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ABSTRACT: In this study, we investigated the extent to which different aromatic and positively charged
side chains, which often flank transmembrane segments of proteins, can influence lipid-peptide interactions.
Model systems consisting of phosphatidylcholine and hydrophobicR-helical peptides with different flanking
residues were investigated. The peptides were incorporated in relatively thick and in relatively thin lipid
bilayers to create a peptide-bilayer hydrophobic mismatch, and the compensating effects on lipid structure
were analyzed. When relatively long with respect to the thickness of the bilayer, the peptides that are
flanked by the aromatic side chains, Trp, Tyr, and Phe, all induce a significant ordering of the lipid acyl
chains, while the peptides flanked by the charged residues Lys, Arg, and His do not. However, when the
peptides are relatively short with respect to the thickness of the bilayer, their effect on lipid organization
does not depend primarily on their aromatic or charged character. Peptides flanked by Trp, Tyr, Lys, or
(at low pH) His residues are effective in inducing mismatch-relieving cubic and inverted hexagonal phases,
while analogues flanked by Phe, Arg, or (at neutral pH) His residues cannot induce an inverted hexagonal
phase. The different responses to mismatch might reflect the different interfacial affinities of the residues
that were investigated.

Three-dimensional structures of integral membrane pro-
teins, helical bundles as well asâ-barrels, generally show
distinct belts of aromatic and charged residues on both sides
of the membrane-spanning segments (1-5). Furthermore,
analyses of the much larger number of protein sequences
demonstrate that the predominantly hydrophobic stretches
of ∼20 hydrophobic residues that represent putative trans-
membrane helices are preferentially flanked by aromatic and
charged residues (6, 7). It is estimated that in membranes
the hydrophobic stretch is approximately aligned with the
lipid acyl chains, while the aromatic and charged residues
are in contact with the lipid headgroup regions on each side
of the lipid bilayer. It has been proposed that it is energeti-
cally favorable for a membrane system to experience such a
match between peptide hydrophobic length and bilayer
hydrophobic thickness, and that the tendency to avoid
hydrophobic mismatch is a director of membrane organiza-

tion (8-10). It has also been postulated that the aromatic
and charged residues have a specific affinity for the
membrane-water interface, and that a need to avoid
exposure of these residues to either excessively hydrophobic
or excessively polar bilayer regions contributes to peptide-
lipid interactions (11-14).

Model membrane systems consisting of phospholipids and
synthetic polyleucine(alanine) transmembrane peptides have
been used extensively to address the relationship between
hydrophobic matching and membrane organization. It has
been demonstrated that in phosphatidylcholine (PC) bilayers,
the extent of incorporation of Lys-flanked and Trp-flanked
analogues depends on the difference between peptide length
and bilayer thickness (15-17). When this difference is not
too large, the peptides remain incorporated in the bilayer.
In this case, a peptide-bilayer mismatch induces (dis)-
ordering of the flexible lipid acyl chains (18, 19) or, at higher
peptide concentrations and for negative mismatch situations,
transitions to nonlamellar lipid phases, with the type of phase
depending on the extent of mismatch (20). The effect of these
lipid adaptations is that the hydrophobic bilayer thickness is
adjusted so that a better match with the peptide hydrophobic
length is obtained.

However, analogous Lys-flanked and Trp-flanked peptides
with the same total length induce membrane rearrangements
in PC to different extents (21). Additionally, peptides that
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are flanked by Lys as well as by Tyr or Phe residues have
incorporation properties different from those of peptides that
are flanked only by Lys residues, although these different
peptides are similar in hydrophobic length (22). These
observations indicate that in phosphatidylcholine model
membranes, peptide-lipid interactions are not only modu-
lated by a tendency to avoid a hydrophobic mismatch
situation. Apparently, the nature of the flanking residues also
contributes to the peptide-lipid interactions, possibly through
(different) interactions of these aromatic and charged residues
with the membrane-water interface.

In the study presented here, we have systematically
investigated the influence of different aromatic and charged
flanking residues on the lipid-modulating properties of a
series of mismatching peptides in PC. When relatively long
with respect to the thickness of the bilayer, the peptides that
are flanked by the aromatic side chains, Trp, Tyr, and Phe,
all induce a significant ordering of the lipid acyl chains, while
the peptides flanked by the charged residues Lys, Arg, and
His do not. However, when the peptides are relatively short
with respect to the thickness of the bilayer, their ability to
induce mismatch-relieving nonlamellar phases does not
depend primarily on their aromatic or charged character.
These results emphasize that the flanking residues contribute
significantly to peptide-lipid interactions.

MATERIALS AND METHODS

Materials

All phospholipids were purchased from Avanti Polar
Lipids Inc. (Birmingham, AL). WALP1 and KALP peptides
were synthesized and analyzed by analytical HPLC and
electrospray mass spectrometry as described previously (21,
23). The peptides with other aromatic and charged side chains
were synthesized using the method employed for the KALP
analogues, except for the treatment after the coupling
reaction. These peptides were cleaved from the resin and
deprotected by treatment with a trifluoroacetic acid/water/
triisopropylsilane mixture (95:2.5:2.5, v/v/v) at room tem-
perature for 3 h, except HALP23, which was treated with a
trifluoroacetic acid/water/1,2-ethanedithiol mixture (95:2.5:
2.5, v/v/v). RALP23, HALP23, and K′ALP23 were precipi-
tated at-20 °C with a diethyl ether/hexane mixture (1:1,
v/v) and YALP21 and FALP21 with a methyltert-butyl
ether/hexane mixture (1:1, v/v). The precipitates were
decanted, subsequently washed three times with cold diethyl

ether, and finally lyophilized from atert-butanol/water
mixture (1:1, v/v). W′ALP21 was precipitated in ice-cold
water. The peptidic precipitates were collected by filtration,
thoroughly washed with water, and finally dried over
phosphorus pentoxide in a vacuum desiccator. Peptide purity
was found to be>90% according to analytical HPLC. The
identity of the peptides was confirmed by electrospray mass
spectrometry.

Methods

Sample Preparation. Peptides, quantified by their dry
weight, were predissolved in 10µL of trifluoroacetic acid/
mg of peptide and, after evaporation of the solvent by a
stream of nitrogen, were dissolved in 1 mL of trifluoroet-
hanol, followed by drying in a rotary evaporator. This step
was repeated once. Next, the peptides were again dissolved
in 0.5 mL of trifluoroethanol and added to 0.5 mL of a lipid
suspension in distilled water, at temperatures above the gel
to liquid crystalline phase transition, followed by addition
of 10 mL of water and immediate lyophilization as described
previously (21).

Lipid/peptide mixtures with a 1:10 peptide:lipid molar ratio
(containing 20µmol of lipid) were hydrated in 1.5 mL of
buffer [100 mM NaCl and 25 mM Tris (pH 7.4)]. Samples
were centrifuged (30000g for 15 min at 4 °C), and the
supernatant was removed. Pellets were washed with buffer
until the pH of the supernatant had reached the desired value.
Next, the pellets were resuspended in 200µL of buffer and
subjected to 10 freeze-thaw cycles to equilibrate the sample.
Samples containing HALP peptides were hydrated with
different buffers to influence the protonation state of the His
side chain. MES buffers [100 mM NaCl and 25 mM MES
(pH 4.0 or 5.4)] were used to prepare samples at low pH
values and Tris buffers [100 mM NaCl and 25 mM Tris (pH
7.4 or 8.9)] to prepare samples at higher pH values. Further
sample preparation was identical to the general procedure
described above.

Circular Dichroism Spectroscopy.CD samples of pure
peptide were prepared by adding 1 mL of buffer [100 mM
NaCl and 25 mM Tris (pH 7.4)] to 1µmol of peptide powder.
These samples were subsequently vortexed, sonicated for 30
min in a bath sonicator, and centrifuged (30000g for 15 min
at 4°C). For all peptides, this procedure resulted in a compact
pellet and a clear supernatant, and CD spectra of the
supernatant fraction were recorded. Lipid/peptide mixtures
with a 1:30 peptide:lipid molar ratio (containing 7.5µmol
of lipid) were prepared as described above and were hydrated
in 1 mL of buffer. These samples were then sonicated (5
min, 50% duty cycle, input power of 40 W, Branson 250 tip
sonicator). To pellet down titanium particles and any residual
multilamellar lipid structures, the sonicated samples were
next centrifuged (30000g for 15 min at 4°C). For all samples,
CD measurements were carried out on a Jasco J-600
spectropolarimeter (0.2 mm path length cell, 1 nm bandwidth,
0.2 nm resolution, 1 s response time, scan speed of 20 nm/
min, and 34°C).

31P NMR Measurements.31P NMR spectra of the peptide/
lipid dispersions were recorded on a Bruker MSL300 NMR
spectrometer. The sample temperature was regulated using
a Bruker B-VT1000 temperature controller. Proton-decoupled
experiments were carried out at 121.5 MHz (17µs 90° pulse,

1 Abbreviations: CD, circular dichroism; NMR, nuclear magnetic
resonance; EM, electron microscopy; Etn, ethanolamine; Ac, acetyl;
Tris, tris(hydroxymethyl)aminomethane; MES, 2-(N-morpholino)et-
hanesulfonic acid; W′, 1-methyltryptophan; K′, 2,3-diaminopropionic
acid; WALP, tryptophan-alanine-leucine peptide Ac-GW2(LA) nW2A-
Etn; W′ALP21, 1-methyltryptophan-alanine-leucine peptide Ac-
GW′2(LA)7LW′2A-amide; YALP21, tyrosine-alanine-leucine peptide
Ac-GY2(LA)7LY2A-amide; FALP21, phenylalanine-alanine-leucine
peptide Ac-GF2(LA)7LF2A-amide; KALP23, lysine-alanine-leucine
peptide Ac-GK2(LA)8LK2A-amide; K′ALP23, 2,3-diaminopropionic
acid-alanine-leucine peptide Ac-GK′2(LA)8LK ′2A-amide; RALP23,
arginine-alanine-leucine peptide Ac-GR2(LA)8LR2A-amide; HALP23,
histidine-alanine-leucine peptide Ac-GH2(LA)8LH2A-amide; PC, phos-
phatidylcholine; 14:0-PC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine;
20:1c-PC, 1,2-dieicosenoyl-sn-glycero-3-phosphocholine; 22:1c-PC, 1,2-
dierucoyl-sn-glycero-3-phosphocholine; 24:1c-PC, 1,2-dinervonoyl-sn-
glycero-3-phosphocholine; LR, liquid crystalline bilayer phase; I,
isotropic phase; HII, inverse hexagonal phase.
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1.3 s interpulse time, gated proton-noise decoupling).
Approximately 15 000 scans were acquired, and a sweep
width of 25 kHz and 1024 complex data points were used.
Prior to Fourier transformation, an exponential multiplication
was applied, resulting in a 100 Hz line broadening. The
chemical shift was referenced to a sample with isotropically
moving PC molecules. All spectra were scaled to the same
height.

2H NMR Measurements and Analysis.Samples containing
peptide and 15µmol of sn-2 perdeuterated 14:0-PC at a 1:30
molar ratio were hydrated in 1 mL of deuterium-depleted
water. The samples were centrifuged (30000g for 15 min at
4 °C), and the supernatant was removed. The pellet was
washed with deuterium-depleted water if the pH of the
supernatant was below 6.2H NMR spectra of the pellets were
recorded on a Varian Unity400+ NMR spectrometer at 34
°C, using a broadband probe with a 10 mm solenoidal sample
coil. 2H NMR measurements were performed at 61.4 MHz,
using a quadrupolar echo sequence (24) (12 µs 90° pulse
and 30 µs pulse separation), a repetition rate of two
acquisitions per second, and a spectral width of 100 kHz,
with 2880 complex data points in the time domain. Ap-
proximately 100 000 scans were accumulated. The free
induction decays were left-shifted to begin at the top of the
echo, zero-filled to 8192 points, and multiplied with an
exponential window function equivalent to a line broadening
of 100 Hz. Unsymmetrized2H NMR powder spectra were
analyzed by dePakeing as described previously (18). This
procedure results in spectra that would be obtained for an
aligned membrane with its bilayer normal parallel to the
magnetic field. It enhances the resolution and results in
doublets with splittings∆νQ that relate to the segmental order
parameterS(i). Order parameter profiles were obtained by
assuming that the segmental order varies monotonically along
the acyl chain from the C3D2 to the C14D3 moiety. From the

order parameter profiles, the effective length of the acyl
chains was estimated and extrapolated to the hydrophobic
bilayer thickness as described previously (18).

Freeze-Fracture Electron Microscopy.Peptide/lipid samples
previously used for31P NMR measurements were, after
incubation at the desired temperature, sandwiched between
two hat-shaped copper holders, and rapidly frozen in liquid
nitrogen-cooled propane using a KF80 plunge freezing device
(Reichert Jung, Vienna, Austria). After fracturing had been
carried out, platinum-carbon replicas were made in a
BAF400 apparatus (Bal-tec, Baltzers, Liechtenstein). Rep-
licas were observed with a Philips CM10 electron microscope
operated at 80 kV.

RESULTS

Lipid-Modulating Properties of Peptides with Aromatic
Flanking Residues.The lipid interactions of relatively short
or relatively long transmembrane peptides that are flanked
by tryptophans (WALP peptides) have been characterized
extensively (17, 18, 20, 21). In the study presented here, we
compared the lipid-modulating properties of the WALP
peptides with the effects of analogues with other aromatic
residues or with charged residues.

First, the conformational behavior and membrane-associat-
ing properties of the WALP21, YALP21, and FALP21
peptides (Table 1) were characterized by circular dichroism
(CD) spectroscopy. In the absence of lipid, no significant
signal was observed for any of the three analogues, as shown
in Figure 1 for YALP21 (curve a). This indicates that the
peptides are insoluble in aqueous solution. Consequently, the
spectra in the presence of 14:0-PC correspond exclusively
to the membrane-incorporated peptide (17, 21). The line
shape of these spectra, characterized by minima near 222
and 208 nm and a maximum near 190 nm, is indicative of
a predominantlyR-helical conformation for each peptide
(25), and as judged from the intensities of the corresponding
spectra, the three peptides associate completely with 14:0-
PC bilayers.

The effects of these peptides on bilayer thickness were
characterized under positive mismatch conditions. The2H
NMR spectra of 14:0-PC dispersions in the absence and
presence of the peptides are presented in Figure 2. It can be
seen that relative to pure 14:0-PC (spectrum a), incorporation

Table 1: Amino Acid Sequences of Peptides Flanked by Different
Aromatic and Charged Residues, with Side Chain Structures
Depicted

FIGURE 1: Circular dichroism spectra of peptides in aqueous
solution, in the absence (a) and presence (b-d) of 14:0-PC:
WALP21 (b), YALP21 (a and c), and FALP21 (d), at a 1:30
peptide:lipid molar ratio.
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of WALP21 (b), YALP21 (c), or FALP21 (d) increases the
quadrupolar splittings for the central methyl and the outer
methylene peaks. Visual inspection of the spectra reveals
that the three peptides induce almost identical increases in
spectral width. Resolution-enhancing dePakeing analysis (see
Methods) was applied to quantify the peptide-induced
ordering of the lipid acyl chains. The WALP, YALP, and
FALP analogues were found to increase the quadrupolar
splittings of the outer methylene peaks, with respect to those
of pure 14:0-PC, with 3.2, 2.8, and 3.0 kHz, respectively.
The splittings corresponding to the terminal methylene and
methyl moieties are also increased, but to a progressively
lesser extent. For the different systems, order parameter
profiles were obtained, the shape of which was similar in
the absence and presence of the peptides, as demonstrated
previously for different WALP analogues (18). From these
order parameter profiles, it was estimated that WALP21
causes an increase of 0.8 Å in mean hydrophobic bilayer
thickness, a value between those previously obtained for
WALP19 and WALP23 (see Table 2). For the YALP21 and
FALP21 analogues, increases of 0.7 and 0.8 Å, respectively,
are obtained. Thus, the three peptides exhibit similar effects

on the chain order of 14:0-PC, indicating that they increase
the bilayer thickness to the same extent.

The analogues were next incorporated in relatively thick
bilayers of 20:1c-, 22:1c-, and 24:1c-PC, to investigate their
ability to influence lipid organization under negative mis-
match conditions. We recorded31P NMR spectra of the
different peptide/lipid dispersions at 60°C to allow optimal
expression of nonlamellar phases, as described previously
for WALP and KALP analogues (21). As shown in Figure
3, pure PC dispersions give a31P NMR spectrum with a low-
field shoulder and a high-field peak, typical for the preferred
planar bilayer organization in the liquid crystalline (LR) phase
(26, 27). In contrast, all of the peptide-containing systems
display nonlamellar spectral components. The spectra for
WALP21 in 20:1c- and 22:1c-PC consist of an isotropic (I)
signal that has been ascribed to a cubic lipid phase (20). In
the longest lipid, 24:1c-PC, an HII phase is formed, as
characterized by the spectral component with a peak which
is low-field to that of the isotropic position with inverted
asymmetry (26, 27). This phase is formed presumably
because the mismatch has become too large for the peptide
to be accommodated in the isotropic phase (20). Similar
behavior is observed for YALP21. Also, FALP21 induces
an isotropic phase in the shorter chain lipids. However, unlike
WALP21 and YALP21, FALP21 does not induce an HII

phase in the longest chain lipid. Instead, the spectrum of
FALP21 in 24:1c-PC consists of an LR component, on which
a broad isotropic spectral contribution is superimposed.

This difference between the effects on 24:1c-PC phase
behavior of FALP21 on one hand and of WALP21 and
YALP21 on the other hand could be related to the fact that
the Trp and Tyr side chains can participate in hydrogen
bonds, whereas Phe cannot. This possibility was addressed
by synthesizing a peptide that is flanked by indole N-
methylated Trp residues (see Table 1), which also cannot
form hydrogen bonds. The corresponding W′ALP21 peptide
can induce nonlamellar phases, and the type of nonlamellar
phase that is formed is the same as for WALP21 (Figure 3).
However, the methylated analogue is less efficient in
inducing HII phase formation than WALP21 or YALP21.
These results show that the hydrogen bonding of indole is
not an essential factor for induction of nonlamellar phases.

To gain insight into the macroscopic lipid organization
that gives rise to the various spectra, freeze-fracture electron
microscopy (EM) was used on selected peptide/lipid systems
that were incubated at 60°C prior to rapid freezing. In the
fracture plane of WALP21/20:1c-PC (Figure 4A) and FALP21/
20:1c-PC (Figure 4B) samples, extended two-dimensional
domains of closely packed spheres with diameters of 25-
30 and 15-20 nm, respectively, were observed. This
morphology corresponds to a cubic lipid phase (28), con-
sistent with the interpretation of the narrow isotropic31P
NMR signal of systems with shorter WALP peptides (20).
In the WALP21/24:1c-PC sample, parallel running tubes with
an estimated diameter of∼10 nm were observed (Figure 4C),
which, consistent with the characteristic31P NMR spectrum
of this sample, represents the morphology of the HII phase
(28). The broad isotropic component of the31P NMR
spectrum of FALP21 in 24:1c-PC could not be related to a
well-defined macroscopic peptide/lipid organization. EM
analysis of this sample showed multilamellar vesicles with

FIGURE 2: 2H NMR spectra of dispersions of 14:0-PC-d27 in the
absence (a) and presence of the following peptides: WALP21 (b),
YALP21 (c), and FALP21 (d), at a 1:30 peptide:lipid molar ratio.

Table 2: Changes in Mean Hydrophobic Thickness (∆d) Relative to
the Thickness of Puresn-2 Chain Perdeuterated 14:0-PC (22.5 Å),
for Systems at a 1:30 Peptide:Lipid Molar Ratioa

peptide ∆d (Å) peptide ∆d (Å) peptide ∆d (Å)

WALP16 0.4b WALP21 0.8 KALP23 0.2b

WALP19 0.6b YALP21 0.7 RALP23 0.2
WALP23 1.0b FALP21 0.8 HALP23 0.2

a Measurements were performed at 34°C, 10 °C above the main
phase transition temperature of pure 14:0-PC. The estimated experi-
mental precision in hydrophobic thickness is(0.1 Å. b Value obtained
from ref 21.
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line-shaped defects, with a width of∼3 nm, in the plane of
the bilayers (Figure 4D). These defects probably consist of
areas with a relatively high degree of curvature that will
enable an increased motional averaging of the31P NMR
signal, thereby giving rise to a broad isotropic31P NMR
signal. The observed defects might resemble the bilayer
distortions around peptide line aggregates that have been
postulated in a recent AFM study on WALP peptides in
supported gel state bilayers (29).

Lipid-Modulating Properties of Peptides with Charged
Flanking Residues.Lys-flanked KALP, Arg-flanked RALP,
and His-flanked HALP peptides (Table 1) were synthesized,
and their lipid-modulating properties were investigated under
conditions of positive and negative mismatch. A total peptide

length of 23 residues was selected because shorter KALP
analogues are too polar to incorporate in bilayers under
mismatch conditions, and because WALP21 and KALP23
have similar effects in relatively thick bilayers (21). First,
CD spectra were recorded in the presence and absence of
14:0-PC to assess the conformational behavior and membrane-
associating properties of KALP23, RALP23, and HALP23.
As shown in Figure 5 for RALP23, the peptides do not give
rise to a significant CD signal in an aqueous salt solution
(curve a), indicating that the signal observed in the presence
of 14:0-PC corresponds to the incorporated peptide. The
spectral line shape and intensity for KALP23 (b), RALP23
(c), and HALP23 (d) demonstrate that the peptides adopt an
R-helical conformation (25) and are totally incorporated in
the 14:0-PC bilayer (21).

Despite quantitative incorporation of the peptides in 14:
0-PC,2H NMR spectra of bilayers ofsn-2 perdeuterated 14:
0-PC in the presence and absence of peptide are very similar
(see Figure 6), suggesting that the peptides do not have a
significant effect on the acyl chain order. Analysis of the
2H NMR data shows that incorporation of KALP23, RALP23,
or HALP23 causes an increase in the outer methylene
quadrupolar splitting of only 0.8 kHz on average, and

FIGURE 3: 31P NMR spectra of dispersions of 20:1c-, 22:1c-, and 24:1c-PC, in the absence and presence of WALP21, YALP21, FALP21,
and W′ALP21, as indicated in the figure, at a 1:10 peptide:lipid molar ratio.

FIGURE 4: Peptide/lipid systems, at a 1:10 peptide:lipid molar ratio,
as visualized by freeze-fracture EM: (A) WALP21/20:1c-PC, (B)
FALP21/20:1c-PC, (C) WALP21/24:1c-PC, and (D) FALP21/24:
1c-PC. Bars are 100 nm in length.

FIGURE 5: Circular dichroism spectra of peptides in aqueous
solution, in the absence (a) and presence (b-d) of 14:0-PC:
KALP23 (b), RALP23 (a and c), and HALP23 (d), at a 1:30 peptide:
lipid molar ratio.
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increases the mean hydrophobic thickness by no more than
0.2 Å (Table 2).

The effects of KALP23 and RALP23 were also investi-
gated under conditions of negative mismatch. As shown in
Figure 7, Lys-flanked KALP23 induces isotropic and HII

nonlamellar phases, with an If HII transition between 22:
1c- and 24:1c-PC. Although Arg-flanked RALP23 also
induces an isotropic phase in 20:1c- and 22:1c-PC, it does
not induce an If HII transition with an increasing level of
mismatch. Instead, a pure LR phase is observed in 24:1c-PC.
This behavior resembles the membrane-modulating properties
of Phe-flanked FALP21.

To investigate whether the strong membrane-modulating
properties of KALP23 are imposed exclusively by the

chargedε-NH3
+ moiety of the Lys side chain, a peptide was

synthesized with flanking groups that are three methylene
groups shorter than the Lys side chain (Table 1). This
K′ALP23 analogue has an effect on lipid phase behavior
similar to that of KALP23 (Figure 7), but it induces an HII

phase in shorter lipids. This indicates that the removal of
three methylene groups from the Lys side chain does not
influence the membrane-modulating properties of KALP23,
but rather decreases its effective hydrophobic length.

Because the charge on His side chains changes with pH,
HALP23 (Table 1) can be used to study the relation between
charge density and macroscopic lipid organization. Varying
the environmental pH did not alter the preferred LR organiza-
tion of the pure lipid systems (data not shown). As depicted
in Figure 8, incorporation of HALP23 at pH 8.9 results in
the formation of an isotropic lipid phase in 20:1c- and 22:
1c-PC, while 24:1c-PC remains in an LR phase, similar to
that observed for RALP23. Gradually decreasing the envi-
ronmental pH increases the amount of nonlamellar phase
formed in all lipid systems. At pH 5.4, a small HII component
is visible in the31P NMR spectra of 24:1c-PC. At pH 4.0,
both the 24:1c- and 22:1c-PC systems display large amounts
of the HII phase (Figure 8), while 20:1c-PC still forms an
isotropic phase. Thus, at low pH, HALP23 behaves like
K′ALP23, suggesting that charge density is an important
determinant for mismatch-induced lipid adaptations.

DISCUSSION

Lipid-exposed transmembrane protein segments generally
consist of a stretch of hydrophobic residues that is prefer-
entially flanked on both sides by aromatic and charged
residues (5, 6). If the length of the (possibly tilted)
hydrophobic segment matches the hydrophobic thickness of
the bilayer, the flanking residues will be positioned near the
lipid-water interface (14). The energy cost of a mismatch
situation might be determined not only by hydrophobic
mismatch considerations (reviewed in refs8-10) but pos-
sibly also by the interactions of flanking residues with the
lipid-water interface. To gain insight into the influence of
the flanking residues, we have investigated the effects of
hydrophobic mismatch on lipid structure under conditions
of both positive and negative mismatch, using a series of
designed transmembrane peptides with different flanking
residues (see Table 1).

PositiVe Mismatch Conditions. It has previously been
observed that Trp-flanked peptides order the lipid acyl chains
of a relatively thin PC bilayer to a significantly larger extent
than Lys-flanked analogues (21). The2H NMR experiments
described in the study presented here demonstrate that Tyr-
flanked YALP and Phe-flanked FALP analogues order the
acyl chains of 14:0-PC bilayers to approximately the same
extent as analogous Trp-flanked WALP peptides, while Arg-
flanked RALP and His-flanked HALP peptides have the
same small effect as a Lys-flanked analogue. The increase
in average bilayer thickness that is a result of the incorpora-
tion of the peptides that are flanked by aromatic residues
indicates that these peptides are too long to be accommodated
in an unperturbed 14:0-PC bilayer. In contrast, the peptides
that are flanked by charged residues can be accommodated
without a significant increase in bilayer thickness and, as
previously shown for Lys-flanked peptides, without other

FIGURE 6: 2H NMR spectra of dispersions of 14:0-PC-d27 in the
absence (a) and presence of the following peptides: KALP23 (b),
RALP23 (c), and HALP23 (d), at a 1:30 peptide:lipid molar ratio.

FIGURE 7: 31P NMR spectra of dispersions of 20:1c-, 22:1c-, and
24:1c-PC, in the absence and presence of KALP23, RALP23, and
K′ALP23, as indicated in the figure, at a 1:10 peptide:lipid molar
ratio.

Flanking Residues Modulate the Effects of Mismatch Biochemistry, Vol. 41, No. 26, 20028401



likely compensating mechanisms, such as peptide aggregation
(21, 30) or a substantial peptide tilt (31, 32). This is in spite
of the fact that these peptides are two amino acids longer
than the analogues that are flanked by aromatic residues.

These effects could be rationalized by assuming that
peptides that are flanked by aromatic residues have a larger
hydrophobic length than peptides that are flanked by the more
polar charged residues. When for the latter peptides the
hydrophobic length is defined as the length of the polyleu-
cine-alanine stretch (in an idealR-helical conformation)
between the flanking residues, a value of 25.5 Å is obtained.
The hydrophobic thickness of an unperturbed 14:0-PC bilayer
is approximately 23 Å (33), and consequently, the peptides
that are flanked by charged residues would experience only
a small mismatch situation in 14:0-PC. However, analogues
that are two amino acids shorter (with an estimated length
of the polyleucine-alanine stretch of 22.5 Å) but are flanked
with aromatic amino acids could have a larger hydrophobic
length. This length could be up to 28.5 Å if one would
consider the four flanking residues as part of the hydrophobic
stretch. In this case, the analogues would experience a
positive mismatch situation in 14:0-PC, which can be (partly)
compensated by ordering of the lipid acyl chains (18).

As an alternative explanation, the effective hydrophobic
length of the peptides could be modulated by a preference
of the aromatic and charged side chains for distinct interfacial
environments, which is not based only on hydrophobicity.
Small water-soluble compounds that mimic the Trp and Tyr
side chains have been shown by a fluorescence quenching
approach to prefer localization at a relatively deep interfacial
position, near the lipid carbonyl groups (12). For aromatic
residues that are present on both termini of a transmembrane
peptide, this location cannot be obtained on both sides of a
bilayer when the separating stretch of amino acids is
relatively long, and peptides such as WALP21 would
consequently experience a positive mismatch situation in 14:
0-PC. Charged residues are expected to favor a more polar
interfacial location, closer to the aqueous phase. In this case,
a longer separating stretch is favorable in positioning the
charged side chains at the preferred shallow location on both
sides of the bilayer, and therefore, peptides such as KALP23

would not experience a significant mismatch in bilayers of
14:0-PC.

NegatiVe Mismatch Conditions. The long chain species
20:1c-, 22:1c-, and 24:1c-PC have hydrophobic thicknesses
of 30.5, 34.0, and 37.5 Å, respectively, at temperatures that
are approximately 10°C above their respective gel to liquid
phase transition temperatures (17, 33). Also at the higher
temperature as used in our measurements, the hydrophobic
length of the employed peptides, when defined as the length
of the polyleucine-alanine stretch, can be expected to be
significantly shorter than the hydrophobic thickness of the
longer lipids. Under these negative mismatch conditions,
WALP21, YALP21, and FALP21 all induce an isotropic
(cubic) organization of 20:1c-PC and 22:1c-PC (Figure 3).
Such formation of nonlamellar lipid phases can be understood
on the basis of the fact that these phases contain areas of
reduced thickness that enable relatively short peptides to be
accommodated with little or no hydrophobic mismatch, as
discussed previously (20). A cubic phase is not observed
for the longest lipid, 24:1c-PC, indicating that the reduction
in “membrane” thickness offered by this phase is not
sufficient to compensate for the mismatch. Instead, WALP21
and YALP21 induce a highly curved HII phase, for which
regions of reduced thickness apparently prevent situations
of larger mismatch. Because phosphatidylcholine species
strongly prefer organization in a lamellar phase (34, 35), it
is remarkable that, at high concentrations, mismatching
peptides can induce formation of these highly curved
nonlamellar phases. However, unlike “easier” mismatch
responses such as aggregation, nonlamellar phase formation
enables hydrophobic matching while at the same time the
flanking residues remain in contact with the membrane-
water interface (20).

In contrast to the Trp-flanked and Tyr-flanked analogues,
the Phe-flanked analogue is not able to induce a well-defined
mismatch-relieving phase in 24:1c-PC, and therefore, this
system probably responds to a large negative mismatch with
other compensating mechanisms, such as the formation of
peptide aggregates. Why do Phe-flanked peptides behave
differently than analogues that are flanked by the other
aromatic residues, Trp and Tyr? The observation that

FIGURE 8: 31P NMR spectra of dispersions of 20:1c-, 22:1c-, and 24:1c-PC, in the absence and presence of HALP23 at environmental pH
values of 4.0, 5.4, 7.4, and 8.9, as indicated in the figure, at a 1:10 peptide:lipid molar ratio.
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FALP21, just as WALP21 and YALP21, induces a cubic
phase in 20:1c-PC and 22:1c-PC but not in 24:1c-PC indicates
that the hydrophobic lengths of the peptides are the same. It
is therefore likely that the different mismatch response of
the 24:1c-PC system is due to different interactions of the
aromatic side chains with the interfacial region. We speculate
that the FALP peptides are not as effective in inducing a
mismatch-relieving HII phase as the WALP and YALP
analogues because for the Phe side chain, positioning into
an interfacial environment is not as favorable as for the Trp
and Tyr side chains, and therefore (partial), aggregation of
FALP peptides (as suggested from the EM measurements)
is an acceptable mismatch-relieving response.

The preference for an interfacial environment of water-
soluble analogues of Trp and Tyr side chains has been
explained by factors such as hydrogen bonding with water
or interfacial lipid groups, dipolar interactions with lipid
carbonyls, and cation-π interactions (discussed in refs36
and37). Therefore, the deviating response to mismatching
FALP analogues could correlate with a lack of hydrogen
bonding functionality of the Phe side chain. However,
because W′ALP21, the flanking residues of which lack the
hydrogen bonding function, induces isotropic phases in 20:
1c-PC and 22:1c-PC, and an HII phase in 24:1c-PC, side chain
hydrogen bonding is not absolutely required for the induction
of a nonlamellar phase, although there are quantitative
differences in the relative amount of HII phase and in the
width of the HII signal. What other factors could explain the
different properties of the Phe-flanked analogue? The size
of the aromaticπ-electron system is not likely to be decisive,
since this is rather similar for Tyr and Phe, while YALP
and FALP peptides interact differently with lipid bilayers.
It is, however, noteworthy that the ability of the aromatic
side chains to affect lipid organization does seem to correlate
roughly with the magnitude of the dipole moment [values
of 2.2, 1.6, and 0.4 D have been reported for indole, phenol,
and methylbenzene, respectively (38, 39)] of the aromatic
side chain. A larger dipole moment might promote position-
ing of a side chain at the interface through favorable
interactions with, for example, the dipole moments of the
lipid carbonyl groups and/or the water molecules that are
present in the interface.

When relatively short, the Lys-flanked KALP23 has the
same effect on lipid phase behavior as WALP21, suggesting
that these two peptides have the same effective hydrophobic
length, in agreement with previous observations (21). The
different length of the peptides was chosen to compare the
HII phase-inducing capacity of these peptides in the same
lipids, thus eliminating possible lipid-specific effects.

Just like KALP23, the Arg-flanked RALP23 analogue
induces an isotropic (cubic) lipid organization in 20:1c- and
22:1c-PC, while an isotropic31P NMR signal is not observed
for the 24:1c-PC system (Figure 7). Apparently, the two
peptides have a similar effective hydrophobic length. How-
ever, in contrast to mismatching KALP23, RALP23 is unable
to induce formation of a HII phase, which might be attributed
to different interfacial interactions of the Lys and Arg side
chains. This is surprising because the positive charge is
generally considered to impart similar properties to Lys and
Arg. It could be that the substantial delocalization of the
positive charge in the guanidinium group of Arg affects the
ability of RALP23 to form a mismatch-relieving HII phase

in which the Arg side chains are exposed to an interfacial
environment. That charge is an important determinant for
HII phase formation is supported by experiments with
HALP23 as a function of pH. At low environmental pH,
where the His side chain is positively charged, the peptide
can induce HII phase formation, while at higher pH, the
peptide is unable to do so (Figure 8). We speculate that a
higher charge density reduces the compatibility with the
apolar environment of the hydrophobic core and therefore
favors a mismatch response such as nonlamellar phase
formation, in which hydrophobic matching can be combined
with an interfacial positioning of the flanking residues. It
can also be expected that a higher charge density on the side
chains disfavors peptide aggregation as a mismatch response.

The observation that K′ALP23, in which (CH2)4 within
the Lys side chains is shortened to CH2 (Table 1), induces
an HII phase just as KALP23 indicates that the charged
ε-NH3

+ moiety of the Lys side chain is sufficient to impart
strong lipid-modulating properties to KALP23. Moreover,
the fact that K′ALP23 induces an HII phase in shorter lipids
than KALP23 indicates that the effective length of K′ALP23
is shorter than that of KALP23. This can be rationalized
when the Lys side chains of KALP23 are present in an
extended “snorkling” conformation along the helix axis, with
the terminal ε-NH3

+ moieties pointing outward in the
direction of the aqueous phase (40, 41). The RALP23 peptide
would also be expected to be able to increase its effective
hydrophobic length by snorkling of its long and flexible side
chains, but this does not seem to be a likely option for the
rigid His side chains. This might explain why RALP23
appears to have the same effective length as KALP23 but
why the lipid-modulating properties of HALP23 at low pH
are similar to those of K′ALP23.

It can be concluded that under negative mismatch condi-
tions, the observed mismatch response in PC systems is
modulated by the precise structure of the flanking residues.
As shown in a related study, this is in striking contrast to
the effects of the peptides in lipids which have an inherent
tendency to form nonlamellar phases. In this case, all the
peptides that are flanked by aromatic residues and all the
peptides that are flanked by charged residues have similar
effects, and only a difference in effective hydrophobic length
between the two classes of peptides is evident (42). This
underlines the suitability of PC systems for gaining insight
into peptide-lipid interactions. For mismatching peptides in
PC, the influence of flanking residue structure does not seem
to be governed by hydrophobicity alone, and therefore,
specific interactions with the interfacial region might be
involved. Interestingly, Wimley and White developed an
interfacial hydrophobicity scale by assessing the partitioning
of unstructured pentapeptides that differ in the nature of a
guest residue, between the aqueous phase and a PC bilayer
surface (43). In general, they find a strong correlation
between hydrophobicities derived from water-to-bilayer
partitioning and from water-to-octanol partitioning, which
indicates that membrane partitioning is driven mainly by the
hydrophobic effect. However, some side chains, most
notably, those of the aromatic and charged residues, deviate
from this linear relationship, which Wimley and White
attributed to specific interactions of these residues with the
interface (43). For different side chains, the deviation from
linearity is in the following order: Trp∼ Tyr > Lys ∼ Phe
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> Arg ∼ His (uncharged). This approximately reflects the
ability of mismatching peptides that are flanked by these
residues to induce a mismatch-relieving HII phase, supporting
the notion that this is related to interfacial interactions of
the aromatic and charged side chains.

We conclude that for the peptides and lipid systems
employed in this study, interfacial interactions of the aromatic
and charged flanking residues contribute significantly to
peptide-lipid interactions.
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