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Penetration of Surfactin into Phospholipid Monolayers: Nanoscale
Interfacial Organization
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Atomic force microscopy (AFM) combined with surface presstaeea isotherms were used to probe the interfacial
behavior of phospholipid monolayers following penetration of surfactin, a cyclic lipopeptide produdgalciijus
subtilisstrains. Prior to penetration experiments, interfacial behavior of different surfactin molecules (cyclic surfactins
with three different aliphatic chain length$13, S14, and St5and a linear surfactin obtained by chemical cleavage
of the cycle of the surfactin S15) has been investigated. A more hydrophobic aliphatic chain induces greater surface-
active properties of the lipopeptide. The opening of the peptide ring reduces the surface activity. The effect of
phospholipid acyl chain length (dimyristoylphosphatidylcholine, dipalmitoylphosphatidylchol{@PPC), and
distearoylphosphatidylcholine) and phospholipid polar head (DPPC, dipalmitoylphosphatidylethanolamine and
dipalmitoylphosphatidylserine) on monolayer penetration properties of the surfactin S15 has been explored. Results
showed that while the lipid monolayer thickness and the presence of electrostatic repulsions from the interfacial film
do not significantly influence surfactin insertion, these parameters strongly modulate the ability of the surfactin to
alter the nanoscale organization of the lipid films. We also probed the effect of surfactin structure (influence of the
aliphatic chain length and of the cyclic structure of the peptide ring) on the behavior of DPPC monolayers. AFM images
and isotherms showed that surfactin penetration is promoted by longer lipopeptide chain length and a cyclic polar
head. This indicates that hydrophobic interactions are of main importance for the penetration power of surfactin
molecules.

Introduction
Surfactins are lipopeptides produced by sevRaaillus subtilis

strains. They are composed of a heptapeptide cycle linked to a

B-hydroxy fatty acid chain (Figure 1A)Surfactins exhibit strong
surface activity and important biological properties, including
antiviral, antibacterial, and haemolytic activit®s.The biological
activity of surfactins relies on their interactions with biomem-
branes.

One way to study such interactions is to evaluate their ability
to penetrate model membranes, in particular, lipid monolayers.
The advantages of such bidimensional model systems are tha
they are flat, homogeneous, and stable. They also offer the
possibility to simulate what happens when an active molecule,
soluble in extracellular medium, interacts with the membrane of
the target cell$.The penetration of insoluble monolayers by a
soluble amphiphile (surfactant and protein) has been extensively
studied to understand the biological effects of such molecules
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Figure 1. Primary structures of (A) cyclic surfactin& 9, 10, and
11, respectively, for surfactin with@hydroxy fatty acid chain of
13, 14, and 15 carbon atoms) and (B) linear surfag@imydroxy

fatty acid chain of 15 carbon atoms).

microscopy or Brewster angle microscopy were used to visualize

at the membrane levét12 In most studies, fluorescence the evolution of the surfactant insertion into the monolayer and
the subsequent changes of the interfacial behavior. The latter
technique presents the advantage of not using a fluorescent probe
that may result in domain instability for highly compressed
monolayers3 These optical techniques offer a lateral resolution

in the micrometer range and are thus not suited to visualize the
phase properties of lipid monolayers at high resolution. In this

context, atomic force microscopy (AFM) is an important probing
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In this paper, AFM is combined with the Langmuir trough were compressed at a rate of 10 mm/min with a two symmetrical
technique to study the incorporation of surfactin into lipid barriers system. The surface pressure of the lipid monolayer was
monolayers, which are transferred onto a solid support by the measured using a platinum plate with an accuracy of 0.1 mN/m. The
Langmuir-Blodgett (LB) technique after surfactin penetration. difference between molecular greas of two independent sets of
Maget-Dana and Ptak have already shown that surfactins penetrat§'€asurements was less than 5%.
differently into lipid layers according to the charge and chain dFor adsorption exgelf'm.e“ﬁ; tlr;1e samg system (\;vas used. ghg
length of the lipids® In contrast to their work, in the present adsorption area was defimited by the two barrlers anc corresponce

. . o ) to the same effective area as the one used in the penetration
study, we use physiological conditions (Tris 10 mM, NaCl 150

T ' - - . experiments. Injection of surfactin molecules, solubilized in dimethyl
mM, pH 7.2) to better mimic the biological situation. Moreover,  sylfoxide (99.90% A.C.S. Reagent, Sigma), in the subphase (final
the association of data from AFM analysis (domain formation,

concentration of 5.3 10 M) was operated using a setup ensuring
step height, and friction images) and surface pressure evolutionthem to be homogeneously and reproducibly distributed. The syringe
as a function of time (maximal surface pressure and exclusionwas placed in the clean interface compartment, and a long bent
pressure) gives more information about the surfactin penetrationneedle going below the barrier was displaced carefully and uniformly
behavior (bulk diffusion and monolayer penetration) as well as all over th_e subp_hase supportlng the monolayer. After the injection
their conformational arrangement at the interface. The influence ©f surfactin, the increase in surface pressure was recorded.

of the fatty acid chain length and nature of the polar head of . For the penetration experiments, lipid monolayers were prepared

surfactin on its penetration power into lipid membranes is also " the same conditions and with the same LB system as stated
P P P previously. Expanded monolayers were compressed at a defined

initial surface pressure. As soon as the initial surface pressure was
stabilized €20 min), surfactin, solubilized in dimethyl sulfoxide,
was injected into the subphase to a final concentration ok5.8~7

M using the same injection setup as described previously. When the
surface pressure reached a maximal value, the monolayer was
stabilized at this pressure and deposited by vertically raising freshly
cleaved mica (width: 10 mm ardheight: 15 mm) through the
air—water interface at a rate of 10 mm/min. The transfer ratios were
all approximately 1:1, confirming that AFM images were repre-
sentative of the trough interface. Pure dimethyl sulfoxide injections
into the subphase did not modify the initial surface pressure of
phospholipid monolayers.

investigated.

Materials and Methods

Materials. Surfactin molecules with &-hydroxy fatty acid chain

0f13(S13),14(S14),and 15 (S15) carbon atoms (molecular weights,
1007.7, 1021.7, and 1035.7, respectively) were used in this study

(Figure 1A). They were produced and purified as previously
described! Their isolation from crude surfactins was performed by
preparative reversed-phase chromatography using a Wajers 5
Atlantis Cig column (1.9 cmx 10 cm, Waters, Milford, MA) and

a acetonitrile/water/trifluoroacetic acid 0.1% mixture as the mobile
phase. The primary structure and purity95%) of surfactins were

ascertained by analytical reversed-phase high-performance liquid AFM Measurements. AFM measurements were performed at

chromatography, amino acid analy®isand Maldi-Tof mass
spectrometry measurements (Ultraflex TOF, Bruckner, Karlsruhe,
Germany).

Surfactin S15L was obtained by chemical cleavage of the
heptapeptide cycle from the natural surfactin S15 (Figure 1B). The
cleavage of this lactone ring leading to the linearization of the surfactin
was carried out by dissolving the natural molecule in 8 mL of methanol
and 12 mL of sodium hydroxide 0.1 M and by heating this solution
at 37°C for approximately 20 R324

1,2-Dimyristoylsnglycerol-3-phosphocholine (DMPC); 1,2-di-
palmitoyl-sn-glycerol-3-phosphocholine (DPPC); 1,2-distearsiy-
glycerol-3-phosphocholine (DSPC); 1,2-dipalmiteytglycerol-3-
phosphoethanolamine (DPPE); and 1,2-dipalmityglycerol-3-
phospho:-serine (DPPS) were purchased from Avanti Polar Lipids
(Alabaster, AL).

Monolayer Studies. For isotherm experiments, pure surfactin
monolayers were prepared at 200.2 °C with an automated LB
system (KSV minitrough: area 24225 ArkSV instruments Ltd.,
Helsinki, Finland). Surfactins were dissolved at 1 mM in chloroform/
methanol (2:1). An aliquot (3PL) was spread on a Tris/NaCl 10:
150 mM (Millipore Co., Milford, MA) subphase adjusted at pH 7.2
with HCI. After evaporation of the solvent (15 min), monolayers
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room temperature (20C) using a commercial optical lever
microscope (Nanoscope lll, Digital Instruments, Santa Barbara, CA).
Contact mode topography and friction images were recorded using
oxide-sharpened microfabricatedi$j cantilevers (Park Scientific
Instruments, Mountain View, CA) with a typical radius curvature
of 20 nm and spring constants around 0.01 N/m. Scan rates ranging
from 3 to 5 Hz were tested. The applied force was maintained as
low as possible during the imaging.

Results and Discussion

Prior to penetration experiments, the interfacial behavior of
different surfactin molecules (natural cyclic surfactins with three
different aliphatic chain lengthsS13, S14, and St5and alinear
surfactin obtained by chemical cleavage of the cycle from natural
surfactin S15, S15L) has been investigated.

Surface Pressure-Area (& — A) Isotherms of Surfactins.
Figure 2A shows the surface pressuegea r — A) isotherms,
at the air-water interface, of pure surfactin monolayers. Both
the natural cyclic surfactins (S13, S14, and S15) and the linear
surfactin (S15L) present @ — A isotherm with a sigmoidal
shape. No sharp increase of the surface pressure is observed at
very low areas per molecule, while it was revealed for a surfactin
monolayer formed on a water subphase acidified at gHvEaget-
Dana and Ptak have also shown that atp#, the sharp increase
ofthe surface pressure does not exist even at low temperatdres,
and they have suggested that the ionization of the glutamic and
aspartic residues favors the interaction of surfactin molecules
with the subphase preventing their perpendicular orientation to
the interface. Despite the presence of *Neations in our
experiments, which are susceptible to screen the negative charges
of surfactin, there is not a sharp increase of surface pressure at
low molecular area. The main difference between the isotherms
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Figure 2. (A) Surface pressurearea £ — A) isotherms, at the 0.01 0
air—water interface (10 mM Tris/150 mM NaCl; pH 7.2; 20) of 0 50 100 150 200 250
pure surfactin monolayersy: Limiting area (extrapolation of the Time (min)
m — A plot to x = 0 mN/m). This parameter corresponds to the
theoretical area at which molecules leave the gaseous state and adopt C. ¢ °% S15 !
a liquid-expanded statéy: Area of the intersection point between o
the tangents to the two parts of the— A curve (see the dashed ° &
lines). (B) Surface pressure increase vs time to the injection of " ‘.’0 1075
surfactin in the subphase. Surfactin concentration in the subphase: £ e o )
5.3 x 1077 M. Injection at time zero. £ b 3
g o1 s ° tos 2
of §13, S14, S15, and S15L is the maximum surface pressure L 2
under compression. A more hydrophobic alkyl chain induces a g s o &
higher surface pressureA = 35 Azmolecule= 38.9, 42.0, and 44.7 E / 1025 =
mN/m for S13, S14 and S15, respectively) and consequently e
greater surface-active properties of the lipopeptide. However,
for the same chain length, the opening of the peptide ring reduces 0.01 0 w0 0 10 2w 2500
the maximal surface pressure and therefore the surface activity
of surfactin ta = 35 A2molecule= 27.4 mN/m for S15L vs 44.7 Time (min)
mN/m for S15). Nevertheless, the area occupied by the molecule D. ' 1
during the compression is only slightly influenced by the nature X S1sL
of the polar head (limiting area; = 190 and 202 Amolecule x
and area at transition pressur: = 110 and 123 Amolecule 2 x xx |2
for S15 and S15L, respectively). B L X X Q
Adsorption of Surfactins at the Air —Water Interface. The E 01 X % 05 3
adsorption of surfactin molecules at a clean interface is revealed ) X §
by the increase in surface pressure as a function of time (Figure g X x )
2B). Each cyclic molecule (S13, S14, and S15) takes more than B * o5 B
50 min after its injection in the subphase to start to significantly X
modify the surface pressure value, originally equal to 0 mN/m. ST
Moreover, the extrapolation of their surface concentrafion 001 £ 0
0 50 100 150 200 250 300 350

(calculated from the compression isotherm &4ta a zero value
does not intercept thé-axis at time zero (Figure 3AC, closed
symbols). Delay time in both surface pressure increase and surfac

Time (min)

concentration increase indicates that natural cyclic surfactins doof s\ rfactin surface concentratidh

not adsorb immediately at the interface when they are injected

?:igure 3. (A—D)Kinetic plot according to eq 1 and time dependence

in the bulk solution. This is in contradiction with results of concentration and the large interfacial areain our Langmuir trough
Razafindralambo et al. who have shown a rapid adsorption of €xperiment in comparison with those of their dynamic surface
surfactin at the airwater interfacé® The very low bulk tension measurements are the main reasons for the discrepancy.
After this first slow diffusion step, the lipopeptide molecules
rapidly adsorb and organize at the interface as suggested by the

(28) Maget-Dana, R.; Ptak, MColloids Surf., B199§ 7, 135.
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abrupt increase of surface pressure and surface concentrationg , 7
values. These observations are in accordance with the adsorption ¢, —— Dwe
kinetics determined by the following first-order equation:

IN[(7Zax = T (Tmay — )] = —Kt (1)

wheremax 7, andm are the surface pressure values at the
plateau, at tim¢ and at time zero, respectively, akds the rate
constant. The plots obtained for cyclic surfactins (Figure-8A
opened symbols) show two distinct areas, both of them being
characterized by a specific rate constaqtdndKy). As already 0
evoked by Maget-Dana and Ptak for the globular protein defensin

A, Ky reflects the interfacial rearrangement following the Molecular area (Afimolecule)
molecules’ adsorptiof£ Cyclic surfactins present rather high ®
values (45x 1072 min~! for S13 and 57 102 min~! for S14

and S15), indicating that the interfacial organization of these
compounds is very fast. This phenomenon can be explained by
the rigid conformation of cyclic surfactins, which reduces their
degree of freedom at the interface. The maximum surface pressure
values obtained for different cyclic surfactins are reached between
150 and 250 min after their injection in the subphase (Figure
2B). Cyclic surfactins with longer fatty acid chains induce higher
surface pressures, indicating that a more hydrophobic chain favors
a better conformational stability of the adsorbed molecutgg( 0 20 40 60 & 100 120 M0 160 180
=30.8,34.2,and 36.8 mN/mfor S13, S14, and S15, respectively). Time (min)

The same trend was also observed by Razafindralambo et al. (7, 40
with dynamic surface tension measureméftadeed, they have 35
shown that the surface tension values obtained after equilibrium
decrease with increasing hydrophobic character of the surfactin
alkyl chain ¢/cmc = 36.4, 33.5, and 31.9 mN/m for S13, S14,
and S15, respectively).

The adsorption process of the linear surfactinis initiated before
the adsorption of the cyclic lipopeptide. Indeed, S15L needs
approximately half the time to induce a significant increase of
the surface pressure than its cyclic analoguéQ min for S15L
vs ~80 min for S15) (Figure 2B). The higher mobility of the
molecule due to the opening of the peptide cycle could contribute

to the highest diffusi to the interface. Grah d Philli
0 the highest AITUSION Up fo The INTeTtace. iaranam an 'ips igure 4. (A) Surface pressurearea fr — A) isotherms, at the

have reported in the case of proteins that the surface pressuréa:ir_wate'r interface of pure DMPC, DPPC, and DSPC monolayers.

increase is more rapid for flexible molecules than rigid and gy penetration kinetics of surfactin S15 into DMPC, DPPC, and
globular moleculeg® The cleavage of the cyclic polar head also psSpc monolayersy = 15 mN/m). (C) Surface pressure increase
alters the interfacial stability of the surfactin since the maximum as a function of the initial pressure of these lipid monolayers.

surface pressure value resulting in the lipopeptide adsorption is

notably reduced (19.5 mN/m for S15L vs 36.8 mN/m for S15). (chainlength and peptide structure) on the penetration of surfactin
The plot of the calculated surface concentratiorof linear into phospholipid monolayers has been investigated at the
surfactin as a function of time can be extrapolated to zero without nanometer scale.

discontinuity (Figure 3D, closed cross). It shows that thismolecule  Effect of the Phospholipid Chain Leng®dMPC, DPPC, and
diffuses directly up to the interface after its injection in the DSPC were used to investigate the ability of surfactin S15 to
subphase. Once at the interface, several results indicate that itpenetrate into a lipid monolayer differing only by the phospholipid
interfacial rearrangement is slower than cyclic surfactin. First, chain length. These three polar lipids have two saturated chains
the slope of ther — time curve of S15L is less abrupt than the  \ith 14, 16, and 18 carbon atoms, respectively. According to the
one of S15 (Figure 2B). Second, the plateau in surface pressure; — A isotherm (Figure 4A) and in accordance with the
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is only reached after-300 min (as compared 9200 min in  jiterature3!-3* DMPC molecules are in a homogeneous liquid-
the case of S15). Finally, the adsorption kinetics of S15L (Figure expanded state at 15 mN/m (i.e., the surface pressure at which
3D, opened cross) presents a much loWgwalue (17x 1072 surfactin is injected beneath the lipid monolayer) and, conse-

min~* for S15L vs 57x 10-2 min~* for S15). Both the slower  quently, do not adopt a very compact organization. For the same
rearrangement and the lower stability of linear surfactin at an injtial surface pressure, DPPC and DSPC monolayers are not
air—water interface can be explained by the presence of an extrahomogeneous. AFM images (data not shown) show clearly
negative charge with the linearization of the peptide cycle, which
accentuates the surfactin affinity for the aqueous subphase. (31) Phillips, M. C.; Chapman, DBiochim. Biophys. Actd986 163 30L.

Penetration Experiments.The influence of both phospholipid ) (Br?) Sf}af;ggl%, ;/é 9L.; Kotova, E. A.; Rokitskaya, T. I.; Antonenko, Y. N.

f . iophys. J. f .

nature (chain length and polar head charge) and surfactin structuré® (33) Bordi, F.. Cametti, C.. De Luca, F.: Gili, T.. Gaudino, D.; Sennato, S.
Colloids Surf., B2003 29, 149.

(29) Razafindralambo, H.; Thonart, P.; PaquotJMsurfactants Deter@004 (34) Zhao, L. Y.; Feng, S. Sl. Colloid Interface Sci2004 274, 55.
7, 41. (35) Matsumoto, M.; Tsujii, Y.; Nakamura, K. I.; Yoshimoto, Thin Solid

(30) Graham, D. E.; Phillips, M. Cl. Colloid Interface Sci1979 70, 403. Films 2005 280, 238.
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Table 1. Surfactin Penetration in Phospholipid Monolayerg

no. phospholipid monolayer surfactin regression line R 7 (MN/m) m? (MN/m) Aht+ 0.1 nm
A DMPC S15 y = —0.855% + 38.025 0.9988 44.5 40.9 0.9
DPPC S15 y=—0.907% + 39.093 0.9913 43.1 42.4 1.2
DSPC S15 y= —0.958% + 38.533 0.9972 40.2 40 14
B DPPC S15 y=—0.907% + 39.093 0.9913 43.1 42.4 1.2
DPPE S15 y=—0.866% + 37.221 0.9903 43.0 39.9 0.8
DPPS S15 y=—0.996% + 38.950 0.9987 39.1 40.6 0.9
C DPPC S13 y = —0.952% + 33.574 0.9973 35.3 33.9 0.7
DPPC S14 y=-0.917% + 35.628 0.9993 38.8 37.8 0.9
DPPC S15 y=—0.907% + 39.093 0.9913 43.1 42.4 1.2
DPPC S15L y=—1.029% + 25.925 0.9987 25.2 24.7 0.9

aA: Effect of the phospholipid chain length. B: Effect of the phospholipid polar head. C: Effect of surfactin alkyl chain and poldrRfead.
Determination coefficients of regression linésce: Exclusion pressuré.s,,: Transfer pressuré.Ah: Step height between the two phases obtained
from three cross-sections from three different AFM topography images.

a phase separation that can be attributed to the coexistence o
afew remaining liquid-expanded domains dispersed into a liquid-
condensed matrix. The monolayers are thus mainly in a liquid-
condensed state, and the orientation of the phospholipid acyl
chains may be considered as almost vertical.

Kinetic plots (Figure 4B) show three finite regions. The first
corresponds to the plateau at 0 mN/m before a significantincrease
in surface pressure. It characterizes the diffusion time of surfactin
up to the interface. For the three phospholipid monolayers, this
time is similar {a~ = 1.0 mum~ 40 min), meaning that surfactin
diffusion does not depend on the phospholipid chain length. The
second region corresponding to the linear increase of surface
pressure with time characterizes the actual penetration of surfactin
into the lipid monolayer. The slope of this linear part reflects the
kinetics of the penetration process, a higher slope corresponding_
to a faster penetration. Surprisingly, the penetration kinetics of
surfactin is slower when the interfacial film is composed of DMPC
(Figure 4B). The insertion of surfactin into an unordered DMPC
monolayer probably modifies the orientation of the phospholipid. -
This mutual rearrangement is slow and can explain the weaker S
increase of surface pressure induced by surfactin penetration
On the contrary, surfactin penetration in more tightly packed - -
phosphatidylcholine monolayers (DPPC and DSPC) and its Figure 5. Effectof the phospholipid chamlength onthe organization
subsequentinterfacial organization can be achieved more rapidlyof mixed surfactin/phospholipid monolayers. AFM height (A and
without greatly perturbing the configuration of the phospholipid B) (Z-range: 3 nm) and friction (C)Zrange: 0.2 V) images of
molecules. The few liquid-expanded domains of phospholipids mixed films obtained after penetration of surfactin S15 in phos-

P ol . pholipid monolayers (A: DMPC; B: DPPC; and C and D: DSPC),
remaining in the monolayer may be preferential sites for surfactin initially compressed at 20 mN/m. The image size g x 5 um

insertion but do not affect highly its kinetic penetration. (A and B) and 1Qum x 10 um (C and D). Lighter levels |n the
The final plateau at a constant surface pressure correspondsmages correspond to higher height and higher friction.
to the third region of the penetration kinetics (Figure 4B) and

characterizes a steady state. By plotting the surface pressureseparation 4h = 0.9 + 0.1 nm) (Figure 5A). As the transfer
increase Ax) as a function of the initial surface pressurg) ( pressure m = 40.9 mN/m) corresponds for the pure DMPC
of the lipid monolayer, the exclusion pressure is determingd ( monolayer to the end of the transition between the liquid-expanded
extrapolation of the regression line to a surface pressure increasend the liquid-condensed states (Figure 4A), most DMPC
equal to zero) (Figure 4C¥°This parameter corresponds tothe molecules should be in a vertical, compact organization. The
initial surface pressure of the phospholipid monolayer above pure DMPC monolayer transferred at 40.9 mN/m demonstrated
which no more surfactin molecules can penetrate the lipid film that this is not the case as the AFM topography image is not
and increase the surface pressutgreflects the penetration  homogeneous but also reveals phase separation (data not shown).
power of surfactin into the lipid monolayers. The exclusion At 40.9 mN/m, pure surfactin does not form a condensed state
pressure values obtained for the three phospholipids decreasén the investigated conditions. Surfactin molecules are rather in
weakly with an increase of the phospholipid chain lengtd~ a loose organization with a not well-defined orientation. They
44,5, 43.1, and 40.2 mN/m for DMPC, DPPC, and DSPC, are thus more likely to form domains with a lower height than
respectively) (Figure 4C). The lateral order into the lipid well-organized regions of phospholipids. In agreement with the
monolayer influences the penetration power of surfactin. The uniform AFM images obtained for a preformed surfaetibMPC
better the order is, the lower the penetration power. monolayer at 20 mN/m (below the -H_C transition) (data not
When the surfactin penetration profile reached a steady-stateyet published), we suggest that surfactin coexists with less-ordered
surface pressurerf,), the mixed surfactinphospholipid mono- DMPC molecules. This indicates that the lighter domains and
layer was transferred onto a solid support (see Table 1A for the the darker matrix in Figure 5A probably correspond to well-
transfer surface pressurey) and analyzed by AFM. Inthe case  organized vertical DMPC molecules and to less-ordered DMPC
of surfactinr-DMPC monolayer, the AFM image shows phase molecules mixed with surfactin, respectively. However, complete
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miscibility between the two components cannot be confirmed A 7™
because these loosely organized molecules are susceptible tobe ¢ | —o— DFFe
flattened by the AFM probe and will therefore not be able to
display height differences.

The AFM topography image for the surfaciDPPC film
(Figure 5B) exhibits phase separation in the form of smallirregular
aggregates embedded in a continuous matrix. If we assume that
all DPPC molecules are in a solid state (i.e., in a vertical
orientation) at the transfer pressumg,& 42.4 mN/m), the lighter
matrix (higher level) can be attributed to DPPC domains and the
lower level (darker regions) to the surfactin-enriched phase. 0 2 50 75 100 125 150

The AFM image for the surfactinDSPC films shows phase
separation in the form of large domains embedded in a continuous B. *
matrix (Figure 5C). If we assume that all DSPC molecules are ~*
in a solid state and consequently adopt a tight vertical organization,
the higher level can be attributed to a phospholipid-enriched
phase. Moreover, the step height between the two phades (
= 1.4+ 0.1 nm) is similar to the value obtained when the
phospholipid is spread at the interface in a surfactin mixtire (
= 1.3+ 0.1 nmfor a premixed surfactin/DSPC monolayer: data
notyet published). The friction image provides further information
about the nature of the phases. Gray and black zones in the
friction image (Figure 5D) correspond to dark and light zones
in the topography image, respectively (Figure 5C). While black
zones in the friction image are uniform, the gray zones are not.
Regions of higher friction and lower height are thus composed
of a mixture of molecules adopting different states of compaction.

It could be a mixture of surfactin molecules with a part of them

in a liquid-expanded state (more flexible) and the other part in
atransition state (more rigid) or a mixture of surfactinin a liquid-
expanded state and DSPC molecules in a pseudo-solid state. To
test these hypotheses, the observed surface coverage of surfactin
and its theoretical surface coverage can be compared. The
theoretical surface coverage of surfactin (TSC) is calculated by
use of the following equations:

_As
TSC= 27100 @)
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Figure 6. (A) Surface pressurearea {r — A) isotherms, at the
air—water interface of pure DPPC, DPPE, and DPPS monolayers.
with (B) Penetration kinetics of surfactin S15 into DPPC, DPPE, and
DPPS monolayers® = 15 mN/m). (C) Surface pressure increase
As=A — App. 3) as a function of the initial pressure of these lipid monolayers.

App = ApspdNbspe 4) components are more sensitive to the lateral arrangement of the
phospholipids than to their chain length.
~ NpspdVpspdNa Effect of the Phospholipid Polar Hea®PPC, DPPE, and
Npspc= M,, ®) DPPS were used to study the ability of surfactin S15 to insert
into a lipid monolayer differing only by the phospholipid polar
whereAs, AL, Appi, and Apspc are the total area occupied by head. These three polar lipids have two saturated chains with 16
surfactin after its penetration into a DSPC monolayer, the available carbon atoms. At pH 7.2, the headgroup of DPPC and DPPE
area of the Langmuir trough, the total area occupied by DSPC bears a positive and a negative charge. However, the steric
molecules spread at the interface, and the mean molecular are&indrance is less important for the DPPE molecules. At the same
occupied by DSPC at the transfer pressure (using compressiorPH, DPPS has two negative and one positive charge. The presence
isotherm data), respectivelpspcis the number of phospholipid ~ of Na* ions in the subphase may screen the negative charges of
molecules spread at the interfa@spc Vospa Na, andM,, are both DPPS and surfactin, which bears also two negative charges
the concentration and the volume of the DSPC solution that is at the investigated pH. Before the injection of surfactin in the
spread at the interface, Avogadro’s constant, and the molecularsubphasest; = 15 mN/m), the three phospholipid monolayers
weight of DSPC, respectively. are mainly in a liquid-condensed state (Figure 6A).
The theoretical surface coverage of surfactin (TSC) is close Kinetic plots analysis (Figure 6B) shows that the diffusion
to 14% and thus much smaller than the observed surface coveragéime of surfactin to the interface (first region of the kinetic plots)
of dark zones (about 50% of the surface). It means that the darkis delayed when the lipid monolayer is charged, € 1.0 mnm~
zones in the topography image are occupied by surfactin and40 min for DPPC and DPPE and, = 1.0 mnm ~ 65 min for
DSPC molecules. DPPS). This suggests that electrostatic repulsions still exist despite
Taken together, these results show that the penetration powetthe presence of Necations in the subphase. Hence, the shielding
of surfactin and the nanoscale organization of the interfacial of negative charges of both surfactin and DPPS by" Na
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surfactin has a higher penetration power in an uncharged
monolayer than a charged one. Nevertheless, this difference is
much smaller than the one reported by Maget-Dana and?Ptak, Initial surface pressure (mN/m)

who used DMPC and DMPE as zwitterionic phospholipidls ( Figure 8. (A) Surface pressure increase vs time related to surfactin
~ 40 mN/m) and bovine brain phosphatidylserine as a negatively penetration into a DPPC monolayer initially compressed at 15 mN/
charged phospholipidz ~ 14 mN/m) and a subphase without M. (B) Surface pressure increase vs the initial pressure of a DPPC
Na*. Other studies have also shown that an increase in ionic Monolayer. Surfactin concentration in the subphase:x5l8™" M.
strength by added NaCl partially shields the surface potential of Injection at time zero.

negatively charged model membrarig§:38

The kinetic of the penetration process is not influenced by the
polar head nature of phospholipids as reflected by the similar
slopes of the linear part (second region of the kinetic plots) for
the three monolayers.

Figure 7 shows the nanoscale interfacial organization of
surfactin-DPPE and surfacttARDPPS monolayers transferred
at the steady-state surface pressuyésee Table 1B) on a mica
support (LB technique) after surfactin penetration. In the case
of surfactin-DPPS, a phase separation is observed (Figure 7A).
On the basis of another study (data not yet published) on a
premixed surfactin/DPPS monolayer (AFM study), we attribute
the lower level to surfactin-enriched domains and the lighter one
to a phospholipid-enriched matrix. This strong immiscibility
between the two interfacial components is in agreement with
molecular modeling dat& showing a more favorable self-

association of surfactin than its interaction with DPPS. Effect of Surfactin Alkyl Chain and Polar Head. DPPC

The smaller, lighter domains, protruding around 1.3 nm above . . - .
monolayer was used to investigate the penetration properties of

the homc_)geneous_, matrix, were also detect_ed in 6."! indep(_endentboth cyclic (S13, S14, and S15) and linear (S15L) surfactin
preparations. Their regular borders and their specific location on molecules. Pene,tratior,1 profiles (Figure 8A) are identical (sig-

top of the surfactin-enriched domains suggest that they are moidal shape) for all cyclic molecules, and the required time for

multilayers of surfactin rather than impurities. However, it is . A f Lo
. ) observing a significantincrease of surface pressure is quite similar
well-known that AFM images of LB films transferred from a . o .
gtM:l_o mn/m &~ 40 min). This is shorter than the one in the

NaCI-containing_aqueous subphasereveal .usuallysquare domainabsence of lipid films (Figure 2B), suggesting that the presence
(50-100nm) oflighter contrast corresponding to NaCl crystéis. Pf a lipid film at the air-water interface favors cyclic surfactin

Such aggregates were also found in some of our preparations budil‘fusion As for the adsorption experiment, cyclic surfactins
are different from the lighter domains observed in the AFM ' P P ' &Y

images presented in this paper.
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Figure 7. Effect of the phospholipid polar head on the organization Time (min)
of mixed surfactin/phospholipid monolayers. AFM height images R, 4
(Z-range: 3 nm and image size: /&n x 5 um) of mixed films .
obtained after penetration of surfactin S15 in phospholipid monolayers &
(A: DPPS and B: DPPE), initially compressed at 20 mN/m. Lighter 2 20
levels in the images correspond to higher height. T %
S
F 2
cations is not complete. This correlates with the difference s |,
between exclusion pressures of zwitterionic and negatively £ v
charged monolayers§=43.1,43.0,and 39.1 mN/m for DPPC, 2
DPPE, and DPPS, respectively) (Figure 6C), meaning that E :
E 0
@

An AFM image of surfactin- DPPE system shows some small,
deep domains flanked by light spots and surrounded by a
uniformly higher matrix (Figure 7B). Considering the previous
results, domains can be suggested to be surfactin and spots to
be surfactin multilayers. Comparison of the surface coverage of
the lower domains with the theoretical value (egs52 shows
that the uniform matrix is not only composed of phospholipids
but probably corresponds to a DPPE-rich phase including some
surfactin molecules. This means that specific interactions between
surfactin and DPPE are created. Conformational accommodations
between the cone-shape of DPPE and the inverted cone-shape
of surfactirf! as well as the ability of both DPPE“> and
surfactirt®4’ polar heads to form, respectively, inter- and
intramolecular hydrogen bonds lead us to believe that specific
interactions such as hydrogen bonding could also exist between
PE and surfactin molecules.

(41) Chernomordik, LChem. Phys. Lipid4996 81, 203.
(42) Boggs, J. MBiochim. Biophys. Actd987, 906, 353.

(36) Hauser, H.; Shipley, G. @iochemistryl983 22, 2171. (43) Sen, A, Yang, P. W.; Mantsch, H. H.; Hui, S.-@hem. Phys. Lipids
(37) Agasgsler, A. V.; Tungodden, L. M.glka, D.; Bakstad, E.; Sydnes, L. 1988 47, 109.

K.; Holmsen, H.Biochem. PharmacoR00], 61, 817. (44) Seddon, J. MBiochim. Biophys. Actd99Q 1031, 1.
(38) Quinn, P. J.; Dawson, M. @iochem. J1969 115, 65. (45) Pink, D. A.; McNeil, S.; Quinn, B.; Zuckermann, M Biochim. Biophys.
(39) Deleu, M.; Bouffioux, O.; Razafindralambo, H.; Paquot, M.; Hbid, C.; Acta1998 1368 289.

Thonart, P.; Jacques, P.; BrasseurL.Bngmuir2003 19, 3377. (46) Bonmatin, J.-M.; Genest, M.; Labjié.; Ptak, M.Biopolymersl994 34,

(40) Van Mau, N.; VieV.; Chaloin, L.; Lesniewska, E.; Heitz, F.; Le Grimellec, 975.
C. J. Membr. Biol.1999 167, 241. (47) Nicolas, J. PBiophys. J.2003 85, 1377.
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Figure 9. Effect of the surfactin nature on the organization of mixed
surfactin/DPPC monolayers. (AD) AFM height imagesZ-range:

3 nm and image size: &m x 5um) of mixed films obtained after
surfactin penetration (A: S13; B: S14; C: S15; and D: S15L) in
a DPPC monolayer, initially compressed at 20 mN/m. Lighter levels
in the images correspond to higher height-f Section analysis
obtained from the images (white line) (E: S13; F: S14; G: S15;
and H: S15L).

with longer fatty acid chains induce higher surface pressures.

The surface pressure increastsr) versus initial surface
pressurest;) plots show that, whatever the initial surface pressure
ofthe DPPC monolayer, lipopeptides with longer fatty acid chains
induce a higher surface pressure increase (Figure 8A). Conse
quently, the more hydrophobic the surfactin, the higher the
exclusion pressurett = 35.3, 38.8, and 43.1 mN/m for S13,
S14, and S15, respectively) (Figure 8B).

The shallower slope of thAz — time curve in the case of
S15L as compared with S15 suggests that linear surfactin is
slower to incorporate into a DPPC monolayer than cyclic surfactin
(Figure 8A). The lower penetration of linear surfactin into model
membranes is confirmed by the lower surface pressure increas
induced. This is in accordance with the significantly lower
exclusion pressure displayed by the linear molecule< 25.2
mN/m for S15L vs 43.1 mN/m for S15) (Figure 8B).

The mixed surfactin DPPC films were stabilized at the
maximal surface pressureq: Table 1C) before being transferred
for AFM analysis. The AFM topography images obtained for the
cyclic surfactin/DPPC systems (Figure 9&) show phase

separations in the form of small irregular aggregates embedded

in a continuous matrix. On the basis of the above results, lower

Eeman et al.

and higher levels can be attributed to surfactin- and DPPC-
enriched phases, respectively. Surprisingly, the step height
between the domains increases with increasing lipopeptide chain
length Ah = 0.7, 0.9, and 1.2 0.1 nm for systems involving
S13, S14, and S15, respectively) (Figure-9B). If we assume
that the average height of the DPPC-enriched phase remains
constant after surfactin insertion, differences in step height can
be attributed to surfactin conformation changes. In this case, the
surfactin with a longer alkyl chain should present a lower step
height with respect to DPPC. Our results show the opposite
trend. In accordance with the study of Gallet efélising a
molecular modeling approach, we suggest a folding of a surfactin
fatty acid chain on the peptide ring. This folding is probably
governed by hydrophobic interactions between the aliphatic chain
and the hydrophobic amino acids of the surfactin cycle as this
effect is more pronounced for longer lipopeptide chains. Such
molecular arrangements can explain the better conformational
stability of the more hydrophobic surfactins when they adsorb
at an air-water interface.

The alteration of DPPC molecule arrangements into DPPC
richer regions by insertion of surfactin could also be assumed.
Inthis case, a perturbation of their tight packing and, consequently,
a modification of their vertical orientation could explain the
higher step height observed. However, Deleu éaave shown
that surfactin prefers to self-associate than to interact with
phospholipids. Another study (data not yet published) has also
shown that only the borders of DPPC-rich regions comprise
surfactin molecules. The average height of the domains is then
not significantly affected.

The AFM topography image obtained after penetration of the
linear surfactin into a DPPC monolayer shows a similar phase
separation to the one observed with natural cyclic surfactin (Figure
9C,D). The step height between surfactin- and DPPC-enriched
phases, however, decreases notably when the peptide cycle is
linearized despite having the same number of carbon atoms in
the lipid chain Ah = 0.9+ 0.1 for S15L vs 1.2t 0.1 nm for
S15) (Figure 9G,H). If we assume that the change of surfactin
structure does not affect DPPC arrangement, the step height
results together with the slight difference of interfacial molecular
area suggest that linear and cyclic molecules adopt different
conformations at the interface. Both the interfacial arrangement
of the linear peptide moiety and the folding of the fatty acid
chain could be affected by the linearization of the peptide cycle.
The more hydrophilic nature of the linear molecule, due to the
existence of an extra hydroxyl group on the fatty acid chain, may
reduce intramolecular hydrophobic interactions and consequently
the folding of the fatty acid chain.

" In summary, surfactin insertion into a DPPC monolayer
strongly depends on both the lipopeptide chain length and the
nature of the surfactin polar head.

Conclusion

This paper shows that the combined use of AFM and the
Langmuir trough technique is a valuable approach to investigate

éhe penetration of lipopeptides into phospholipid monolayers

and their nanoscale organization.

Maget-Dana and Pt&khave shown that insertion of a surfactin
into a lipid monolayer becomes more difficult when the
phospholipid chain length increases. According to them, the
presence of a negative charge on the phospholipid polar head
givesrise to electrostatic repulsions, preventing the peptide cycle
from coming close to the phospholipid headgroups.

(48) Gallet, X.; Deleu, M.; Razafindralambo, H.; Jacques, P.; Thonart, P.;
Paquot, M.; Brasseur, R.angmuir 1999 15, 2409.
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Our study provides insight as to the influence of the foldingisgoverned by theincreased intramolecular hydrophobic
phospholipid nature (chain length and polar head charge) oninteractions with lipopeptide chain length. The delocalization of
surfactin penetration into a lipid monolayer by exploring the the additional OH function on the linear surfactin as compared
nanoscale organization at the interface. This highlights the addedto those of the glutamic and aspartic residues reduces the
importance of surfactin structure on its membrane insertion amphiphilic character of surfactin and consequently its surface
properties. Moreover, this study gives valuable insight into activity and penetration power into lipid membranes.
molecular conformations of surfactin within a lipid matrix. All the results provide new information about the interaction

Although the length of phospholipid acyl chains (DMPC, of surfactin with biological membranes. First, in physiological
DPPC, and DSPC) does not have a significant influence on the conditions, surfactin is able to penetrate into cellular membranes
ability of surfactin to insert in a phosphatidylcholine monolayer, independently of their phospholipid nature: (s higher than the
it modulates the ability of surfactin to perturb the nanoscale estimated lateral pressure of natural bilay8vshich is comprised
interfacial organization of the preexistent phospholipid monolayer between 30 and 35 mN/m). The cyclic nature of the peptide
differently. moiety as well as the fatty acid chain length play a considerable

The surfactin penetration is not significantly affected by the role in the lipopeptide activity. Second, negatively charged
presence of electrostatic repulsions in the phospholipid monolayerphospholipids promote immiscibility of surfactin into the lipid
(DPPS) and by the size of the polar headgroup (DPPE and DPPC)matrix. They are thus in favor of surfactin self-assembly formation,
The addition of Na ions in the subphase inhibits the charge Wwhich is the basis of pore-forming activity. For this reason, we
effect during the penetration process as also evoked by Maget-suggest that surfactin, as for other antimicrobial peptfdes,
Dana and Pta® for Ca2* ions. The presence of salt may also exhibits a target selectivity behavior based on the composition
decrease the electrostatic repulsion between the adsorbedf the lipid matrix of the target cell. In particular, the lipopeptide
molecules and consequently favor hydrophobic interacttdns. could display a high pore-forming activity for membranes with
This suggests that in the presence of salt, the penetration procesa considerably high amount of anionic lipids, such as bacterial
is mainly governed by hydrophobic interactions between the membranes, aged blood erythrocytes, and some cancer cells.
fatty acid chain of surfactin and the phospholipid chains. However,  In future studies, it would be interesting to investigate the
the topography AFM images obtained for these systems indicatepenetration of surfactin in more complex model monolayers
that the presence of a negative net charge in the phospholipidincorporating other important lipids of cell membranes such as
monolayer promotes the immiscibility between the interfacial cholesterol and sphingomyelin, which are involved in lipid raft
components. formation in biological membranés Other techniques such as

The length of the lipopeptide chain and the nature of the peptide quartz crystal microbalance with dissipation monitoring (QCM-
moiety influence both surfactin adsorption onto a monolayer D) and isothermal titration calorimetry (ITC) could be also very
free interface and surfactin penetration into a lipid film. On the useful to quantify the interactions between surfactin and such
basis of changes to surface pressure and exclusion pressure valueglodel membranes.
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