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Interactions between transmembrane helices play a key role in
almost all cellular processes involvingmembrane proteins.Wehave
investigated helix-helix interactions in lipid bilayers with synthetic
tryptophan-flanked peptides that mimic the membrane spanning
parts ofmembrane proteins. The peptides were functionalized with
pyrene to allow the self-associationof thehelices to bemonitoredby
pyrene fluorescence andTrp-pyrene fluorescence resonance energy
transfer (FRET). Specific labeling of peptides at either their N or C
terminus has shown that helix-helix association occurs almost
exclusively between antiparallel helices. Furthermore, computer
modeling suggested that antiparallel association arises primarily
from the electrostatic interactions between �-helix backbone
atoms. We propose that such interactions may provide a force for
the preferentially antiparallel association of helices in polytopic
membrane proteins. Helix-helix association was also found to
depend on the lipid environment. In bilayers of dioleoylphosphati-
dylcholine, inwhich thehydrophobic length of the peptides approx-
imately matched the bilayer thickness, association between the hel-
ices was found to require peptide/lipid ratios exceeding 1/25. Self-
association of the helices was promoted by either increasing or
decreasing the bilayer thickness, and by adding cholesterol. These
results indicate that helix-helix association in membrane proteins
can be promoted by unfavorable protein-lipid interactions.

Most membrane proteins have one or more hydrophobic segments
that span the membrane in an �-helical conformation. Interactions
between these transmembrane (TM)4 helices are important for deter-

mining the structure of multispanning membrane proteins and for
assembly of membrane proteins into oligomeric structures (1–4). Sev-
eral factors are thought to be responsible for the association of helices in
membrane proteins, including surface complementarity, the presence
of polar residues in the transmembrane region (5–7), and certain spe-
cificmotifs such as thewell knownGXXXGpattern (8, 9). It is likely that
several of these factors act in concert to determine the final folded
structure, or the association of monomers to form an oligomer.
In addition to helix-helix interactions, interactions between the hel-

ices and surrounding lipids also play a role in the organization and
assembly of TM helices. For example, even when helices do not exhibit
any tendency to undergo specific association (10–12), helix-helix asso-
ciation could still occur as a result of poor packing between the lipids
and helices, or from a favorable change in entropy resulting from the
release of helix-bound lipids upon helix association. In these cases, helix
association is primarily driven by lipid-protein interactions rather than
strongly favorable protein-protein interactions. It is likely that in real
membrane proteins the driving forces for folding involve both types of
interaction, whether or not specific protein-protein recognition motifs
are present.
One property of a protein-lipid system that is known to affect helix-

helix association is the extent of matching between the hydrophobic
length of the helices and the hydrophobic thickness of the lipid bilayer.
In the case of hydrophobic mismatch, helix-helix interactions may be
promoted because of relatively unfavorable lipid-helix interactions. It
was previously shown with Lys-flanked TM peptides that hydrophobic
mismatch does promote self-association, both when a helix-helix rec-
ognitionmotif is present (13), and in the absence of such amotif (14, 15).
However, it is still not clearwhether or not helix-helix association can be
considered a general response of TM helices to mismatch. This is
becausemany other responses to hydrophobicmismatch can also occur
(reviewed in Refs. 16 and 17), such as ordering/disordering of the lipid
acyl chains, alterations in helix tilt angle, adaptations of the peptide
backbone, and because it has been shown that the type and extent of the
responses that occur depend on the composition of the TM helix. For
example, Trp-flanked peptides, which were designed to mimic the
membrane spanning parts of intrinsicmembrane proteins, showed very
different responses to hydrophobic mismatch than analogous Lys-
flanked peptides (14, 15).
The aims of the present study are to establish whether or not

increased association is a general property of transmembrane segments
under conditions of hydrophobic mismatch, and to understand the
molecular details of any oligomers that are formed.We investigated the
association between Trp-flanked peptides that were designed to mimic
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the transmembrane segments of real membrane proteins, without spe-
cific helix-helix recognition motifs. These model peptides allowed us to
focus onnonspecific forces involved inmembrane protein structure and
stability. The peptides were functionalized with pyrene to allow moni-
toring of association by pyrene fluorescence and Trp-pyrene FRET. By
labeling peptides at either their N or C terminus, we show that helix-
helix association occurs almost exclusively between antiparallel helices.
We also show that hydrophobic mismatch promotes helix-helix associ-
ation. Our theoretical models show that the antiparallel association of
helices is promoted by favorable electrostatic interactions between
�-helix backbone dipole moments. These results contribute to our
understanding of the role of protein-protein and protein-lipid interac-
tions in determining the association of transmembrane segments in
membrane proteins. The implications of these findings for assembly
and stability of membrane proteins and membrane protein complexes
are also discussed.

EXPERIMENTAL PROCEDURES

Materials—1,2-Dioleoyl-sn-glycero-3-phosphocholine (C18:1c-PC),
1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (C14:1c-PC), 1,2-
dierucoyl-sn-glycero-3-phosphocholine (C22:1c-PC), and cholesterol
were obtained from Avanti Polar Lipids (Alabaster, AL). The pyrene-
labeled peptides pyrN-WALP23 (Ac-C(pyrene)-GWW(LA)8LWWA-
amide) and pyrC-WALP23 (Ac-GWW(LA)8LWWGC(pyrene)-amide)
were synthesized as described earlier (18). The fluorescent probe N-(1-
pyrene)maleimide was obtained from Molecular Probes Europe BV
(Leiden, TheNetherlands). The peptideswere purified by high perform-
ance liquid chromatography (HPLC). Their identity was confirmed by
mass spectrometry and their purity was established by analytical HPLC
to be better than 95%. Milli-Q water was used for all experiments.

Sample Preparation—Fluorescence experiments were performed on
multilamellar vesicles with peptide/lipid ratios between 1/10 and
1/3000. The lipids were dissolved in either chloroform/methanol (1/1)
or chloroform, and the peptides were dissolved in 2,2,2-trifluoroetha-
nol. The concentration of WALP in the stock solution was determined
from the absorbance at 280 nm using an extinction coefficient of 21,300
M�1 cm�1. Phospholipids were quantified according to Rouser et al.
(19).
Peptides were incorporated into lipid vesicles essentially as described

(20). Stock solutions of peptide and lipids were mixed in the desired
peptide/lipid ratio. The solvent was removed by evaporation under a
stream of nitrogen and the peptide/lipid film was further dried over-
night under vacuum. Themixed filmswere hydrated inMilli-Qwater to
a final peptide concentration of 0.25 �M, and the samples were dis-
persed by vigorous vortexing. The samples were then subjected to 10
cycles of freeze-thawing. The resulting multilamellar vesicles were
stored at 4 °C until use. Circular dichroism measurements confirmed
that the labeled WALP peptides were incorporated to form stable TM
helices in lipid bilayers.

Fluorescence Experiments—Fluorescence experiments were per-
formed with an SLM Aminco SPF-500 C fluorimeter. All samples (1.2
ml) were continuously stirred in a 10 � 4-mm quartz cuvette. The
temperature was maintained at 22 °C via a water bath with continuous
circulation. In addition, the absorbance of each sample wasmeasured at
the wavelengths of excitation and emission on a PerkinElmer UV-visual
Lambda 18 spectrometer. These data were used to calculate the inner
filter effect (21).
The fluorescence emission of pyrene was studied with spectral

recordings between 370 and 600 nm (bandwidth 5 nm) with an excita-
tion wavelength of 350 nm (bandwidth 5 nm). The FRET efficiency

between Trp and pyrene was determined from the degree of Trp
(donor) quenching. Fluorescence spectra were recorded between 320
and 550 nm (bandwidth 5 nm) with an excitation wavelength of 280 nm
(bandwidth 5 nm). In this assay, bothTrp (donor) and pyrene (acceptor)
were present in the same peptide, implying that the detected Trp
quenching includes contributions both from intermolecular energy
transfer and from intramolecular energy transfer. The contribution
from the intramolecular Trp quenching was estimated from FRET data
obtained for C18:1c-PC vesicles with very low peptide concentrations
(0.03–0.2%). In these systems, the Trp quenching was virtually con-
stant, and the intramolecular FRET could therefore be considered con-
stant. The FRET data presented in this study are given as the ratio of the
Trp intensity to the intensity where there is only intramolecular energy
transfer.

Theoretical Fluorescence Resonance Energy Transfer—Fluorescent
data were analyzed by means of simulation-based fitting, which pro-
duces an approximation of experimental data by a simulated analogue
(22, 23). In themodeling the peptides are assumed to be perfectly�-hel-
ical (23), and the location of the four Trp donors and pyrene acceptors is
derived from the primary sequences. The distances from the C� at the
helix backbone to the centers of moiety of the donors and acceptors
were estimated to be 3.0 and 6.0 Å, respectively. As amodel for peptides
incorporated into a lipid bilayer, a square region of a bilayer containing
200 peptides was considered. The peptides were located on the points of
a triangular lattice (assuming hexagonal packing) with the closest dis-
tance between points set to 10 Å. Lipids were not explicitly included in
themodel, however, their average diameter (7.5Å) and the peptide/lipid
ratio were used to define the final size of the peptide-lipid model. Pep-
tides were randomly directed with the helix axis of the peptide either
parallel or antiparallel to the normal of the membrane.
For each i-th donor in thismodel, the probability of energy transfer to

one of the acceptors is given by the following equation,

pi
ET �

�j�R0/Ri, j�
6

1 � �j�R0/Ri, j�
6 (Eq. 1)

where Ri,j is the distance between the i-th donor and j-th acceptor in the
system, and R0 is the Förster distance, which was set to 28 Å (21). The
summation runs over all the acceptors in the system. The mean value
�pET� for all donors gives the total energy transfer efficiency in the
peptide-lipid model. The protein insertion and FRET simulation were
repeated 50 times and averaged to give the final result.

Computer Modeling and Structure Prediction—Dimers of WALP23
(Ac-GWW(LA)8LWWA-amide) were modeled with a simulated
annealing modeling protocol (24), using the force field and methodol-
ogy previously described (25). We performed four different modeling
runs inwhich the peptideswere either oriented parallel or antiparallel to
each other, and in which the helix dipole moments were either treated
normally or artificially reversed. The latter was done by reversing the
sign of the partial charges on all C�OandN–Hbackbone atoms on one
helix. This backbone treatment did not detectably alter the structure of
individual helices (not shown). Themodeling runs were labeled AA, PP,
AP, and PA, where the first letter denoted the physical orientation and
the second the dipole orientation. Thus AP and PA had helix dipole
moments that were uncoupled from packing. Each starting structure
was a pair of ideal �-helices, 1.04 nm apart. Thirteen starting orienta-
tions, generated from evenly distributed symmetric rotations of the hel-
ices around their main axes, were used to generate 125 structures each,
resulting in a total of 1625 structures for each model. Extremely high-
energy structures resulting from instabilities during annealing were dis-
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carded, amounting to less than 20 structures for each case. In all cases,
the last turn of the helix had its four unsatisfied hydrogen bond donors
or acceptors “turned off” by setting the partial charge of both atoms in
the N–H or C�O moieties to zero. This was done to restrict unrealis-
tically strong electrostatic interactions between the unshielded termini,
which would ordinarily be solvated by water or involved in interactions
with the lipid head groups.
Crossing angles and helix-helix separation distances were calculated

using the TWISTER algorithm (26), averaged over 8 center-most resi-
dues. We calculated the propensity for each amino acid to reside in the
helix-helix interface by summing intermolecular contacts by residue
type. The interhelical contact values indicate the total number of resi-
dues of a particular type, in the entire 1625 structure ensemble, that
formed one or more intermolecular contacts with an atom-atom dis-
tance less than 0.4 nm, a value determined empirically with visual
inspection of the resulting interface definitions.Multiple contactsmade
by a single residue (uniquely defined in terms of dimer model number,
monomer, and sequence position) were only counted once.
Clustering followed a two-tiered protocol. Initial clusters were

assigned based on crossing angle, helix-helix separation distance, and
the fraction of buried Ala calculated as described above. These primary
clusters were refined with a second round of clustering based on atomic
coordinates. For the initial coarse-level clustering, Hierarchical Cluster-
ing Explorer 3.0 (27) was used with average linkage clustering and the
Euclidian distance similarity scoring function on normalized data. The
minimum similarity cut-off was set to 0.901, chosen to yield at least
20–30 clusters for each data set. All clusters containing more than 100
memberswere selected and subclustered based on the rootmean square
deviation (r.m.s. deviation) of the atomic coordinates of all non-hydro-
gen atoms between least-squares fit structures, using the program
NMRCLUST (28) and an r.m.s. deviation cut-off of 0.3 nm. A subset of
the data, corresponding to the first 40 structures generated for each
initial starting orientation of the helices (or 520 structures for each
model), was also clustered using the r.m.s. deviation-basedmethodwith
NMRCLUST. This subset analysis was conducted as a check against the
two-tier process described above.

RESULTS

Helix-Helix Association as Analyzed by Pyrene Excimer Fluorescence—
We investigated the interactions between Trp-flanked TM �-helices by
using pyrene-labeled WALP peptides. The pyrene monomer exhibits a
characteristic fluorescence emission spectrumwith threemaxima atwave-
lengths between 375 and 420 nm. When two pyrene rings are in close
contact with each other, they form an excited state dimer (excimer), which
exhibits a unique fluorescence peak at a wavelength of about 490 nm.
The helix-helix interaction was first studied in multilamellar vesicles

consisting of C18:1c-PC and the N-terminal labeled peptide pyrN-
WALP23 at peptide/lipid ratios ranging from 1/3000 to 1/10. Surpris-
ingly, the recorded pyrene emission spectra showed no dependence on
the peptide/lipid ratio. Only themonomer emission peak was observed,
and excimer formation could not even be detected at high peptide con-
centrations (Fig. 1). This suggests that there is no interaction between
peptides that are oriented parallel to each other. However, interactions
between helices oriented antiparallel with respect to each other are not
detectable with this experiment. To investigate this possibility, we
included two differently labeled WALP analogues in the assay, one
labeled at the N terminus (pyrN-WALP23), as described above, and one
labeled at the C terminus (pyrC-WALP23).
Fig. 2, A and B, shows the pyrene emission spectra for samples with a

peptide/lipid ratio of 1/10. The pyrene emission for samples containing

only pyrC-WALP23 was translated to slightly lower wavelengths than
that of pyrN-WALP23 (Fig. 2A), suggesting that the C terminus of the
peptide exists in a slightly more hydrophobic environment (21) in the
lipid bilayer. This is consistent with data from mass spectrometry (29),
which showed that the C terminus is more protected from exchange
than the N terminus, and from ESR measurements, suggesting that the
peptide is slightly shifted with respect to the middle of the membrane
(30). Importantly, excimer formation was not observed when only one
type of these peptides was present, but when pyrN-WALP23 and pyrC-
WALP23 were both present, excimer formation was observed (Fig. 2B).
Maximum excimer intensity was obtained for the equimolar mixture of
pyrN-WALP23 and pyrC-WALP23 (Fig. 2C). In principle, it is possible
that these results are simply because of more favorable excimer forma-
tion by pyrenemoieties in antiparallel peptides than in parallel peptides.
However, this is unlikely, because we have previously shown that exci-
mer formation also occurs in parallel peptides under certain conditions
(18). Therefore, the most straightforward interpretation of our data is
that there is only direct contact between antiparallel helices.
Next, pyrene fluorescence measurements were performed for sam-

ples with varying peptide/lipid ratios, ranging from 1/3000 to 1/10. The
relationship between the excimer/monomer ratio (E/M) and the pep-
tide concentration is shown in Fig. 2D. Excimer formation was detected
at high peptide concentrations (peptide/lipid ratios above 1/25), and
only when both types of peptides were present.
The influence of hydrophobic mismatch on helix-helix interactions

was investigated by comparing the pyrene fluorescence for peptides
incorporated in vesicles consisting of C14:1c-PC (positive hydrophobic
mismatch) or C22:1c-PC (negative hydrophobic mismatch) to those
obtained for C18:1c-PC (hydrophobic match). Fig. 3A shows the pyrene
emission spectra obtained for a peptide/lipid ratio of 1/25.We observed
an increase in excimer intensity when there was hydrophobicmismatch
between the peptides and the lipid bilayer. Excimer formation was also
detected at slightly lower peptide concentrations than in the matching
situation, with an offset at a peptide/lipid ratio of �1/30 (Fig. 3B). This
demonstrates that peptide aggregation is slightly promoted by hydro-
phobic mismatch. No difference was detected between the situations of
negative and positive mismatch. Excimer formation only occurred
when both types of peptides were present, indicating a preferred anti-
parallel organization of the interacting peptides regardless of the extent
of hydrophobic mismatch.
Finally, increased peptide association was observed when WALP

peptides were incorporated in C18:1c-PC bilayers that included 40%

FIGURE 1. Pyrene fluorescence spectra for the pyrN-WALP23 in C18:1c-PC bilayers.
Peptide/lipid ratios 1/10 (solid line) and 1/100 (dotted line).
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cholesterol (Fig. 4). This effect can be attributed to the increased hydro-
phobic mismatch because of thickening of the bilayer, as well as the
increased lipid acyl chain order and the reduced area per phosphatidyl-
choline head group in the presence of cholesterol (31).

Helix-Helix Association as Analyzed by Fluorescence Resonance
Energy Transfer—The interaction between helices was also investi-
gated by FRET between Trp and pyrene, both of which are present in
the labeled WALP peptides. The degree of Trp quenching increased
at high peptide concentrations (Fig. 5A). These experiments were
not expected to be sensitive to the antiparallel or parallel orienta-

tions of the interacting helices, as the peptides are flanked with Trp
on both ends. Indeed, similar results were obtained when only one
type of peptide, pyrN-WALP23 or pyrC-WALP23, was present, or
when a mixture of peptides was present (data not shown). From this
we can conclude that the labeling does not influence peptide-peptide
interactions in a detectable way, and that helix association is not
promoted by favorable pyrene interactions in one situation or the
other.
The intermolecular FRET was also observed for bilayers of different

thickness (Fig. 5B). Trp quenchingwasmore efficient when the peptides

FIGURE 2. Pyrene fluorescence data for pyrene-
labeled WALP23 in C18:1c-PC bilayers. A, fluo-
rescence spectra for the pyrN-WALP23 (solid line)
and pyrC-WALP23 (dotted line) in DOPC vesicles,
peptide/lipid ratio 1/10. B, fluorescence spectra of
the equimolar mixture pyrN-WALP23/pyrC-
WALP23 (solid line) in DOPC vesicles, peptide/lipid
ratio 1/10, and the spectra calculated as the aver-
age of the spectra of pyrN-WALP23 and pyrC-
WALP23 in A (dashed line). C, quantification of the
excimer to monomer ratio (E/M) as a function of
the pyrN-WALP23/pyrC-WALP23 ratio. D, excimer
to monomer ratio (E/M) as a function of the pep-
tide/lipid ratio for pyrN-WALP23 (	) and for the
equimolar mixture pyrN-WALP23/pyrC-WALP23
(E).

FIGURE 3. Effect of hydrophobic mismatch on
helix association. A, pyrene fluorescence spectra
for equimolar pyrN-WALP23/pyrC-WALP23 in vesi-
cles of C18:1c-PC (solid line), C14:1c-PC (dotted line),
and C22:1c-PC (dashed line), peptide/lipid ratio
1/25. B, quantification of the excimer to monomer
ratio (E/M) as a function of the peptide/lipid ratio
for C18:1c-PC (E), C14:1c-PC (	), and C22:1c-PC
(�).
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were incorporated in bilayers of C14:1c-PC and C22:1c-PC, compared
with when the peptides were present in vesicles composed of C18:1c-
PC. This is consistent with the results of our pyrene excimer fluores-
cence measurements.
Our observation that the Trp quenching increases with increasing

peptide/lipid ratios implies a decreasing distance between the donors
(Trp) and the acceptors (pyrene) (Fig. 5B). However, the experimental
FRET data cannot be directly utilized to judge whether this effect is
because of direct association between the peptides, or simply a conse-
quence of the increased amount of randomly distributed peptides in the
bilayer. To further investigate this, we performed a theoretical analysis
of the same system, where the FRET was calculated for simulated sys-
tems with a random distribution of peptides and no intrinsic peptide-
peptide association. The calculated FRET data (Fig. 5B, dashed line)
show a good agreement in the case of the C18:1c-PC vesicles, suggesting
that the peptides are randomly distributed in the bilayer. However,
unlike the real FRET measurements, the calculated FRET was found to
be independent of the bilayer thickness (data not shown). Thus, the
deviation between the experimental data and the calculated FRET in the
situation of hydrophobicmismatch indicates that peptide aggregation is
promoted when there is hydrophobic mismatch between the peptide
and the lipids. This increase in peptide aggregation is only observed at
peptide/lipid ratios above 1/30. At lower peptide concentrations the
resemblance between the calculated and experimental FRET indicates
randomdistribution of peptides in the bilayer, even in the case of hydro-
phobic mismatch. Furthermore, both the experimental and the calcu-
lated data show that the FRET is the samewhether the peptide is labeled
at the N or the C terminus.

Computer Modeling and Structure Prediction—We investigated the
physical principles underlying WALP23 dimer formation and the
molecular nature of these dimers with four computational models of
both antiparallel and parallel dimers with both natural and modified
backbone dipole arrangements. Interhelical separation distances and
crossing angles in themodels depended on the arrangement of the helix
dipoles but not on whether the helices were physically parallel or anti-
parallel (Fig. 6A). Parallel dipoles resulted in greater interhelical separa-
tion (�1.1 nm) and larger crossing angles (
30°), antiparallel dipoles
promoted closer packing (�0.8 nm) and a narrower distribution of
crossing angles (with a peak near 0°). The identity of residues involved in
inter-helical contacts also showed a dependence on the helix dipole
orientation (TABLE ONE). Parallel dipoles resulted in a greater per-
centage of Leu contacts (54%) than antiparallel dipoles (50%), and fewer

overall contacts within the ensemble (21,852 versus 29,046), demon-
strating less extensive contact between helices.
Both the complete two-tiered clustering procedures (supplementary

materials) and the simpler r.m.s. deviation clustering of representative
subsets (Fig. 6B) showed that antiparallel dipole arrangements (AA and
PA) resulted in more highly populated clusters than parallel dipoles (PP
and AP). With antiparallel dipoles three well defined packing motifs
were predicted: (i) a short stretch of Leu zipper involving residues Leu12

and Leu16 of one chain and Leu8 and Leu12 of the other chain, sur-
rounded by Ala contacts at either termini (Fig. 7A), (ii) a short Leu
zipper involving residues Leu4 and Leu8 of one chain and Leu16 and
Leu20 of the other (Fig. 7B), and (iii) association in which all Ala residues
along one face of each helix are closely packed (Fig. 7,C andD), with the
helices almost perfectly aligned or slightly tilted. All three of these
motifswere identifiedwhen the helix backbone dipoleswere antiparallel
to one another (AA and PA), regardless of the physical packing arrange-
ment of the helices.With parallel dipoles (PP andAP) clustering analysis
did not give rise to any highly represented packing arrangements, and
thesemodels resulted in very loosely packed dimers without full contact
along the length of the helices (Fig. 7, E and F). These results indicate
that the experimentally observed antiparallel association of helices is a
result of favorable electrostatic interactions between the �-helix back-
bone dipole moments in the antiparallel dimer.

DISCUSSION

Interaction between Antiparallel Peptides—The internal organiza-
tion of interacting helices is fundamental to protein association and
protein folding. This can be regulated by relatively strong and specific
interactions including the formation of interhelical hydrogen bonds and
favorable side chain packing, and electrostatic interactions between
charged residues (5, 9, 32). In the situation investigated here, none of
these forces are present, and we expect that the internal organization of
the associated peptides is determined by relatively weak interactions
between the helices and unfavorable packing interactions between the
peptides and lipids. This might in fact be a representative situation for
the arrangement of helices in polytopic membrane proteins, where in
many cases specific recognition motifs cannot be identified. However,
even in cases where TM helices do contain such recognition motifs, the
nonspecific interactions discussed here will still contribute to the total
energy of association between the helices.
The WALP peptides are readily incorporated in liquid crystalline

lipid bilayers as membrane-spanning �-helices (16). From the pyrene
fluorescence experiments we can conclude that association almost
exclusively occurs between peptides that are oriented antiparallel with
respect to each other. This is true for all different peptide concentra-
tions and all lipid compositions investigated. Formation of antiparallel
dimers has also been proposed for the unflankedTMAc-(LALAAAA)3-
amide analogue, based on dithionite quenching experiments (33), sug-
gesting that antiparallel association is a generic property for these types
of interacting TM �-helices.
What would be the reason for this antiparallel packing? A possible

explanation arises from the observation that the peptide �-helices have
a macrodipole moment (34–36). The nature and importance of this
dipole moment is still a matter of some controversy, with some studies
suggesting that the observed dipole effect in some proteins is a local
effect confined to the termini (37).One theoretical investigation of poly-
Ala helix association using a simplified bilayer representation suggested
that dipole-dipole interactions are quite weak, because of solvent and
counterion screening of the partially charged helix termini (38). Our
proposal is that although these interactions might be relatively weak,

FIGURE 4. The effect of cholesterol on helix association. Pyrene fluorescence spectra
for equimolar pyrN-WALP23/pyrC-WALP23 in vesicles of C18:1c-PC (solid line), and C18:
1c-PC with 40% cholesterol (dotted line), peptide/lipid ratio 1/10.
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they are strong enough to specify antiparallel association in the absence
of stronger, specific helix association forces. The importance of solvent
screening of the helix termini may also be lower in cases where helices
are constrained to be in close contact by high local peptide concentra-
tion or the topology of a polytopic membrane protein. This has impor-
tant implications for understanding the folding and association of pro-
teins in biological membranes. Antiparallel orientations of adjacent
helices are preferred over parallel orientations in known structures of
membrane proteins (39, 40).
Our computer models showed that antiparallel peptides form well

packed dimers, whereas parallel peptides are loosely packed and have a
lower tendency to form ordered structures. These tendencies are clearly
dependent on the backbone dipole orientations, but not on the physical
packing orientation of the helices, which allows us to rule out the pos-
sibility of a preferred steric packing arrangement between WALP heli-
ces. This is also suggested by the sequence symmetry of the WALP
peptide. Modeling indicates three possible ordered packing motifs.
Although it is not possible to determine the distribution between these
modes in amembrane using thismodel, clustering analysis suggests that

the central Leu zipper (Fig. 7A) involving Leu16/Leu12 and Leu8/Leu12 is
the most favorable. This modeling procedure was done in vacuum.
However, the applicability of this approach to simple transmembrane
proteins such as glycophorin A (41), and the consistency of the results
with the experimental observations outlined above, suggest that the
approximations used are applicable to this specific system.
The interacting peptides in this system form antiparallel dimers

rather than larger oligomers. Larger aggregates would involve both par-
allel and antiparallel interactions between helices, which are not
observed in our experiments. Dimer formation, rather than trimer or
oligomer formation, has also been proposed for Trp- or dibromoty-
rosine-containing Lys-flanked poly-Leu peptide analogues in liquid
crystalline bilayers (12). This is also in agreement with previous ESR
measurements, which indicated that WALP and L24 (Ac-K2L24K2-am-
ide) peptides are present as monomers or dimers, even at high peptide/
lipid ratios (20, 42, 43).
Our results have implications for the folding and assembly of mem-

brane proteins. Folding of polytopic membrane proteins involves inter-
actions between both parallel and antiparallel helix pairs, and it can

FIGURE 5. FRET from Trp to pyrene. A, FRET
measured for pyrN-WALP23 in C18:1c-PC bilayers,
peptide/lipid ratios 1/10 (solid line) and 1/100 (dot-
ted line). B, quantification of the FRET data meas-
ured for pyrN-WALP23 in vesicles of C18:1c-PC (E),
C14:1c-PC (�), and C22:1c-PC (	); intermolecular
Trp quenching (%) as a function of peptide/lipid
ratio. The experimental data are compared with
calculated FRET data for pyrN-WALP23 in a bilayer
with thickness 3.0 nm, corresponding to C18:1c-PC
(dashed line).

FIGURE 6. Summary of computer models. A,
dimer interhelical separation (I and II) and crossing
angle (III and IV) distributions. PP, parallel packing,
parallel dipole; AP, antiparallel packing, parallel
dipole; AA, antiparallel packing, antiparallel
dipole; PA, parallel packing, antiparallel dipole. B,
cluster size distribution for a representative subset
of the modeling data (500 structures from each
model, all non-hydrogen atoms, r.m.s. deviation
cut-off 0.3 nm). Solid line, AA; dashed line, AP; dot-
dot line, PP; dot-dash line, PA. The top structures fall
into the same structural classes as those shown in
Fig. 7.

TABLE ONE

Total number of interhelical contacts (d < 0.4 nm) by residue type

Antiparallel dipoles Parallel dipoles
AA PA Average Fraction PP AP Average Fraction

Ala 14,633 14,455 14,544 0.5007 10,157 9,844 10,000 0.4576
Leu 14,512 14,492 14,502 0.4993 11,918 11,787 11,852 0.5424
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therefore be expected that the favorable antiparallel packing of helices
significantly contributes to the overall structure of proteins and to their
stability. Although these interactions appear to be relatively weak, they
are strong enough to specify antiparallel association over parallel asso-
ciation when hydrophobic mismatch or high peptide concentration
induces contact between peptides. This may be analogous to the locally
high concentration of helices imposed by the connecting loops in a
polytopic membrane protein, and thus may influence the overall archi-
tecture of proteins.
In contrast, self-association of monotopic membrane proteins typi-

cally involves interactions between helices that are aligned in a parallel
fashion. For such assemblies specific recognition motifs are expected to
occur, and indeed have been reported (5, 6, 41). This may be essential to
overcome the otherwise less favorable packing of parallel helices.

HydrophobicMismatch PromotesHelix-HelixAssociation—From the
combined experimental and theoretical analysis of the FRET data on
helix-helix interactions in the matching C18:1c-PC bilayers, we con-
clude that the WALP peptides have no intrinsic tendency to aggregate
in liquid crystalline lipid bilayers, except at high peptide concentration.
Thus, the interaction between helix dipole moments is not sufficient to
induce aggregation of the helices in the bilayer. However, in cases where
there is negative or positive hydrophobic mismatch between the pep-
tides and the bilayer, either because of increased chain length of the
lipids or the inclusion of cholesterol, peptide association is promoted. In
these situations peptide-peptide interactions become more favorable
than peptide-lipid interactions.

Peptide aggregation induced by hydrophobic mismatch has previ-
ously been observed for Lys-flanked analogues by fluorescence meas-
urements (15, 44). Thus, it seems to be a general property of mismatch-
ing peptides. However, the Lys-flanked peptides appear to have a
stronger tendency to associate at negative mismatch and they form
larger oligomeric aggregates than the WALP peptides (17). A possible
explanation for this would be that Lys residues are more flexible and
may better accommodate oligomerization of the peptides than themore
bulky Trp residues. In any case, the molecular details of interacting
helices are clearly important in modulating the effects of changing the
lipid environment, sometimes in very subtle ways.
Peptide oligomerization induced by hydrophobic mismatch and the

presence of cholesterol is likely to play a role in the biology ofmembrane
proteins, for example, in signaling processes where clustering of recep-
tor proteins is related to partitioning into raft-like domains (45, 46).
Because of the high cholesterol content and the long chains of the sphin-
golipids in these raft-like domains, they are expected to be thicker than
the surrounding membrane, in which the proteins would be mainly
present as monomers. Here, less favorable interactions between the
lipids and the receptor proteins may help to accommodate the oli-
gomerized form into these raft-like domains.

Conclusion—Helix-helix association is a key event in many cellular
processes involving folding and assembly of membrane proteins. The
extent of helix-helix association and the nature of this association
clearly depends on multiple factors, all of which contribute to the total
energy of helix association and thus to the folding and function ofmem-

FIGURE 7. Predicted structures for antiparallel
helix dimers (top), and illustration of poor
packing seen for parallel helix dimers (bottom).
Each model is shown in two views related by a 90
degree rotation. Residues that form intermono-
mer contacts (at least two atom-atom distances
less than 0.4 nm) are highlighted in red and blue. A
and B, two structures with a short two-turn Leu
zipper flanked by Ala contacts along the remain-
der of the helices. C and D, structures with mainly
Ala contact, with helices aligned or tilted. Leu res-
idues slightly outside of the interface can still form
contacts in these arrangements. E and F, poor
packing typically observed in the parallel dipole
models. The model as well as cluster and subclus-
ter identity (e.g. cluster 1 and subcluster 1 � 1.1) is
identified above each structure.
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brane proteins and protein complexes. Our study shows that two such
factors are the favorable interactions between antiparallel helices, and
the balance between lipid-protein and protein-protein interactions.
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