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ABSTRACT To improve the understanding of the membrane uptake of an amphipathic and positively charged vector
peptide, we studied the interactions of this peptide with different phospholipids, the nature of whose polar headgroups and
physical states were varied. Three lipids were considered: dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidyl-
glycerol (DPPG), and dioleoylphosphatidylglycerol (DOPG). The approach was carried out by three complementary methods:
compression isotherms of monolayers and atomic force microscopy observations associated with Fourier transform infrared
investigations. From analysis of the compression isotherms, it was concluded that the peptide interacts with all lipids and with
an expansion of the mean molecular area, implying that both components form nonideal mixtures. The expansion was larger
in the case of DOPG than for DPPC and DPPG because of an « to 8 conformational transition with an increase in the peptide
molar fraction. Atomic force microscopy observations showed that the presence of small amounts of peptide led to the
appearance of bowl-like particles and that an increase in the peptide amounts generated the formation of filaments. In the
case of DOPG, filaments were found at higher peptide molar fractions than already observed for DOPC because of the
presence of negatively charged lipid headgroups.

INTRODUCTION

We have shown recently that a primary amphipathic peptidé¢ion, which occur in bilayers (Brockman, 1999). In the work
with the sequence Ac-M-G-L-G-L-H-L-L-V-t°-A-A-A-L- described here, this technique is associated with Fourier
Q-G-A-W-S-F°%P-K*-K*-K"-R*-K"-V-Cya (where Ac transform infrared (FTIR) and atomic force microscopy
and Cya are acetyl and cysteamide groups, respectively) cgAFM) analyses. FTIR gives access to the conformation of
act as an efficient carrier facilitating the cellular uptake ofthe peptide within its environment (Briggs et al., 1986),
drugs or oligonucleotides (Chaloin et al., 1997, 1998b). Thisvhereas AFM, which allows the observation of nanometer-
peptide (called P1 hereafter) corresponds to the associatigized patrticles, provides information on the topographical
of a signal peptide (residues 1 to 20) (Briggs and Gieraschprganization of the transferred monolayers (Edidin, 1997;
1986) with a nuclear localization sequence (Kalderon et al.zasadzinski et al., 1994; Mou et al., 1996; ten Grotenhuis et
1984). To improve the efficiency and, in particular, the al., 1996; Vieet al., 1998).
selectivity of such vector types, it is of major importance to  In a preliminary report, we showed that P1 interacts
understand the mechanism(s) leading to the membrangtrongly with dioleoylphosphatidylcholine (DOPC) through
crossing process. The information required for this underhydrophobic interactions leading to an expansion of the
standing is mainly related to the interactions between thenean molecular area (Van Mau et al., 1999). This expan-
vector and the various components of biological membranession, resulting from a lipid-induced modification of the
Therefore, we undertook a StUdy of P1 in interaction Wlthpepude organization, was accompanied by a phase separa-
phospholipids. The approach is based on the analysis of thgyn for peptide molar fractions ranging from0.08 to 0.4.
compression isotherms of mixed monolayers spread at thehese conclusions arose from an analysis of the compres-
air-water interface, which is an appropriate method forsjon isotherms of mixed DOPC-peptide monolayers spread
identifying the nature of the peptide-lipid interactions. In- at the air-water interface. Furthermore, FTIR investigations
deed, the thermodynamic relationship between monolaygleyealed an enhancement of tife conformation of the
and bilayer membranes is direct, and monomolecular ﬁ|m§)eptide in a DOPC environment, at least for high peptide
at the air-water interface overcome limitations such as regmglar fractions. AFM observations carried out on trans-
ulation of lipid lateral-packing density and lipid composi- ferred monolayers confirmed the results obtained by iso-
therm analysis and visualized the formation of mixed lipid-
peptide particles. However, this study was restricted to one
type of phospholipid, namely DOPC, which is neutral and in
the liquid expanded state.
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liquid condensed, which are designated hereafter as LE and

B 3
LC, respectively). We describe the compression isotherms _ 0—A if 2
of spread mixed P1-phospholipid monolayers (Subramanians = i
et al., 1986; Palmer and Thompson, 1989; Maget-Dana and& 39 — 2 N TS

Peptide molar
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Ptak, 1995; 1997; Huang and Thompson, 1996; Taneva and& .
Keough, 1994), together with AFM observations made on
the corresponding transferred films in association with a
FTIR analysis.

Surface Press

MATERIALS AND METHODS 0 1 2 3 4
Materials Mean molecular area (nm?)

Dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidylglycerol
(DPPG), and dioleoylphosphatidylglycerol (DOPG) were purchased from 60— B
Sigma Chemical Co. (St. Louis, MO). The peptide has the same origin as
described in Chaloin et al. (1997), and it was synthesized by solid-phase
peptide synthesis, using the Fmoc strategy, with AEDI-Expansin resin on
a 9050 PepSynthesizer Milligen (Millipore). Purification was achieved by
semipreparative high-performance liquid chromatography, using a Nucleo-
sil 300, C8, 5um column. The peptide was identified by electrospray mass
spectrometry Me,, = 3014, Moo, = 3015.9), amino acid analysis, and
NMR (Chaloin et al., 1997).
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Compression isotherms of monolayers were recorded using a Langmuir
balance setup with a 657 &trough. The surface tensions were measured
with a Prolabo (Paris, France) tensiometer, by the platinum plate method of
Wilhelmy. Isotherms were recorded on a XY Kipp and Zonen (Delft, the
Netherlands) model BD 91 recorder. DPPC, DPPG, and DOPG solutions
were prepared by dissolving the phospholipid in a chloroform/methanol
mixture (5/1, v/v), and the peptide was dissolved in a minimal amount of
dimethylsulfoxide (DMSO) and then diluted to a final DMSO/chloroform/
methanol mixture (0.03/5/1, v/v). Lipid-peptide mixtures were prepared at
the desired compositions and spread on the water, and then the solvent was
allowed to evaporate for at least 10 min before the compression was
started, at a rate of 0.015 Afmolecule/min. The differences (which can be
seen in Fig. 1) for the pure peptide very probably have their origin in the
fact that the peptide is poorly soluble in the chloroform/methanol mixture Mean molecular area (nm?)
and that DMSO was used to enhance the solubility. Because of this
behavior and the strong tendency of the peptide to precipitate, freshlyGyRe 1 variations of the surface pressure with the mean molecular
prepared and different stock solutions were used for each series of mea;aaq of mixed lipid-P1 monolayers at various peptide molar fractigs (
surements, which were reproduced at least five times. Therefore the a”ql—'orA, B, andC the lipid is DOPG, DPPG, and DPPC, respectively. For the
ysis is valid only within each series, which deals with one type of phos-ga of clarity, only a selected set of isotherms is showB &mdC, the
pholipid. For the subphase, unbuffered tridistilled water was used to creatg it5ce pressures at large molecular areas are not shown because they
the same experimental conditions as those of the transfer (see below). qyealed very low pressures:{ mN/m at 4 nri) and were recorded with
another set of experiments dictated by the dimensions of our trough. Also
note that inB andC the low pressure phase transitions of the pure lipids do
Langmuir-Blodgett monolayers not appear clearly because of the scale, which introduces a drastic smooth-

. . o ing of the isotherms, but they were clearly distinguishable on the experi-
All transfers were achieved according to a procedure similar to that 9 Y y g P

mental recordingsd, X, = 0; W, x, = 0.25;[], x, = 0.5;@®, x, = 0.75;0,
rgported by Von Nahmen et a!. (1997) .and Duget al: (1997)..Molecular X, = 1. The insets show the variations, at 20 mN/m, of the mean molecular
films were formed by spreading solutions on the air-water interface on & reas as a function of the peptide molar fractions
2-cm-deep rectangular teflon trough with an area of 70-278 &fier '
evaporation of the solvent, the films were compressed at the above- )
mentioned rate up to the surface pressure required for the transsr ( than 95% were retained. The subphase was unbuffered and salt free, to
mN/m) (Demel et al., 1975). After 10 min of relaxation, the films were avoid the presence of salt crystals on the samples.
transferred to the appropriate and wettable solid support (glass slides or
freshly cleaved mica for AFM or a germanium crystal for FTIR) by asingle FTIR and CD measurements
crossing of the monolayer from the subphase to the air at a rate of 5
mm/min, while the surface pressure was kept constant by the use of BTIR spectra were recorded on a Bruker IFS28 spectrometer equipped with
feedback system. Only samples for which the transfer efficiency was bettea liquid nitrogen-cooled MCT detector. The spectra (1000—2000 scans)
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were recorded at a spectral resolution of 4 ¢rand were analyzed using spread monolayers, while the influence of the presence of
the OPUS/IR2 program. They were recorded for transferred mixed monogg|t strongly modifies the peptide adsorption into a spread

layers and for samples that were obtained by deposition of solutions of: .. L . _
lipid and peptide mixtures (see above) onto a fluorine plate, where therlpld monolayer (manuscript in preparation). Therefore, be

solvent was allowed to evaporate under a nitrogen stream. Complet§@Use all of the monolayer and AFM experiments are related
removal of the DMSO was achieved by washing the film with water andto spread mixed monolayers, the effect of the presence of
drying under a nitrogen stream. The complex contour observed for peptidisalt will not be taken into account in the discussion here.
amide | and Il bands was decomposed using the second-derivative method
for the determination of the band positions. All FTIR experiments were
repeated at least twice on different sample preparations. FTIR investigations

CD spectra were recorded on a Jobin-Yvon Mark V dichrograph, using
quartz cells with an optical path of 1 mm. The samples were prepared byfhe FTIR spectra obtained for transferred monolayers are
mixing a solution of P1 in water with freshly prepared DOPG vesicles glmost identical, whatever the nature of the phospholipid

obtained by sonication. and the peptide molar fraction at higy (0.25 or 0.50).
Typical spectra are shown in Fig. 2. All spectra are charac-
AFM observations terized by the presence of an amide | band component

centered at 1625 cnt, accompanied by several contribu-
The topographies of the tran§ferred monolaye_rs' were obtained using flons at higher wavenumber. The 1625 chiband identifies
ganoscope 1 atomlc f_orce microscope from Digital Instrumen_ts (Santaa B-type conformational state, and owing to the presence of
arbara, CA) working in the contact mode. Images were acquired under o . . P
ambient conditions with a 14m piezoelectric scanner. Commercial sili- @ Contribution in the amide | band lying at 1694 chit is
con nitride cantilevers were used for the measurements. The nominarery likely that we are dealing with an antiparallel arrange-
imaging force during scanning was0.5 nN (200um-long cantileverk = ment of the peptide chains (Dong et al., 1990; Arrondo et
0.06 N/m). The scan rate was 2.5 H;. Images werg obtained fr'om at IeagL, 1993)_ The other contributions in this wavenumber
tsvggp?'cf;?l;egg;Z?;fézsafgzza;ide‘;r;ﬁ'g:;?;gjays with at least five mactoro oinn are very probably due to vibrations of the helical

and/or nonordered domains of the peptide (see below), and

their absolute amplitude and assignment cannot be assessed
RESULTS precisely because of the low signal-to-noise ratio, especially
for x, = 0.25.

Because no information can be obtained for low peptide
Fig. 1 shows the isotherms of various peptide-lipid mix- molar fractions with the transfer procedure because of sen-
tures, where the lipid is DOPG, DPPG, and DPPC for Fig.sitivity limits, the intensity of the amide bands is enhanced
1, A, B, andC, respectively. The curves corresponding to theby deposition of mixed solutions onto a fluorine plate.
pure lipids are in agreement with those already reportedecause of the presence of DMSO, which is a solvent that
(Lakhdar-Ghazal and Tocanne, 1981; Tamm and McConis only slightly volatile, it was of major importance to check
nell, 1985; Ruano et al., 1998). Because the collapse of th&hether it can be totally removed when the washing proce-
pure peptide is above 40 mN/m (54 mN/m), no collapse camure reported in the experimental section is used. On the
occur for the mixed monolayers in the range of pressurédasis of the infrared spectrum, it can be assessed that the
studied here, and therefore the peptide is not squeezed outwhshing procedure is sufficient but necessary to totally
the monolayer (Gaines, 1966). It must be noted that theliminate the DMSO, as shown in the spectra of Fig. 3. The
isotherms are reproducible after recompression when the&ashing procedure also has the advantage of inducing the
first compression is stopped below 20mN/m. The insetsnultilamellar organization of the lipid (Bechinger et al.,
show the variations at 20 mN/m of the mean molecular ared999). The two typical behaviors induced by DOPG and
as a function of the peptide molar fraction. Whatever theDPPG are shown in Fig. 4. A zooming of the amide | and Il
lipid, a positive deviation from additivity (Crisp, 1949) can region at three crucial values gf in the case of DOPG is
be noticed, indicating interactions within the monolayershown in Fig. 5. In this case, it appears that an increase in
with an expansion of the mean molecular area (Gainesx, leads to a modification of the infrared spectrum, in both
1966; Taneva and Keough, 1994). Close examination of théhe amide | and amide Il band regions. Indeed, at lgw
insets indicates that the molecular expansion is larger for theé<0.1) the major component of the amide | band is centered
lipid in the liquid expanded (LE) state than for those in theat 1655 cm*, and an increase i, induces the appearance
liquid condensed (LC) state (twofold expansion for DOPG,of a contribution at 1625 cm', which becomes the major
compared with 1.2 for DPPC and DPPG), and we note thatomponent by a further increase . Clearly, such an
the maximum expansion shifts toward higher peptide molaevolution of the positioning of the amide | band is indicative
fractions on going from DOPCx(= 0.35) to DOPG X = of a conformational change of the peptide. The behavior of
0.75) (Van Mau et al., 1999). To gain better insight into thethe amide 1l band, which lies around 1550 chat low x,
behavior under physiological conditions, some of the ex-and moves to 1530 cmt atx, = 0.5, also agrees with a
periments described above are duplicated with a salineonformational transition of the peptide. While the 1625
subphase. No significant difference can be detected focm * amide | band in association with an amide Il band at

Isotherms of mixed monolayers
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1530 cm* can be unambiguously assigned toBaype  experiments carried out on peptide-containing DOPG vesi-
conformational state, the assignment of the bgconfor-  cles (Fig. 6). The spectrum &t = 0.05 is characterized by
mational state is not as straightforward, although the infratwo minima at 207 and 222 nm, with ellipticities that are
red characteristics strongly suggestahelical conforma- nearly identical to those obtained in the presence of sodium
tion. Similar results were obtained using DOPC instead oflodecyl sulfate (SDS) micelles (Chaloin et al., 1997).
DOPG, with, however, a shift of the transition toward lower Concerning the situation found with DPPG, from infrared
values ofx, (data not shown). The existence of aihelical  observations it appears that no conformational changes occur
structure at lowx, was confirmed by circular dichroism whenx; is varied, because the major amide | band contribution
remains at 1625 cit, regardless of ther, characterizing a
B-type conformation; this also holds true for DPPC.

L
[

AFM observations

o
to

Fig. 7 shows the AFM image obtained for a transferred
monolayer made of pure DOPG, which is given for refer-
ence purposes. It shows a regular and flat area, as already
found for DPPG and DPPC.

o
=
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|

Absorbance (a.u.)

Lipid in the liquid expanded state (DOPG)

1200 1300 1400 1500 1600 1700 1800 _ _
A selected set of the most representative photographs obtained

-1 . -
Wavenumber (cm") by AFM on peptide-containing transferred monolayers of
FIGURE 3 FTIR spectra of a mixed lipid-peptide samplg € 0.5) DOPG in the I|qU|d_expanded state_|s shown in Fig. 8. To make
obtained by evaporation of the solvent mixtul and after water treat-  Significant comparisons, our attention focused on three differ-
ment @). ent situations, which correspondxg = 0.05, 0.25, and 0.50.
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FIGURE 5 Magnification of the FTIR (normalization procedure) spectra
03 shown on Fig. 4A (amide | and Il band region), at the three most
’ significant peptide molar fractiondz], x, = 0.05; +, x, = 0.25; O,
X, = 0.5.
02
3
&
8 restricted to monolayers containing small peptide amounts
=} .
£ 0l (X, = 0.05). In DPPG, only round micro- and macrodo-
é’ mains (0.3 nm high; diameter up to 50 nm) (Figdp are
0 detected, together with small aggregates (Fig.clénde).
With DPPC, filaments are detected and are located between
ol domains (Fig. 10d andf). Such filaments are reminiscent of

the situation of DOPG at, = 0.25 (see above, Fig. 8.and
d) and of that already found for DOPC (Van Mau et al.,
1999). These features are also accompanied by large aggre-

FIGURE 4 Variations of the FTIR spectra in the amide | and Il bands gates up to~4 nm in height (Fig. 93) and holes in the |ipid

region of mixed lipid-P1 mutilayers as a function of the peptide molar domains.
fractions. InA and B the lipids are DOPG and DPPG, respectively. The

peptide molar fractions are indicated on the spectra. Note that the band

centered at 1740 cnt correspond to the lipidic carbonyls. The spectra DISCUSSION

shown in this figure were recorded after water washing and drying under Lo . . .
a nitrogen stream. From FTIR spectroscopic investigations and by comparison

of the spectra shown in Figs. 2 and 4, it appears that the two
procedures for sample preparation, transfer and deposition,
lead to very similar spectra, at leasbgt= 0.5. It must be

emphasized that in every situation the presence of lipid

1500 1550 1600 1650 1700 1750 1800

Wavenumber (cm'l)

For the lowestx, (x, = 0.05) it is difficult to detect
structures on the X 2 um scan (Fig. 8), but microhet-
erogeneities together with round structures can be observed

at higher magnification (see Fig$. The mean diameter of 10000

these structures was10 nm, and they protrude from the 2000 4
background from 0.5 to 0.8 nm (Fig. 8. At x, = 0.25, ~ 6000 -
besides the round structures described above (Figa8d 'E‘ 4000 -
d), filamentous structures~10-nm width and 0.8-nm N: 2000 4
height) are observed (Fig. 19, together with a few rough & .
macrodomains protruding3 nm from the monolayer. )
Whenx, is increased to 0.50, the filaments and macrodo-i';: 20003
mains disappear and give way to irregular aggregates (0.7—-& %]
nm high) (Fig. 8,e andf, and Fig. 9c). = 6000 3
-8000
-10000
Lipids in the liquid condensed state (DPPG and DPPC) Wavelength (nm)

Owing to the much lower deviation from linearity of the FIGURE 6 Far UV CD spectrum of P1 incorporated into vesicles of
mean molecular area, the reported AFM observations areoPG at a peptide molar fraction of 0.02.
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that the FTIR observations made on multilayers reflect the
behavior occurring in monolayers. This is enforced by the
AFM observations, which show, at low, the presence of
small particles protruding 0.5—-0.8 nm from the hydrophobic
side of transferred monolayers. These protrusions are con-
sistent with the dimensions expected for @ielical form
oriented perpendicular to the interface (see below).
Examination of the compression isotherms reveals for
every situation a positive deviation from the linearity ex-
pected, assuming an ideal miscibility without conforma-
tional changes of the peptide. Let us first consider the case
where the peptide undergoes a conformational transition,
i.e., with lipids in the LE state. This situation clearly occurs
for DOPG, where a large deviation from linearity occurs. It
must be noted that the large deviation, which can be ob-
served at 20 mN/m (see Fig. A), still occurs at every
FIGURE 7 2pum X 2 um AFM scan of a transferred monolayer of surface pressure and more especially at higher surface pres-
DOPG. The height scale is given in the inset. sures. For example, at 35 mN/m (the pressure corresponding
to that used for the transfer) andt = 0.75, where the
peptide is the most homogeneous from the structural point
reduces the amount of nonordered form (see figures 4B anadf view, the experimental molecular area is 1.6-fold that
7A in Van Mau et al., 1999) and that the surface pressur@xpected when an ideal is assumed (i.e., a linear behavior).
used for the transfer (20 or 35 mN/m) does not significantlyTherefore, assuming that the molecular area of the lipid is
modify the FTIR spectrum. For lower values g&f, the  not significantly affected by its mixing with the peptide, the
spectra obtained for low pressure transferred monolayerigicrease in the mean molecular area agrees with the con-
are too noisy to allow a confident analysis. For all situa-formational change of the peptide when accompanied by a
tions, at a high peptide molar fraction, P1 is mainly in amodification of its orientation. Indeed, examination of the
B-type conformational state, as revealed by the amide | bantheoretical dimensions of the various possible conforma-
at 1625 cm?, with some part of the peptide remaining tional states indicates that for anhelix that has its helical
helical or nonordered, whereas figf = 1 the peptide does axis perpendicular to the interface and assuming an average
not adopt a well-defined conformational state and rathehelical diameter of 1.5 nm, the molecular area is 1.77 nm
corresponds to a mixture of helix, random coil, and shee{ 7 X 0.75 (helix radius}. For the same helix, but with its
structures with a strong loss of the sheet contribution (Chaaxis parallel to the interface and taking into account only the
loin et al. 1997). Important differences in the peptide con-18-residue-long structured domain, the corresponding mo-
formation can be found at low,, depending on the physical lecular area is 4.05 nm(18 (number of residuesx 1.5
state of the phospholipid. In the presence of a lipid in the LC(helix diameter)x 0.15 (height per residue)), and 3 Aim
state, no conformational transition could be detected for anwhen in the B-form with the peptide axis parallel to the
value ofx,, and the peptide remains ingaform. In the case interface (18 (number of residuesy 0.475 (interchain
of a lipid in the LE state, a decreasexpinduces 8 — o distance)x 0.35 (length per residue)). Because the ratio
conformational transition. As expected because of the inbetween the area of thgform and that of the perpendicular
fluence of the charges, with DOPC this transition occurs at-helix is very close to the molecular area expansion (com-
a lowerx, than it does with DOPG. Because of the strongpare 1.7 with the experimental value of 1.6), it seems
similarity between the CD spectra in DOPG and SDS mi-reasonable to attribute the large molecular area expansion
celles, it can be stated that P1 adopts the saaelical  mainly to the lipid-induced conformational changes accom-
conformational state in both of these media. The helixpanied by a modification of the peptide positioning with
covers the hydrophobic signal peptide sequence (from resespect to the monolayer, with a rocking of the peptide axis
idue 1 up to 18), as revealed by NMR in SDS micelles,from perpendicular to parallel to the interface. As for the
while the remainder of the peptide is nonstructured (Chaloirpositioning of thea-helical form, the height of the protru-
et al., 1997). It is likely that when in th@-form, the  sions observed in the AFM images at loyis in line with
structured domain of P1 corresponds to the same hydroph@ hydrophobica-helix embedded in the lipid medium. A
bic sequence. Because of the primary amphipathic profile ofength of 18 X 0.15 = 2.7 nm is too large to span a
the peptide and the fact that a much larger deviation frommonolayer and thus will protrude 0.7 nm, but can easily
linearity occurs for DOPG than for DPPG (where no helix-accommodate a bilayer, as suggested by the ability of this
to-sheet conformational transition is detectable, althougipeptide to induce the formation of ionic channels in artifi-
they are treated identically), it seems reasonable to assunuéal bilayers (Chaloin et al., 1998a).
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1.5 nu

0.0 nm
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FIGURE 8 AFM scans of transferred monolayers of DOPG correspondirg $00.05 @ andb), 0.25 ¢ andd), and 0.50 ¢ andf). The scales are 2
um X 2 um for a, c,ande and 500 nmx 500 nm forb, d, andf. The height scales are given in the insets.

Concerning the shift toward higher molar fractions of theits origin probably lies in the nature of the lipid headgroups.
maximum of expansion (compare 0.35 for DOPC with 0.75Recalling that the peptide contains five positively charged
for DOPG), because the two lipids are differently chargedresidues that are all located at the nonstructured C-terminus
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nu electroneutralization, i.e., 0.2. Below this molar fraction the
attractive electrostatic interactions will favor lipid-peptide
interactions and thus inhibit peptide-peptide interactions. In
DOPC, the shift toward lowex, of the a-to-8 transition
observed in the infrared investigations agrees with the
above conclusion—a greater dispersion of the peptide,
which will favor the a-helical form.

For lipids in the LC state, the deviation from linearity of
the mean molecular area whep is varied also reflects a
nonideal miscibility between the two components. How-
ever, in the work presented here, the deviation is lower than
that found for lipids in the liquid expanded state. Since no
a-to-B conformational transition could be detected, our
results indicate that the hetero interactions are weaker than
those arising in the lipids in the LE state. In addition, no
major difference can be noted with modification of the
charge of the lipid, indicating that in DPPC and DPPG, the
general trend is governed by the physical state of the lipid.

The above conclusions can be summarized as follows. In
the case of DPPC and DPPG, the deviation from linearity of
the mean molecular area is induced essentially by the inter-
actions between the components of the monolayer, while for
DOPG and for DOPC, this expansion has two origins: the
interactions between the components and the conforma-
tional transition of the peptide. The difference between LE
and LC lipids reflects the contribution of the conformational
changes.

These conclusions are corroborated by the AFM obser-
vations, which will also provide more precise insight into
the nature of the structures formed when P1 is mixed with
various lipids. While the presence of P1 induces phase
separation in the case of DOPC (Van Mau et al., 1999), no
such phenomenon can be detected with DOPG, and no
™ ’ domain is found in DOPG, regardless of the valugofsee
Fig. 8). The formation of domains was assumed to be a
consequence of strong hydrophobic peptide-peptide interac-
tions in DOPC monolayers (Van Mau et al., 1999). These
interactions are less favored in the case of DOPG because of
the attractive electrostatic interactions between the two part-
ners. This will favor the dispersion of the peptide in the
monolayer and therefore the formation of thehelical
0 0.50 1.00 1.50 form. The filaments that can be observed with DOPG at
high x, are in agreement with the finding of A-type
FIGURE 9 Section analysis of monolayers. The heights of the structureSONformation and shed some light on the size of the parti-

imaged were estimated from AFM images, using the section analysi€/€S formed. o .
software provided by Digital Instruments, b, and ¢ correspond to When the lipids are in the LC state (DPPC and DPPG),

DOPG-P1 mixtures (Fig. &, d, andf, respectively)d ande correspond  the general features of the AFM images reveal the existence

to DPPG-P1 and DPPC-P1 mixtures (Fig. t@ndd, respectively). Note of domains that are round for DPPG. For DPPC these

that except for aggregates & these heights are significantly lower than d . | d ted by fil t

the thickness of a pure phospholipid monolayer. _orr_1a|ns are anguiar and are connecte y Tlaments very
similar to these found for DOPC.

It is likely that the differences in shapes do not have their
of P1, it is likely that they can interact with the negative origin in artifacts generated by the transfer. Indeed, it was
headgroups of DOPG. Therefore, the finding of a situationshown that the transfer properties of monolayers strongly
similar to that occurring with DOPC can only occur at a depend on the surface pressure of the monolayer (Egusa et
peptide molar fraction above that which corresponds taal., 1990) and that this phenomenon is very sensitive at low
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0.0 nm 0.0 nm

FIGURE 10 AFM scans of transferred monolayers corresponding te 0.05 for DPPG 4, c,ande) and DPPCH, d, andf), respectively. Scan sizes
are 8um X 8 um (a andb), 2 um X 2 um (c andd) and 400 nmx 400 nm ¢ andf). The height scales are given in the insets.

surface pressures. However, when transfer takes place @Dufréene et al., 1997; Lee et al., 1998). The absence of
high surface pressures, as done in this work, this effect iartifacts is also strongly supported by the continuous and
minimized (Rana et al., 1994) and thus can be neglecteteproducible evolution of the images, especially with regard
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