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ABSTRACT: High-sensitivity differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR)
spectroscopy were used to study the interaction of a syntheticR-helical hydrophobic transmembrane peptide,
acetyl-Lys2-(Leu-Ala)12-Lys2-amide [(LA)12], and members of a homologous series ofn-saturated
diacylphosphatidylethanolamines (PEs). In the lower range of peptide mole fractions, the DSC endotherms
exhibited by the lipid/peptide mixtures consist of two components. The temperature and cooperativity of
the sharper, higher temperature component are very similar to those of pure PE bilayers and are almost
unaffected by variations in the protein/lipid ratio. However, the fractional contribution of this component
to the total enthalpy changes decreases with increases in peptide concentration, and this component
completely disappears at higher protein mole fractions. The other component, which is less cooperative
and occurs at a lower temperature, predominates at higher protein concentrations. These two components
of the DSC endotherm have been assigned to the chain-melting phase transitions of peptide-nonassociated
and peptide-associated PE molecules, respectively. Although the temperature at which the peptide-associated
PE molecules melt is progressively decreased by increases in (LA)12 concentration, the magnitude of this
downward shift is progressively greater as the length of the PE hydrocarbon chain decreases. As well,
mixtures of (LA)12 with the longer chain PEs exhibit unusual biomodal enthalpy variations, suggesting
peptide immiscibility in thicker gel state bilayers. Moreover, the enthalpy of the chain-melting transition
of the peptide-associated PE does not decrease to zero even at high peptide concentrations, indicating
that (LA)12 attenuates but does not abolish the cooperative gel/liquid-crystalline phase transition of the
lipids with which it is in contact. Our FTIR spectroscopic data indicate that (LA)12 remains in a
predominantlyR-helical conformation in liquid-crystalline PE bilayers of various hydrophobic thickness
but that the helical conformation is altered in gel-state PE bilayers generally, probably due to peptide
lateral aggregation. These data also suggest that (LA)12 significantly disorders the hydrocarbon chains of
adjacent PE molecules in both the gel and liquid-crystalline states, relatively independently of lipid
hydrocarbon chain length. Many aspects of PE/(LA)12 interactions exhibit a different dependence on the
hydrophobic thickness of the host bilayer than was observed in our previous study of (LA)12-
phosphatidylcholine (PC) model membranes [Zhang et al. (1995)Biochemistry 34, 2362-2371]. The
differing effects of (LA)12 incorporation on PE and PC bilayers is ascribed primarily to the much stronger
lipid polar headgroup interactions characteristic of the former system. Finally, the considerable differences
observed in the behavior of (LA)12 and the related polyleucine-based peptide P24 in both PC and PE
bilayers indicate that the structure of the hydrophobic core ofR-helical transmembrane peptides can affect
their conformational plasticity and state of aggregation and thus the nature of their interactions with different
phospholipid bilayers.

The mutual interactions of lipids and proteins are funda-
mentally important to both the structure and the function of
all biological membranes (1, 2). In particular, the chemical
composition and physical properties of the host lipid bilayer
can markedly influence the activity and thermal stability of
a large number of integral membrane proteins in both model
and biological membrane systems (1-5). For this reason,

there have been many studies of the interactions of membrane
proteins with their host lipid bilayers, in both biological and
reconstituted model membrane systems, employing a wide
range of different physical techniques (6-10). However, our
understanding of the physical principles underlying lipid-
protein interactions remains incomplete and the actual
molecular mechanisms whereby associated lipids actually
alter the activity, and presumably also the structure and
dynamics, of integral membrane proteins are largely un-
known. This situation is due in part to the fact that most
transmembrane proteins are relatively large, multidomain
macromolecules of complex and often unknown three-
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dimensional structure and topology that can interact with lipid
bilayers in complex, multifaceted ways (1-10). To overcome
this problem, a number of workers have designed and
synthesized peptide models of specific regions of natural
membrane proteins and have studied their interactions with
model lipid membranes of defined composition (11, 12).
Physical studies of such relatively tractable model membrane
systems have already significantly advanced our understand-
ing of the molecular basis of lipid-protein interactions.

The synthetic peptide acetyl-K2-G-L24-K2-A-amide
(P24)1 and its analogues have been successfully utilized as a
model of the hydrophobic transmembraneR-helical segments
of integral membrane proteins (12, 13). These peptides
contain a long sequence of hydrophobic and strongly
R-helical promoting leucine residues capped at both the N-
and C-termini with two positively charged, relatively polar
lysine residues. Moreover, the normally positively charged
N-terminus and the negatively charged C-terminus have both
been blocked to provide a symmetrical tetracationic peptide
that will more faithfully mimic the transbilayer region of
natural membrane proteins. The central polyleucine region
of these peptides was designed to form a maximally stable
R-helix, particularly in the hydrophobic environment of the
lipid bilayer core, while the dilysine caps were designed to
anchor the ends of these peptides to the polar surface of the
lipid bilayer and to inhibit the lateral aggregation of these
peptides. In fact, CD (13) and FTIR (14-16) spectroscopic
studies of P24 have shown that it adopts a very stable
R-helical conformation both in solution and in lipid bilayers,
and X-ray diffraction (17), fluorescence quenching (18), and
FTIR spectroscopic (14-16) studies have confirmed that P24

and its analogues assume a transbilayer orientation with the
N- and C-termini exposed to the aqueous environment and
the hydrophobic polyleucine core embedded in hydrocarbon
core of the lipid bilayer when reconstituted with various PCs.
DSC (13, 15, 19, 20) and 2H NMR spectroscopy (13, 19,
20) studies have shown that P24 broadens the gel/liquid-
crystalline phase transition and reduces its enthalpy. The
phase transition temperature is shifted either upward or
downward, depending on the degree of mismatch between
the hydrophobic length of the peptide and the hydrophobic
thickness of PC lipid bilayers (15), but this is not observed
in PE bilayers, where P24 substantially decreases the phase
transition temperature in a hydrocarbon chain length-
independent manner (16). As well, small distortions of the
R-helical conformation of P24 are also observed in response
to peptide-lipid hydrophobic mismatch (15). 2H NMR (22)
and ESR (23) spectroscopic studies have shown that the
rotational diffusion of P24 about its long axis perpendicular
to the membrane plane is rapid in the liquid-crystalline state
of the bilayer and that a closely related peptide, acetyl-K2-
L24-K2-amide (L24), exists at least primarily as a monomer
in liquid-crystalline POPC bilayers, even at relatively high
peptide concentrations.

A related peptide, (LA)12, in which the polyleucine core
of L24 is replaced by alternating leucine and alanine residues,
has also been investigated to examine whether the replace-
ment of one-half of the leucine residues by smaller and less
hydrophobic alanine residues would influence the stability
of the helical form of the peptide and if the surface topology
of transmembrane peptides would affect their influence on
lipid bilayers. The application of a variety of physical
techniques has revealed that the behavior of (LA)12 in
solution and in lipid micelles or bilayers is generally similar
to that of P24 (24, 25). However, (LA)12 perturbs the gel/
liquid-crystalline phase transition of PC bilayers to a greater
extent than does P24 at comparable concentrations, as inferred
from the greater decrease of the temperature and enthalpy
of the gel-to-liquid crystalline phase transition, possibly due
partly to its rougher surface topology. However, the influence
of the hydrophobic mismatch between the peptide and the
host PC bilayer on the shift in the phase transition temper-
ature is less pronounced for (LA)12 than for L24, perhaps due
in part to the greater conformational plasticity of (LA)12 in
response to alterations of the bilayer thickness (25).

We report here the results of a DSC and FTIR spectro-
scopic study of the effect of the incorporation of (LA)12 on
the thermotropic phase behavior and organization of a
homologous series of PE bilayers. The results of this study
differ in many respects from those reported in our previous
study of the same peptide incorporated into PC bilayers (25).
As well, the behavior of P24 and (LA)12 in both PC and PE
model membrane systems also differ considerably. This and
previous work thus demonstrate that the interactions between
R-helical transmembrane peptides and lipid bilayers depend
on the structure and physical properties of both the peptide
and the host phospholipid bilayer.

MATERIALS AND METHODS

The phospholipids used in this study were either prepared
in this laboratory (26) or obtained from Avanti Polar Lipids
Inc. (Alabaster, AB). The peptide (LA)12 was prepared as
the hydrochloride salt using methods described Zhang et al.
(24). Preparation of the lipid/peptide mixtures for DSC and
FTIR spectroscopic studies proceeded as follows. Appropri-
ate quantities of (LA)12 and PE were codissolved in
chloroform/methanol (1:2) to obtain the desired lipid/peptide
ratio, and the solvent was removed in a stream of nitrogen
at temperatures near 60-70 °C to ensure sample homogene-
ity (essential in the case of the longer chain PEs). Subse-
quently, the sample was dried in vacuo overnight. Typically,
samples so prepared were subsequently hydrated and used
as required. However, in cases in which more facile and
convenient sample handling was required, the sample was
redissolved in warm benzene and lyophylized to form a white
powder. Our DSC studies showed that there were no
differences between the thermotropic phase behavior of
samples prepared by these two methods. For the DSC
experiments, samples containing 0.8-2 mg of lipid were
dispersed in 2 mL of water and hydrated by vigorous
vortexing at temperatures 20-25 °C above the gel/liquid-
crystalline phase transition temperature of the lipid. These
samples were analyzed by a Microcal MC2 high-sensitivity
differential scanning calorimeter (Microcal Inc., Amherst,
MA) operating at heating rates between 10 and 30°C per
hour. Aside from the pure lipid, DSC thermograms were

1 Abbreviations: P24, acetyl-Lys2-Gly-Leu24-Lys2-Ala-amide; L24,
acetyl-Lys2-Leu24-Lys2-amide; (LA)12, acetyl-Lys2-(Leu-Ala)12-
Lys2-amide; PE, phosphatidylethanolamine; PC phosphatidylcholine;
DSC, differential scanning calorimetry; FTIR, Fourier transform infrared
spectroscopy; CH2, methylene. The hydrocarbon chain lengths of the
lipids used in this study are described by the shorthand notationN:0
with N representing the number of carbon atoms in the chain and 0
indicating the absence of carbon-carbon double bonds.
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recorded with lipid/peptide mixtures with mole percents of
peptides ranging from 1.0 to 10.0 (i.e., lipid/peptide ratios
of 100:1 to 10:1). The data obtained were analyzed and
plotted with the Origin program supplied by Microcal
Software Inc. (Northampton, MA). For the FTIR spectro-
scopic experiments, 2-3 mg samples were hydrated with
75 µL of D2O by vigorous vortexing under the same
conditions described above. This produced a paste that was
squeezed between two BaF2 windows of a demountable
liquid cell that was equipped with a 25µM Teflon spacer.
After reassembly, the cell was placed in a holder where its
temperature could be regulated between-20 and 90°C by
means of an external computer-controlled circulating water
bath. FTIR spectra were recorded with a Digilab FTS-40
Fourier transform instrument (Digilab Inc., Cambridge, MA)
using data acquisition and data processing parameters similar
to those described by Mantsch et al. (27). Data were analyzed
with the aid of software supplied by Digilab Inc. and other
computer programs available from the National Research
Council of Canada. To assist in the interpretation of some
of the complex, multicomponent bands observed, Fourier
deconvolution methods were used to obtain estimates of the
band frequencies. These estimates were then used in curve
fitting to the original spectra to obtain estimates of the width
and integrated intensities of the band components. Typically,
Fourier deconvolution was employed with band narrowing
factors of 1.8-2.0 and curve fitting was performed with a
Gaussian/Lorentzian function with a 70% Gaussian fraction.

RESULTS

Differential Scanning Calorimetry.In considering the DSC
and FTIR spectroscopic data presented below, it is important
to compare the intrinsic hydrophobic length of the (LA)12

peptide with the intrinsic hydrophobic thicknesses of the
various PE bilayers used in this study. On the basis of
measurements of a molecular model of this peptide in which
its entire leucine-alanine core adopts an idealR-helical
conformation, we estimate that the mean hydrophobic length
of (LA)12 (the average length of the leucine-alanine
sequence measured at any point on the surface of the helix)
is 30.6 Å (15). Given this value and the calculated hydro-
phobic thicknesses of the various PE bilayers in their gel
and liquid-crystalline states (see Table 1), the following
points should be noted. In the gel phase, the hydrophobic
length of (LA)12 will exceed the hydrophobic thickness of
11:0 and 12:0 PE bilayers but will be progressively less than

the hydrophobic thicknesses of the longer chain PE bilayers.
In the liquid-crystalline phase, (LA)12 hydrophobic length
will progressively exceed the hydrophobic thickness of all
PEs with hydrocarbon chains of 18 or fewer carbon atoms
but will be less than the hydrophobic thickness of the 20:0
PE bilayer. Thus for the shorter chain 11:0 and 12:0 PE
bilayers, (LA)12 hydrophobic length exceeds phospholipid
bilayer thickness in both the gel and the liquid-crystalline
phases, while (LA)12 hydrophobic length is always less than
bilayer thickness for 20:0 PE. For the intermediate chain
length PEs (13:0-18:0 PE), the hydrophobic length of (LA)12

will be less than that of gel state but more than that of the
liquid-crystalline bilayer, with the best match of peptide
and PE mean hydrophobic lengths occurring for the 14:0
and 16:0 PE bilayer systems.

We stress here that the pattern of matching of lipid bilayer
thickness and peptide hydrophobic length just described
applies only if (LA)12 adopts an idealR-helical conformation
that is not influenced by lipid bilayer thickness. However,
our previous calorimetric and spectroscopic studies of the
polyleucine-based peptide P24 suggest that even this relatively
conformationally rigid, stronglyR-helical peptide can alter
the pitch of its helix slightly in response to variations in host
bilayer thickness (15, 21). Moreover, our previous studies
of (LA)12 indicate that this peptide is less stronglyR-helical
and more conformationally responsive to changes in the
physical properties of its host PC bilayer than is P24 (24,
25). As well, in thick gel state PC bilayers, (LA)12 (but not
P24) cannot only vary the pitch of itsR-helix but can also
form a mixture ofR-helical and other helical forms (25).
Conversely, the hydrocarbon chains of PC and PE bilayers
can also change their degree of conformational order, and
thus their effective hydrophobic thickness, to accommodate
to the presence of these model peptides (15, 21, 25). Thus
the actual degree of hydrophobic mismatch between (LA)12

and the various PE bilayers, in both the gel and the liquid-
crystalline states, may be less than indicated from the intrinsic
hydrophobic length of this peptide and from the data
presented in Table 1, which is for PE bilayers in the absence
of peptide.

Thermotropic Phase BehaVior of the Pure Phosphatidyl-
ethanolamines. As illustrated in Figure 1, unannealed aque-
ous dispersions of all the PEs studied here undergo a single
fairly energetic and highly cooperative phase transition upon
heating. This transition, which is completely reversible, arises
from a conversion of the lamellar gel to the lamellar liquid-
crystalline state. As expected, the temperature and enthalpy
of these chain-melting phase transitions increase progres-
sively with increases in hydrocarbon chain length. For a
thorough discussion of the thermotropic phase behavior of
the complete homologous series of linear diacyl PEs, the
reader is referred to Lewis and McElhaney (26) and
references therein.

Thermotropic Phase BehaVior of Peptide/Phosphatidyl-
ethanolamine Mixtures. Also illustrated in Figure 1 are DSC
heating scans of various PE vesicles containing low, inter-
mediate, and high concentrations of (LA)12. Despite the large
variation in bilayer thickness relative to (LA)12 intrinsic
hydrophobic length, the overall thermotropic phase behavior
of all of the peptide-containing PE bilayers studied is
generally similar, depending primarily on the lipid/peptide
ratio of the vesicle and only secondarily on the length of

Table 1: Hydrophobic Thicknesses of the Bilayers Formed by
Various Phosphatidylethanolaminesa

hydrophobic thickness (Å)a

PE gel phase liquid-crystalline phase meanb

11:0 26.9 18.1 22.5
12:0 29.3 19.7 24.5
13:0 31.8 21.3 26.5
14:0 34.2 22.8 28.5
16:0 39.4 26.3 32.9
18:0 44.7 29.8 37.3
20:0 48.8 32.8 40.8
a Hydrophobic thicknesses were estimated using the equations

developed by Sperotto and Mouritsen (1988) to calculate the hydro-
phobic thicknesses of PC bilayers.b The mean of the hydrophobic
thicknesses of the gel and liquid-crystalline phases.
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the phospholipid hydrocarbon chains (see below). Specifi-
cally, at lower levels of incorporated peptide, the DSC traces
clearly consist of two components, a lower temperature, less
cooperative endotherm and a higher temperature, more
cooperative endotherm. The relative contribution of the
sharper component, which initially exhibits phase transition
thermodynamic parameters almost identical to those of the
pure phospholipid, progressively decreases as the amount
of peptide incorporated increases, and this component
disappears entirely when peptide concentration approaches
5 mol %. In contrast, the relative contribution of the broader
component increases with increases in peptide concentration,
and this component is the only one that persists at the higher
levels of peptide incorporation. Moreover, our FTIR spec-
troscopic studies (see below) indicate that both endotherms
arise from the melting of the hydrocarbon chains of the host
PE bilayer. We thus assign the sharp component of these
DSC traces to the gel/liquid-crystalline phase transition of
peptide-poor PE domains and the broad component to the
chain melting of peptide-rich PE domains, as in our previous
studies of the interactions of P24 with PC (15) and PE (21)
bilayers and of (LA)12 with PC bilayers (25). Finally, we
note that the overall thermotropic phase behavior of the P24-
containing PE bilayers studied previously (21) and of the
(LA)12-containing PE bilayers studied here are generally
similar except for the shortest and longest chain PEs
examined. Specifically, we found previously that the presence
of small quantities of P24 accelerate the formation of the
lamellar crystalline phase of short chain PE bilayers and that
larger quantities of P24 undergo a time and scan number-
dependent demixing in 20:0 PE bilayers. However, neither
of these phenomenon were noted in the present study of
(LA)12-containing PE bilayers, where repeated heating and
cooling through the regions of the phospholipid phase
transitions produce no changes in these DSC thermograms.

The effects of the incorporation of increasing quantities
of (LA)12 on the temperatures of the sharp and broad
components of the DSC endotherms are quite different and
exhibit a different dependence of the hydrocarbon chain
length of the host PE bilayer. The presence of increasing
quantities of peptide results in only a very slight decrease in
the temperature of the sharp component and the magnitude

of this decrease is essentially independent of PE hydrocarbon
chain length (see Figure 1). Such an effect has also been
noted in all of our previous studies of transmembrane
peptide-phospholipid interactions and has been ascribed to
the slight destabilization of the peptide-free gel state domains
of the phospholipid bilayer by the presence of protein at the
edges of such domains (15, 21, 25). In contrast, increasing
levels of peptide progressively lower the temperature of the
broad component of the DSC thermogram but in a hydro-
carbon chain-length dependent manner (see Figure 2).
Specifically, the presence of a given quantity of peptide
reduces the chain-melting phase transition temperature of the
shorter chain PE bilayers to a much greater extent than for
the longer chain bilayers. Interestingly, the reduction of the
temperature of the broad phase transition of the PE bilayers
by the polyleucine-based peptide P24 is independent of PE
bilayer thickness and, except for the longest chain PEs
studied, is smaller in magnitude than for comparable levels
of (LA)12 (21). This result suggests that (LA)12 is more
disruptive to the organization of gel state PE bilayers than
is P24. The possible molecular basis for this difference in
the effects of these two peptides on the stability of gel state
PE bilayers will be examined in the Discussion.

The (LA)12-induced changes in the enthalpy of the
hydrocarbon chain-melting phase transitions of then-
saturated 1,2-diacyl PE vesicles studied here are summarized
in Figure 3. The values plotted therein are derived from the
combined areas of the broad and narrow components of the
DSC thermograms recorded. With all of the PEs studied,
the incorporation of low levels of (LA)12 results in a
progressive decrease in the measured transition enthalpy
whether viewed on the absolute or relative scale. Moreover,
with the shorter chain PEs, progressive decreases in the
enthalpy are observed over the entire range of protein
concentrations examined. However, as PE hydrocarbon chain
length increases, further increases in (LA)12 content result
in progressively smaller decreases in the measured enthalpy
and with the longer chain PEs, further increases in peptide
incorporation actually cause an apparent increase in the

FIGURE 1: DSC heating thermograms of aqueous dispersions of
then-saturated 1,2-diacyl PEs and their mixtures with the peptide
(LA)12. The mol % peptide present in the PE vesicles is indicated
on the left side of this figure.

FIGURE 2: Effect of (LA)12 content on the gel to liquid-crystalline
phase transition temperature of the PE/(LA)12 mixtures. Data are
presented for the broad components of the DSC endotherms
obtained with mixtures of peptide and PEs of the hydrocarbon chain
lengths indicated. The left panel shows the plots of absolute
transition temperature as a function of peptide concentration in mol
percent and the right panel shows plots of the observed transition
temperature relative to that of the pure lipid.
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measured enthalpy values. A similar phenomenon was noted
in our previous studies of P24-containing PE bilayers and
was attributed to contributions from the “heat of dispersal”
of the peptide, which is laterally aggregated at low temper-
atures, in the more disordered lipid domains that form at
temperatures near the phase transition temperature (21). The
qualitative similarity between this particular aspect of our
data and our previous studies of P24-containing PE bilayers
suggests that a similar process may be occurring when high
levels of (LA)12 are incorporated into the longer chain PE
systems. This possibility will be explored more fully in the
Discussion. Note, however, that even in the absence of this
phenomenon, as in the shorter chain PEs, the total enthalpy
of the chain-melting phase transition does not approach zero,
even at the highest peptide concentration tested, indicating
that this peptide can reduce the enthalpy and cooperativity
of the gel/liquid-crystalline phase transition but not abolish
it entirely.

The enthalpy values for the sharp and broad components
of the DSC thermograms of 12:0 PE and 18:0 PE vesicles
containing various quantities of (LA)12 are illustrated in
Figure 4. In both cases, the enthalpy of the sharp component
decreases markedly with increases in peptide concentration
and approaches zero as the peptide concentration increases
to 10 mol %. Similarly, the enthalpy of the broad component
increases markedly and is responsible for essentially all of
the total enthalpy at the higher peptide concentrations. If one
assumes that the sharp component of the DSC endotherm
represents the chain melting of essentially pure PE domains,
then the dependence of the enthalpy of this component on
peptide concentration should reflect the stoichiometry of
peptide/lipid interactions (6). Extrapolation of the initial slope
of the enthalpy of the sharp component of the DSC
endotherm versus peptide concentration to zero enthalpy
results in an X intercept value of about 5 mol % peptide,
indicating that each (LA)12 molecule interacts directly with,
and perturbs the phase behavior of, about 20 PE molecules.
This value is similar to that determined in our earlier studies
of P24-containing PC (15) and PE (21) bilayers and of (LA)12-
containing PC bilayers (25). Moreover, these values are in
good agreement with an earlier study in which model
building was used to estimate that about 16-18 molecules

of phospholipid would be required to form a single boundary
or solvation layer around each P24 molecule in the gel state
(20). However, at higher peptide concentrations, this plot
becomes curved and the transition enthalpy of the sharp
component of the DSC endotherm does not approach zero
until (LA)12 concentrations near 10 mol % are reached. This
latter observation was also noted in our previous study of
(LA)12/PC bilayer systems (25) but not in our studies of
mixtures of P24 with PC or PE bilayers, where similar plots
exhibit much less curvature such that the enthalpy approaches
zero at much lower peptide concentrations (15, 21). These
results imply that (LA)12 (but not P24) molecules are
aggregated within the bilayer at higher peptide concentrations
in gel state bilayers, since a significant degree of lateral
clustering would replace lipid-protein with protein-protein
contacts and thus reduce the apparent lipid-protein stoichi-
ometry observed by DSC (6).

The effect of the incorporation of (LA)12 on the cooper-
ativity of the broad component of the DSC thermograms of
various PE vesicles is illustrated in Figure 5. In general, the
widths of the broad component endotherms exhibit only a
weak dependence on the amount of peptide present and on
the hydrocarbon chain length of the host PE bilayer. Similar
results were reported previously for the polyleucine-based
peptide P24 in a homologous series of PE bilayers (21).
However, at comparable peptide concentrations, the width
of the gel and liquid-crystalline phase coexistence regions
is greater in PE bilayers containing (LA)12 than in the same
bilayers containing P24.

Fourier Transform Infrared Spectroscopy. In these studies,
FTIR spectra of various (LA)12-containing PE vesicles were
recorded as a function of temperature and as a function of
peptide concentration. FTIR spectroscopy provides a non-
perturbing method of monitoring both the structural orga-
nization of the host lipid bilayer and the conformation of
the incorporated peptide. In particular, the phase state and
orientational order of the PE hydrocarbon chains can be
conveniently determined by measuring the frequency and

FIGURE 3: Effect of (LA)12 content on the apparent total enthalpy
of the hydrocarbon chain-melting phase transition of PE/(LA)12
mixtures. Data are presented as a function of peptide mol % for
mixtures containing PEs of the hydrocarbon chain lengths indicated.

FIGURE 4: Effect of peptide content on the total enthalpy of the
gel/liquid-crystalline phase transition (-9-9-) and on the sharp
(-b-b-) and broad (-O-O-) components of the DSC endotherms
of (LA)12-containing PE liposomes. Data are presented for lipo-
somes composed of 12:0 PE and 18:0 PE to illustrate the patterns
exhibited by lipid/peptide mixtures derived from the short and long
chain PEs. Extrapolation of the initial linear portion of the sharp
component enthalpy values is illustrated by the dashed line.
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bandwidth of the CH2 symmetric stretching band near 2850
cm-1, and the conformation of the peptide can be monitored
by measuring the frequency of the amide I band near 1650
cm-1 (see ref28 for reviews).

We present below FTIR spectroscopic data from various
PE vesicles having a peptide mole percent of 3.3 (30 PE
molecules per molecule of peptide). This moderate concen-
tration of (LA)12 was chosen to provide sufficient peptide
to accurately monitor its conformation while also ensuring
that sufficient lipid was present to fully solvate each peptide
molecule, thus minimizing the potential for peptide-peptide
contacts and possible lateral aggregation within the host lipid
bilayer. DSC endotherms of the PE/peptide mixtures are also
included in the figures presented below to facilitate com-
parison of the calorimetric and spectroscopic results. The
temperature-dependent changes in the frequency of CH2

symmetric stretching bands of pure PEs and of their mixtures
with (LA)12 are illustrated in Figure 6. Upon heating the pure
lipids, the CH2 symmetric stretching bands exhibit a dis-
continuous increase in frequency of 2.0-2.5 cm-1 at tem-
peratures that coincide with the energetic and highly
cooperative heating endothermic transition observed in the
DSC experiment. This increase in frequency is also ac-
companied by a discontinuous increase in the width of the
CH2 symmetric stretching band (data not shown). Together,
these changes are characteristic of phospholipid hydrocarbon
chain-melting phase transitions and arise from the increase
in hydrocarbon chain mobility and conformational disorder
that occur when all-trans polymethylene chains melt (see ref
28 and references therein). Figure 6 also shows that
comparable increases in the frequencies of the CH2 sym-
metric stretching bands are also observed upon heating
aqueous dispersions of the PE/peptide mixtures. However,
these frequency increases occur over a broader temperature
range than observed with the pure lipids and also occur over
the same temperature range as do the corresponding DSC
heating endotherms. This observation clearly indicates that
both the sharp and the broad components of the DSC

endotherms result from the melting of the hydrocarbon chains
of the host lipid bilayer. However, as shown in Figure 6,
the CH2 symmetric stretching frequencies exhibited by the
lipid mixtures are higher both above and below the phase
transition temperature than those of the pure PEs in all cases
except for the 20:0 PE mixture. Since the frequency of the
CH2 symmetric stretching band is roughly correlated with
the overall degree of hydrocarbon chain conformational
disorder (28), these results suggest that the presence of (LA)12

produces a decrease in the conformational order of the
hydrocarbon chains of the host PE bilayer in both the gel
and the liquid-crystalline states. Very similar results were
observed in our previous studies of P24-containing PE bilayers
(21). The markedly reduced effect of the incorporation of
(LA)12 on the conformational order of the hydrocarbon chains
of the 20:0 PE bilayer may be due to its limited miscibility
in this thick bilayer system, although such a limited miscibil-
ity was not obvious in our calorimetric analysis of the
thermotropic phase behavior of this mixture. Again, a similar
effect was noted previously in P24-containing 18:0 and 20:0
PE vesicles (21).

The conformational sensitivity of (LA)12 to changes in the
physical properties of its host PE matrix was evaluated by
an examination of the contours of the peptide amide I
absorption band as a function of temperature, as illustrated
in Figure 7. Previous work has shown that (LA)12 adopts a
predominantlyR-helical conformation under all conditions
examined so far (24, 25) and, consistent with this, the
dominant feature of its amide I absorption band of this
peptide in various media is a sharp component centered near
1655 cm-1. The data shown in Figure 7 illustrate that this
feature is also retained when (LA)12 is incorporated into 12:0
bilayers in both the gel and the liquid-crystalline states.
Similar results were obtained for other short, medium, and
long chain PEs (data not presented). However, the contours
of the peptide amide I absorption band are also affected by
the phase state of its host lipid. Specifically, in the liquid-

FIGURE 5: Plots of the transition width in°C of the broad
components of the DSC endotherm versus the mol % of (LA)12
(left panel) or versus the hydrocarbon chain length of the host PE
bilayer (right panel), at peptide concentrations of 3.3 (-b-b-) and
10 (-9-9-) mol %, respectively. To minimize the contribution of
the anomalous broad endothermic component observed at higher
peptide concentrations in the longer chain PEs (see text), the
transition widths were measured from the temperatures of 25 to
75% conversion from the gel to the liquid-crystalline state.

FIGURE 6: Effect of temperature on the frequencies of the CH2
symmetric stretching bands of pure PE bilayers and of their mixtures
with the peptide (LA)12. Data are shown for PEs of the hydrocarbon
chain lengths indicated. The circles represent data obtained with
the pure lipids and the squares represent data obtained with PE/
(LA)12 mixtures containing 3.3 mol % peptide (a lipid/peptide molar
ratio of 30:1). To facilitate comparison between these FTIR
spectroscopic data and the DSC results, DSC thermograms of the
lipid/peptide mixtures (- - -) are superimposed on the same tem-
perature scale.
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crystalline phases of all PE/(LA)12 mixtures examined, the
amide I absorption between 1650 and 1670 cm-1 consists
of a single component centered near 1655 cm-1, whereas in
the gel phases this absorption band is split into components
centered near 1655 and 1665 cm-1. Moreover, this additional
higher-frequency component is observed in the gel states of
mixtures derived from PEs with short, medium, and long
hydrocarbon chains. Also, as illustrated in Figure 8, this
particular component begins to disappear from the infrared
spectrum at temperatures that coincide with the onset of the
broad component observed by DSC and with the onset of

hydrocarbon chain melting as detected by FTIR spectroscopy.
Interestingly, this component of the amide I absorption band
of (LA)12 has also been observed in the gel phases of (LA)12-
containing PC bilayers (25). However, this higher frequency
component of the amide I band has only been observed in
the gel phases of mixtures derived from the PCs with
hydrocarbon chain lengths of at least 18 carbon atoms. The
possible molecular basis of this observation will be examined
further in the Discussion.

DISCUSSION

There are both similarities and differences in the thermo-
tropic phase behavior of (LA)12-containing PC (25) and PE
model membranes. In both phospholipids, the incorporation
of relatively low concentrations of this peptide generally
produces two-component DSC endotherms consisting of a
more cooperative, higher temperature component and a less
cooperative, lower temperature component. Moreover, the
temperature and cooperativity of the former component is
relatively insensitive to peptide concentration and closely
resembles the DSC endotherm of the pure lipid, whereas the
temperature and cooperativity of the latter component are
much more sensitive to peptide concentration in both cases.
Moreover, the relative contribution of the sharp component
to the total enthalpy of the phospholipid gel/liquid-crystal-
line phase transition decreases continuously with increasing
peptide concentration, vanishing entirely at high concentra-
tions, whereas the relative enthalpic contribution of the broad
component initially increases with increasing peptide con-
centration. Thus in both PC and PE bilayers, lower concen-
trations of (LA)12 appear to induce the formation of peptide-
poor and peptide-rich phospholipid domains, respectively,
until the peptide concentration exceeds a certain value, in
which case pure lipid domains can no longer be detected
calorimetrically. As well, based on the dependence of the
transition enthalpy of the sharp component on peptide
concentration, in both systems each molecule of (LA)12

appears to interact with about 20 phospholipid molecules at
low peptide concentrations, but at higher peptide concentra-
tions lateral aggregation of (LA)12 in gel-state bilayers
appears to occur. Thus, in terms of their overall thermotropic
phase behavior, (LA)12 seems to have broadly similar effects
on both PC and PE bilayers.

There are, however, also some significant quantitative and
even qualitative differences between the effects of (LA)12

incorporation on specific aspects of the thermotropic phase
behavior of PC and PE bilayers. For example, the addition
of increasing quantities of (LA)12 to PC bilayers results in a
small (1-2 °C) upward shift in the temperature of the broad
component of the DSC endotherm relative to that of the sharp
component, and this upward shift appears to be almost
independent of hydrocarbon chain length (25). These results
indicate that (LA)12 incorporation has only a small effect on
the relative stability of the gel and liquid-crystalline states
of PC bilayers and that the effects of any mismatch between
the hydrophobic length of the peptide and the hydrophobic
thickness of the host lipid bilayer are markedly attenuated
in this system. In contrast, the addition of increasing
quantities of (LA)12 to PE bilayers produces a more marked
downward shift in the temperature of the broad component
of the DSC endotherm relative to that of the sharp compo-
nent. Moreover, although this reduction in temperature is

FIGURE 7: FTIR spectra showing the contours of the amide I
absorption bands of (LA)12 dispersed in 12:0 PE bilayers at a peptide
concentration of 3.3 mol % (a lipid/peptide ratio of 30:1). The
absorbance spectra shown were acquired in the gel (0°C) and
liquid-crystalline states (50°C) of this lipid/peptide mixture.

FIGURE 8: Temperature dependence of the components of the amide
I absorption bands of (LA)12 in a PE bilayer matrix (s9s)
containing 3.3 mol % peptide. The frequencies of the amide I
absorption band components are plotted as a function of temperature
in the bottom panels of the Figure. Data acquired with the 12:0
PE-based mixture are shown in the left panel and those obtained
with the 18:0 PE-based mixture are shown on the right. To better
illustrate the correspondence between temperature-dependent changes
in the peptide amide I band and the thermotropic phases behavior
of the lipid/peptide mixture, the DSC thermograms (- - -) and the
temperature dependent changes in the lipid CH2 symmetric stretch-
ing bands (sbs) are plotted on the same temperature scale in the
top panels.
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relatively independent of hydrocarbon chain length in the
longer chain PEs (16:0-20:0 PE), the magnitude of this
reduction increases markedly as hydrocarbon chain length
decreases in the shorter chain PEs (12:0-14:0 PE). However,
since the hydrophobic length of the peptide should match
the hydrophobic thickness of the host gel state PE bilayer
fairly well for the shorter chain PEs but should appreciably
exceed the hydrophobic thickness of these shorter chain PE
bilayers in the liquid-crystalline state (see Table 1), hydro-
phobic mismatch theory predicts that the incorporation of
this peptide should differentially stabilize the gel relative to
the liquid-crystalline state, thereby increasing rather than
decreasing the chain-melting phase transition temperature of
the shorter chain PEs. Clearly, then, hydrophobic mismatch
effects per se cannot explain our experimental results.

We note that somewhat similar general results were
obtained in our previous comparative studies of the effect
of the structurally relatedR-helical transmembrane peptide
P24 on PC (15) and PE (21) bilayers. These studies revealed
that P24 incorporation significantly increases the gel/liquid-
crystalline phase transition temperature of PC bilayers as
hydrocarbon chain length is reduced and less significantly
decreases this temperature as hydrocarbon chain length was
increased. In contrast, P24 incorporation into PE bilayers
results in a progressive and more significant reduction in
the gel/liquid-crystalline phase transition temperature in-
dependent of hydrocarbon chain length. We rationalized these
previous results by postulating that relatively strong elec-
trostatic and hydrogen-bonding headgroup-headgroup in-
teractions contribute significantly to the stabilization of PE
bilayers, whereas such interactions are much weaker in PC
bilayers (26, 29-32). Thus, at the surfaces of hydrated PE
bilayers, the phosphoryl ethanolamine headgroups probably
form part of a dynamic network of intermolecular electro-
static and hydrogen-bonding interactions involving the amino
and phosphate moieties of the headgroups as well as the
surrounding water molecules. We therefore suggested that
the observed decrease in phase transition temperature
coincident with the introduction of P24 into PE bilayers can
be directly attributed to its disruption of the hydrogen-
bonding network, because the access of any PE molecule to
potential hydrogen-bonding partners is substantially reduced
by its proximity to and contact with the peptide. Most
probably this effect is a function of peptide concentration
and, given the importance of the integrity of the hydrogen-
bonding network to the stability of PE bilayers, it may be
large enough to effectively mask effects attributable to the
mismatch of peptide hydrophobic length and bilayer hydro-
phobic thickness. It is also possible that the positively
charged lysine residues on the ends of the peptide may locally
disrupt the attractive electrostatic interactions between
adjacent PE molecules in the bilayers. Although the explana-
tion provided above can successfully rationalize both the
generally more disruptive effect of (LA)12 incorporation on
PC than on PE bilayers and the lack of an effect of
hydrocarbon chain length variation in the longer chain PEs,
it does not provide an explanation for the greater effect of
(LA)12 incorporation on the phase transition temperature of
the shorter than on the longer chain PEs. However, this
observation, and the bimodal effect of (LA)12 incorporation
on the apparent enthalpy of the gel/liquid phase transition
observed here and in a previous study of P24/PE mixtures

(21), may be rationalized by postulating a hydrophobic
mismatch effect on the lateral miscibility of (LA)12 in gel
state PE bilayers. In this regard, we note that in the shorter
chain PE bilayers, where the match of peptide hydrophobic
length and bilayer hydrophobic thickness is good, the
enthalpy of the gel/liquid-crystalline phase transition de-
creases progressively with increases in (LA)12 concentration,
as expected from the disordering effect of incorporated
transmembrane peptides on phospholipid hydrocarbon chains
in the gel state (6). However, as peptide hydrophobic length
becomes increasingly smaller than gel state bilayer thickness
in the longer chain PEs, the apparent reduction in the
enthalpy of the chain-melting phase transition becomes
increasingly attenuated and eventually actually appears to
increase at higher peptide concentrations. We note, however,
that the DSC endotherms of the longer chain PE/(LA)12

mixtures appear to consist of a higher temperature, more
cooperative component superimposed over a much less
cooperative, lower temperature component, the latter mani-
festing as an upward curvature of the baseline in the
temperature region beginning at temperatures below but
extending into the temperature region of the more cooperative
endotherm. Since our FTIR results indicate that the lower
temperature, less cooperative endotherm is not a hydrocarbon
chain-melting process while the more cooperative endotherm
is, we propose that (LA)12 has an increasingly limited lateral
miscibility in longer chain PE bilayers at low temperatures.
Thus, we suggest that the additional less cooperative, lower
temperature component observed calorimetrically at higher
peptide concentration results from the heat absorbed by the
“dissolution” of laterally aggregated peptide present in the
thicker, highly ordered gel state bilayer domains into the
thinner, more disordered liquid-crystalline domains that
form as the temperature approaches the chain-melting phase
transition temperature of the host lipid bilayer. Since this
dissolution process would be expected to become quantita-
tively more important both with increases in peptide con-
centration and increases in PE hydrocarbon chain length, it
accords well with our experimental observations. This
hypothesis would also explain why the presence of (LA)12

reduces the phase transition temperature of the shorter chain
PEs to a greater extent than of the longer chain PEs, since
the number of peptide-lipid contacts would be limited in
the thicker gel state bilayer formed by these latter phospho-
lipids due to the lateral aggregation of the peptide inclusions.
Support for this hypothesis is also provided by a recent study
of the structurally related WALP and KALPR-helical
transmembrane peptides, which indicate that these peptides
can form laterally aggregated striated domains in gel state
PC bilayers (33).

Another example of the difference in the behavior of PC
and PE bilayers containing (LA)12 relates to the apparently
different conformations of the peptide in gel state bilayers
of different hydrophobic thickness. When incorporated into
shorter chain PC bilayers, a single predominant peptide amide
I band centered near 1657 cm-1 is observed by FTIR
spectroscopy in the liquid-crystalline state, and the fre-
quency of this band increases only slightly (∼1 cm-1) in
the gel state. This behavior is compatible with (LA)12 existing
exclusively in theR-helical conformation in both solid and
fluid PC bilayers, with perhaps a small alteration in helical
pitch in the thicker gel state systems (25). However, in the

Peptide-Phosphatidylethanolamine Interactions Biochemistry, Vol. 40, No. 2, 2001481



longer chain PCs, the major amide I band of (LA)12 splits
into a doublet with maxima near 1656 and 1667 cm-1 when
the PC bilayer enters the gel state. We have interpreted this
result to indicate that a portion of the (LA)12 molecules have
undergone a conformational alteration induced by a hydro-
phobic mismatch between the peptide and the much thicker
gel state bilayers formed by the longer chain PCs. Alterna-
tively, this large change in the spectroscopic behavior of
(LA)12 in long chain PC gel state bilayers could be due to
peptide conformation changes resulting from the lateral
aggregation of peptide molecules in the longer chain PC
systems (25). In contrast, the present study shows that this
splitting of the peptide amide I band of (LA)12 into two
components in the gel state occurs in bilayers composed of
short and medium chain, as well as long chain, PEs. Thus,
in PE bilayers, amide I band splitting depends only on
phospholipid phase state but not on the hydrophobic thick-
ness of the gel state bilayer, in contrast to PC bilayers.

Again, this difference in spectroscopic behavior could be
rationalized by postulating that (LA)12 molecules have a
greater lateral miscibility in PC as compared to PE bilayers,
as indeed appears also to be the case for the structurally
related peptide P24 (15, 21). However, the splitting of the
amide I band of P24 is not observed in gel state PC or PE
bilayers, even those generated from long chain phospholipids
(15, 21). This finding would in turn suggest that P24 exhibits
a generally higher degree of lateral miscibility in phospho-
lipid bilayers than does (LA)12. Indeed, such behavior might
be expected based on the topologically smoother and more
hydrophobic surface of P24 and compared to (LA)12.

In conclusion, the results of this and a number of previous
studies clearly show that lipid-peptide interactions are
sensitive to relatively small alterations in the chemical
structure and physical properties of both the peptide and the
host lipid bilayer. In many cases, the subtlety and complexity
of these interactions are not readily predicted or rationalized
by current theoretical models. This result indicates that
considerable additional experimental and theoretical work
will be required to elucidate the molecular basis for the
interesting and potentially biologically relevant phenomenon
that are exhibited by these relatively “simple” peptide-lipid
model membrane systems.
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