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Abstract

Erudites of the antiquity already knew the calming effect of oil films on the sea waves. But one had to wait until 1774 to
read the first scientific report on oil films from B. Franklin and again 1878 to learn the thermodynamic analysis on
adsorption developed by J. Gibbs. Then, in 1891, Agnes Pockels described a technique to manipulate oil films by using
barriers. Finally, in 1917, 1. Langmuir introduced the experimental and theoretical modern concepts on insoluble
monolayers. Since that time, and because it has been found to provide invaluable information at the molecular scale, the
monolayer technique has been more and more extensively used, and, during the past decade, an explosive increase in the
number of publications has occurred. Over the same period, considerable and ever-increasing interest in the antimicrobial
peptides of various plants, bacteria, insects, amphibians and mammals has grown. Because many of these antimicrobial
peptides act at the cell membrane level, the monolayer technique is entirely suitable for studying their physicochemical and
biological properties. This review describes monolayer experiments performed with some of these antimicrobial peptides,
especially gramicidin A, melittin, cardiotoxins and defensin A. After giving a few basic notions of surface chemistry, the
surface-active properties of these peptides and their behavior when they are arranged in monomolecular films are reported
and discussed in relation to their tridimensional structure and their amphipathic character. The penetration of these
antimicrobial peptides into phospholipid monolayer model membranes, as well as their interactions with lipids in mixed
films, are also emphasized. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last decade, several reviews have been de-
voted to antimicrobial peptides [1-18] isolated from a
wide variety of bacteria [9,19,20], plants [14], insects
[3,5], amphibians [1] and mammals including humans
[11], that is indicative of a growing interest in these
compounds.

Table 1 lists some representative antimicrobial
peptides of various origins. The upper part of Table
1 is devoted to host defense (also called immunogen-
ic) peptides either induced in the insect hemolymph
after septic injury, such as defensin A, or produced
constitutively, such as frog skin magainins, androc-
tonin or mammalian defensins. The second part of
Table 1 concerns peptides generally known as toxins
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Table 1
Main characteristics of some antimicrobial peptides [21-33].
Peptide Primary sequence (a) (b) (c) (d) Origin References
Androctonin RSVCR QIKIC RRRGG CYYKC | +8 | 1.08 | 2 | B-hairpin | Androctonus australis [21]
TNRPY (scorpion hemolymph)
Defensin A ATCDL LSGTG INHSA CAAHC | +3 | 0.6 3 CSafy | Phormia terranovae [22, 23]
LLRGN RGGYC NGKGV CVCRN (fleshfly larvae hemolymph)
Magainin 1 GIGKF LHSAG KFGKA FVGEl | +3 | 053] 0 o-helix | Xenopus laevis [24]
MKS (frog skin)
Rat Defensin VTCYC RSTRC GFRER LSGAC +7 10.68 | 3 -sheet | rat neutrophils [25]
(RatNP -2) GYRGR IYRLC CR
Melittin GIGAV LKVLT TGLPA LISWI +5 | 0.86 0 o-helix | Apis mellifera [26]
KRKRQ Q (honey bee venom)
Bombolitin 11 IKIMD ILAKL GKVLA HV +2 0.54 0 a-helix Megabombus pennsylvanicus [27]
(bumblebee venum)
Cardiotoxin | LKCNQ LIPPF WKTCP KGKNL | +10 {093 | 4 B-sheet | Najamo. mossambica [28]
CYKMT MRAAP MVPVK RGCID (cobra venom)
VCPKS SLLIK YMCCN TNKCN
Nisin Z S Sy S Lactococeus lactis [29, 30]
IOAIU LAA'PG AKA'GA LMGAN | +3 | 0.31 1; B-turns
| — S - »
MKA'AA" AHASI HVUK
[ N—
& Lysin f MAQDI ISTIG DLVKW IIDTV +1 1086 | O o-helix | Staphylococcus aureus [31]
NKFTK K
Gramicidin A | f XGALA VVVWL WLWLW Et 0 1007] O o-helix | Bacillus brevis [32, 33]

A A=lanthionine; A A"=3 methyllanthionine; Et=ethanolamine; f=formyl; O=dehydrobutyrine; U=dehydroalanine; X=V or I;

LSJ LSJ .

CSaf3= cysteine stabilized aff motif; bold letters: charged residues; (a) net charge at pH 7; (b) Polar/nonpolar amino acid ratio; (c)

of disulfide bonds; (d) Predominant secondary structure.

and characterized by a high lytic activity. All these
compounds possess the following features in com-
mon: (1) they have a small molecular weight (less
than 7000 kDa); (2) they are cationic; (3) they are
amphiphilic, as attested by the value of the polar/
non-polar amino acid ratio which, apart for nisin
Z, varies from 0.5 to 1.2; and (4) they have the
capacity to adopt a secondary structure: linear pep-
tides, such as magainins, melittin or &-lysin, adopt an
amphiphilic o-helical conformation; the others, such
as defensins, cardiotoxins or nisins possess several
disulfide bridges (or lanthionine bonds) that stabilize
a rigid structure. Finally, at the bottom of Table 1
we find gramicidin A, a bacterial antibiotic better
known as an ionophoric agent, which is a highly
hydrophobic compound devoid of charged residues,
unlike the above-mentioned peptides.

These antimicrobial peptides are known to act at
the membrane level of the sensitive cells and their

number

biological activity appears to be directly related to
their sequence and structural characteristics. Their
amphipathy allows them to be both soluble in an
aqueous medium such as the extracellular medium
and to diffuse towards polar/apolar interfaces such
as the extracellular medium/cell membrane interface.
Another consequence of their amphipathy is their
natural tendency to self-associate. Melittin, although
very soluble in water (up to 250 mg/ml [2]) undergoes
a monomeric/tetrameric transition depending on
ionic, pH and concentration conditions [34]. Magai-
nins are monomeric up to 10 mM because they are
structureless below this concentration [35], but they
polymerize in filaments at higher concentrations [36].
Similarly &-lysin [37,38] and bombolitin III [39] pre-
cipitate in large aggregates. Human o-defensins exist
as dimers [10] and the insect defensin A was also
found to be self-associated in aqueous solutions [40].

Being highly cationic, antimicrobial peptides inter-
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act preferentially with acidic lipids which are partic-
ularly abundant in bacterial membranes [41]. It has
therefore been suggested that differences in the
amount of acidic membrane phospholipids play a
major role in sensitive cell specificity [42]. In partic-
ular, antimicrobial peptides bind to lipopolysaccha-
rides on the outer membrane of Gram-negative bac-
teria, leading to the disruption of this first barrier
[43]. However, the killing event for both Gram-neg-
ative and Gram-positive bacteria is the permeabiliza-
tion of the cytoplasmic membrane induced by the
formation of voltage-dependent channels, as demon-
strated with numerous peptides such as mammalian
defensins [44], insect defensins [45], magainins [46],
melittin [47] and nisins [48]. In the case of linear
peptides, channels within the cytoplasmic membrane
are thought to be made of bundles of a-helices [13]
whereas, for B-sheet peptides, dimer associations may
be the basis of the channel structures [49]. The hy-
drophobic gramicidin A forms helical dimer channels
specific for the transport of monovalent cations
across membranes [50-52].

The amphipathic character of antimicrobial pep-
tides makes them surface-active products and as their
biological activity occurs at lipid membrane interfa-
ces, the monolayer technique is entirely suitable to
study their physicochemical and biological proper-
ties.

In this review, we will describe some aspects of this
technology by focusing on the procedures needed to
investigate a particular property or phenomenon,
such as adsorption of amphipathic peptides at the
air/water interface, their behavior when arranged in
a monomolecular film, how they penetrate into a
phospholipid monolayer taken as a membrane model
and finally their interactions with lipid molecules in a
mixed peptide-lipid monolayer. Each procedure will
be illustrated with examples of investigations per-
formed on some antimicrobial peptides.

2. Elementary notions of surface chemistry

In the following, all the basic notions concerning
surface chemistry are based on the book by Adam-
son [53] and by that of Gaines [54], still considered as
the bible for research workers in the field of mono-
molecular films.

2.1. Interfaces

‘Interfaces’ refers to the boundary regions between
two phases in equilibrium, liquid-liquid, liquid-gas-
eous, liquid-solid or solid—solid phases. Our purpose
will be restricted here to liquid—gaseous interfaces. At
an interface, there is a transition between the com-
position and properties of the two bulk phases which
it separates. This transition is not more than one or
two molecules deep in thickness [55] and constitutes
the interfacial region. To analyze the situation within
the interfacial region, Gibbs [56] introduced an imag-
inary mathematical dividing surface (Fig. 1a), and in
this reference system it is assumed that all the exten-
sive properties (energy, entropy, composition, etc. )
are unchanged up to the dividing surface. Thus, in
the real system, there will be an excess quantity (pos-
itive or negative) of these various properties as com-
pared with the reference system.

2.2. Surface tension

The mathematical treatment given by Gibbs [56]
indicates that for any variation from equilibrium at
a plane and fluid interface:

dU =TdS+ Y u; dny—PdV + y ds (1)

where U is the internal energy of the system, S is the
entropy, 4; and n; are the chemical potential and the
mole number of component i, respectively, s is the
total interfacial area and ¥ is the surface tension of
the interface.

Since the Gibbs free energy G= U—TS+PV, it fol-
lows that, at constant P and using the surface excess
quantities:

dG™ = =S™dT + > p; dnf* + y ds (2)
and
y = 1dG™/ds| 1 p, (3)

In the case of a pure liquid in equilibrium with its
saturated vapor, the surface tension is also equal to
the surface excess of the Helmoltz free energy
(F=G—PV) per unit area:

Yo =Fg'/s
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Fig. 1. Notions of surface chemistry. (a) Interface: actual system with an interfacial region between two phases (left) and reference
system with the imaginary dividing surface according to Gibbs theory (from [54]). (b) Surface tension: the movable rod is put on the
frame. When the film is broken on the right side of the frame, the rod covers the distance dx in the direction of the arrow, under the
action of surface tension. (c) Wilhelmy plate: P is the weight of the thin plate, 4 is the Archimedes buoyancy, ¥ is the surface tension
and 0 is the contact angle of the plate with the liquid surface. (d) Ionizing electrode method for measuring surface potentials. G, gal-
vanometer; T, trough in which interfacial experiments are performed; the reference electrode is immersed in the subphase.

To illustrate (Fig. 1b) the notion of surface ten-
sion, let us consider a wire frame dipped in a soap
solution and then removed: a soap film is stretched
over the frame. Then place a light rod across the
frame and break the film on one side of the rod:
the rod moves towards the film side under the action
of a capillary force, tangent to the film surface, per-
pendicular to the movable rod and proportional to
the length, /, of the rod. Then the work done in
extending the movable rod a distance dx is:

work =y 1dx

The surface tension is then a force per length unit,
expressed as N/m. As an example, the surface tension
of pure water, 3 =72.75 mN/m [57].

2.3. Adsorption

The properties of an interface will be affected by
changes in either of the two phases involved and
especially by the presence of solutes in the liquid
phase. Lipids, polymers, proteins... are called biosur-
factants because, like soaps, they are interfacially
active materials, i.e. substances able to adsorb at
interfaces. These amphipathic compounds are asym-

metrical molecules which have a great tendency to be
oriented at the interface so as to provide the most
gradual possible transition from one phase to the
other. A molecule will be adsorbed from solution
at an interface if the energy exchange with the sur-
face overcomes the increase in free energy which ac-
companies the removal of the molecule from the sol-
ution.

By integration and total differentiation of Eq. 1 we
obtain, at constant P, the surface analog of the
Gibbs-Duhem equation in bulk:

ST+ n*dp;+sdy =0 (4)

At constant temperature and defining the surface
concentration of component i,

I'i=n"/s

Zridﬂi-f—dyzo

For a two-component system (solvent:component
I+solute:component 2),

dy +I'duy +I'dp, =0

It is always possible to place the dividing surface
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in such a position that the surface excess of solvent
vanishes (17 =0), then,

dy = —I>dus

with 1 =p3+RT In ay (a» being the activity of the
solute and 49 the standard chemical potential of the
solute)

I'y =—1/RT (dy/dlna,)

If the solution is dilute enough so that the behav-
1or is ideal, then the volume concentration, C, of the
solute is proportional to the activity, and:

I'=—1/RT (dy/dInC) (5)

This is the Gibbs adsorption isotherm widely used
in evaluating the extent of adsorption of surface-ac-
tive compounds in dilute solutions, from surface ten-
sion measurements. This relation shows clearly that
if there is adsorption (that is to say a positive excess)
of the solute at the interface, the surface tension of
the solution decreases. The difference,

T = Ysolvent — ¥ solution

is called surface pressure of the film formed by the
adsorbed molecules.

2.4. Surface pressure measurements

A fluid interface, such as air/water interface, has
the advantage of being a plane interface, the change
in interfacial free energy of which can be obtained by
a simple measurement of surface pressure.

Herein, we will describe only the Wilhelmy method
which is the most commonly used to measure surface
pressure of plane and fluid interfaces. A thin plate,
usually made of glass, mica or platinum, is partially
immersed in the liquid phase and is connected to an
electromicrobalance. The forces acting on the plate
are its weight P and surface tension effects down-
ward, and Archimedes buoyancy A upward (Fig.
Ic). The net downward force is:

F=P+2y(w+t)cos6—A4

where w and ¢ (¢t < w) are the width and the thickness
of the plate, respectively, and 6 is the contact angle
of the liquid with the solid plate. If the plate is com-
pletely wetted (platinum offers the advantage that
flaming not only removes contaminants but also ren-

ders the plate wettable) the contact angle 6=0 and
cos@=1, so that,

F=P+2yw—A4

When the composition of the interface varies, P
and A (provided the plate is maintained in a fixed
position) stay constant, then,

AF = ZW( 7/solution_7water> =—2wrm
and
T =—AF/2w

2.5. Surface potential

As seen above, there is a tendency for molecules
near the liquid surface to have a specific orientation.
The orientation of water molecules, which behave as
dipoles, produces an asymmetrical field near the sur-
face. Spreading a monolayer on a clean water sur-
face, will produce a change in the orientation at the
interface and then a change in the nature of the
electrical field. The difference, AV, in surface poten-
tials between that for the aqueous phase and that for
the film covered phase, is attributed to the film. AV is
called surface potential or ‘Volta potential’ and is
also defined as the work required to bring a unit
charge from infinity just up to the phase. A qualita-
tive interpretation of AV is generally given in terms
of analogy with a condenser: a polarized molecule
with an effective dipole moment' M =qd is similar to
two conducting plates separated by a distance d and
enclosing a charge density ¢. Then, the potential dif-
ference AV is given by

AV =4dnqd/e

where € is the dielectric constant.
If there is an array of n dipoles by area unit,

AV:47TI1MJ_/8

where M is the normal component of the dipole
moment to the surface.
There are several contributions to AV: (1) the

1 The dipole moment is expressed as Debye (D). As an exam-
ple, the dipole moment of the peptide unit in an o-helix is 3.6 D
[58].
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Fig. 2. Adsorption of peptides at the air/water interface.
(a) Time dependence of defensin A adsorption (Az*W versus f)
plot. The defensin A concentration is 4X 107 M(res) in 30
mM Tris-Cl, pH 7.4; T=20°C. Defensin A was added at the
arrow. (b) Corresponding kinetics plot according to Eq. 8 [66].

change induced by the reorientation of the water di-
poles in the presence of the film forming molecules;
(2) the dipoles of the film forming molecules, namely
that of the polar group and that of the alkyl part,
which can be located in different dielectric constant
media [59]; then,

AV =4r) (n M /¢)

(3) we have seen that most of the antimicrobial pep-
tides are positively charged molecules. Therefore
there is an additional contribution to AV due to
the Gouy—-Chapman electrical double layer, arising
from the charged monolayer and the counter-ions
in the subphase solution.

The surface potential at a liquid interface is then
given by:

AV =4r> (nMy/e)+ ¥, (6)

where the first term is the conventional surface dipole
moment expression for uncharged monolayers and
Y represents the potential difference (due to the
double layer) between the surface and the bulk of
the subphase solution. The subscript 0 means that
Y is the potential at the distance x=0 from the
interface.

The relevant principles of membrane electrochem-
istry are well described in [60].

2.6. Surface potential measurements

Surface potential measurements can be accom-
plished either by the ionizing electrode method or
by the vibrating plate method. The first method in-
volves ionization of the air above the film, so that it
becomes conducting. The potential difference be-
tween two electrodes, one in the aqueous subphase
and the other in the air above the surface, can then
be measured directly. The ionization in the air above
the film is produced by coating the air electrode with
an o-emitter, such as polonium or americium. The
reference electrode placed in the bulk subphase can
be an Ag-AgCl electrode. The gap between the ra-
dioactive electrode and the liquid surface (~5 mm)
is generally sufficiently conducting that AV can be
measured by means of a high impedance (10! Q)
voltameter. The principle of this method is shown
in Fig. 1d.

In the vibrating plate method, the radioactive elec-
trode is replaced by a vibrating electrode which con-
stitutes one of the plates of a condenser, the second
being the surface of the aqueous subphase. The alter-
nating signal, generated across a resistance when the
plate is vibrated rapidly, is detected using a high-gain
amplifier.

3. Adsorption of antimicrobial peptides at the
air/water interface

The adsorption of peptides at the air/water inter-
face is therefore currently monitored by following the
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increase in surface pressure as a function of time, as
exemplified in Fig. 2a in the case of defensin A. The
rate of adsorption is regulated by the rate of diffu-
sion of the peptide molecules from the bulk solution,
at a peptide concentration C, up to the subsurface
close to the interface at zero peptide concentration.
This first step is promoted by the concentration gra-
dient of peptide molecules in the early stage of the
process [61,62]. The diffusion rate of peptide mole-
cules towards the interface can be described by [63]:

I =2C(Dt/3.14)!/? (7)

where D is the diffusion coefficient and I the surface
concentration of the peptide at time 7. To give an
order of magnitude, the D values are 9.5Xx107°
and 3.5x 107> cm?/min. for the a-helical (LKKL)4
and the B-sheet (LK)g model peptides, respectively
[64]. As stated above, there is initially no energy
barrier to adsorption and the rate of arrival of mol-
ecules at the air/water interface is diffusion-con-
trolled, therefore # and I" change at the same rate
and the measurement of 7 as a function of time
allows the adsorption kinetics to be determined by
applying the following first-order equation [65]:

In[(7w—1,)/(T—my)] = —Kt (8)

where 7., m, and m are the surface pressures at the
plateau, at time ¢ and at zero time and K is the rate
constant. (7. —m) called A72Y, is the maximum in-
crease in surface pressure induced by the adsorption
of a peptide (at a given concentration) at a clean air/
water interface. As seen in Fig. 2b, in the case of
defensin A the plot presents a slope change defining
two rate constants K;=6X1072 min~! and
K>=4x10"2 min~! [66] values in the range of those
found for various other proteins [65,67].

The surface activity of antimicrobial peptides is
influenced by conformational factors, such as amphi-
pathic structure, molecular size, molecular flexibility
and net charge.

3.1. Influence of the primary sequence

The amphipathic character of a given peptide is a
consequence of its amino acid sequence. As seen in
Table 1, melittin and 8-lysin possess a highly asym-
metrical polar/non-polar amino acid distribution
with a cluster of six polar (including four cationic)

W
o

Increase in surface pressure (mN/m)

0 *~—| ——f—————
0 5 10 15 20 25
Peptide concentration (1 0"°M residues)

Fig. 3. Adsorption of some antimicrobial peptides at the air/
water interface. Maximum increase in surface pressure (AmW)
versus peptide concentration in the subphase. X, melittin in
0.145 M NaCl pH 5.6 (data from [73]); 4, defensin A in 30
mM Tris buffer pH 7.6, 0.1 M KCl, T=20°C (data from [66]);
@, androctonin in 10 mM Tris buffer, pH 7.4, 0.1 M NaCl,
T=20°C (unpublished results); m, cardiotoxin isolated from
Naja naja oxiana in 0.1 M KCI (data from [69]); +, &-lysin
(composition of the subphase unspecified) pH 6.8, 7=22°C
(data from [82]).

amino acids at the C-terminus in the case of melittin.
On the contrary, non-polar amino acids are distrib-
uted all along the sequence of defensin A, bombolitin
or cardiotoxin. As for androctonin, which possesses
a high content in polar, including eight cationic, res-
idues, it is an only slightly amphiphilic peptide, and,
as shown in Fig. 3, it exhibits a very low surface
activity. The influence of the primary sequence of
antimicrobial peptides upon adsorption is well dem-
onstrated in the case of the four cardiotoxins isolated
from Naja mossambica mossambica, the sequence of
which does not differ to a great extent [28]. Bougis et
al. [68] have shown that, for the same concentration,
6X 107> M(res)’ in the subphase, the surface pres-
sure increase varies from 6 mN/m for CTX II and
CTX HI to 9 mN/m for CTX IV and to 11 mN/m for
CTX III RM. In the same way, Ksenzhek et al. [69]
indicated that the N-acetylated toxin is more surface

2 In order to compare the properties of the various antimicro-
bial peptides, all the concentrations will be expressed as mole of
amino acid residue, i. e. M(res).
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active than the native cardiotoxin from Naja naja
oxiana. Antimicrobial peptides are polyelectrolytes
and the presence of cationic residues might have a
great influence on their adsorption behavior. In spite
of this, Schroder et al. [70] have found an unchanged
surface activity upon removing the hydrophilic and
highly cationic (21-26) hexapeptide to the native me-
littin. However, it is likely that, although the adsorp-
tion extent remains the same, the adsorption kinetics
changes in the absence of repulsive forces arising
from the charged residues. Nevertheless, the
Schréder finding indicates that, as a first approxima-
tion, the energy of adsorption would be determined
primarily by the non-polar amino acid residues.

3.2. Influence of the tridimensional structure

The molecular size of peptides depends not only
upon their sequence length, but mainly upon their
tridimensional structure in solution (see in Fig. 4
the tridimensional structure of some antimicrobial
peptides). In aqueous solution, the melittin monomer
adopts a predominantly random-coil structure,
whereas the tetramer is rich in o-helix [71]. In the
tetrameric form, melittin has the conformation of a
bent o-helical rod which exhibits a distinctive orien-
tational segregation of hydrophilic and hydrophobic
side chains, the latter being oriented mainly towards
the inside of the helix bend [72]. The strong surface
activity of melittin [73] can be therefore related
mainly to its tridimensional structure as an assembly
of amphipathic a-helices. Cardiotoxins, mammalian
defensins or insect defensins are compact molecules
rigidified by disulfide bridges which generally fold in
such a manner that hydrophobic patches are created
at the surface of the molecule. Cardiotoxins are able
to adopt a three-fingered B-strand structure which
presents an important hydrophobic region located
at the tip of loop 1, in the middle of loop 2 and
along a portion of loop 3 [74,75]. The structure of
mammalian defensins, such as HNP-3, is dominated
by a three-stranded antiparallel B-sheet self-associ-
ated as an amphipathic dimer [49]. Defensin A con-
sists of three distinct domains: a N-terminal flexible
loop, a helical fragment connected via two S-S
bridges (16-36, 20-38) to an antiparallel two-
stranded B-structure, the overall fold being stabilized
by a third (3-30) S-S bridge. At the surface of the

structured defensin A molecule, three hydrophobic
patches are visible [23]. Conversely, the twisted B-
hairpin structure of androctonin presents, mainly at
the C-terminus, hydrophobic zones of only reduced
stretch [76] and, as a result, it exhibits a low surface
activity.

3.3. Unfolding of antimicrobial peptides upon
adsorption at the airlwater interface

Molecular flexibility is also an important factor for
protein or peptide adsorption since, unlike other sur-
factants, these molecules tend to unfold at the inter-
face, mainly at low surface pressures, in such a man-
ner that their conformation is consistent with the
maximum lowering of the surface free energy. Such
a conformation will allow the maximum number of
hydrophilic side groups to be oriented into the sub-
phase and most of the hydrophobic ones to be pro-
jected away from the aqueous phase. It is generally
admitted that secondary structures (o-helices and B-
sheets) are preserved in the course of protein adsorp-
tion at the air/water interface [77]. This assumption
has been demonstrated by spectroscopic analysis of
transferred o-helical and B-sheet polypeptide mono-
layers by the technique of Langmuir-Blodgett [78].
Therefore, it is likely that melittin amphiphilic o-heli-
ces are adsorbed at the air/water interface without
noticeable unfolding. Conversely, the CD spectrum
recorded for defensin A transferred monolayers in-
dicates a loss in the o-helix content (7%) as com-
pared to that (20%) found in solution [79]. As a
matter of fact, although the defensin A structure is
rigidified by three disulfide bridges, it possesses a
flexible N-terminal loop (residues 4-14) able to un-
fold at the air/water interface and containing one of
the hydrophobic regions [23]. According to the pro-
tein adsorption model of MacRichtie [62] and as
suggested by the sigmoidal aspect of the (AzAV—r)
plot (Fig. 2a), the defensin A adsorption may be a
cooperative process, the adsorption of one hydro-
phobic patch being the first step leading other hydro-
phobic parts of the peptide up to the interface.

The complete denaturation of d-lysin in concen-
trated urea leads to a very high adsorption [80] prob-
ably because, in the absence of structural constraints,
most of the amino acid residues are located at the
interface.
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Fig. 4. Tridimensional structure of some antimicrobial peptides. Hydrophobic potential surfaces MOLCAD (Sybyl-Tripos, Saint-Louis,
MO, USA): from blue (hydrophilic) to brown (hydrophobic). Orthographic views of: (a) androctonin, Protein Data Bank ID code 1
CZ6 [76]; (b) cardiotoxin from Taiwan Cobra (Naja Naja Atra), Protein Data Bank ID code 2 CDX [75]. Note the three loops in the
tube representation; (c) defensin A, Protein Data Bank ID code 1 ICA [23]; (d) melittin, Protein Data Bank ID code 2 MLT (M.
Gribskov, L. Wesson, D. Eisenberg, 1990). Note the bend of the a-helix and the high hydrophilicity of the C-terminal part.

«—

3.4. Influence of the subphase bulk composition

The adsorption of proteins or peptides from solu-
tion to interface is influenced by variables such as
concentration, ionic strength, pH and temperature
[81]. The influence of the peptide concentration in
bulk upon adsorption is shown in Fig. 3 for some
antimicrobial peptides at comparable ionic strength.
The plateau in the (Ar2WV—C) plot corresponds to the
saturation of the interface by the adsorbed peptides.
The higher the pressure value at the plateau, the
greater the surface-active properties of the peptide.
We can see that the amphipathic helices, melittin and
O-lysin, are the most surface active and, conversely,
the very hydrophilic androctonin is the least active in
this concentration range. Increasing the bulk peptide
concentration also favors self association. In the case
of &-lysin [82], the adsorption enhancement up to
107> M(res) (Fig. 3) may correspond to the forma-
tion of amphipathic aggregates. Colacicco et al. [80]
reported a very low adsorption of d-lysin when dis-
solved in distilled water (A72Y <1 mN/m at
C~8X107% M(res)) as compared to the value
reached in a buffer subphase. Likewise, increasing
the ionic strength of the subphase results in an en-
hancement of both the adsorption rate and the extent
of the defensin A adsorption [66]. The adsorption of
charged peptides is maximum when the subphase pH
is near their isoelectric point, thus avoiding electro-
static repulsion between already adsorbed peptides
and peptides in solution.

4. Spread monolayers of antimicrobial peptides at the
air/water interface

Another way to obtain a peptide film is to spread a
peptide solution at the air/water interface. Con-
versely to monolayers resulting from adsorption
and which are in equilibrium with molecules in the
bulk phase, spread monolayers are in a metastable

state. Peptides are generally spread by carefully add-
ing a small amount of a concentrated aqueous solu-
tion at the air/water interface, with a microsyringe.
Our personal method is to dilute the aqueous peptide
solution with a given amount of a volatile solvent
(hexafluoroisopropanol) miscible with water. The
surface area to volume ratio of the trough must pref-
erentially be higher than 1 cm™!.

Owing to the high hydrosolubility of most anti-
microbial peptides, the hypothesis of a total absence
of desorption of the spread peptide into the sub-
phase must be verified. Schwartz and Taylor [83]
have elaborated a pertinent thermodynamic analysis
to evaluate the partition of a spread peptide between
the monolayer and the subphase. In each experi-
ment the surface pressure, m, is measured with a
given amount, ns, of spread peptide for a gradual-
ly decreasing trough area, s. A series of & versus s
isotherms are recorded using a number of suf-
ficiently different values of ns. Then pairs of ng
and s taken from all the available isotherms at the
same surface pressure are collected. Because of mass
conservation, these quantities must obey the rela-
tion:

ng=Is+VC 9)

where I'is the surface concentration of the peptide, V'
is the volume of the subphase and C is the peptide
concentration in the subphase.

Thus, plotting ng as a function of s gives a straight
line with a slope equal to I', and C can be determined
from the intercept with the ordinate. From this anal-
ysis it is possible to show clearly any peptide desorp-
tion from the spread monolayer.

4.1. General properties of spread monolayers [53,54]

The main parameters which characterize the film
state of a given substance spread on an aqueous sub-
phase are the temperature 7, the surface pressure 7,
the surface area and the number of molecules, these
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Fig. 5. (a) Schematic representation of a Langmuir balance ex-
periment. B is the movable barrier. The arrow indicates the di-
rection of the barrier when the film is compressed. (b) Com-
pression isotherm of a monolayer: L-E, liquid-expanded state;
L-C, liquid-condensed state; S, solid state; m, collapse pres-
sure; m, transition pressure (at the beginning of the L-E-L-C
transition); A, mean area at m; Ao, limiting area; As, area in
the solid state. The arrow indicates the direction of the com-
pression.

two last parameters being expressed as area per mol-
ecule, 4.

Therefore, at constant 7, an equation of state of
the film has the general form:

r=n(A)r

The surface pressure—area (m—A) isotherm of a mono-
layer constitutes the essential characterization of the
properties of the film although surface potential
measurements, which give information regarding
the orientation of the film constituents, are also usu-
ally performed.

4.1.1. The Langmuir film balance
Surface pressure-area (m—A) isotherms are often

carried out by means of a Langmuir film balance
(Fig. 5a). The original Langmuir method was based
on directly measuring the outward horizontal force
exerted on a floating barrier that divides the film
covered surface from a clean surface. The spread
monolayer can be compressed by means of a mov-
able barrier while the surface pressure and the area
are continuously recorded. Surface potential-area
(AV-A) isotherms are also recorded, usually in con-
junction with (m—A) isotherms. In recent versions the
trough and the barriers are often made of Teflon.
The whole device rests on an antivibration plate
and is placed inside a thermostated box.

4.1.2. States of monomolecular films

In course of the film compression, there is a
change in the molecular packing. The compression
rate must be slow enough to ensure that changes
occur under thermodynamic equilibrium conditions
(in our experiments, spread peptide monolayers
were compressed by means of a step by step motor
at a rate varying between 0.2 and 2 A2/amino acid
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Fig. 6. Compression isotherms of (LKKL)4 (right) and (LK)g
(left) spread monolayers [64]. Inset: corresponding compressibil-
ity coefficient as a function of the area/residue. , (LK)s;
---, (LKKL)4 (unpublished data). Subphase: 0.1 M KCI;
T=20°C.
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residue/min). The variations of the surface pressure
of a film with the area imply some degree of elasticity
of the monomolecular film. The equilibrium elasticity
is related to the compressibility of the film defined by
the compressibility coefficient f=—1/A(dA/dm)r (see
inset to Fig. 6 as an example). Surface pressure—
area isotherms are analogous to three-dimensional
P-V isotherms although the correspondence is not
complete. A schematic representation of monolayer
states is given in the Fig. 5b. When the molecules are
sufficiently far apart for lateral cohesion forces (van
der Waals forces) to be negligible, the film is in the
gaseous state.
The ideal gas film obeys the relationship:

TA=kT

where k is the Boltzmann constant.

In liquid films, there is some degree of cooperative
interaction between molecules. Liquid-expanded (L-
E) films are very compressible and the A4 plot ex-
trapolates at 7=0 to an area called limiting area, Ay.
It is often of interest to calculate Sy = —1/A4¢(0A4/0m)T,
the compressibility coefficient at Ay. In liquid-con-
densed (L-C) films, molecules begin to be close-
packed. There is generally a transition region of
higher compressibility between L-E and L-C states
which begins at the transition pressure m and the
corresponding area A4;. Solid films are characterized
by a low compressibility and the 74 plot extrapo-
lates to zero m at an area, A, near the molecular
cross section. On further compression the film col-
lapses in a three-dimensional state at the collapse
pressure 7, (see Fig. 5b for the definition of the var-
ious parameters).

4.1.3. Equation of state of spread protein or peptide
monolayers [84] and analysis of their m—A
isotherms

The behavior of proteins at interfaces is mainly
determined by their predominant secondary struc-
tures which are mainly a-helix and -sheet. Compar-
ative 1A isotherm characteristics of model peptides
in o-helical, B-sheet and random coil structures have
been described [64,85]. B-Sheet peptides form stable

monolayers in a condensed state which collapse at a

high surface pressure (m. near 50 mN/m) and the

limiting area is between 18 and 25 A2/res 3. Mono-
layers of o-helical peptides are more compressible

and less stable (the collapse pressure ranges generally
between 20 and 30 mN/m) and 4y may reach 50 A%/
res (see Fig. 6).

An equation of state for protein or peptide mono-
layer is obtained by applying the general equation of
state for amphiphiles,

T = Txin + Tel + Zcoh (10)

where 7, arises from the kinetic movement of the
film, m; from the electrostatic repulsion between
charged residues and m, from the van der Waals
forces between the apolar side chains.

Tkin = kT /A (ideal film)

According to the Gouy—Chapman model, the term
T is given by

Yo
7fe1:/ qd'f’
0

where ¢ is the charge density at the interface and ¥,
is the average electrical potential in the plane of
monolayer arising from the polar groups of the
film forming molecules (see Eq. 6).

The quantitative expression of . is derived as
(equation of Davies):

T = 6.1 yc [cosh sinh ™! (134z/4yc)—1] (11)

where ¢ stands for the concentration of monovalent
counterions in the subphase and z = g4 for the num-
ber of charges per spread molecule.

At low surface pressure (7<<1 mN/m) the cohesive
forces are negligible as compared to the term .
Therefore the equation of state for charged peptide
or protein monolayers at low surface pressure be-
comes:

(n—1) (A—ag) = kT (12)

where qy is a parameter named coarea which corrects
for the area actually occupied by a molecule.

From Eq. 12, it can be seen that plotting 74 versus
7 results in a linear relation with a slope ay and
an intercept with the ordinate axis equal to
{me(A—ap)+kT}. At the ordinate intercept, 7—0
and then A4 —the area at the liftoff of the isotherm.

3 The interfacial molecular area of the various peptides will be
generally expressed as A%/amino acid residue, i.e. A%/res.
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When the experimental value found at the ordinate
intercept differs from the theoretical (calculated) val-
ue, this discrepancy is generally attributed to a mo-
lecular aggregation in the film [54] with an aggrega-
tion number n,, = (calculated value)/(value at the
intercept). Applying this method to the (LKKL)4
and (LK)g isopeptides, we concluded that the -sheet
peptide has a higher degree of self association at the
air/water interface than its o-helical isomer [64]. This
finding agrees with the situation encountered in sol-
ution where B-sheet peptides have a greater tendency
than o-helix peptides to form aggregates because the
hydrogen bonds in B-sheet are arranged between one
strand and another with a thermodynamic preference
for the antiparallel structure [86].

According to Birdi [87], it is possible to estimate
the degree of unfolding of proteins at the air/water
interface from their 74 isotherms. He suggested
that the wider the difference between the work of
compression and the work of expansion, the more
important the degree of unfolding of the protein.
This statement is valid provided that no loss of pro-
tein into the subphase occurs in the course of the
compression. It is therefore better to stop the com-
pression well before the collapse of the monolayer
when recording a compression—expansion cycle.

The work of compression (or of expansion) is
given by:

final

W = rdA

initial

4.2. Spread monolayers of gramicidin A and its
analogs

Gramicidin A (GA) monolayers have been studied
by several authors [88-91]. The shape of their com-
pression isotherm (Fig. 7) is consistent with that of
hydrophobic a-helical compounds [92]. At low pres-
sures, gramicidin A forms compressible monolayers
with a limiting area Ay~ 25 A2/res compatible with a
side by side horizontal orientation of the helices. The
1sotherm shows an inflection around 11 mN/m,
which indicates the beginning of a transition. This
transition corresponds probably to an interdigitation
of the helices, in agreement with the analysis of La-
vigne et al. [92], but certainly not to the collapse of
the monolayer as asserted by Davion-Van Mau et al.

(=)

Surface pressure (mN/m)

10 20 30
Mean area/residue (A?)

Fig. 7. Compression isotherms of gramicidin A monolayers
spread on a 10 mM Tris-Cl, pH 7.4 subphase; 7=20°C. ,
isotherm recorded upon continuous compression; - - -, isotherm
recorded upon stepwise compression and relaxation. Data from
[90].

[89]. Continuing compression results in a steep in-
crease in surface pressure and the monolayer be-
comes highly incompressible. The extrapolated area,
A;~10 A%/res (ie. 150 A%/molecule) agrees with an
orientation of gramicidin A perpendicular to the in-
terface [93]. The hypothesis of an orientation change
during the compression is supported by the results of
conformational analysis done by Brasseur et al. [94].
As a matter of fact, these authors reported the exis-
tence of two types of organization within gramicidin
A aggregates, at the air/water interface: a linear or-
ganization (corresponding to o-helices oriented par-
allel to the interface) and another in a perpendicular
orientation leading to tubular structures. However, a
collapse pressure of only 18 mN/m has been deter-
mined by Tournois et al. [90] by stepwise compres-
sion and relaxation of the monolayer. This result
suggests that, when monolayers are compressed in
thermodynamical equilibrium conditions, gramicidin
A molecules stay in a parallel orientation with a
progressive interdigitation of the o-helices and thus
the collapse may correspond to the formation of a
bilayer [95]. Adding KCI to the subphase does not
result in a modification of the isotherm [88] in ac-
cordance with the hydrophobic nature of gramicidin
A.

The interfacial properties and the conformational
behavior of gramicidin A at the air/water interface
are not affected when various acyl chains are cova-
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lently coupled to the C-terminal ethanolamine group
[96]. When highly compressed, the acyl-gramicidin
molecule would be oriented with its C-terminus to-
wards the subphase and the coupled acyl chain lo-
cated parallel to the helix axis in between the pro-
truding tryptophans. The nature of the aromatic
residue appears to be essential for the channel func-
tion of gramicidin A [97]. For this reason, Davion-
Van Mau et al. [§89] synthetized analogs of GA where
all Trp residues were replaced by Tyr giving GT, Phe
giving GM~ or Tyr-(OBzl) giving GT'. GT and
GM™ monolayers are less compressible than GA or
GT’ monolayers because their side chains are short-
er, and the transition occurs at higher pressures (21—
22 mN/m). Also, changing only one Trp residue al-
ters the interfacial properties of GA. For example,
the [Phe-9] analog monolayer is more condensed
(49~20 A/res instead of 25 Azlres) than the GA
monolayer, and its isotherm lacks a transition region
[89]. Conversely, analogs in which the central region
is extended by two hydrophobic residues (Leu-Ala)
have comparable isotherm characteristics to those of

GA monolayers [90]. The active structure of grami-
cidin A being a head to head dimer [50], Davion-van
Mau et al. [89] synthetized a covalent retro GA-D
Ala-GA dimer. Although the transition occurs at the
same pressure (~ 11 mN/m), the monolayers of GA-
D Ala-GA are more condensed (A4~ 18 Az/res) than
GA monolayers suggesting that the dimer adopts a
different conformational state than gramicidin A
[89].

From surface potential measurements it appears
that gramicidin analogs can be classified into two
groups: for the first group (GA and GT), AV is
around 200 mV at the plateau of the (AV-A) iso-
therms (when the monolayer is highly compressed),
whereas for the second group (GM~ and GT’) AV
reaches more than 300 mV. It was suggested that a
correlation may exist between surface potential val-
ues and single channel behavior. As a matter of fact,
the channel conductance units of GA and GT are
high and almost independent of the applied voltage
whereas those of GM~™ and GT’ are lower and
strongly voltage dependent [89].



124 R. Maget-Danal Biochimica et Biophysica Acta 1462 (1999) 109-140

4.3. Spread monolayers of melittin, bombolitin I1I and
O-lysin

Structured as amphipathic o-helices, melittin
[59,73,98,99] and bombolitin III [100] as well as &-
lysin [80] form stable monolayers at the air/water
interface. From the partition analysis of spread me-
littin molecules between the monolayer and the sub-
phase, Wackerbauer et al. [101] concluded, by apply-
ing Eq. 9, that melittin molecules manifest a strong
preference for an accumulation at the air/water inter-
face. However, at high surface pressure (about 30
mN/m) an appreciable degree of melittin desorption
occurs, attributed to the excessive mutual repulsion
of melittin molecules which limits their surface con-
centration. On a pure water subphase, melittin
monolayers (Fig. 8a) are in a very condensed state
and the Ay value (~8.5 A2/res) is far from corre-
sponding to that of an a-helix lying flat at the inter-
face [102]. The reason may be the presence of a bend
at Pro-14: the 15-26 hydrophilic C-terminal peptide
may be fully hydrated while the more hydrophobic
N-terminal part points away from the aqueous
phase. In such a situation the 15-26 C-terminal pep-
tide adsorbed at the interface of the water subphase
is in a medium of dielectric constant £=78 while the
N-terminal part is in a medium of dielectric constant
€=1 and the cationic Lys-7 is not able to fully inter-
act with the aqueous phase. This could explain why
the (7—A) isotherms of melittin monolayers spread on
a water subphase cannot be analyzed by using the
Gouy-Chapman model which does not take suffi-
ciently into account the effect of the medium dielec-
tric constant [59]. As seen in the Fig. 8b and in con-
trast to melittin, the value of Ay (~20 A2/res) of
bombolitin III on a water subphase [100] is compat-
ible with a horizontal orientation of the helix part of
the peptide (the a-helix content of bombolitin III
being 60-70%). The collapse pressure (~25 mN/m)
of bombolittin III monolayers is within the same
range as that (20 mN/m) of melittin monolayers,
but lower than that (40 mN/m) of 3-lysin monolayers
under the same experimental conditions [80].The
higher stability of &-lysin monolayers may result
from the less net charge of the peptide. The addition
of KCl in the subphase enhances the stability of both
bombolitin III and melittin monolayers which col-
lapse pressure and limiting area become higher

/R0,

é % 7T (mN/m)

v LI LJ L
10 20 30 40
Fig. 9. Interfacial dipole moment per melittin molecule as a
function of surface pressure. The successive states (orientations)
of the melittin molecules correspond to M; =5.3 D, 4.6 D and
3.5 D, respectively. Subphase: 60 mM citrate buffer, pH 7;
T=23+1°C. Data from [101].

(Fig. 8). The collapse pressure of melittin monolayers
reaches 30 mN/m on 1 M KCI and the (AV-A) iso-
therms (Fig. 8a) indicate that the corresponding val-
ue of AV goes from 580 mV on a water subphase to
~400 mV on 1 M KCI [102]. Concurrently, A, at-
tains 22.5 A2/res, a value now in agreement with a
horizontal orientation of the o-helices, an orientation
recently demonstrated unambiguously by Wackerbau-
er et al. [101] from surface potential measurements.
These authors showed that well-pronounced transi-
tions of the effective dipole moment M occurred in
the course of the compression (Fig. 9). At low sur-
face pressure (7<<13 mN/m) the molecules adopt a
parallel orientation with an interfacial area varying
from 23 to 15 A%/res. Then they undergo a transition
towards a state corresponding to a straightening-up
process of the o-helices. At last, up to 30 mN/m,
M, =33Dand A~10 A% in good agreement with
a vertical orientation of the melittin molecules. Fidel-
10 et al. [103] reported that, curiously, the isotherm
shape of melittin monolayers on saline subphase
(0.145 M NaCl) is similar over a wide range of tem-
perature (5-40°C), whereas it is sensitive to the sub-
phase pH. On alkaline subphase, the melittin mono-
layers are more condensed and more stable, as
attested by the collapse pressure increase (from 20
mN/m at pH 5.6 to 28 mN/m at pH 10.6). Never-
theless, according to Wackerbauer et al. [101], in-
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Fig. 10. Compression isotherms of defensin A spread on 30 mM Tris-Cl subphases at various pH. A4y is the limiting area of defensin
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from [66].

creasing the pH apparently favors the melittin parti-
tion into the subphase.

From the analysis of the zA versus 7 plot, accord-
ing to Eq. 12 and giving (74),_¢ =k7T/4, Gevod and
Birdi [104] concluded that melittin is present as a
tetramer at the interface. Given the low value of
Ap, the melittin tetramer may be oriented vertically
with the polar end (20-26 residues) situated in the
aqueous phase. However, this is a very controversial
result since, on the one hand, De Grado et al. [98]
reported that melittin is in a monomer state at the
air/water interface and, on the other hand, Terwil-
liger et al. [72] suggested, on the basis of crystallo-
graphic studies, that a melittin monolayer is consti-
tuted by a dimer layer.

4.4. Spread monolayers of defensin A [66]

Defensin A monolayers were spread from a (water/
methanol/hexafluoroisopropanol 1:3:4, v/v/v) solvent
mixture. Isotherms of defensin A monolayers at var-
ious pH subphases are shown in Fig. 10. The value
of the limiting area 4o =12-13 A2/res indicates that

the peptide is only partially unfolded at the interface,
due to the presence of the three disulfide bridges. The
wide hysteresis observed in the course of the com-
pression—expansion cycles (not shown) was mainly
attributed to a reversible desorption of the molecules
just below the interface. On acidic subphases, there is
a steep increase in surface pressure after the plateau.
In this region, the extrapolated area at 7=0 is ~6
A2/res, a value about half the A4, value, suggesting a
bilayer organization of the defensin A film. There-
fore, the plateau would represent the monolayer—bi-
layer transition. When the subphase pH increases,
the defensin A monolayers become more stable: 7.
increases from 16 mN/m at pH 4.7 to 34 mN/m at
pH 9.1 and the (m.—pH) plot shows a plateau begin-
ning around the isoelectric point (p/~ 8.3) of defen-
sin A in solution, conditions in which the peptide
exhibits its maximum hydrophobicity. Concurrently,
defensin A monolayers become less compressible (5o
goes from 32 to 22 m/N) and the transition region
gradually vanishes. Given the constant A4, value, it
can be supposed that, at low pressures, defensin A
molecules maintain more or less the same orienta-
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tion. The addition of 0.1 M KCI in the subphase
leads to similar features to basic pH, probably as
the result of a screening effect. The addition of
only 2 mM CaCl, induces significant changes in the
shape of defensin A monolayers. The transition re-
gion is now more pronounced and the liquid—con-
densed region of the isotherm is less compressible
(see Fig. 10 inset). These features were attributed to
the binding of Ca’* ions to defensin A molecules at
the level of Asp-4 and/or of the terminal COO™
group, with possible Ca®* bridges between adjacent
defensin A molecules promoting the formation of
dimers.

5. Penetration of antimicrobial peptides into lipid
monolayers

5.1. Lipid monolayers as membrane models

With the aim of studying interactions between a
given effector (antimicrobial peptide, for instance)
and cell membranes, several approaches are possible.
We can work with living cells and observe what hap-
pens in situ or we can isolate cellular membranes.
However, natural membranes are very complex enti-
ties with a great variety of lipids and proteins, thus,
in this case, we can only investigate global phenom-
ena. Therefore, if we are interested in specific aspects
of a given biological phenomenon occurring at mem-
brane level, the best choice is to use membrane mod-
els. Among them, bilayer lipid membranes (BLM)
are the most suitable for the study of ion transport
across membranes [105]. Lipid vesicles (SUV, LUV
or multilamellar), a widely used model [106], possess
an internal aqueous compartment and are also suit-
able for permeability studies. However, although lip-
id vesicle experiments are easy to carry out and allow
various spectroscopic measurements, the lipid vesicle
system presents some disadvantages. Firstly, it is not
always possible to prepare vesicles: with pure phos-
phatidylethanolamine, for example, either with 100%
charged lipid or containing more than 50% choles-
terol or at a temperature less than the gel-liquid
crystal transition temperature of the phospholipids.
Furthermore, it is difficult to prepare a homogeneous
(in size and in layer number) vesicle suspension and
to avoid spontaneous fusion. Another disadvantage

a

Peptide

Ttima X, >

Fig. 11. (a) Schematic representation of a penetration experi-
ment: injection of a peptide solution beneath the lipid mono-
layer (left) and insertion of peptide molecules into the lipid
monolayer (right). (b) Definition of various parameters ex-
tracted from penetration experiments: surface pressure increase
(from m to m+Am) of the lipid monolayer upon injection of a
peptide solution (left); determination of the initial density, o,
of the lipid monolayer from the 74 isotherm curve (right).

is the small curvature radius of vesicles that imposes
strong constraints at the polar head level.

On the contrary, with the monolayer system, a
number of parameters including the nature and the
packing of the lipid molecules, the composition of
the subphase and the temperature, can be chosen
without any limitation. The interest of phospholipid
monolayers as membrane models [107] consists also
in their homogeneity, their stability and their planar
geometry where the lipid molecules have a specific
orientation. Besides, as seen before, this well-defined
bidimensional system provides rigorous thermody-
namic analysis. The lipid monolayer is also a very
suitable model to study, in conditions near the actual
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Fig. 12. Melittin and &-lysin penetration into phospholipid monolayers. (a) Maximum increase in surface pressure (Am) as a function
of the initial pressure, 7 of the phospholipid monolayer, upon injection of 8.84x 1076 M(res) of melittin in the subphase. Data from
[82]. (b) Maximum increase in surface pressure as a function of m; upon injection of 8.84X107% M(res) of &-lysin in the subphase.
Data from [82]. (c) The same as in b, but Az is plotted as a function of the initial density o; of phospholipids. Data calculated from
[82] and [115]. O, DPPC; a, DPPE; m, DPPA; @, DPPG. Pure water subphase, pH 6.8; T=22°C. The dotted lines represent the
maximum value of surface pressure, Am2", induced by the peptide adsorption at a clean air/water interface in similar experimental

conditions (see Fig. 3).

biological ones, what happens when a hydrosoluble
peptide, present in the extracellular medium, arrives
at the membrane surface of the target cell. Finally, in
a recent article, Brockman [108] argued convincingly
in favor of lipid monolayers over bilayers as a model
to characterize protein-membrane interactions. For
further details about bilayer and monolayer corre-
spondence, see [109] and [110] as reviews.

5.2. General considerations on the penetration of
soluble compounds into spread insoluble
monolayers [111]

Generally speaking, the term ‘monolayer penetra-
tion’ is used to describe the interaction of an insolu-
ble monolayer spread at the air/water interface with
a soluble active compound present in the aqueous
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phase. The interaction can be measured in two ways.
The film pressure can be kept constant and the re-
action followed by observing the increase in area of
the film. The second method, by far the most widely
used, is to maintain the film area constant and to
measure the surface pressure changes on adding the
penetrating compound to the subphase. Herein, the
insoluble monolayer is a lipid monolayer and the
penetrating compound an antimicrobial peptide.
The experimental device generally consists in a small
dish equipped with a vertical tube through which the
peptide solution is injected (Fig. 11a). Lipid mono-
layers are formed at the required pressure by inter-
mittent spreading of the lipid solution in the appro-
priate  solvent mixture (containing generally
chloroform and methanol). The parameters that
must be taken into account are: (1) the initial pres-
sure of the lipid film, r;, which reflects the packing of
the lipids in the monolayer. However, in order to
compare the peptide penetration in various lipid
monolayers, it is best to choose the lipid density,
o;, as the lipid packing parameter (Fig. 11b); (2)
the concentration, C, of the peptide in the subphase;
(3) the maximum change, A7%" (called A7 to simpli-
fy), in surface pressure of the lipid film upon inter-
action with the peptide dissolved in the subphase. As
far as possible, C must be low enough for the surface
pressure, A72Y, induced by adsorption of the peptide
at a clean air/water interface (see Section 3) in the
same experimental conditions, to be negligible. Oth-
erwise, the result under consideration must be the
interaction pressure ATZP—A7AY . The lipid film pres-
sure at which the peptide no longer penetrates is
called the exclusion pressure, m. and, in the case of
a (An—0;) representation, an exclusion density, O 1S
defined.

5.3. Penetration of &-lysin and melittin into
phospholipid monolayers

Bhakoo et al. [82] have studied the penetration of
d-lysin and melittin into various phospholipid mono-
layers. At the subphase concentration used,
C=8.84%x10"° M(res), the adsorption of &-lysin at
a clean interface induces an increase in surface pres-
sure of only 3 mN/m, but for melittin, A72Y reaches
~20 mN/m (Fig. 3). Thus, at this concentration,
although melittin penetrates into all type of phos-

pholipid monolayers, it interacts specifically only
with acidic phospholipids (DPPG and DPPA) (Fig.
12a) in agreement with its highly cationic nature. In
the same way, studying the area increase of DPPC
and DPPG monolayers upon melittin injection, Hen-
drickson et al. [112] found also a greater peptide
penetration into DPPG monolayers. Recently, by in
situ infrared reflection (IRRAS) measurements at the
air/water interface, Flach et al. [113] confirmed this
finding and outlined that melittin interacts differently
with zwitterionic compared with negatively charged
monolayer surfaces. However, Ohki et al. [114] re-
ported an opposite result with natural phospholipid
monolayers (egg-PC and bovine PS), which, owing to
the presence of unsaturated chains, are always in an
expanded state even at high surface pressures. Melit-
tin was also found to induce a greater area increase
of DMPC with respect to DMPG monolayers [112].
These controversial results could be related to the
length and the nature of the aliphatic chains. As a
matter of fact dimyristoyl phospholipid monolayers
do not exhibit L-E-L-C transition and are more ex-
panded than the corresponding dipalmitoyl phospho-
lipid monolayers [115]. Besides, a dramatic increase
in melittin insertion at a 7; corresponding to the L-
E-L-C transition of DPPC and DPPG was also re-
ported [112]. Therefore, it can legitimately be
thought that, in addition to the polar head nature
(zwitterionic or acidic) of the phospholipids, the
physical state of the lipid monolayer is involved in
the penetration process. For instance, the bent o-hel-
ical structure of melittin could hinder a complete
penetration into the rigid chains of DPPC or
DPPE films, but not into the short expanded chains
of DMPC. In addition, the charge of the lysine-7
residue prevents an integral insertion of the N-termi-
nal hydrophobic segment of melittin [116]. But we
must keep in mind that a weaker penetration into
acidic phospholipid monolayers is not synonymous
with a weaker binding. As a matter of fact, it has
been clearly shown that melittin binds fluid nega-
tively charged phospholipids intensively [117]. How-
ever, owing to their high positive net charge, the first
bound melittin molecules exert a repulsive effect on
the following ones. The first step of the penetration
process is the peptide adsorption at the surface of the
monolayer, which is known to induce only negligible
changes in surface pressure. This happens in all
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cases, and even with neutral phospholipid mono-
layers, at surface pressures higher than . For in-
stance, Ebara and Okahata [118] have shown, by
QCM experiments, that melittin adsorbs on DPPE
monolayers at m; =40 mN/m, a pressure far above
the exclusion pressure as seen in Fig. 12a. At the
subphase concentration (107¢ to 2X 107> M(res))
and in pH and ionic strength conditions generally
used in monolayer experiments, melittin is in a
monomeric state [34] and mainly in a random coil
conformation [119]. Melittin undergoes conforma-
tional changes upon binding to phospholipid mono-
layers. From CD spectra analysis of transferred
DMPA monolayers, Sui et al. [120] showed that in-
serted melittin (at 7; =15 mN/m) contains more o-
helix structure than adsorbed melittin (at 7 > my).
When adsorbed, the o-helix of melittin would lie
with its axis parallel to the membrane surface [121]
and its hydrophobic face directed toward the mem-
brane interior [122]. However, from IRRAS meas-
urements, Flach et al. [113] recently suggested that
melittin adopts a conformation different from o-helix
when bound to phospholipid monolayers.
Conversely to melittin, 3-lysin interacts specifically
with all the phospholipids tested, as seen Fig. 12b.
The exclusion pressure in DPPC monolayers reaches
~32 mN/m for &-lysin whereas it is only 25 mN/m
for melittin. The same observation can be made for
DPPE, giving a further indication of the greater af-
finity of o&-lysin for zwitterionic phospholipids, as
compared to melittin. The penetration power of o-
lysin into DPPG monolayers is lower than that of
melittin since 7.x =31 mN/m instead of 40 mN/m,
probably because the net charge of d-lysin is less.
However, the exclusion pressure in DPPA mono-
layers is the same for both peptides. On the basis
of the Am-m plots, Bhakoo et al. [82] concluded
that differences in the phospholipid head group
have little effect on the degree of interaction between
O-lysin and the phospholipid film. However, plotting
Ar as a function of the initial molecular density, o;,
obtained from the 74 isotherms of phospholipids
[115], leads to the opposite conclusion. As a matter
of fact, the Am—o; plot (Fig. 12¢) indicates that the
penetration extent of &-lysin into the various phos-
pholipid films varies in the order: DPPC=
DPPE < DPPG. The penetration profiles of d-lysin
in DPPC and DPPE are identical except at low
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Fig. 13. Kinetics of surface pressure increase related to cardio-

toxin (CTX III) penetration into a DLPS monolayer. CTX III

concentration: 3X 107> M(res). m; of DLPS monolayer: 25 mN/

m. Subphase: 20 mM Tris-acetate, pH 5; T'=25°C [68].

DPPC density (corresponding to the expanded part
of the mA isotherm of DPPC before the L-E-L-C
transition).

5.4. Penetration of cardiotoxins into phospholipid
monolayers

As seen in Table 1 and Fig. 4, cardiotoxins are
rigid molecules structured as three B-strand loops.
Bougis et al. [68] found that cardiotoxins penetrate
readily into DLPS (an acidic phospholipid possessing
very short (C12) acyl chains) monolayers, but also
into neutral phospholipid monolayers. At the sub-
phase concentration (6 X 107° M(res)) used in these
monolayer experiments, the surface pressure increase
at a clean air/water interface, Az}W, varies roughly
from 6 mN/m (for CTX I) to 11 mN/m (for CTX III
RM). Therefore, apart for CTX III RM, the increase
in surface pressure of DLPS monolayers reveals spe-
cific interactions with the various cardiotoxins. When
the subphase is devoid of Ca’* ions, the penetration
kinetics presents a transitory phase of overpressure
(Fig. 13). This feature was attributed by the authors
to a condensation of the DLPS film, the positive
charges of cardiotoxins substituting for Ca’* ions.
From the my values (from 25 to 45 mN/m), the pen-
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etration powers of the various cardiotoxins in DLPS
monolayers are found in the order: CTX III
RM < CTX I=CTX II=CTX I < CTX IV. Ap-
plying the Gibbs relation (Eq. 5) to the penetration
of CTX III into a DLPS film, the apparent interfa-
cial molecular area, A =1/I, can be determined. At
low pressures (<20 mN/m), a value (4~23 Azlres)
in good agreement with the interfacial area of 3-sheet
peptide models, is found [64]. At higher pressures,
the interfacial area of CTX III falls to 5 A2/res, a
low value as compared to the value found for the -
sheet peptide models (~15 Azlres). The transition
between the two area values (5 and 23 Az/res) occurs
in a very narrow range of surface pressures (between
20 and 30 mN/m). Considering that spectroscopic
data have shown that the rigid structure of cardio-
toxins does not change upon interaction with phos-
pholipids [123], this behavior has been attributed to
the capacity of cardiotoxins to be oriented ‘flat’ or
‘edgewise’ in the lipid film. According to Bougis et al.
[124], the interaction between acidic phospholipids
and cardiotoxins takes place in several steps: (1) an
electrostatic interaction with the negatively charged
polar heads of phospholipids; followed by (2) the
penetration of at least the one hydrophobic loop of
the cardiotoxin molecule; (3) the disorganization of
the membrane; and, finally (4) a quick change of the
bound cardiotoxin orientation. I would add that the
orientation change of cardiotoxin from ‘flat’ to
‘edgewise’ may be the cause of the abrupt decrease
in pressure observed in the course of the Am—t experi-
ments (Fig. 13).

5.5. Penetration of nisin Z and other lantibiotic
derivatives into phospholipid monolayers

The lantibiotic nisin Z is used in the food industry
as a preservative against Gram-positive bacteria
[125]. Tts activity was found to be influenced by the
phospholipid composition of the target membrane
[48] on the one hand and to be sensitive to structural
changes in the first lanthionine ring [126] on the oth-
er hand. The monolayer penetration experiments
show clearly that nisin Z interacts preferentially
with acidic phospholipids and specially with cardio-
lipin and phosphatidylglycerol, the predominant lip-
ids of Gram-positive bacteria [127,128]. The intercept
of the An—m; plot with the Az axis is ~ 37 mN/m for
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Fig. 14. Penetration of nisin Z and some of its mutants into
DOPG monolayers. @, Nisin Z; ®, [GIn7, Thr 18] nisin Z;
+, [Dhb5] nisin Z. Peptide concentration: 1.8X 107> M(res).
Subphase: 10 mM Tris pH 7.4; Temperature not specified.
Data from [127].

Escherichia coli cardiolipin monolayer and ~ 31 mN/
m for DOPG monolayer, and although the authors
gave no indication of the surface activity of nisin Z
at a clean air/water interface, it can be asserted that
nisin Z interacts specifically with both phospholipids.
The fatty acyl chain composition has no influence on
the penetration extent of nisin Z into phosphatidyl-
glycerol monolayers. The affinity of nisin Z for zwit-
terionic phospholipids is much lower since the inter-
cept with the Arx axis is only 25 mN/m for DOPC
and 16 mN/m for DOPE. Another lantibiotic, nisin
A, containing a His instead of an Asn residue at
position 27, with similar antimicrobial activities to
nisin Z, exhibits the same penetration power into
anionic phospholipid monolayers. On the contrary,
changing dehydroalanine (Dha) at position 5 into
dehydrobutyrine (Dhb) reduces the antibacterial ac-
tivity 2-10-fold, and concurrently, as seen in Fig. 14,
this mutant penetrates less extensively into acidic
phospholipid monolayers. The same features are ob-
served with the [GIn-17, Thr-18] mutant [126], which
is less active than nisin Z against Bacillus cereus and
Streptococcus thermophilus. Similarly, Breukink et al.
[128] have shown that the less biologically active
[Glu-32] mutant, obtained by introducing a negative
charge in the cationic C-terminus of nisin Z (believed
to initiate the nisin-membrane binding), inserted less
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Fig. 15. Penetration of defensin A and androctonin into phospholipid monolayers. (a) Penetration of defensin A into phosphatidylcho-
line monolayers as a function of the initial density o; of the film. @ DMPC; & DPPC; X egg lecithin [129]; (b) Penetration of:

, defensin A [129] and - - -, androctonin (unpublished data) into anionic phospholipid monolayers. a, brain PS; %, cardiolipin;

+, DMPG. (c) Time dependence of the androctonin penetration into a DMPG monolayer. Initial surface pressure of DMPG mono-
layer: 15 mN/m (unpublished data). Defensin A concentration: 4 X 10~® M(res); androctonin concentration: 2.5X107¢ M(res). Sub-
phase: 30 mM Tris-Cl pH 7.4 for defensin A, and 10 mM Tris-Cl, pH 7.4, 100 mM NaCl for androctonin. 7'=20°C.

efficiently than nisin Z into DOPG monolayers.
Therefore, the lipid monolayer experiments appear
to be a useful tool to establish a direct correlation
between the antibacterial activity of the various ni-
sins and their affinity for acidic phospholipids.

5.6. Penetration of androctonin and defensin A [129]
into phospholipid monolayers

Androctonin is a constitutive peptide of scorpion
hemolymph and defensin A an inducible one secreted
in the insect hemolymph in response to bacterial in-

jury [3]. Both are compact molecules (Fig. 4) possess-
ing disulfide bridges and active against Gram-nega-
tive and Gram-positive bacteria. The activity of
defensin A is known to be related to the formation
of voltage-dependent channels [45], but the mode of
action of androctonin is still under consideration.
Hetru et al. [130] recently proposed a detergent-like
mechanism (called the ‘carpet-like’ model [131]) of
membrane disintegration. We have seen (Fig. 2a)
that defensin A adsorbs very slowly at the air/water
interface since no surface pressure increase was de-
tectable in the first 70 min. On the contrary, defensin
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A penetrates instantaneously into zwitterionic and
acidic phospholipid monolayers. It can therefore be
attested that defensin A interacts specifically with
lipid membranes. The penetration extent of defensin
A into the zwitterionic phosphatidylcholine mono-
layers is more sensitive to the lateral hindrance of
the acyl chains than to their length, since the pene-
tration profiles into DMPC and DPPC monolayers
are very similar (Fig. 15a) with comparable exclusion
densities (0w~ 1.9 molecule/nm?), while the exclu-
sion density in egg-PC monolayers is lower
(0ex ~ 1.4 molecule/nm?). Defensin A penetrates
deeply into anionic phospholipid monolayers (Fig.
15b) as shown by comparing the behavior of defensin
A into egg lecithin and bovine brain PS monolayers
(both natural compounds with a mixture of unsatu-
rated acyl chains). At a given o; = 1.2 molecule/nm?,
Azn=17 mN/m into PS monolayers but only 9 mN/m
into egg lecithin monolayers and concurrently the
exclusion densities reach 2 and 1.4 lipid molecule/
nm?, respectively. In spite of the double charge of
cardiolipin, the penetration of defensin A is less effi-
cient into cardiolipin than into PS monolayers, and is
not very dependent upon the lipid packing.
Androctonin penetrates very slightly into zwitter-
ionic phospholipid monolayers: when the androcto-
nin concentration in the subphase is 6.25X107°
M(res), the surface pressure increase of the DMPC
monolayer (o;=1.09 DMPC molecule/nm?) reaches
only ~2 mN/m (a value near the A}V value as
seen in Fig. 3), and androctonin no longer penetrates
into the monolayer when o; rises to 1.38 DMPC
molecule/nm?. On the contrary, androctonin pene-
trates readily into the anionic DMPG monolayers.
This is in good agreement with the recent findings
of Hetru et al. [130] that fluorescent derivatives of
androctonin bind only negatively charged phospho-
lipid vesicles. The Azt plot (Fig. 15¢) exhibits an
inflection as though the penetration process occurs
in two steps: (1) the first step corresponding to an
accumulation of androctonin molecules under the
DMPG monolayer, which may destabilize the lipid
film but causes only a low pressure increase; and (2)
the second one corresponding to the actual penetra-
tion of androctonin into the lipid monolayer. This
hypothesis is corroborated by the analysis of the
Ar—ao; plot (Fig. 15b): a minimum lipid density (be-
tween 1.2 and 1.3 DMPG molecule/nm?), equivalent

to a minimum negative charge density, is needed for
androctonin to penetrate the monolayer. Below this
o; value, the highly hydrophilic androctonin must
partitionate mainly in the subphase. This picture of
the penetration events of androctonin into an anionic
phospholipid monolayer agrees well with the ‘carpet-
like’ model proposed for the mode of action of an-
droctonin against bacterial cell membranes [130].

6. Mixed antimicrobial peptide/phospholipid
monolayers

6.1. General considerations upon mixed
(two-component) monolayers [54,132,133]

The usual procedure to obtain a two-component
monolayer is to premix the two components in an
appropriate spreading solvent and to spread the sol-
ution at the air/water interface. A number of mono-
layer properties derivable from surface pressure-area
or surface potential-area isotherms are dependent
upon monolayer composition. As in bulk liquid sys-
tems, the concept of ‘ideality’ plays a key role in the
analysis of the mixed monolayer behavior: marked
deviations from a linear relationship, and in partic-
ular the occurrence of a maximum or a minimum,
indicate a significant deviation from ideality. These
deviations are generally attributed to an excess inter-
action (i.e. specific interaction) between the mono-
layer components. The area of a two-component
monolayer can be compared with that of the un-
mixed components at the same surface pressure,
and, in the case of an ideal behavior:

Aip = X141 + X245 (13)

where X is the molar fraction and the subscripts 1, 2
and 12 refer to the pure components 1 and 2 and to
their mixtures, respectively.

Correspondingly, the surface potential should be
given by:

AV, = X1AV | + XhAV, (14)

If the components are immiscible (or ideally mis-
cible), the area occupied by the mixed film will be the
sum of the areas of the separate components, and
reciprocally, any deviation of the 4-X plot from
ideality provides evidence for miscibility in the film.
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Fig. 16. Explanatory schema of mixed monolayer analysis.
(a) Isotherm curves of the pure component monolayers, 1 and
2, and of a mixed monolayer, 12. (b) Area analysis as a func-
tion of the molar fraction, X>, of component 2 in the mixed
monolayer at a given surface pressure, m; ----, additive rule
drawn according to Eq. 13; , actual area values; determi-
nation of the partial areas .A; and A, by the ‘method of the
tangents’.

Negative deviations from additive rules, such as Egs.
13 and 14, generally indicate interactions between the
film components. Positive deviations can be the sign
of the formation of bidimensional clusters. However,
these diagnoses must be corroborated by energy
analysis as we will see latter. From the 4-X plot it
is also possible to determine graphically the partial
molecular area of each component in the mixture by
the classical ‘method of the tangents’: intercepts of
the tangent to the 4—X curve at a given X with the
ordinate axis at X; =0 and X;=1 (X>,=0) give the
partial molecular areas .4; and A, in the mixture, of
components 1 and 2, respectively (Fig. 16).

Another way to establish miscibility is the applica-
tion, developed by Crisp, of the surface phase rule
which is the derivation of the ordinary phase rule in
bulk solution. If surface tension, temperature and
external pressure are allowed to vary, the phase
rule is written:

F=C"+C5—aoP—05+3

where F is the number of degrees of freedom, CP is
the number of components in bulk equilibrated
throughout the system, CS is the number of compo-
nents restricted to the surface, @® is the number of
bulk phases and @° the number of monolayer phases
in equilibrium with each other. C®=2 (air and
water), C5 =2 (components 1 and 2), @® =2 (gaseous
and liquid), therefore F becomes 5—@°, and, at con-

stant temperature and external pressure:
F=3—-0% (15)

It should be noted that this criterion determines
miscibility at a transition between two states, prefer-
entially at collapse pressure (transition between con-
densed state and collapsed state), but also, by exten-
sion, at L-E-L-C transition because film collapse is
not always easily measurable. If components 1 and 2
are miscible in all proportions, two homogeneous
phases (either L-E and L-C or L-C and collapsed
state) will be present in equilibrium with each other.
Therefore @° =2 and from Eq. 15 it can be deduced
that the system possesses one degree of freedom
(F=1). Thus, a first order relation between the con-
sidered transition pressure and the composition of
the film reveals a complete miscibility of the compo-
nents. When a completely miscible monolayer exhib-
its no deviation from ideal behavior, the bidimen-
sional analog of Raoult’s law is obeyed. A partial
miscibility is observed if, over a composition range,
components 1 and 2 are immiscible. In this case three
equilibrium surface phases will coexist and F=0.
Thus, in the range of immiscibility, m; is invariant
of the composition and the (m—X) curve must be
flat over this region. In the case of complete immis-
cibility, the considered transition pressure will be in-
dependent of X.

Once it has been established that the components
of the film are at least partially miscible, a more de-
tailed examination of the thermodynamics of the sys-
tem can provide further information on the ener-
getics of the miscibility process and upon possible
specific interactions between the two components.
A method for determining the excess free energy of
mixing, AG%y, from the 74 isotherms of the mixed
monolayers, has been developed by Goodrich:

b1 T r
AG;’: :/ Alzdﬂ'—Xl/ Aldﬂ'—Xz/ Ardrm (16)
° ° °

The lower limit of integration is often 7°=0. The
upper limit of integration may be arbitrarily selected.
Negative values of AG;) are the sign of strong inter-
actions between the two components. A deep and
steep minimum in the (AGZ—X) plot at X=x indi-
cates the formation of a complex between the two
components, the stoichiometry of which is x:1—x.
Positive values of AGY, reveal that mutual interac-



134 R. Maget-Danal Biochimica et Biophysica Acta 1462 (1999) 109-140

tions between the two components are weaker than
interactions between the pure component molecules
themselves: briefly, at least one component forms
bidimensional aggregates. If AG:, =0, the mixing is
ideal.

6.2. Mixed gramicidin/lipid monolayers

From FTIR spectroscopy of mixed gramicidin A/
DMPC monolayers, Ulrich and Vogel [134] reported
that the structure of gramicidin A in the lipid mono-
layer could be assigned to a %3 helix thought to be
the conformation which, by N-N dimerization,
forms the functional channel [135]. They stated also
that, as seen above for pure gramicidin A mono-
layers [89,90], the orientation of the helix in mixed
gramicidin A/DMPC monolayers is markedly de-
pendent on the applied surface pressure: at low pres-
sure, the helix lay flat on the surface, whereas at high
pressures, the helix is oriented vertically. Van Mau et
al. [136] and Tournois et al. [90] have studied the
peptide-lipid interactions in mixed gramicidin A/
phospholipid monolayers. The former reported no
deviations from ideality in the area—composition dia-
gram of the mixed GA/DOPC monolayers and the
inflection in the isotherm occurs at the same pressure
(~13 mN/m) on the range of composition where it is
detectable (0.5=Xga=1). Furthermore, the presence
of DOPC in the monolayer has no effect on the sur-
face potential. These features indicate a complete im-
miscibility of gramicidin A and DOPC. Although
Tournois et al. [90] observed negative variations
(about —5% at 5 mN/m and —10% at 30 mN/m) in
the A-X plot of GA/DOPC monolayers, the inflec-
tion pressure being invariant, the contraction of the
monolayer can be attributed to a space-filling mech-
anism [132], and a complete immiscibility of grami-
cidin A and DOPC in mixed monolayers can also be
deduced. Gramicidin A, as well as its analogs, were
also found to be immiscible with glyceromonooleate,
a lipid currently used in single-channel experiments
[137,138]. Therefore, it seems well established that, in
the prevailing conditions of the mixed GA/lipid
monolayer experiments, gramicidin A is not miscible
with the lipid phase. This is a questionable conclu-
sion, considering the known membrane channel ac-
tivity of gramicidin A. I wish to put forward a ten-
tative explanation. People working on single-channel

experiments know that traces of gramicidin A are
enough to set off the conducting activity and that,
even at low concentration, the very hydrophobic gra-
micidin A aggregates. In spite of that, in mixed
monolayer experiments, the smallest molar fraction
considered was 10%, i.e. 62.5% of peptide residues
with regards to lipid molecules. It is probable that
working at 100-fold lower gramicidin A concentra-
tions would give different results. Shapovalov et al.
[139] have just supported this opinion: after addition
of gramicidin A to the subphase, at concentrations
ranging between 1 and 5X107% M(res), they ob-
served a shift of the 7#—A isotherms of DPPC mono-
layers and a considerable reduction of their surface
potential. Furthermore, Wallace and Janes [140] have
shown that gramicidin A co-crystallizes with DPPC
giving an additional proof of their miscibility.

6.3. Mixed melittin/lipid monolayers

Fidelio et al. [103] have studied the behavior of
melittin in mixed monolayers with several types of
lipids. As shown in Fig. 17a, the A—Xye plot of
melittin/DMPC monolayers exhibits negative devia-
tions at a low melittin molar fraction (Xye = 0.04).
Up to this molar fraction, the area—composition plot
follows the additivity rule and concurrently, the iso-
therms exhibit two collapse pressures, indicative of a
phase separation in the film. The mixed film is more
stable than pure DMPC monolayer as proved by its
higher collapse pressure. All these features suggest
the formation of a melittin-DMPC complex with a
1:24 stoichiometry. From gel filtration and light scat-
tering of lipid vesicles, Dufourcq et al. [141] found a
stoichiometry of the same magnitude order for me-
littin—-DPPC complexes (one melittin for 25%7
DPPC). The application of the phase rule to the
collapse pressure—composition diagram can give fur-
ther information, which is set down in the legend of
Fig. 17b.

Fidelio et al. [103] also studied the interactions of
melittin with the negatively charged ganglioside
GMI1. The A—Xpe plot of melittin/GM1 monolayers
presents negative deviations over the whole range of
composition, indicating strong interactions between
the two components. The maximum deviation in
the  area—composition  plot occurs around
Xmel = 0.25, suggesting the formation of a 1:3 melit-
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tin—-GM; complex. The collapse pressure—composi-
tion diagram indicates that a phase separation occurs
up to Xpe =0.5. This result can be correlated with
the finding that melittin induces a ratio-dependent
phase change from bilayer structure to hexagonal
Hy phase in melittin—cardiolipin systems [142].

6.4. Mixed bombolitin Illlphospholipid monolayers

Another way to obtain mixed monolayers is to
spread the lipid film onto a peptide solution. This
was the choice of Signor et al. [100] when studying
the interaction of bombolitin III with phospholipid
monolayers. It is clear that this method does not
allow a precise control of the peptide amount present
at the interface. However, as argued by the authors,
the system reaches an equilibrium corresponding to
the peptide amount adsorbed by the monolayer as a
function of the peptide concentration in the sub-
phase. Besides, this procedure is more representative
of the natural association process of a soluble pep-
tide with a biological membrane. From these experi-
ments it appears that there is a rapid adsorption of
bombolitin 11T into phospholipid monolayers in con-

N
Fig. 17. Mixed melittin/DMPC monolayers. (a) Area—composi-
tion diagram. The area taken into consideration is A5 (see Fig.
5b); - - -, additive rule drawn according to Eq. 13. (b) Collapse
pressure—composition diagram. Analysis of the m—Xy,e diagram
according to Eq. 15: the line ghi corresponds to the collapse
pressure of the 1:24 melittin-DMPC complex; three phases are
in equilibrium along the line gh (since F=0): excess DMPC
and the melittin-DMPC complex miscible in a liquid state, ex-
cess DMPC in the collapsed state and the melittin-DMPC com-
plex in the collapsed state; in the same way, three phases are in
equilibrium along the line /i: the melittin-DMPC complex in a
liquid state, excess melittin in the collapsed state and the melit-
tin-DMPC complex in the collapsed state; two phases are in
equilibrium along the line jk (since F=1): excess melittin and
the melittin-DMPC complex miscible in a liquid state and me-
littin in the collapsed state; then, the m—Xye diagram can be
divided into several regions: in region A, the melittin-DMPC
complex and the excess DMPC are both in a liquid state and
miscible. In region B, the complex and the excess melittin are
miscible in a liquid state. In region C, melittin is in a collapsed
state immiscible with the complex in a liquid state. In region
D;, excess DMPC and the complex are both in the collapsed
state and immiscible and in region D;, excess melittin and the
complex are both in a collapsed state and immiscible. Data
from [103].

ditions (low ionic strength and acidic pH) where the
peptide does not adsorb at a clean air/water inter-
face. This adsorption is clearly demonstrated by the
expansion of the phospholipid monolayer over time.
Upon compression, the mixed bombolitin III/DPPC
monolayers display a two-phase behavior, whereas
the bombolitin III/DMPC monolayers display a
one-phase behavior. Introducing traces of a fluores-
cent lipid probe into the phospholipid phase allows
the observation of the mixed monolayer by means of
an epifluorescence microscope. In this way, the for-
mation of phase-separated domains of bombolitin III
in the DPPC monolayer can be visualized.
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Fig. 18. Mixed defensin A/phospholipid monolayers. (a) Compression isotherms of mixed defensin A/PS monolayers. Curve 1, Xger =1
(pure defensin A monolayer); curve 2, Xger =0.8; curve 3, Xger =0.5; curve 4, Xger =0.4; curve 5, Xger =0.2; curve 6, Xger =0.1; curve
7, X4er =0 (pure PS monolayer) [129]. (b) Mean molecular area of mixed defensin A/PS monolayers at 15 mN/m; - - -, additive rule
drawn according to Eq. 13; data from [129]. (c) Thermodynamics of the mixing process of defensin A and phospholipids in mixed
monolayers. Excess free energy of mixing (calculated according to Eq. 16) as a function of composition. Upper limit of integration:
20 mN/m. Subphase: 30 mM Tris-Cl pH 7.4. T=20°C. @, bovine brain PS; X, egg lecithin (unpublished data).

6.5. Mixed defensin Alphospholipid monolayers [129]

The defensin A behavior in mixed films has been
studied with two natural phospholipids, egg lecithin
and bovine brain PS. From the analysis of the 74
curves of the mixed defensin A—phospholipid mono-
layers, the formation of a defensin A—phospholipid
complex was suggested with both phospholipids. The

defensin A—PS monolayers (Fig. 18a) are more stable
than a pure defensin A monolayer, as attested by
their higher collapse pressures (m.~36 mN/m for
the defensin A-PS complex instead of ~31 mN/m
for the pure defensin A). The area—composition dia-
gram (Fig. 18b) shows negative deviations from
ideality in the 0 < Xyor < 0.2 range, indicating excess
interactions between defensin A and PS. However,
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large positive deviations in the defensin-rich region
(Xger=0.5) suggest that the defensin A—PS complexes
form clusters in the defensin A monolayers. In this
region, the partial molecular area of PS is roughly
the same as the area of defensin A, indicating that in
the complex, the PS molecules are intimately bound
to defensin A and occupy the same surface. In order
to determine precisely the stoichiometry of the defen-
sin A—phospholipid complexes, we calculated the ex-
cess energy of mixing AGSY according to Eq. 16. The
results are shown in Fig. 18c. The AG}Y—composition
plot presents a deep and narrow minimum at the
same Xger ~0.1 in both cases (egg lecithin and PS),
indicating the formation of 1:9 defensin A—phospho-
lipid complexes. However, the defensin A—PS com-
plex is energetically more stable than the complex
with lecithin since AG~ —5x1072! J/molecule for
the defensin A-PS complex instead of —2x 102!
J/molecule in the case of the defensin A-lecithin
complex. In the 0.2=Xgyr<1 range, the excess
energy of mixing presents positive values, indicating
the formation of bidimensional aggregates either of
the defensin A—phospholipid complex or of defensin
A 1itself. In the case of defensin A/PS monolayers, the
(AGZ—Xger) plot presents a plateau at 2x1072!
J/molecule before reaching high energy values, sug-
gesting that there may be two steps in the aggrega-
tion process.

It should be noted that: (1) the peptide rich-region
of the composition diagrams is generally devoid of
interest since the aim of the study was the determi-
nation of the peptide behavior in lipid membranes. It
is obvious in this study that it would have been pref-
erable to obtain more values in the 0 << Xy <<0.2
range. As a matter of fact, the small number of val-
ues in the lipid-rich region leads to an uncertainty on
the complex stoichiometry which actually varies be-
tween 1:9 and 1:4; (2) on the basis of area—compo-
sition and transition pressure—composition diagrams
only, we previously concluded that the defensin A-
phospholipid complexes have a 1:4 stoichiometry.
The energy analysis presented here suggests that the
actual value is nearer 1:9 than 1:4. This last result
agrees well with the findings of D. Sy (personal com-
munication) deduced from investigation of the elec-
trostatic potential surfaces of defensin A. As a mat-
ter of fact, one of the molecular faces is markedly
more electropositive than the others with its side

chains directed outwards. This positive face contains
not only the B-sheet Arg-26, Arg-39 and Lys-33 cat-
ionic residues as well as the hydrophilic residues Asn-
31 and Asn-40, but also the His-19 and Arg-23 res-
idues belonging to the a-helix. Therefore, seven
anionic lipids at least could interact strongly with
this particular face of defensin A.

7. Conclusion

The monolayer technique has proved to be an in-
valuable approach for the study of the physicochem-
ical properties of peptides at hydrophilic/hydropho-
bic interfaces. Moreover, the lipid monolayer
provides a unique model membrane of great interest
and reliability in understanding the insertion mecha-
nism of antimicrobial peptides into cell membranes.
We have restricted this review to the basic Langmuir
film balance experiments, but it should be pointed
out that numerous complementary techniques have
been developed with the aim of improving and ex-
tending the monolayer technique possibilities. Thus,
various spectroscopic methods allow direct observa-
tion of the phase behavior of the peptide or lipid
monolayer during compression: among them, epi-
fluorescence microscopy [100,143] and Brewster angle
microscopy [143] are the most currently employed.
Similarly, in situ infrared spectroscopy allows the
determination of the structure and orientation of
the peptide at the interface [134,144]. The Lang-
muir-Blodgett technique [145] has long been used
to transfer monolayers onto solid supports. Trans-
ferred monolayers can be studied by spectroscopic
methods such as CD [146-148], IR [120,147,148],
X-ray diffraction [149] or atomic force microscopy
[150]. This list is not exhaustive, but is given only
to point out the wide range of technologies devel-
oped around the monolayer technique and another
review could be devoted to such a subject.
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