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ABSTRACT The thermotropic phase behavior and lateral structure of dipalmitoylphosphatidylcholine (DPPC) lipid bilayers
containing an acylated peptide has been characterized by differential scanning calorimetry (DSC) on vesicles and atomic force
microscopy (AFM) on mica-supported bilayers. The acylated peptide, which is a synthetic decapeptide N-terminally linked to
a C44 acyl chain (C44-peptide), is incorporated into DPPC bilayers in amounts ranging from 0—20 mol %. The calorimetric scans
of the two-component system demonstrate a distinct influence of the C,4-peptide on the lipid bilayer thermodynamics. This is
manifested as a concentration-dependent downshift of both the main phase transition and the pretransition. In addition, the
main phase transition peak is significantly broadened, indicating phase coexistence. In the AFM imaging scans we found that
the C44-peptide, when added to supported gel phase DPPC bilayers, inserts preferentially into preexisting defect regions and
has a noticeable influence on the organization of the surrounding lipids. The presence of the C+4-peptide gives rise to a laterally
heterogeneous bilayer structure with coexisting lipid domains characterized by a 10 A height difference. The AFM images also
show that the appearance of the ripple phase of the DPPC lipid bilayers is unaffected by the C4-peptide. The experimental
results are supported by molecular dynamics simulations, which show that the C,4-peptide has a disordering effect on the lipid
acyl chains and causes a lateral expansion of the lipid bilayer. These effects are most pronounced for gel-like bilayer structures
and support the observed downshift in the phase-transition temperature. Moreover, the molecular dynamics data indicate

a tendency of a tryptophan residue in the peptide sequence to position itself in the bilayer headgroup region.

INTRODUCTION

The interaction and association of peptides and proteins with
lipid membranes can be significantly modulated by using
covalently attached hydrocarbon chains as hydrophobic
anchors. The use of hydrophobic anchors provided by, e.g.,
acylation or prenylation, is a common strategy used by bio-
logical membranes to attach peptides and proteins to the lipid
bilayer to localize them into regions, such as lipid domains
and rafts, for which the anchoring moiety has a special
affinity (1-3). Acylation is a particularly interesting anchor-
ing mechanism since it can be enzymatically modified and
hence be used for regulation by relocating the proteins at the
membrane surface or within a laterally differentiated mem-
brane structure, e.g., in relation to rafts. Many peripheral
membrane proteins involved in cell signaling, e.g., protein
kinases C substrate (MARCKS) and Src proteins, are at-
tached to the membrane by a combination of a hydrocarbon
chain that interacts with the hydrophobic core of the mem-
brane and positively charged amino acids that interact elec-
trostatically with negatively charged lipid headgroups or
have aromatic residues that localize at the membrane-water
interface (4—6). Other peripheral proteins, such as Src family
kinases, HIV-1, Gag Nef, and cytochrome c, use similar
strategies, furthermore in a way that may be controlled by the
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lateral structure of the cellular membrane (1,7). Finally, the
efficacy of some peptide drugs and hormones can be sub-
stantially enhanced by acylation (8,9).

Research in the physical properties of lipid membranes
has shown that lipid membranes are highly structured fluids
that are characterized by small-scale structures, which are of
importance for membrane function (10-13). A quantitative
characterization of lateral membrane structure, e.g., by the
use of detailed imaging or computer simulation calculations,
is therefore of interest, in particular in the presence of pep-
tides and proteins. It has been shown that the function of sev-
eral membrane-associated enzymes and proteins is strongly
influenced by the physical properties and phase behavior of
the lipid membrane (14—17). One striking example is the
activity of the water-soluble phospholipase A, (PLA;) en-
zyme. Both experimental and simulation results have dem-
onstrated that the activity of PLA, depends strongly on the
physical state and microstructure of the lipid-membrane sub-
strate (18,19). In particular, it has been shown that the
activity is strongly enhanced in the vicinity of the main phase
transition, where the lipid membrane shows a high degree of
heterogeneity with coexisting domains of gel and fluid phase
lipid structures. The potency of other compounds such as
general anesthetics and various insecticides has also been
related to their capacity for altering lipid membrane structure
and dynamics (20,21). In a pharmaceutical context it is there-
fore of interest to study the perturbing effect that acylated
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peptides may have on the macroscopic as well as the micro-
scopic phase structure of lipid membranes.

Saturated phospholipid membranes undergo several ther-
mally induced phase transitions. The most studied transition
is the main phase transition, which takes the membrane from
a low-temperature gel phase, characterized by a high degree
of acyl-chain order, to a high-temperature fluid phase in
which the acyl chains have a substantial degree of confor-
mational disorder. Below the main phase transition, saturated
phosphatidylcholine membranes undergo a low-enthalpy
transition called the pretransition. The pretransition is most
pronounced in DSC scans of multilamellar liposomes, but
has also been reported in unilamellar liposomes. Several
studies have demonstrated that the occurrence of the pre-
transition is sensitive to the addition of various molecular
compounds, such as cholesterol, gramicidin S, ursodeox-
ycholic, and alphaxalone (22-25). Between the pre- and the
main phase transitions, the lipid bilayers are characterized by
regular corrugations with a periodic spatial distribution re-
ferred to as the ripple phase (26—28).

In this study, we investigate general implications on phase
behavior and bilayer structure due to the interactions be-
tween an acylated synthetic model peptide with DPPC bi-
layers. Given that several important biological functions rely
on acylated peptides as already stated above, in-depth insight
into the resulting phase behavior and nanoscale structure of
the membrane within such complexes is therefore of fun-
damental interest. This cationic deca-peptide is N-terminally
linked to a myristoyl fatty acid and will be denoted Ci4-
peptide in the following, where C4 refers to the 14-carbon
acyl chain of myristoyl fatty acid. The choice of model
peptide was motivated for reasons of simplicity. The short
peptide could easily be synthesized and myristylated. It was
chosen to have a proline residue in the middle to arrange for
the simplest element of secondary (hairpin) structure, which
in principle provides a means of experimental monitoring of
conformational changes, e.g., hairpin-coil transitions likely
occurring at the lipid-water interface (29). A tryptophan
residue was positioned adjacent to the membrane anchor,
i.e., at the interface, to provide a feasible route for spec-
troscopic localization of the anchor, but it was not introduced
for explicit anchoring purposes. In our previous study (29),
we showed by means of IR spectroscopy that the cationic
C4-peptide assumes in solution a hairpin structure and by
means of calorimetric studies that it interacts stronger with
lipid membranes containing anionic lipids as compared to
pure zwitterionic DPPC membranes. However, the appear-
ance of a second small peak around 30°C in the heat capacity
curves of C4-peptide/DPPC unilamellar liposomes indi-
cated that the Cy4-peptide had a distinct influence on the
phase structure of the DPPC bilayers. As a result, further
studies were undertaken to elucidate the interaction of the
C4-peptide with DPPC lipid membranes. The aim of this
study is to gain further insight into both the macroscopic and
microscopic lipid bilayer structure of the binary systems
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composed of DPPC and C4-peptide with particular focus on
the second small peak arising around 30°C. We have used
differential scanning calorimetry (DSC) to study the ther-
modynamic phase behavior of DPPC liposomes contain-
ing variable amounts of the C4-peptide and show that the
second small peak is in fact the pretransition, which is shifted
to lower temperatures by the C4-peptide. This indicates that
the C;4-peptide stabilizes the ripple phase. In other previous
studies it was shown that the ripple phase can be visualized by
atomic force microscopy (AFM) by using a sample prep-
aration technique that produces solid supported double bi-
layers (30-32). Thus, to obtain a microscopic understanding
of the macroscopic phase behavior, we have used this tech-
nique to investigate by AFM the nanoscale lateral organiza-
tion of the mixed bilayers composed of C;s-peptide and
DPPC. The experimental findings are supported by molecular
dynamics (MD) simulations carried out to investigate the
interaction of the C,4-peptide with DPPC lipid membranes as
previously reported in detail confirming, e.g., a transient hair-
pin structure of the C;4-peptide at the lipid interface (33).

MATERIALS AND METHODS
Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was obtained from
Avanti Polar Lipids (Alabaster, AL). Myristoyl-HWAHPGGHHA -amide
(Cy4-peptide) >98% purity was purchased from Commonwealth Biotech-
nologies, (Richmond, VA). All other chemicals were of reagent grade and
used without further purification.

Liposome preparation

Multilamellar vesicles (MLVs) were made by dissolving and mixing DPPC
and C,4-peptide in a chlorofom/methanol mixture (1:1). The solvent was evap-
orated using a gentle stream of nitrogen, followed by drying at low pressure
overnight. For the DSC experiments the thin lipid film was hydrated in a
buffer solution containing 10 mM 2-morpholinoethanesulfonic acid (MES),
50 mM KCl, and 1 mM NaNj3, (pH = 5.8). For the AFM studies, the thin lipid
film was hydrated with milli-Q-water. Large unilamellar vesicles (LUVs) were
made by extrusion of the MLV suspension 10 times through two stacked 100 nm
Nuclepore polycarbonate filters (Whatman, Brentford, UK) (34). In addition
to experiments where the C,4-peptides were incorporated from the organic
phase, experiments were also conducted where the C4-peptides dissolved in
MES-buffer were added to the water phase of preformed liposomes.

Differential scanning calorimetry

Heat capacity curves were obtained using an N-DSC II differential scanning
calorimeter (Calorimetry Sciences, Provo, UT). Liposome suspensions were
made of 3 mM lipids including appropriate amounts of the C;4-peptide
incorporated from the organic phase or added to the water phase of preformed
liposomes. The samples were equilibrated for 1 h at the starting temperature
and heat capacity curves were obtained at a scanning rate of 30°C/h.

Preparation of supported bilayers

Supported lipid bilayer membranes containing DPPC and C;4-peptide were
obtained by bath sonication using a Bransonic ultrasonic cleaner (Branson
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Ultrasonics, Danbury, CT) of the MLV suspension for 50 min at 50°C,
yielding small unilamellar vesicles (SUV). The SUV suspension was
transferred to a home-built cell for the atomic force microscope containing
freshly cleaved mica and then incubated for 1 h at 37°C. The sample was
subsequently rinsed 10 times with a 20 mM NaCl solution. In this way
supported bilayers were obtained, which were often partly covered by
a second bilayer. Pure DPPC bilayers were obtained by probe sonication of
the MLV suspension using a Labsonic U tip sonicator (B. Braun Biotech
International, Melsungen, Germany), followed by centrifugation at 5500
rpm for 8 min to remove titanium residuals. The supernatant was imme-
diately reheated to 60°C, and the obtained SUV suspension was transferred
to the home-built cell containing freshly cleaved mica. The SUV suspension
was incubated for 1 h at 37°C and was washed 10 times with a 20 mM NaCl
solution.

AFM

AFM studies were performed using a PicoSPM atomic force microscope
(Molecular Imaging, Phoenix, AZ). Contact mode topographic and deflec-
tion mode images were recorded using oxide sharpened silicon nitride
cantilevers (ThermoMicroscopes, Sunnyvale, CA) with nominal spring
constants of 0.01 N/m. In the experiments where the C;4-peptide was added
to preformed lipid bilayers (see Figs. 3 and 5), 15 uL of a 0.1 mg/mL C4-
peptide solution was added to the home-built fluid cell for the AFM, having
a volume of ~0.6 mL.

MD simulations

The MD simulations were carried out using the program NAMD (35) with
the CHARMM?27 parameter set (36-38). The simulations involved 71
phospholipid molecules and 2092 water molecules for each C,4-peptide
corresponding to a peptide concentration of 1.4 mol %. All MD simulations
were carried out for 14 ns at 52°C under a range (35-70 dyn/cm) of applied
tensions imposed to mimic gel-like as well as fluid-like states of the model.
This approach, derived from Feller et al. (39), is justified and described in
detail elsewhere (33).

RESULTS AND DISCUSSION

Phase behavior of DPPC liposomes premixed
with C,4-peptide

Fig. 1 A shows DSC heating curves of DPPC multilamellar
liposomes incorporated with increasing amounts of the Cy4-
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peptide. The heat capacity curve of the pure DPPC liposomes
displays a main phase transition at 41.9°C. The main phase
transition temperature, T;,,, and the half-height width of the
transition, Ty, are affected by increasing concentrations of
the C4-peptide as seen from the values listed in Table 1. At
concentrations of 10 and 15 mol % C4-peptide, a low-
temperature shoulder appears on the main phase transition
peak, and at 20 mol % C,4-peptide two melting peaks can be
observed, indicating phase separation. The melting enthalpy,
AH, which is determined as the area under the Cp-curves in
Fig. 1 A, is listed in Table 1. It is noted that the transition
enthalpy decreases significantly when the concentration of
the C,4-peptide in the liposomes increases.

Fig. 1 B shows the same DSC scans as Fig. 1 A, with focus
on the temperature range where the pretransition takes place.
Multilamellar DPPC liposomes (0 mol % peptide) display
a pretransition peak at 36.1°C. As the concentration of the
C4-peptide increases, the pretransition temperature is shifted
to lower temperatures and the transition is broadened. At 15
mol % Ci4-peptide the pretransition temperature is down-
shifted almost 10°C compared to the pretransition of pure
DPPC multilamellar liposomes and now appears at 27.2°C.
At 20 mol % the pretransition is completely abolished. It is
seen that the pretransition temperature is downshifted much
more dramatically than the main phase transition. Thus, the
temperature range where the ripple phase appears is ex-
panded by the presence of the Ci4-peptide. Interestingly,
Wang et al. (40) have shown by x-ray diffraction and freeze-
fracture electron microscopy that a ripple phase is present in
mixtures of phospholipids and lipidated a-tocopherol well
below the pretransition temperature of the corresponding
pure phospholipid.

Phase behavior of DPPC liposomes after
incorporation of the C,;4-peptide from the
aqueous phase

In the previous paragraph we described the effect of the C4-
peptide when it was premixed with the DPPC lipids during
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TABLE 1 Variation of the main phase transition temperature,
T, the transition enthalpy, AH, the half-height width of the
transition, Ty, and the pretransition temperature, T, of the
multilamellar liposomes composed of DPPC incorporated
with increasing concentrations of the C,4-peptide

Mol % C4-peptide T, (°C)  AH (kcal/mole) T, (°C) T, (°C)
0 41.9 9.72 0.16 36.1
5 41.7 9.50 0.47 338
10 40.6 7.29 0.89 29.2
15 39.8 5.30 0.47 27.2
20 40.3 4.90 4.5 -

liposome preparation. Now we focus our attention on the
effect of adding the C,4-peptide to the water phase of pre-
formed liposomes. In Fig. 2, A and B, the C,4-peptide has
been added to the water phase of preformed uni- and multi-
lamellar DPPC liposomes just before starting the DSC scan.
Unilamellar pure DPPC liposomes show a main phase
transition at 41.3°C (T, = 1.4°C, AH = 7.7 kcal/mole). It is
noted that 7\, for pure unilamellar DPPC liposomes (Fig. 2
A) is significantly larger than T, for the pure multilamellar
liposomes (see Fig. 2 B and Table 1). The broadening of the
heat capacity curves at the gel-to-fluid transition for the uni-
lamellar DPPC liposomes as compared to the multilamellar
liposomes reflects a change in the cooperative behavior of
the many particle lipid membrane system (41). When 10%
C,4-peptide is added to the water phase of preformed uni-
lamellar DPPC liposomes, it is clearly seen that the main
phase transition temperature is shifted to lower temperatures,
T, = 40.4°C, the enthalpy is diminished, AH = 6.9
kcal/mole, and the transition takes place over a narrower tem-
perature range, Ty, = 1.0°C. In addition a second small peak
that is only present in the consecutive upscan arises around
30°C. In unilamellar liposomes the pretransition is usually
not observed, although in some cases it can be present (42).
However, the peak appearing around 30°C corresponds to
the pretransition of the DPPC multilamellar liposomes incor-
porated with 10 mol % of the Cy4-peptide as shown in Fig. 1.
We therefore suggest that this peak indicates a transition
from the gel to the ripple phase of the unilamellar liposomes.

2497

When the C4-peptides are added to preformed multi-
lamellar DPPC liposomes in concentrations of 10 mol %,
two extra peaks appear in addition to the main phase tran-
sition peak at 41.9°C and the pretransition peak at 36.1°C. A
new and sharp peak appears at 40.0°C just below the main
phase transition temperature, and a very small peak appears
around 29°C. It is furthermore of interest that the peak
around 40°C for the multilamellar liposomes grows in size as
the liposome suspension is taken through a series of up- and
downscans as shown in Fig. 2 C. It has been shown exper-
imentally by Papahadjopoulos et al. (43) and theoretically by
Cruzeiro-Hansson and Mouritsen (44) that the transmem-
brane permeability displays a drastic increase at the main
phase transition. Seen in this light a possible explanation of
the multiple peaks in the DSC curves could be that the C4-
peptides migrate through the individual lamellae of the
multilamellar DPPC liposomes layer by layer as the lipo-
somes repeatedly are taken through the phase coexistence
region. In the first DSC scan only the outermost layer of the
multilamellar liposomes is in contact with the peptide. Since
the peptide has a freezing point depression effect on the
DPPC lipids, the lipid layer in contact with the peptide most
likely melts at a slightly lower temperature than the
unexposed lipid layers. Likewise, the appearance of a small
peak around 30°C indicates that the lipids in the outermost
layer are arranged in a ripple structure at the temperature
range between 30°C and the main phase transition tempera-
ture. As the lipid-peptide mixture is taken through a series of
up- and downscans, more and more DPPC lipids constituting
the internal layers of the multilamellar system come into
contact with the Ci4-peptide. This results in an increased
fraction of the DPPC molecules melting at 40°C and forming
the ripple phase at 30°C.

Insertion of C;4-peptides into preexisting defect
regions in supported gel phase DPPC bilayers

The lipid membrane structure was further characterized
using AFM. In the topopgraphic AFM images, the topology
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of the lipid membrane is represented by a color scale (see
inserted color scale on the images). On this scale, dark colors
correspond to lower lying regions and light colors corre-
spond to higher lying regions of the membrane. In general,
the mica-supported DPPC lipid bilayer displays a smooth
surface that often contains some defects as seen in Fig. 3 A.
These defects can be used to determine the bilayer thickness,
which in our experiments is ~6 nm (measured from the mica
support to the top of the bilayer), in accordance with other
studies (45,46). The narrow cracks can be clearly seen in the
DPPC bilayer surface and are similar to cracks that have
been reported in earlier studies (47). In Fig. 3 B we have
added the C,4-peptide to the water phase of the preformed
supported DPPC bilayer. Just after the addition of the
peptides the crack zones are markedly affected, indicating
that the C,4-peptide inserts predominantly into crack regions
in the supported bilayer and thereby creates local membrane
regions having a high peptide concentration. These peptide
enriched regions follow the preexisting cracks and have
~10 A smaller height than the surrounding lipids, indicating
that the Cy4-peptide has a membrane thinning effect.
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Ripple appearance of DPPC lipids in the presence
of Cq4-peptides

To be able to observe the ripple phase in a supported bilayer
membrane, one needs to have a freely floating bilayer on top
of a bottom bilayer adsorbed to the smooth mica substrate
(30,31,48-50). Therefore we used a newly established
method for obtaining a second bilayer on top of a lower
lying bilayer as described in the Materials and Methods
section. It was observed that the presence of the C,4-peptide
apparently facilitated the formation of double or multiple
bilayers. Under identical sample conditions, pure DPPC
lipids did not as readily form double or multiple bilayers.
Fig. 4 shows an image of a supported DPPC double lipid
bilayer containing 10 mol % of the C,4-peptide. The ripple
structure is seen in a lipid bilayer island on top of a lower
lying supported bilayer of DPPC and C4-peptide at 32°C
(cooled from 37°C). The predominant periodicity of the
ripples is ~30 nm, and the ripple structure has characteristic
bending angles of 60° and 120° in accordance with other
studies (51-54). Similarly, earlier studies have shown that
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(A) AFM micrograph of a DPPC bilayer in the gel phase at 30°C on a solid support (mica). Defect lines are visible in the DPPC lipid bilayer. (B)

The same DPPC bilayer as in A 100 min after C,4-peptide addition. It is seen that the C,4-peptide predominantly inserts into the defect zones, thereby creating
local membrane regions with a high concentration of C,4-peptides. The height profile shows that these peptide-enriched membrane regions are ~10 A lower

than lipid bilayer regions that are unaffected by the peptide.
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FIGURE 4 AFM image of supported double bilayers of DPPC lipids
incorporated with 10 mol % of the C,4-peptide at 32°C. Ripples are seen in
the upper bilayer. The height profile corresponds to the white line in the
image and shows two characteristic ripple spacings of ~30 nm and ~60 nm.
These ripple spacings are similar to pure DPPC lipid bilayers.

certain solutes and peptides like gramicidin A can induce
ripple structures in supported layers (46,55). In addition
to the 30 nm ripples, a few ripples having a periodicity of
~60 nm are also present. X-ray diffraction and electron mi-
croscopy on multilamellar PC bilayers show that the typical
periodicity of bilayer ripples is either 12—-16 nm or ap-
proximately double that value, depending on the thermal
history (54,56,57). The short periodicity ripples form when
entering the ripple phase temperature range by heating a lipid
bilayer from the gel phase, and the long periodicity ripples
form when cooling from the fluid phase. Similar to these
observations for pure PC lipid bilayers, we observe the long
periodicity of the ripple structure when the C,4-peptide/
DPPC mixture was heated to 60°C then incubated at 37°C
and imaged at 32°C. However, when the sample was kept at
4°C overnight, the ripples disappeared, and when the tem-
perature was raised to 35°C, ripples with the short periodicity
appeared (data not shown) in accordance with a previous
report on pure DPPC lipid bilayers (31). The observation of
the ~60 nm ripples may indicate that the C,4-peptide
promotes the formation of this type of ripples. However, we
have also occasionally seen this ripple periodicity in pure
DPPC lipid bilayers, and the C4-peptide did not result in
a dramatic increase in the occurrence of the ~60 nm ripples.
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By AFM, we also investigated how the ripple phase
structure of DPPC membranes was affected by the addition of
the C4-peptide to the water phase of preformed supported
DPPC bilayers. In Fig. 5 A, a lipid DPPC island on top of
a supported DPPC bilayer is shown. Ripples with a periodicity
of 30 nm appear in the upper bilayer island, and the structure of
the underlying DPPC bilayer is planar. The AFM scan shown
in Fig. 5 B was imaged 15 min after addition of the Cy4-peptide
to the water phase. The ripple periodicity of the upper bilayer
island is 30 nm, and the ripple appearance is clearly unaffected
by the presence of peptide. Fig. 5 C shows that when the island
was repeatedly scanned the ripples apparently disappeared.
However, when the scanning region was slightly moved, it
was observed that ripples were still present in an island not
previously scanned as shown in Fig. 5 D. This indicates that
the force applied by the AFM tip is capable of erasing the
ripples. This effect is not observed in pure DPPC lipid bilayers,
which are stable toward AFM imaging. The effect is not
related to peptide induced differences in ripple structure, as
evidenced by the island that was not repeatedly scanned, and it
was therefore concluded that the ripple appearance of DPPC
membranes was unaffected by the C,4-peptide.

Appearance of coexisting lipid domains

Even though the ripple appearance was found to be unaf-
fected by the presence of the C4-peptide, the structure of
the lower DPPC bilayer is dramatically affected. In Fig. 5 A,
before the addition of peptides, the lower DPPC bilayer
is planar. When the supported DPPC bilayers are imaged
15 min after peptide addition (Fig. 5 B), the structure of the
underlying DPPC bilayer has changed into coexisting lipid
domains characterized by a height difference of 10 A cor-
responding to the height difference between gel and fluid
phase DPPC lipids (58). By comparing Fig. 5 B with Fig. 5 C
imaged 15 and 57 min after peptide addition, respectively, it
can be seen that the shape of the domains is time dependent,
starting with ramified structures that become more rounded
with time. Interestingly, Rinia et al. (47) recently studied
mixtures of DPPC lipids and the transmembrane Trp(W)-
Ala(A)-Leu(L)-Pro(P) (WALP) peptide using AFM. These
authors found that the transmembrane peptides in gel-state
DPPC bilayers form line-type aggregates and that these
aggregates cluster together in striated domains. Furthermore,
the interaction of the surface-active lipopeptide surfactin-C, 5
with DPPC monolayers has also been investigated by AFM
(59). The AFM topographic images revealed phase separa-
tion of the mixed DPPC-surfactin monolayers. The observed
height difference between the surfactin and the DPPC
domains of 12 A was ascribed to differences in molecular
orientation of the two different molecules, where the DPPC
assumes a vertical position with the polar headgroup in
contact with mica, with the large peptide ring of surfactin
lying on the mica surface (60).
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MD simulations

To obtain additional structural and dynamic information
of the interaction of the Ci4-peptide with DPPC lipid
membranes, MD simulations were performed. In the MD
simulations, the lipids and the peptide as well as the water
are all represented in atomistic detail in terms of the
CHARMM27 force field (36-38). We have recently pub-
lished MD simulation results of the same system in greater
detail (33). In this report, we focus the attention on particular
aspects that can provide an explanation and support to the
experimental observations. To estimate the change in bilayer
lateral area and in lateral area compressibility due to the
presence of the anchored peptide, we have previously dem-
onstrated that it is in this regard feasible and convenient to
subject the DPPC bilayers to an applied surface tension, vy,
where 35 dyn/cm = y = 61 dyn/cm (33). This range of
surface tensions ensures that our simulations capture gel- and
fluid-like structures of the DPPC bilayer for the lowest and
highest applied surface tensions, respectively. Moreover, this
approach to some extent compensates for the lack of ability
to study phase transitions using MD. A snapshot from our
simulations with y = 61 dyn/cm is displayed in Fig. 6 A.
This snapshot shows the Cjs-acyl chain anchored in the
apolar part of the lipid bilayer while the tryptophan residue
of the peptide is positioned in the headgroup region, and the
rest of the peptide chain is in the water phase, in accord with
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FIGURE 5 Addition of Ci4-peptide to supported
double bilayers of DPPC lipids in the ripple phase at
37°C. (A) Before addition of the C,4-peptide, ripples are
present in the upper bilayer island. (B) 15 min after
addition of the C,4-peptide. The ripples in the upper
bilayer island are unaffected by the peptide addition,
whereas the structure of the lower DPPC bilayer is
clearly affected by the addition of the C,4-peptide. (C)
57 min after peptide addition, the ripples on the island
have apparently disappeared. The underlying structure
of the lower DPPC bilayer is markedly affected by the
presence of the Cy4-peptide. (D) Ripples still present in
an island not previously scanned 110 min after
C,4-peptide addition.

the average behavior of these respective moieties. In par-
ticular, the location of the tryptophan residue in the head-
group region is highly stable (33). It has been argued that
ripple phase formation takes place in large headgroup
phospholipid when the relationship between the headgroup
area and the cross sectional area of the acyl chains exceeds
a certain threshold value (27,28). Keeping this in mind, the
MD simulation data may provide an explanation to the ex-
tended temperature range of ripple phase formation, as the
persistent location of the tryptophan residue in the lipid
bilayer headgroup region is likely to lower the temperature
where this threshold is exceeded.

From the applied surface tension simulations, we obtain
within a 14 ns simulation time equilibrium areas of the DPPC
bilayers in the presence (+) and absence (—) of the peptide.
These areas, denoted A(DPPC") and A (DPPC "), respec-
tively, with standard deviations oampppc+y = o' and
oamppc—) = o both increase linearly with y (33). Now,
we define the relative area A’(y) = A(DPPC")/A(DPPC™)
= A*(y)/A~(y) with standard deviation o(y;) = [0 (7;)*
(On A" (1)l +0 (1) (On A (7))l J12 Where D
A'(y) = 0A’(y)/DA™. Results including linear regression of
A’(7y) are shown in Fig. 6 B. We consistently find for all y an
area increase in DPPC" relative to DPPC~ due to the
presence of the peptide. Extrapolation to the limit of zero
surface tension yields lim,_,,A’(y) = 1.28 *= 0.11, ie.,
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FIGURE 6 (A) Simulation snapshot of the peptide-DPPC system
simulated with an applied surface tension of 61 dyn/cm. Modeling and
simulation details are provided in Jensen et al. (33). The choline headgroup
and the palmitoyl chains are colored yellow and gray, respectively. Water
molecules appear in red and white. The peptide-C4 anchor is colored green.
The interfacial tryptophan residue is displayed in purple, and the remainder
of the peptide appear in ice blue. (B) Equilibrium areas A’(y) = A(DPPCY)/
A(DPPC™) = A*(y)/A™(y) of the DPPC bilayer with the anchored peptide
(+) relative to pure DPPC lipid bilayers (—) as a function of applied surface
tension. Average areas were for all y computed in the time interval 10-14 ns.
Errors in the equilibrium area were obtained as o(y;) = [0 (7;)*(94+ A’
)yt 0 (1)* (On A (1)), )" where Ox- A”(y) =04 (v)/0A™.
(C) Average relative deuterium order parameter {|SD|’(y)) = {|SD|(y))*/
(|SD|(y))~ of peptide-containing (+) and peptide-free (—) DPPC bilayers
displayed as a function of applied surface tension. Averages and errors were
computed as in (A). The phase-structure of the bilayer approaches gel- and
fluid-like characteristics with decreasing and increasing vy, respectively, in
panels B and C.
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roughly a 30% peptide-induced increase in lateral area, and
lim,, _, 704yn/emA’(Y) = 1 since excess area available for
peptide incorporation gradually vanishes as tensions of
increasing magnitude are applied (overstretching occurs for
a limiting tension y = 70 dyn/cm (33)). Clearly, the 30%
area expansion owing to incorporation of the peptide is
associated with quite large statistical uncertainty (~40%).
Given that relative large surface tensions are needed to
maintain the bilayers in stable fluid states in our simulations,
resorting to the current choice of simulation parameters and
macroscopic boundary conditions (33), we therefore expect
that the 30% expansion is an upper limit of this lateral
dilution effect. Nevertheless, the (large) lateral area expan-
sion suggested by the MD simulations results in a decrease in
the membrane thickness as the lipid bilayer volume is
expected to be fairly constant, and the simulations therefore
qualitatively agree with the membrane thinning effect of the
C4-peptide observed in our AFM experiments. In addition
to area expansion, peptide anchoring also affects structural
order of the bilayer hydrocarbon core relative to pure DPPC
bilayers according to lipid deuterium order parameter
profiles |SD|’" resolved along the fatty acid chains for
DPPC* (33). Even across the bilayer core, i.e., also in the
monolayer devoid of peptide in DPPC™, acyl disorder
increases (33), which also is supportive of the large area
increase in DPPC™ relative to DPPC™ as observed above.
For this discussion, we report as a function of vy an average
deuterium order parameter (|SD|’(y))” where ( ... ) indicate
the average over all methylenic groups in the palmitoyl
chains and * has the same meaning as above. As to be
expected, we consistently find for DPPC™ a linear decrease
of (|SD|’(y))™ with y accompanying the increase in the
bilayer lateral area above. The peptide-induced changes in
bilayer structural order relative to the pure bilayer (|SD|’(y))
= (|SD|(y))"K|SD|(y))~ with standard deviation O|SD(y)
may be obtained analogously to the relative area A'(y)
above, given a linear decrease of {|SD|(y))™ with y. Results
for the relative average order parameter {|SD|’(y)), including
linear regression, are shown in Fig. 6 C. As seen, {|SD|'(y))
is consistently below unity for any vy, indicating that for any
phase structure of the bilayer, the peptide induces disorder in
the bilayer hydrocarbon core while the magnitude of the
induced disorder decreases with increasing y. The increased
disorder caused by the C4-peptide will have a fluidizing
effect on the lipid bilayer and is therefore consistent with the
lowering of the main phase transition temperature that was
observed in our DSC measurements.

CONCLUSION

The DSC results in this study have demonstrated that the
C4-peptide has a pronounced influence on the phase behav-
ior of multilamellar DPPC liposomes. This was manifested
as a decrease in the transition enthalpy and a downshift in the
transition temperature of the main phase transition and the
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pretransition, as well as a concomitant broadening of both
transitions. The AFM experiments showed that when the
C4-peptide was added to supported gel phase DPPC bilayers
from the water phase, it inserted predominantly into preex-
isting defect regions in the bilayer and displayed a membrane
thinning effect on the surrounding lipids. In addition, it was
found that the ripple structure in double supported bilayers is
preserved in Cq4-peptide/DPPC mixtures with the character-
istic ripple periodicity as observed in pure DPPC mem-
branes. Although the ripple appearance of DPPC bilayers
was unaffected by the presence of the C,4-peptide, the AFM
experiments are, due to the corrugation, not accurate enough
to assess possible changes in the bilayer thickness and details
in the lateral structure. However, the effect of C4-peptide on
the lipid bilayer can readily be seen in the structure of the
first planar DPPC bilayer, which due to the support is
smoother. We find that this layer was highly affected by the
C4-peptide, resulting in coexisting lipid domains character-
ized by a 10 A height difference. MD simulations showed
a disordering effect of the C4-peptide accompanied by
a lateral area expansion, which supported both the membrane
thinning effect seen in the AFM experiments as well as the
lowering of the main phase transition temperature observed
by DSC. Furthermore, the simulations demonstrated a ten-
dency of the tryptophan residue of the peptide to position
itself in the headgroup region of the lipid bilayer (33). This
location of tryptophan could possibly explain the expanded
temperature range of ripple phase formation.
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