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Cell membranes are comprised of multicomponent lipid and pro-
tein mixtures that exhibit a complex partitioning behavior. Regions
of structural and compositional heterogeneity play a major role in
the sorting and self-assembly of proteins, and their clustering into
higher-order oligomers. Here, we use computer simulations and
optical microscopy to study the sorting of transmembrane helices
into the liquid-disordered domains of phase-separated model
membranes, irrespective of peptide–lipid hydrophobic mismatch.
Free energy calculations show that the enthalpic contribution
due to the packing of the lipids drives the lateral sorting of the
helices. Hydrophobic mismatch regulates the clustering into either
small dynamic or large static aggregates. These results reveal
important molecular driving forces for the lateral organization and
self-assembly of transmembrane helices in heterogeneous model
membranes, with implications for the formation of functional
protein complexes in real cells.

fluorescence microscopy ∣ lipid rafts ∣ membrane proteins ∣ molecular
dynamics ∣ linactants

The heterogeneity of biological membranes plays an important
role in cellular function (1, 2). Despite experimental progress

in recent years (3), the characterization of lateral organization in
biological membranes, however, remains challenging due to the
lack of tools to study fluctuating nanoscale assemblies in living
cells (4–6). Model membranes (7–10) as well as isolated plasma
membranes (11, 12) are more frequently studied, because large-
scale phase separation can be observed in these systems. In par-
ticular, at cholesterol concentrations reminiscent of biological
membranes (10–30 mol % cholesterol), ternary mixtures of satu-
rated and unsaturated lipids can segregate into coexisting lipid
domains of different fluidity, a liquid-ordered (Lo) and a liquid-
disordered (Ld) phase. Probing the structural and dynamical
properties of these fluid domains has received a lot of attention,
as it is presumably linked to the formation of lipid nanodomains
(“rafts”) in real cells (13, 14).

The structure and function of membrane proteins is intimately
connected with their lipid environment (15, 16). Because of the
heterogeneity of the cell membrane, proteins partition between
different lipid domains, are recruited to specific locations, and
form functional complexes (17–19). This lateral organization is
very important for various cellular processes, such as membrane
fusion (20, 21), protein trafficking (22), and signal transduction
(23–25). Although lipids and integral membrane proteins are well
studied by themselves, the molecular properties that determine
the specific interactions between them remain poorly understood.
Interactions important for protein sorting and self-assembly are
(specific) protein–protein and protein–lipid forces, and indirect
lipid-mediated forces. The latter category includes, for instance,
forces due to entropic confinement of lipid chains and forces aris-
ing from the mismatch between the hydrophobic parts of the pro-
tein and the bilayer. Recent computational studies highlight the

importance of lipid-mediated interactions for membrane protein
clustering (26–29).

Integral membrane proteins have a large structural variety,
but all contain hydrophobic regions that span the bilayer; these
regions are often single α-helices or α-helical bundles. Many
properties of membrane proteins are thus determined by the in-
teractions between these transmembrane (TM) helices and the
surrounding lipids. Here, we investigate the molecular interac-
tions between TM helices, specifically WALP peptides, and het-
erogeneous model membranes with coexisting Lo and Ld lipid
domains. Synthetic WALP peptides were designed as probes to
study the behavior of TM domains in model systems, such as their
mode of insertion, aggregation, and partitioning (30, 31).

WALPs form α-helical TM domains comprised of alternating
alanine and leucine residues, flanked by tryptophanes to anchor
the peptide at the membrane interface. Varying the length of
the peptide’s hydrophobic stretch allows for tailoring of desired
properties, such as the hydrophobic mismatch. WALPs and other
TM peptides were observed to be excluded from Lo domains in
model membranes, irrespective of the hydrophobic mismatch,
see, e.g., refs. 32 and 33. It was speculated that the TM peptides
disturb the tight packing of lipids and cholesterol in Lo (14); how-
ever, the underlying thermodynamic driving forces are not well
understood. Our study combines both large-scale molecular
dynamics (MD) computer simulations of planar membranes
and confocal fluorescence microscopy of giant unilamellar vesi-
cles (GUVs) to investigate peptide sorting under different hydro-
phobic mismatch conditions. In addition, the simulations yield
insight into the clustering of the peptides and the thermodynamic
driving forces for lateral sorting.

Results
Simulations Show Partitioning of TM Helices into Ld Domain. Fig. 1 A
and B shows the simulation system, consisting of 12 WALP pep-
tides inserted into a lipid bilayer patch and solvated by explicit
water. All molecules are represented at a coarse-grained (CG)
level, retaining near-atomic resolution. The bilayer consists of
a ternary mixture of dipalmitoylphosphatidylcholine (di-C16∶
0PC), dilinoleoylphosphatidylcholine (di-C18∶2PC), and choles-
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terol in a 0.42∶0.28∶0.30 molar ratio, about 2,000 lipids in total.
The membrane is separated into two coexisting fluid domains
that can spontaneously form from a random lipid distribution,
as evidenced in previous simulations (34). Characterization of
these domains revealed that the Lo membrane domain is mainly
composed of the fully saturated di-C16∶0PC lipid and cholester-
ol, whereas the Ld domain is enriched in the doubly unsaturated
di-C18∶2PC lipid and has a reduced cholesterol content. The
Lo domain is thicker (PC headgroup–headgroup distance d0 ca.
4.6 nm) than the Ld domain (d0 ca. 3.8 nm). In the current work,
we studied the partitioning of two different peptides, namely
WALP23 [AW2L-ðALÞ8-W2A] and WALP31 [AW2L-ðALÞ12-
W2A] in these domains. The shorter WALP23 (peptide length
lp ca. 3.4 nm) is expected to fit well into the Ld domain, whereas
the longer WALP31 (lp ca. 4.6 nm) could span the Lo domain and
thus would display a rather large positive hydrophobic mismatch
in the Ld domain. As shown in Fig. 1A, monomeric peptides were
initially inserted into the membrane. CG-MD simulations using
the MARTINI force field (35, 36) were then carried out for 80 μs
for the WALP23 and WALP31 systems, respectively.

Fig. 1 C and D shows that the peptides adopt a distinct
nonhomogeneous distribution during the simulation. Both the
WALP23 and WALP31 peptides are expelled from the Lo do-
main and partition into the Ld domain, irrespective of their
length. For the membrane studied here, in which the Ld domain
spans about 10 nm, this sorting process is completed within 2 μs,
after which most peptides are incorporated into the Ld phase.
We never observed that peptides (transiently) returned to the
Lo phase during the time span of our simulations, suggesting a
rather large driving force for peptide sorting into the Ld phase.
Attaching two palmitoyl anchors to the N terminus of WALP23
does not alter the partitioning, in agreement with experiments
(32). The addition of eight palmitoyl anchors, however, leads to
preferential binding to the domain boundary (see SI Appendix).

The lateral segregation of the peptides leads to an increase of
the effective peptide∕lipid ratio to about 1∶50 in the disordered
domain, where dynamic self-assembly of the peptides into oligo-
meric aggregates is observed. The size and stability of the aggre-
gates depends on the mismatch, as is addressed below.

Confocal Microscopy Verifies That TM Helices Prefer the Ld Domain.
Next, we experimentally tested the predictions of our simulations
by optical fluorescence microscopy. We incorporated Alexa Fluor
488-labeledWALP peptides into GUVs composed of cholesterol,
di-C18∶1PC, and egg-sphingomyelin (1∶1∶1). The fluorescent
lipid dye DiD-C18∶0 was added as a marker for the Ld phase
(8, 11). First, we incorporated labeled WALP23 into the GUVs
and recorded fluorescence images (Fig. 2A, blue channel). The
confocal image in Fig. 2B shows the fluorescence of the Ld
marker DiD-C18∶0 (red channel), confirming the phase separa-
tion. The colocalization of the WALP23 and DiD-C18∶0 fluores-
cence indicates that the peptides partition into the Ld domains
(containing mainly di-C18∶1PC) and are expelled from the Lo
domains (composed of mainly cholesterol and egg-sphingomye-
lin). In a next step, we repeated the experiments with a membrane
in which di-C18∶1PC was replaced by di-C14∶1PC, thereby
decreasing the hydrophobic thickness of the Ld phase by about
0.6 nm. To maximize the hydrophobic mismatch, we incorporated
the WALP27 peptide, which is 0.6 nm longer than WALP23.
Thus, taken together, the difference is 1.2 nm, identical to the
length difference between the WALP23 and WALP31 peptides
used in our MD simulations. Also here, the Lo domains match
the hydrophobic length of the longer peptide much better than
the thinner Ld domains. The confocal images shown in Fig. 2 C
and D reveal that Alexa Fluor 488-labeled peptides and DiD-
C18∶0 still colocalize, demonstrating that WALP peptides prefer
the Ld phase over the Lo phase irrespective of the hydrophobic

Fig. 1. Simulation of the sorting and clustering of WALP peptides in a model bilayer with coexisting fluid domains. (A) WALP peptides (colored spheres)
embedded in a ternary mixture of di-C16∶0PC (green), di-C18∶2PC (red), and cholesterol (gray), solvated by water (blue). (B) Coarse-grained representation
ofWALP23 (cyan and yellow), di-C16∶0PC (green), di-C18∶2PC (red), and cholesterol (gray), shown as spheres and sticks. The atomistic structure of the peptide is
also shown (sticks). (C and D) Sorting and clustering of WALP23 (C) and WALP31 peptides (D) in the disordered lipid domain.
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mismatch. These confocal images confirm our MD simulations
and agree with previous detergent extraction experiments (32).

Free Energy Calculations. To more thoroughly understand the un-
derlying molecular driving forces for the observed lateral sorting
of the peptides, we calculated, by means of thermodynamic inte-
gration (TI), the partitioning free energies of a single WALP pep-
tide between the Lo and Ld phase (for details, see SI Appendix).
The results are summarized in Table 1. The free energies of trans-
ferring a peptide from the Lo to the Ld domain are ΔGLo∕Ld ¼
−63� 8 kJ∕mol and −58� 8 kJ∕mol for WALP23 andWALP31,
respectively. The strong preference of both peptides for the Ld
phase explains why during the free simulations, peptides once in-
corporated into the Ld domain never returned to the Lo domain.
The transfer free energies ΔGLo∕Ld result from large counteract-
ing enthalpic and entropic contributions (Table 1). The enthalpy
favors partitioning into the Ld phase, whereas the entropy would
favor partitioning into Lo. This can be rationalized by the disor-
der introduced when a TM peptide is accommodated in the well-
ordered Lo phase. However, lipid–lipid and lipid–cholesterol
packing is optimal in the Lo phase, and any foreign inclusion
comes with a large enthalpic penalty that is not outweighed by
this increase in entropy. By contrast, the lipids in the Ld domain
are already strongly disordered, and incorporation of a TM helix
thus does not yield a significant increase in entropy in this case. At
the same time, due to the less densely packed lipids in Ld, the
inclusion of the TM helix is enthalpically more favorable in Ld
than in Lo, again outplaying the entropic contribution.

The length of the peptide, and hence mismatch, does also
play a role. The enthalpic gain of moving the shorter WALP23
peptide from the Lo to the Ld domain is significantly higher com-
pared to that of the longer WALP31 peptide, which shows no hy-
drophobic mismatch with respect to the Lo phase (−594 kJ∕mol
and −276 kJ∕mol for WALP23 and WALP31, respectively; see

Table 1). These results are backed up by the calculation of lipid
tail order parameters from CG and atomistic simulations; see
SI Appendix. Taken together, for both peptides, the free energy
gain upon moving from Lo to Ld results from the strong enthalpic
contribution due to peptide-induced breaking up of the tight
lipid packing in the Lo domain, which cannot be overcome by
the entropic preference for the Lo phase.

Clustering of Peptides Depends on Mismatch. Fig. 3 A and B quan-
tifies the cluster formation of the WALP23 and WALP31 pep-
tides, respectively, revealing the distinct aggregation behavior
of the two peptides. The shorter WALP23 peptides display a very
dynamic clustering behavior. After an initial equilibration phase
of ca. 15 μs, WALP23 peptides are mostly present as monomers,
dimers, and trimers, and clusters continuously reorganize by ex-
changing peptides, with average cluster lifetimes of a few micro-
seconds. Calculating the average number of monomers, dimers,
and trimers over the last 60 μs of the trajectory yields nmon∶ndim∶
ntrim ¼ 2.8∶2.0∶1.0. Thus, the populations of monomer and dimer
are similar at the effective peptide∕lipid ratio of about 1∶50 in
the Ld phase. For the dimers as the most abundant aggregate,
and assuming that the law of mass action can be applied, we
estimate the equilibrium association constant according to (37)
K ¼ ðndim∕ntotÞ∕ðnmon∕ntotÞ2, where ni is the average number of
moles of species i in the Ld domain. Using ntot ¼ 540 (number
of lipids in the Ld domain), we obtain K ≈ 140� 60. The dimer-
ization free energy is then ΔG ¼ −RT lnK ¼ −12� 2 kJ∕mol, in
agreement with experiments (38) and other simulations (39);
see SI Appendix. Under experimental conditions, WALP peptides
are found to be monomeric at low peptide concentrations (31).
However, at peptide∕lipid ratios of about 1∶25 to 1∶50, clustering
(dimerization) was observed, a process that is additionally fos-
tered by the presence of cholesterol (40). Thus, the presence
of weakly bound WALP23 dimers as found in our simulations
is in agreement with the available experimental data.

Most of the WALP23 dimers observed in the simulation
adopt a right-handed configuration, with a negative helix crossing
angle θ (see SI Appendix). Although left-handed packing of he-
lices is more abundant in known membrane protein structures
(41, 42), right-handedness is also found, for example, in the gly-
cophorin A (GpA) dimer (43). Similar to WALP, GpA is a single
transmembrane α-helix, and its dimer has a rather small interface
that does not involve hydrogen bonds or salt bridges. In the
WALP23 trimers formed during the simulation, we mostly ob-
served a linear arrangement of the peptides (i.e., the two outer-
most peptides within a trimer are not in direct contact with each
other), again with a preference for a right-handed configuration.
Left-handed helix–helix contacts are also occasionally present
during the simulation; however, such aggregates are rather short-
lived and rapidly dissociate again.

In contrast to WALP23, the longer WALP31 tends to form
large clusters. In addition, the clustering behavior is much less
dynamic as compared to WALP23, with fewer association/disso-
ciation events observed. After 13 μs, a heptameric and a tetra-
meric cluster are formed, and a single WALP31 is not yet
incorporated into the Ld domain (orange peptide, Fig. 1D); this
peptide joins the heptameric cluster after 50 μs (Fig. 3B). Because
the growing size of the clusters slows down their lateral diffusion,
it takes until t ¼ 70 μs for the encounter of the two clusters to
occur, yielding a 12-mer that is stable for the rest of the simulation
time. The large WALP31 cluster is rather unstructured; that is, it
has no clear tertiary structure or long-range order. As shown in
Fig. 1, the clusters occasionally approach the domain boundary,
but get reincorporated into the core of the disordered domain,
demonstrating that the clusters, like the monomers, also prefer
the Ld over the Lo domain.

To check and validate our coarse-grained simulations, we trans-
formed a snapshot (after t ¼ 40 μs) from the CG-MD simulation

Table 1. Free energies, enthalpies, and entropies at 300 K of
partitioning of single peptides between the Lo and Ld phases

ΔGLo∕Ld* ΔHLo∕Ld
† −TΔSLo∕Ld†

WALP23 −63 ± 8 −594 ± 47 531 ± 48
WALP31 −58 ± 8 −276 ± 33 218 ± 34

All values are in kJmol−1.
*ΔGLo∕Ld was obtained from TI simulations.
†ΔHLo∕Ld was estimated from the system’s potential energy, and −TΔSLo∕Ld ¼
ΔGLo∕Ld − ΔHLo∕Ld. Standard errors are given (see SI Appendix). Note, the
decomposition of the free energy into enthalpy and entropy, and thus
the absolute values of ΔHLo∕Ld and ΔSLo∕Ld, should be interpreted at a
qualitative level (see SI Appendix).

Fig. 2. Confocal images of GUVs containing Alexa Fluor 488-labeled WALP
peptides. (A and B) The vesicles were composed of di-C18∶1PC∕
cholesterol∕egg-sphingomyelin (1∶1∶1) and WALP23 (blue fluorescence
channel) and DiD-C18∶0 (red). (C and D) The vesicles contained di-C14∶1PC∕
cholesterol∕egg-sphingomyelin (1∶1∶1) and WALP27 (blue) and DiD-C18∶0
(red).
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of the WALP23 system to its underlying atomistic representation
(44) and carried out a 100-ns atomistic MD simulation (see
SI Appendix). During this simulation, the majority of theWALP23
clusters stay bound (a single dimer dissociates), consistent with the
behavior shown in Fig. 3. The atomistic simulations thus support
the clustering observed in the coarse-grained simulations.

Discussion
Our computational modeling data as well as the confocal micro-
scopy results reveal that model transmembrane helices, such as
the WALP peptides, do not like to be embedded in the liquid-
ordered phase. Rather, they are observed to spontaneously parti-
tion into the liquid-disordered phase. The near-atomic resolution
of our simulation approach allows us to study the sorting process
in molecular detail. This is further illustrated in Fig. 4, showing a
time series of the incorporation of a particular WALP23 peptide
into the Ld domain. Although most peptides are rapidly expelled
from the Lo domain, this particular peptide gets temporarily
trapped and enters the Ld domain only after 10 μs. The incorpora-
tion of this peptide is facilitated by the transient formation of an
island of unsaturated lipids pervading the ordered domain, em-
phasizing that it is the collectivemotion of both lipids and peptides
that plays a role in the lateral sorting process.

Thus far, no TM peptides or proteins that partition into Lo
domains in model membranes were reported (33, 45–49), irre-
spective of the amino acid sequence. However, the underlying
molecular mechanisms and thermodynamic driving forces were
poorly understood. Our simulations reveal that the driving force
for this observed sorting is the enthalpic cost associated with
the presence of a cylindrical object (the TM helix) inside the
ordered lipid phase. Thus, although we used synthetic WALP
peptides as generic models, our proposed mechanism is general
and likely to be relevant for protein sorting, also in vivo. To test
the generality, we additionally studied the partitioning of the
α-helical TM domain of the syntaxin 1A protein (TM-Sx1A,
residues 259–288) and of the linker for activation of T cells

(TM-LAT, residues 2–32); see SI Appendix. LAT is frequently
used as a raft marker, but differential partitioning behavior
in model membranes and in plasma membranes was reported
(48, 50). In our simulations, TM-Sx1A partitions into the Ld do-
main, in agreement with experimental findings (21, 45, 51–53).
TM-LATalso prefers Ld, in agreement with experiments onmodel
membranes (48). However, unlike TM-Sx1A, we find the larger
TM-LAT clusters to be located close to the domain boundary
interface.

In living cells, the differences between Lo and Ld domains are
less pronounced than they can be in model membranes, due to the
more complex lipid composition and high protein concentration
in the plasma membrane, which may hamper the tight lipid
packing in Lo (49, 50). In particular, in the model membrane used
in our simulations, the almost complete depletion of unsaturated
lipids from Lo yields a very ordered domain. Furthermore, the
Ld domain is rather strongly disordered due to the doubly unsa-
turated di-C18∶2PC, explaining the observed large free energy
differences (Table 1). McIntosh and coworkers (54) measured
through detergent extraction experiments much smaller transfer
free energies of TM peptides between lipid domains in bilayers
comprised of dioleoylphosphatidylcholine, cholesterol, and sphin-
gomyelin (1∶1∶1), which are closer to the critical point and might
thus more closely resemble the situation in cell membranes. They
report transfer free energies of only about 2–5 kJ∕mol for the pep-
tides P-23, P-29, and P-31 (α-helical peptides with a hydrophobic
TM part and charged residues at the termini). However, such a
quantitative analysis of detergent extraction experiments has to
be taken with care (55), and larger free energy differences were
estimated based on elastic theories (56).

For integral membrane proteins, a widely accepted assumption
is that sorting is controlled by the length of the TM domains (18).
This mechanism is supported by the finding that the TM parts of
proteins in the Golgi membrane (enriched in unsaturated lipids)
are on average spanned by 15 amino acids, whereas TM domains
of plasma membrane proteins comprise on average 20 amino
acids (22). We observed a preference for the Ld phase regardless
of the length of the peptide and hence the degree of hydrophobic
mismatch. One key difference between single TM helices, such as
WALP peptides, and large integral membrane proteins is that the
former can alleviate the energetic penalty due to positive hydro-
phobic mismatch through adopting a large tilt angle (according
to our simulations, the average tilt angle of WALP31 in the Ld
domain is indeed substantial, around 45°; see SI Appendix). The
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Fig. 3. Clustering of WALP peptides during simulations. The number of
WALP23 (A) or WALP31 (B) peptides that are present as a monomer, or part
of a dimer, trimer, or a larger cluster are plotted over time. Two WALPs were
considered bound if the distance between any two particles of the peptides
was smaller than 0.7 nm.

Fig. 4. Proteins moving lipids moving proteins. A WALP23 (orange spheres),
initially located in the Lo phase (green), gets incorporated into the Ld phase
(red) through concerted peptide and lipid motion. (A) A peninsula of
di-C18∶2PC lipids bridges the peptide to the core of the Ld domain. (B) The
peptide gathers an island of di-C18∶2PC lipids (red) in its environment.
(C and D) The di-C18∶2PC island merges with the Ld domain, and the peptide
subsequently diffuses away from the domain boundary.

1346 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1009362108 Schäfer et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009362108/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009362108/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009362108/-/DCSupplemental/Appendix.pdf


tilting of large integral membrane proteins as a whole is energe-
tically unfavorable. Rather, they may induce stronger local bilayer
deformations than single α-helices or adapt their hydrophobic
thickness through structural rearrangements, such as changing
the tilt of individual α-helices relative to each other. The asso-
ciated free energy costs influence partitioning. To probe the effect
of helix tilt, an additional simulation was carried out in which we
restricted tilting of WALP31. The peptide preferentially adsorbs
at the Lo∕Ld domain interface (see SI Appendix). This result
confirms that hydrophobic mismatch also plays an important role
for the sorting of integral membrane proteins, and we predict that
proteins that do not fit well into the Ld domain may display
“linactant” (57, 58) behavior at the Lo∕Ld interface. Also TM
peptides with several palmitoyl anchors can accumulate at the do-
main interface (see SI Appendix). However, specific lipid factors,
such as raft gangliosides, can also be important for sequestering
into the Lo phase (12). Finally, protein–protein interactions can
further alter the driving forces for Lo∕Ld partitioning (59, 60) by
modulating the number of lipid–protein contacts. Clustering of
transmembrane proteins and peptides may occur as a response
to hydrophobic mismatch, as it reduces the number of lipids
bound to the nonmatching membrane inclusion. This was con-
firmed by experiments on various transmembrane proteins and
peptides (31). The increased tendency to cluster observed for
WALP31 supports this idea of mismatch driven self-aggregation.

By combining molecular dynamics simulations and confocal
microscopy, we show why transmembrane helices partition into
disordered lipid domains in heterogeneous model membranes,
irrespective of helix–lipid mismatch. Our study demonstrates that
computer simulations, in combination with experiments, can not
only contribute to unravel the molecular forces driving complex
phase behavior in biological systems, they are also poised to
become a powerful tool for predicting the localization of proteins
and lipids in heterogeneous cellular environments and foster
the design of bioinspired molecules with tailored properties.

Materials and Methods
Molecular Dynamics Simulations. All simulations were carried out with the
Gromacs package, version 4.0.5 (61). In the coarse-grained simulations, the
MARTINI force field (35, 36) was used. An integration time step of 20 fs was
applied, together with the standard settings for the nonbonded interactions.
Constant particle number, pressure, temperature ensembles were simulated
within periodic boundary conditions, with peptides, lipids, and water cou-
pled separately to a heat bath at 295 K (τT ¼ 0.3 ps). The system was semi-
isotropically coupled to a pressure bath at 1 bar (τp ¼ 3 ps). As the starting
structure for the membrane platform, we took the phase-separated bilayer
obtained after 20 μs of coarse-grained simulation from ref. 34. Subsequently,

TM peptides were inserted, regularly distributed on a lateral grid. For the
WALP simulations, 12 peptides were inserted (Fig. 1A), with neighboring pep-
tides inserted in an alternating manner (i.e., 6 peptides were inserted “head
up,” and 6 peptides “head down”). For TM-Sx1A and TM-LAT, 9 peptides
were inserted in a parallel manner (see SI Appendix for details).

The final systems comprised of TM helices, 828 di-C16∶0PC, 540
di-C18∶2PC, and 576 cholesterol molecules, solvated by 12,600 CG water
beads (one water bead represents four real water molecules). Prior to the
free MD simulations, the systems were energy-minimized (1,000 steps stee-
pest descent), followed by 1 ns of MD with positional restraints on the
peptide beads (force constant 1;000 kJmol−1 nm−2). For details about the
resolution transformation and atomistic simulations, see SI Appendix. To
convert simulation times to real times, a factor of 4 was used, obtained
by comparing the lateral diffusion coefficient of a single WALP23 peptide
in a bilayer to experimental data; see SI Appendix and ref. 62. All times
reported in the text are real times.

Confocal Microscopy. Cys-WALP23/27 [Acetyl-CGWWðLAÞ8∕10LWWA-amide]
were synthesized using Fmoc/tBu peptide solid-phase synthesis as described
previously for related KALP peptides (63). The peptides were labeled with
Alexa Fluor 488 C5-maleimide (Molecular Probes, Invitrogen Corp.) using
procedures similar to the ones for another thiol-reactive fluorophore (64).
A lipid mixture of cholesterol, sphingomyelin (extracted from egg-yolk), and
1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (di-C14∶1PC) or 1,2-dioleoyl-
sn-glycero-3-phosphocholine (di-C18∶1PC) was prepared from lipid stock
solution in chloroform with molar ratio 1∶1∶1 (lipids were purchased from
Avanti Polar Lipids). The labeled peptides dissolved in trifluoroethanol and
the fluorescent lipid marker DiD-C18∶0 (solid1,1′-di-octadecyl-3,3,3′,3′-tetra-
methyl-indodicarbocyanine, 4-chlorobenzene-sulfonate salt, Molecular
Probes, Invitrogen Corp.), dissolved in methanol, were added to the lipid
mixture at a ratio of 1∶100;000. The peptide∕lipid mixture was applied
to indium–tin oxide-coated microscope glasses (thickness 0.13–0.16 mm;
15–30 Ω, SPI Supplies), and solvents were evaporated. GUVs were produced
using a homemade electroformation chamber assembled of a pair of indium–
tin oxide-coated glasses filled with buffer (10 mM KPi, pH 7.0), to which an
alternating current with 10 Hz and 2 V (corresponding to ca. 400 V∕m) was
applied for at least 2 h. For imaging, the electroformation chamber was di-
rectly mounted on the sample stage of a laser scanning confocal microscope
equipped with two lasers. A blue argon ion laser (488 nm) and a red He-Ne
laser (633 nm) were used to excite the Alexa 488 fluorophore and the lipid
marker DiD-C18∶0, respectively.
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