -A-. iturin A/ergosterol mixtures; 

~ ~ McTyr-iturin A/cholesterol mixtures. The fine line repre- 
sents the Iree energy of mixing of an ideal mixture. 

monolayers we observe negative deviations from the 
additivity vale at all surface pressures. 

Fig. 7 shows the variations of the free energy of 
mixing versus the composition of the mixed sterol/  
lipopeptide monolayers. In the case of the methyl de- 
rivative, the values of the excess free energy of mixing 
AG e'̀  increase with the amount of lipopeptide in the 
monolayer (Fig. 7a). We observe negative values only 
below x i = 0.4. However, the total free energy change 
AGm is negative on the whole range of composition with 
a minimum near x i - 0 . 3 3  (Fig. 7b). The behaviour of 
the iturin A/cholesteiol mixed monolayers is very dif- 
ferent. Indeed AGm ~ is always negative. At the 
equimolecular ratio iturin A/cholesterol (1 : 1), the total 
free energy change AG,, is minimum. Its valve is nearly 
twice that of an ideal mixed monolayer. The replace- 
ment of cholesterol by ergosterol in the mixed iturin 
A/steroi monolayer leads to an increase of the AGm 
values although they are always negative with a mini- 
mum near the equimolecular ratio. However, the AG~" 
values are positive above xl -- 0.75 (Le., three molecules 
of iturin A for one of ergosterc,1). 

Discussion 

One important question that must be considered 
concerns the miscibility of lipopeptide and lipid mole- 
cules in the monolayer. 

The dependence of the transition pressure z, t on the 
composition of the mixed lipopeptide/l~pid monolayer 
is an indication that the compounds e,'e at least par- 
tially miscible. The discontinuity in the (z,t-ln x,) plots 
observed in mixed iturin A / D M P C  monolayers at x, --" 
0.4 could correspond to a sudden change in the mutual 
array of the two compounds when the amount of iturin 
A increases. Up to x~ = 0.4, the mixture behaves ideally. 

l'he dramatical decrease of the transition pressure of 
MeTyr-iturin A as soon as lipid (DMPC or cholesterol) 
is put in the monolayer could be the sign of a change of 
either the orientation or the conformation of the lipo- 
peptide at the a i r /water  interface. For MeTyr-iturin 
A / D M P C  systems, ~r t is maximum at xi = 0.33. 

The absence of any detectable transition in the mixed 
iturin A/cholesterol monolayers rich in cholesterol (x i 
< 0.4) could indicate that the two compounds are not 
only miscible but form an intimate complex [15]. The 
discontinuity observed in the (~'t-ln xi) plots at high 
iturin A level can be interpreted too as a change in the 
bidimensional ?at:king of the molecules. The disap- 
pearance of the tronsition pressure takes place only 
below x i --0.25 fur ituxed MeTyr-iturin A/cholesterol 
systems. 

The miscibility in m9nolayer of iturin lipopeptides 
with lipids is confirmed by the deviations of the (A-xi) 
plots from the additivity rule. In addition, this result is 
consistent with non ideaiJty of the mixture and gives the 
evidence of steric perturbations due to interactions be- 
tween the component molecules of the monolayers. In 
the case of DMPC/lipopeptides systems t~,e sign of the 
deviation is not the same when iturin A is methylated. 
This in an indication that the mixed structures are of 
different natures. 

But among all the properties of the mixed mono- 
layers studied as a function of its composition in order 
to test ideality, the most generally accepted one is that 
which is based on the excess free energy of mixing AG.~ x 
[16]. Using this criterion we can conclude that, in all 
cases, the lipopeptide/lipid system is non-ideal, i.e. 
there are privileged interactions between the monolayer 
components. 

However, let us examine more carefully the different 
results obtained. AG~,'̀  of the iturin A / D M P C  system is 
near zero at low amount of lipopeptide (xi <0.4). 
Therefore the corresponding mixed monolavers (that 
contain less than two molecules of iturin A for three 
molecules of phospholipid) behave almost as ideal mix- 
tures as deduced too from surface pressure values. The 
positive values of AG~" above x, = 0.4 reveal interac- 
tions between the pure component molecules themselves 
which are more important than mutual interactions 
between two components [17]. Then, the molecules of a 
component have a tendency to self associate. This is 
compatible with the formation of lipopeptide patches 
(bidimensional aggregates) in the monolayer as and 
when the amount of lipopeptide increases. This state is 
nevertheless more stable than the unmixed state and 
cannot be assimilated to a phase separation since the 
total free energy change AG m is negative on the whole 
range of composition with a minimum at the iturin 
A / D M P C  molar ratio 2 : 3 (xi = 0.4). This suggests that 
the lipopeptide aggregates are in interaction with DMPC 
molecules to form mixed structures. 



AG,~ '~ of the MeTyr-iturin A / D M P C  systems always 
is negative. This implies interactions between the w..~th- 
ylated lipopeptide and the phospholipid molecules. Tht 
interaction is maximum at x i -0 .33  according to th,: 
(AGm-x  i) plot. We can then suppose the existence of a 
MeTyr-iturin A / D M P C  1 : 2 complex. We have also to 
point out that the monolayer composition x, = 0.33 
corresponds to the maximum observed in the (~t-ln xt ) 
plots. 

For iturin A/cholesterol systems AG~ x values are 
widely negative. This supposes strong interactions be- 
tween the lipopeptide and the sterol molecules. In the 
case of the ergosterol, the interactions with iturin A are 
weaker, and above the lipopeptide/sterol molar ratio 
3 : 1 the lipopeptide molecules reassemble to form bidi- 
mensional patches. For the two sterols the interactions 
are optimum near the stochiometric ratio lipopeptide/ 
sterol 1 : 1. These results are consistent with the forma- 
tion of an iturin A-sterol 1 : 1 complex more stable with 
cholesterol than with ergosterol. From the AG~ ~ values 
we can see, besides, that the interaction of the methyl- 
ated lipopeptide with cholesterol is weak, and above the 
lipopeptide/cholesterol molecular ratio 2:3,  the lipo- 
peptide molecules tend to form 'patches'. 

General conclusion 

The main result of this work is that iturin lipo- 
peptides interact with lipids in monolayers. The methyl- 
ated iturin A interacts strongly with DMPC and forms 
a lipopeptide-DMPC 1 : 2 complex. At the opposite, the 
interaction of iturin A with DMPC is weak and the 
lipopeptide molecules tend to form bidimensionai 
patches in the phospholipid layer. The presence of 
lipopeptide aggregates interacting with DMPC mole- 
cules, is consistent with previous findings [18]. Indeed, 
it has been shown using pulse fluorimetry that when 
iturin A micelles interact with DMPC vesicles, iturin A 
is fully incorporated in the lipid bilayer bm self associ- 
ated inside the membrane, in the same conditions, the 
MeTyr-iturin A aggregates are less stable. The presence 
of such lipopeptide aggregates in the :ipid membranes 
have already been suggested to explain in part the 
biological activity of these compounds and specially 
their faculty of increasing membrane permeability. Such 
aggregate structures would be involved in the formation 
of ion conducting pores [7-9]. 

Another important result is the existence of a strong 
interaction between iturin A and cholesterok leading to 
the formation of an equimolecular complex. Surpris- 
ingly, the interaction of iturin A with ergosterol is 
weaker than with cholesterol. As a matter of fact, ~turin 
A has an antifungal power specially against yeasts whose 
membranes contain mainly ergosterol. However, it has 
been shown on a mutant strain of Saccharornyces cere- 
visiae whose membrane contains only cholesterol that 
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the leakage of K ÷ ions from the cell, induced by iturin 
A, is then more important than in the wild strain 
containing ergosterol [19]. Therefore the increased per- 
meability of the membrane, induced by iturins is related 
partly to the nature of the sterol and probably to 
interactions between the iipopeptide and the sterol 
molecules. To support this view, we notice that the 
biologically inactive MeTyr-iturin A does not interact 
greatly with cholesterol. Can we see there one of the key 
of the lack of biological activity of MeTyr-itunn A? As 
a matter of fact, the formation of a complex with 
cholesterol has often been proposed to explain the 
antifungal properties of compounds as amphotericin B 
[20] or mycobaciUin [21]. A model of association of 
iturin A with cholesterol can bring in the hydroxyl 
group of tyrosine and the hydroxyl group of the sterol 
as proposed for mycobacillin [21]. If actual, the methyl- 
ation prevents this binding. It is also possible that the 
sterols interact with a peculiar conformation of iturin A, 
absent in MeTyr-iturin A structures. Indeed, we have 
shown by pulse fluorimetry of D-Tyr that iturin A has 
three conformers, the proportions of which are modified 
in aggregated molecules [18]. Then the active conforma- 
tion of iturin A may be only in a low proportion in the 
methylated derivative. 

In conclusion, the monolayer experiments have pro- 
vided a useful technique to specify molecular associa- 
tions between antifungal lipopeptides and lipids. They 
confirm unambiguously the existence of oligomeric 
structures of iturin A in mixture with phospholipids. 
They give evidence of the formation of a specific iturin 
A-cholesterol complex and, at the opposite, they point 
out the weaker interaction of the biologically inactive 
methylated iturin A with cholesterol. All these results 
allow us to suggest that the biological activity of iturins 
is the consequence of a whote set of phenomena includ- 
ing among them, but not exclusively, the presence of 
lipopeptide aggregates in the lipid layer and the ~'orma- 
tion of lipopeptide-sterol complexes. Furthermore we 
have to consider that a biological membrane is not 
made of only phospholipid or cholesterol but of a lipid 
mixture (and proteins). Therefore, we have now to study 
the iturin lipopeptides behaviour in a mixed phos- 
pholipid/sterol monolayer and the influence of other 
important parameters as monovalent or divalent ions 
[9]. 
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