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Coiled-Coil Formation on Lipid Bilayers—Implications for Docking
and Fusion Efficiency
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ABSTRACT Coiled-coil formation of four different oligopeptides was characterized in solution, on hydrogels, and on
membranes by employing circular dichroism spectroscopy, surface plasmon resonance spectroscopy, attenuated total reflection
infrared spectroscopy, and ellipsometry. Peptide sequences rich in either glutamic acid (E: E3Cys, i-E3Cys) or lysine (K: K3Cys,
i-K3Cys) were used to represent minimal mimics of eukaryotic SNARE motifs. Half of the peptides were synthesized in reverse
sequence, so that parallel and antiparallel heptad coiled-coil structures were formed. Either E-peptides or K-peptides were
attached covalently to phospholipid anchors via maleimide chemistry, and served as receptors for the recognition of the corre-
sponding binding partners added to solution. Attenuated total reflection infrared spectroscopy of single bilayers confirmed the
formation of coiled-coil complexes at the membrane interface. Coiled-coil formation in solution, as compared with association
at the membrane surface, displays considerably larger binding constants that are largely attributed to loss of translational
entropy at the interface. Finally, the fusogenicity of the various coiled-coil motifs was explored, and the results provide clear
evidence that hemifusion followed by full fusion requires a parallel orientation of a-helices, whereas antiparallel oriented
coiled-coil motifs display only docking.
INTRODUCTION
Membrane fusion plays a pivotal role in processes that
require transport of molecules that would otherwise not be
capable of crossing the lipid bilayer (1). The initial adhesion
between the opposing membranes of eukaryotic cells is
predominantly achieved by a coiled-coil interaction in-
volving two or more amino acid strands that form a rope-
like superhelical structure (2). Coiled-coil-forming peptides
and proteins display a heptad repeat (a-b-c-d-e-f-g) in which
apolar amino acids occupy a and d positions, and charged
amino acids are positioned at positions e and g, resulting
in an amphiphilic helix (3). By estimating the free energy
per heptad repeat from the overall gain in free energy
for a soluble N-ethylmaleimide-sensitive-factor attachment
protein receptor (SNARE), Li et al. (4) found that ~5–6 kBT
of energy are released per heptad repeat during coiled-coil
formation. This gain in free energy upon formation of
coiled-coil strands is predominantly due to the packing of
the hydrophobic a- and d-residues facing against each other.
The geometry and aggregation state (i.e., the number of
strands that participate in bundle formation) are governed
mainly by the amino acid sequence (5). In nature, coiled-
coil interactions are able to overcome the initial energy
barrier of membrane fusion. One of the most intricate
fusion processes is the calcium-stimulated exocytosis of
synaptic vesicles to release neurotransmitters in the synaptic
cleft involving a variety of proteins (i.e., SNAREs) assem-
bling into a parallel oriented ternary coiled-coil bundle
(6,7). An eight-heptad repeat segment is responsible for
the highly stable coiled-coil motif that facilitates fusion,
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because it releases enough free energy to overcome the
intrinsic energy barrier originating from dehydration of
the bilayer. However, the energetics of fusion remains con-
troversial, with different results obtained with continuum-
mechanics models and molecular-dynamics simulations
seeking quantitative thermodynamic data (8). Recently,
Smith and Weisshaar (9) suggested that docking rather
than fusion is the rate-limiting step in SNARE-driven fusion
assays, putting the focus on the initial contact of two
bilayers that may require many collisions until a docked
pair of two vesicles forms. Li and co-workers (4) deter-
mined the energetics and dynamics of SNARE protein
folding upon coiled-coil formation to be 35 kBT, a folding
energy that is close to the proposed energy needed for
membrane fusion (z50 kBT) (10,11). Enhancement of the
overall rate may only be achieved by more efficient dock-
ing. These findings call for additional methods to study
the recognition kinetics of coiled-coil peptides in a native
environment.

Robson Marsden and co-workers (12) recently reported
on a reduced model for membrane fusion based on a parallel
coiled-coil system with a recognition domain encompassing
three heptad repeats. The authors found that this minimal
system mimics all aspects of native membrane fusion
comprising docking followed by lipid and content mixing.
Similar results were found by Meyenberg et al. (13) in
fusion experiments with a more complex model using the
same recognition peptide sequences but attached to native
transmembrane domains derived from SNARE proteins.
The peptide sequence used was first described by Litowski
and Hodges (14) and was designed to form short but
specifically interacting heterodimeric coiled-coils with a
considerable binding strength (~10�7 M) and great stability.
http://dx.doi.org/10.1016/j.bpj.2012.08.053
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Those sequences were named E and K due to their prevail-
ing content of the charged residues glutamic acid (E) and
lysine (K).

Here, we investigate the thermodynamics and kinetics of
coiled-coil formation between the peptides with either a E-
or K-sequence (E3Cys and K3Cys) taking place in solution
and at lipid bilayers. By inverting the primary sequence of
the recognition domain (i-E3Cys and i-K3Cys), we were
able to compare coiled-coil peptides with different superhe-
lical macrodipoles and a predominantly parallel or antipar-
allel orientation (Fig. 1). Peptides were covalently attached
via a cysteine linker to maleimide-functionalized lipids
incorporated into lipid bilayers (15) to investigate fusogenic
activity. Although Monera et al. (16) showed that in the case
of similar electrostatic interactions, antiparallel coiled-coils
are more stable, Lygina et al. (17) proved that a parallel
orientation of peptide hybrids leads to a higher fusogenicity.
We found that all peptidic dimers display approximately
identical binding affinities, but coiled-coil formation in the
context of membranes generates less free energy compared
with complexation in solution due to loss of translational
degrees of freedom. Additionally, a closer proximity of
membranes is achieved through the formation of parallel
coiled-coils. Only parallel coiled-coil formation eventually
results in fusion, and antiparallel coiled-coils exhibit only
docking events.
MATERIALS AND METHODS

For details regarding the materials and methods used in this work, see the

Supporting Material.
FIGURE 1 Schematic drawing of the envisioned peptide-mediated

membrane-membrane interaction through coiled-coil formation. Parallel

coiled-coil formation of peptides E3Cys and K3Cys (A) and inverted

peptides i-E3Cys and i-K3Cys (B) are thought to be capable of inducing

lipid mixing similarly to hemifusion or fusion, whereas for antiparallel

coiled-coil formation (C) only docking events are expected. (D) Sche-

matics, abbreviations, and primary sequences of the peptides used in this

work. The N-terminus is acetylated, and the C-terminus is amidated.
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RESULTS AND DISCUSSION

The thermodynamics of parallel- and antiparallel-aligned
coiled-coil formation composed of E- and K-peptides was
scrutinized in solution, on hydrogels, and at membrane
surfaces. We employed a variety of methods, including
ellipsometry, circular dichroism (CD) spectroscopy, surface
plasmon resonance (SPR) spectroscopy, and attenuated
total reflection infrared (ATR-IR) spectroscopy, to quantify
the binding affinity of E- and K-peptide sequences in the
context of lipid bilayers compared with their association
in solution. In addition, we investigated the capability of
coiled-coil dimers to induce lipid mixing or eventually
content mixing of two vesicle populations.
Peptide-peptide interaction in solution and within
a hydrogel

Before examining the intricate interfacial chemistry that
takes place at phospholipid membranes, we investigated
the coiled-coil formation of E- and K-peptides in solution
by means of CD spectroscopy (18–20). We found that
K-peptides show a substantial a-helical content, whereas
E-peptides adopt a predominantly random coil structure
before dimerization (see Table 1). After the formation of
parallel- and antiparallel-aligned heterodimeric coiled-coil
structures, the a-helix content increases considerably
(>70%), whereas the b-sheet content vanishes. The ratio of
a-helix to random-coil content of the coiled-coil dimers
reflects the ratio of amino acids that form the heptad repeat
(21 aa) to amino acids that act merely as an anchor group
(6–7 aa). In Fig. 2, A and B, the CD spectra show two charac-
teristicminima at 208 nmand 220 nm,which are indicative of
an a-helix. Previous studies showed that the intensities of the
two above-mentioned minima are virtually equal for coiled-
coil motifs, whereas for single-stranded a-helices the ratio of
[q]220nm/[q]208nm is ~0.86 (21). Our calculated ratios for the
heterodimeric pairs are all ~1 (see Table 1, last row), which
confirms the formation of coiled-coil structures.

The intensity of the ellipticity at 220 nm can be used to
determine the dissociation constant of coiled-coil com-
plexes by dilution experiments (Fig. 2, C and D). Here,
successively reducing the peptide concentration leads to
a dissociation of coiled-coil assemblies, which results in a
corresponding decrease of the a-helix content (22). The
change in ellipticity at 220 nm [q]220nm can be described
by the following equation:

½q�220nm ¼ 1

4c

�
½q�mon

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

D þ 8cKD

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½q�ccK2

D þ 8cK
q

þ KD

�½q�cc � ½q�mon
�þ 4½q�ccc

� (1)

where c is the peptide concentration. In addition to the
dissociation constant KD as the fit parameter, the ellipticity



TABLE 1 Secondary structure of peptides before and after formation of coiled-coil dimers, obtained from CD measurements in

solution (cpeptide ¼ 0.1 mM; in phosphate buffer (50 mM Na2HPO4, pH 6.8) PB 6.8)

E3Cys K3Cys i-E3Cys i-K3Cys E3Cys þ K3Cys i-E3Cys þ i-K3Cys i-E3Cys þ K3Cys E3Cys þ i-K3Cys

a-helix/ % 31 46 31 44 79 78 73 79

b-sheet/ % 12 23 12 23 0 0 2 0

random/ % 57 31 57 33 21 21 24 21

[q]220/[q]208 0.69 0.87 0.71 0.75 1.00 0.98 0.94 1.03

Fits were obtained with DichroWeb online analysis software (18,19).
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for a monomeric unfolded peptide ([q]mon) and the
maximum ellipticity for a complete coiled-coil structure
([q]cc) need to be specified. Here, we determined the minima
at 220 nm for an unfolded peptide from the CD spectra of
single peptides before dimerization, and used this value as
[q]mon in the fit function. We determined [q]cc by fitting
Eq. 1 to the data. Of note, the resulting dissociation con-
stants are intrinsically inaccurate due to the low signal/noise
ratio for the lowest peptide concentrations. The dissociation
constants determined for inverted and noninverted peptides,
both of which lead to parallel aligned dimeric coiled-coil
structures, are in the lower micromolar regime. The KD

for a coiled-coil formed of i-K3Cys and i-E3Cys (KD ¼
(7.5 5 0.6) mM) is nearly double the KD found for K3Cys
and E3Cys (KD ¼ (4.1 5 0.7) mM). The values determined
for an antiparallel packing (and thus dimerization of K3Cys
FIGURE 2 (A–D) CD spectra and analysis to determine the dissociation cons

a mixture of both (solid circles) in PB 6.8. (B) i-E3Cys (open triangles), i-K3

Concentration dependence of [q]MRW at 220 nm of heterodimeric coiled-coil t

(D; fits of Eq. 1 are shown as gray lines (22)). (E and F) Association (t ¼ 0–300

K-peptides on a hydrogel monitored by SPR spectroscopy. Association of pep

dissociation of the peptide assembly was fitted by a monoexponential function

bilized K3Cys at a concentration of 15 mM (solid circles). KD¼ (0.55 0.3) mM.

(solid triangles). KD ¼ (2.3 5 1.8) mM.
and i-E3Cys or i-K3Cys and E3Cys, respectively) are found
to be generally smaller but very similar for both coiled-coil
heterodimers (KD(K3Cys/i-E3Cys) ¼ (2.9 5 0.8) mM; and
KD(i-K3Cys/E3Cys) ¼ (2.5 5 0.6) mM; see Fig. S1). Liter-
ature values for KD of the noninverted coiled-coil complexes
using similar sequences were reported to be between 10�7

and 10�8 M employing CD spectroscopy, isothermal titra-
tion calorimetry measurements (23), and guanidine hydro-
chloride denaturation studies (14). The KD-values are
smaller by one order of magnitude, which we attribute to
the inherent inaccuracy of the method as well as a slightly
different peptide sequence used in our study.

Additionally, due to the limited signal/noise ratio of
CD spectroscopy at low peptide concentrations, we carried
out SPR spectroscopy, which in addition to thermo-
dynamic values from isotherm data allowed us to measure
tant of coiled-coil dimers. (A) E3Cys (open circles), K3Cys (crosses), and

Cys (crosses), and the corresponding mixture (solid triangles). (C and D)

o determine KD for E3Cys and K3Cys (C), and for i-E3Cys and i-K3Cys

s) and dissociation (t ¼ 300–600 s) of E-peptides coupled to immobilized

tides was fitted by a double exponential function to obtain kon, whereas

(koff; see Supporting Material; gray lines). (E) E3Cys was added to immo-

(F) i-E3Cys was added to immobilized i-K3Cys at a concentration of 15 mM
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the adsorption and desorption kinetics (24). Coiled-coil
formation can be best described by a double exponential
time dependence (ta, tb), where the smaller time constant
ta provides kon, which describes the prevailing interaction.
Dissociation of the dimers could be fitted with a mono-
exponential function, providing the off rate, koff. Day et al.
(25) showed that KD-values determined from measurements
in solution and by SPR are well comparable. Instead of
tethering the sample to a plain surface, the peptide is
attached to a wide-meshed hydrogel. Therefore, in SPR
experiments the sample retains most of its rotational
entropic properties and its diffusional freedom (26); hence,
in principle, the measurement can be treated like a solution-
based method.

The resulting KD-values computed from kinetic data (see
Fig. 2, E and F; Fig. S2, and Table S1) at various peptide
concentrations are smaller but still in the same regime as
the dissociation constants determined by CD spectroscopy.
SPR reveals KD-values in the low micromolar range, with
a significantly lower dissociation constant for the coiled-
coil formed with K3Cys tethered to the hydrogel. Both the
parallel coiled-coil formation with E3Cys and the antipar-
allel coiled-coil formation with i-E3Cys reveal a KD of
(0.5 5 0.3) mM. In comparison, coiled-coil formation
with tethered i-K3Cys shows higher KD-values. Here, the
antiparallel heterodimerization with E3Cys gives a KD of
(1.2 5 1.0) mM, whereas the dissociation constant for the
parallel heterodimer formed with i-E3Cys was found to be
(2.3 5 1.8) mM.

Because all dissociation constants from the various
peptide combinations, determined with two independent
methods, are approximately in the same regime, we can
conclude that coiled-coil formation is rather independent
of helix orientation. This is remarkable, because Monera
et al. (16) reported that antiparallel coiled-coil structures
are more stable when similar electrostatic interactions are
given. However, the authors used cysteine-bridged peptides
for their denaturation studies, i.e., the two helices were
covalently coupled to each other, imposing constraints we
do not need. In our case, the electrostatic interactions at
the e and g positions are always between lysine and gluta-
mic acid residues; therefore, we attribute the difference
between their findings and ours to differences in entropy
changes upon assembly/disassembly due to constraining
disulfide bridges, which covalently couple the two coiled-
coil-forming peptides.
Coiled-coil formation at the membrane interface

The following experiments describe coiled-coil formation in
the context of solid supported lipid bilayers that mimic the
native situation more closely. In these experiments we
sought to monitor the coiled-coil formation of peptides
added in solution to preformed lipopeptides (LPs)
embedded in a lipid bilayer deposited on a solid support.
Biophysical Journal 103(11) 2295–2303
Therefore, we first needed to ensure successful coiled-coil
formation on lipid bilayers using IR spectroscopy, and in
a second step we used time-resolved ellipsometry to inves-
tigate the binding affinity of a peptide in solution binding to
a membrane-anchored LP.

ATR-IR spectroscopy was used to confirm and quantify
successful formation of coiled-coil structures at the
membrane interface. Covalent coupling to solid supported
membranes (SSM) deposited on the ATR-IR crystal was
monitored before addition of the binding partner. An advan-
tage of this method is that lipids and peptides both show
strong absorption bands that do not overlap. Lipids have a
characteristic band pattern in the regime of 2800–
3000 cm�1 originating from the different stretching vibra-
tions of the fatty acid alkyl chains, whereas the most
prominent absorption band of peptides and proteins is the
amide I band at ~1650 cm�1 (27). In the course of the
experiment, a bilayer consisting of dioleoylphosphatidylcho-
line (DOPC)with 10mol% of receptor lipid 1, 2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-[4(p-maleimidomethyl)
cyclohexane-carboxamide (MCCDOPE) was prepared on
the ATR crystal. Subsequently, K-peptides were coupled
covalently to the surface using maleimide chemistry
covering a large portion of the surface. Finally, coiled-coil
structures were formed on the bilayer by addition of the cor-
responding peptide (Fig. 3, A and D). The successful
coupling and heterodimerization of the peptides is visible
in the spectra due to the increasing intensity of the amide I
band, which could be monitored in a time-dependent fashion
due to the use of a flow cell (Fig. 3, B and E). The LP coupling
reaction and the coiled-coil formation can be detected by
a steep increase of amide I intensity. Rinsing the surface
with buffer results in partial dissolution of the complexes.
Control experiments with peptides added to neat membranes
lacking MCCDOPE show a transient increase in amide I
absorption for K-peptides, whereas E-peptides added to
neat PC-bilayers do not show a nonspecific interaction.
However, K-peptides are removed by further addition of E-
peptides that presumably compete with the bilayer (Fig. S5).

The amide I band is mainly generated by exciting C¼O
stretching vibrations in the protein backbone, stabilizing
the secondary structure. Therefore, this region is sensitive
to conformational changes such as coiled-coil formation.
Heimburg et al. (28) showed that dimeric coiled-coil struc-
tures display at least three separable bands in the amide I
region. This separation can be achieved by deconvoluting
the FTIR spectra and reassembling the amide I band by
multiple Gaussian fits (Fig. 3, C and F). As a consequence,
we can safely assume that coiled-coil formation also occurs
at the membrane interface, an important prerequisite for
further thermodynamic and fusion studies.

In addition to ATR-IR spectroscopy, we also monitored
in situ coupling of peptides to an SSM through maleimide
chemistry by time-resolved ellipsometry as previously
described (15). The principal angle del determined by this



FIGURE 3 (A and D) ATR-IR spectra of plain

SSMs (/$$) consisting of DOPC/MCCDOPE

90:10 in D2O with 50 mM NaCl spread on an Si-

covered ZnSe crystal. Lipid bands and the amide

I region are shown. LPs were formed with K3Cys

(A) or i-K3Cys (D) covalently attached to

MCCDOPE (- - -). Spectra obtained after coiled-

coil formation with E3Cys (A) or i-E3Cys (D) are

also shown (—). (B and E) Time course of LP

coupling reaction followed by coiled-coil forma-

tion shown in A and D, respectively. The intensity

of the amide I band is plotted versus time. The time

course starts after bilayer formation (0 min).

Addition of peptides and rinsing is indicated by

arrows. Panel C shows the deconvoluted amide I

band for the coiled-coil build of LP-K3Cys þ
E3Cys. In panel F deconvoluted amide I band of

LP-i-K3Cys þ i-E3Cys is shown. (C and F) Single

Gaussian fits are shown in black, and the amide I

band of the spectra is in gray. Black scattered lines

represent the sum of all Gaussian fits.
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method is proportional to the layer thicknesses; hence, abso-
lute height changes resulting from peptide coupling and
coiled-coil formation on a spread SSM (Fig. S3) can be
computed (29,30). We found that the in situ coupling
reaction of E-peptides to MCCDOPE is very slow in
contrast to LP formation of K-peptides. However, subse-
quent coiled-coil formation with corresponding binding
partners followed similar kinetics independently of the
LPs used. We attribute this finding to the negative charge
of E-peptides, which results in an electrostatic repulsion
of the membrane and thus slows down the adsorption and
subsequent binding. Therefore, we used predominantly K-
LPs (hereafter denoted as LP-K) as the membrane-based
receptor. Because the binding of K-peptides to SSM is line-
arly related to the MCCDOPE content in the membrane
(Fig. S5), we rule out the possibility that nonspecifically
bound K-peptides participate in our binding assay.

Adsorption isotherms were measured to determine the
affinity between E- and K-peptides on lipid bilayers (31).
Coiled-coil forming E-peptides were added in increasing
concentrations to a membrane containing 3 mol % LP-K,
resulting in a concomitant increase in apparent thickness
corresponding to an increase in peptide coverage on the
bilayer. The adsorption isotherms originating from parallel
coiled-coil formation, such as E3Cys added to LP-K3Cys,
and i-E3Cys added to LP-i-K3Cys, are shown in Fig. 4 A.
Assembly into antiparallel coiled-coil structures is shown
in Fig. 4 B. The maximum layer thickness Dhmax and the
dissociation constant KD can be determined by fitting the
data with a Langmuir adsorption isotherm (Eq. 2) or
a Bragg-Williams isotherm (Eq. 3):

Dh ¼ hmax$K
�1
D $cpeptide

1þ K�1
D $cpeptide

(2)
h=hmax

� �
h

��

cpeptide ¼ KD

1� h=hmax

exp c 1� 2
hmax

(3)

In contrast to the Langmuir isotherm, the regression with
a Bragg-Williams model reflects the sigmoidal shape of
one of the experimental data, indicative of a slightly
cooperative binding. Here, the cooperativity parameter c

is introduced, which is in the range of 0–2 for weak
cooperativity (30). In our experiments, only the antiparallel
interaction of LP-K3Cys with i-E3Cys shows a Bragg-
Williams behavior with a marginal cooperativity of c ¼
1.2. The other three analyzed coiled-coil formations can
be fitted with high accuracy using the Langmuir equation
corresponding to c ¼ 1.

In summary, we found no significant difference in disso-
ciation constant between antiparallel and parallel coiled-coil
formations at the membrane interface (see Table 2). All
isotherms obtained from lipid bilayers display a similar
affinity between E- and K-peptides, with KD-values ranging
between 25 mM and 31 mM. Compared with measurements
of peptide dimerization in solution (CD spectroscopy) or
within a hydrogel (SPR spectroscopy), the KD-values found
for coiled-coil dissociation at the membrane interface are
increased by one order of magnitude. Of note, the covalent
immobilization of one peptide to a 3D hydrogel does not
impair the release of free assembly energy associated with
coiled-coil formation. We attribute this decrease in apparent
affinity at the membrane interface to loss of translational
entropy, which inevitably occurs due to a restriction in
mobility of the surface-bound peptides. We consider the
binding of peptides from solution to their corresponding
LP counterparts embedded in a membrane as an adsorption
process in which at least one degree of translational freedom
is lost. Generally, loss of entropy upon adsorption on a
Biophysical Journal 103(11) 2295–2303



FIGURE 4 Adsorption isotherms obtained from ellipsometry represent

coiled-coil formation of E-peptides binding to K-LPs. Bilayers were formed

from DOPC/MCCDOPE 97:3, and K-peptides were then coupled cova-

lently to the surface. The isotherm was measured by subsequently

increasing the added E-peptide concentration. (A) Parallel coiled-coil

formation. Solid circles: LP-K3Cys þ E3Cys; solid triangles: LP-i-

K3Cys þ i-E3Cys; data were fitted according to Eq. 2 (fits: gray line).

(B) Antiparallel coiled-coil formation. Open circles: LP-K3Cys þ i-

E3Cys; open triangles: LP-i-K3Cys þ E3Cys. Data were fitted according

to Langmuir for LP-i-K3Cys þ E3Cys, and a Bragg-Williams isotherm

(Eq. 3) was used for LP-K3Cys þ i-E3Cys (fits: gray line).
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membrane surface is due to the conversion of free transla-
tional and rotational degrees of freedom into bound motions,
i.e., soft vibrations of only a few kBT. We found that upon
formation of coiled-coil structures on the surface, the lateral
movement was significantly reduced compared with the
mobility of lipids. Along these lines, diffusion measure-
ments suggest that coiled-coil LPs are less laterally mobile
in the bilayer matrix (Fig. 5). The average lateral diffusion
constantD is reduced almost by a factor of 10 in comparison
TABLE 2 Dissociation constants KD and corresponding free entha

spectroscopy and SPR, and at the membrane interface by ellipsome

Method

K3Cys þ E3Cys i-K3Cys þ i-E3Cys

KD/mM DG�/kBT KD/mM DG�/k

CD 4.1 5 0.7 �12.4 7.5 5 0.6 �11.

SPR 0.5 5 0.3 �14.5 2.3 5 1.8 �13.

Langmuir 28 5 1 �10.5 25 5 3 �10.

*Ellipsometry data were fitted with the Bragg-Williams isotherm.
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with the lateral mobility of phospholipids in a plain SSM
(DPOPC ¼ (5.5 5 2.5) mm2/s; DLP-K3CysþE3Cys ¼ (0.8 5
0.1) mm2/s; and DLP-i-K3Cysþi-E3Cys ¼ (0.5 5 0.1) mm2/s).
Also, the mobile fraction is reduced from ~74% in a plain
POPC SSM to ~43–45% when coiled-coil complexes are
present. Therefore, we assume that entropy loss contributes
to the free energy in an appreciable way. By following the
argument of Ben-Tal et al. (32), we may be able to put
this argument in the form of numbers. The authors estimated
a loss of entropy that corresponds to a free energy increase
of �TDS� of ~1.5 kBT per degree of translational freedom
from the adsorbing molecule. In general, despite the quanti-
tative estimations from theory, we can safely assume that
our reduction in binding enthalpies compared with associa-
tion of peptides in solution arises from a loss of entropy
upon binding to membrane-based LPs. This correction
adds up to an additional maximum of free-energy loss
of z�4.5 kBT for coiled-coil formation on a membrane
surface, leading to essentially identical affinities at the
membrane surface and in solution (see Table 2).

Finally, we note that otherwise coiled-coil formation on
SSM is independent of the environment. Furthermore, the
thermodynamics of peptide association is also independent
of helix orientation regardless of whether parallel or antipar-
allel coiled-coil structures are formed. Also, for inverted
peptides with the opposite direction of helical dipole
moment, no substantial changes in binding strength could
be found. All values are in the same regime, with slightly
higher dissociation constants for antiparallel coiled-coil
formation. Interestingly, it has been proposed that ~16 kBT
are required for hemifusion (8,10). As a consequence,
a single dimer of this size is not sufficient to induce fusion,
mainly due to the missing 3–4 kBT of free energy spent to
reduce entropy at the membrane interface. Therefore, the
necessary amount of free energy can only be recruited by
forming a larger number of coiled-coil complexes or by
using longer helices with more heptad repeats.
Fusogenicity of parallel and antiparallel
coiled-coil complexes

Fusion efficiency with regard to both lipid mixing and
content mixing was explored as a function of peptide
assembly. We were mainly interested in determining
whether parallel coiled-coil structures lead to higher fusion
lpies DG� for coiled-coil formation determined by CD

try (Langmuir)

K3Cys þ i-E3Cys i-K3Cys þ E3Cys

BT KD/mM DG�/kBT KD/mM DG�/kBT

8 2.9 5 0.8 �12.8 2.5 5 0.6 �12.9

0 0.5 5 0.3 �14.5 1.2 5 1.0 �13.6

6 31 5 1* �10.4 28 5 2 �10.5



FIGURE 6 Lipid-mixing and content-mixing experiments with small

unilamellar vesicles (SUVs) decorated with E- and K-peptides (100% refers

to 1:1 vesicle mixing). (A) Texas Red self-quenching assay for lipid mixing.

Labeled SUVs were functionalized with K-peptides and mixed with unla-

beled E-peptide bearing SUVs (start of mixing: t ¼ 0). Parallel peptide

packing facilitates lipid mixing (solid circles: K3Cys þ E3Cys; solid trian-

gles: i-K3Cysþ i-E3Cys) compared with antiparallel coiled-coil formation

(open circles: K3Cys þ i-E3Cys, open triangles: i-K3Cys þ E3Cys). (B)

Content mixing monitored with an SRB self-quenching assay. K-peptide-

functionalized SUVs were filled with SRB (20 mM) and mixed with

buffer-filled SUVs displaying E-peptides. At time t ¼ 0, Ca2þ ions were

added (cfinal ¼ 8 mM). Same legend as used in panel A.

FIGURE 5 Lateral mobility of peptides measured by fluorescence

recovery after photobleaching. Left: Schematic drawings of the labeling

techniques. Plain SSM was labeled with boron-dipyrromethene (BODIPY,

top) and the coiled-coil structure was labeled with Oregon Green 488 mal-

eimide (OG488). (A and B) Fluorescence micrograph of (A) plain POPC/

MCCDOPE/BODIPY 89:10:1 and (B) POPC/MCCDOPE 90:10 function-

alized with LP-K3Cys and E3Cys (OG488 labeled; scale bars: 10 mm).

Images were collected shortly after the bleaching pulse. The graph on the

right side shows diffusion coefficients (green) and corresponding mobile

fractions (gray) of a plain SSM consisting of POPC/MCCDOPE/BODIPY

89:10:1 (POPC), and SSM consisting of POPC/MCCDOPE 90:10 function-

alized with LP-K3Cys bound to E3Cys (OG488 labeled; LP-K3Cys þ
E3Cys-OG488), and functionalized with LP-i-K3Cys bound to i-E3Cys

(OG488 labeled; LP-i-K3Cys þ i-E3Cys-OG488).
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rates compared with antiparallel assemblies according to the
zipper model, which predicts a shorter distance between the
two opposing lipid bilayers if the peptides form a parallel
coiled-coil bundle (Fig. 1). Apart from the alignment, we
also addressed the question of whether reversal of the
sequence changes the fusion efficiencies. Because all
peptide combinations show virtually identical binding
constants, differences in fusogenic activity can be solely
attributed to differences in molecular orientation.

We quantified lipid mixing and content mixing by
carrying out dequenching fluorescence assays (13,33). For
this purpose, we prepared two liposome populations: one
containing a fluorescent dye in self-quenching concentra-
tion, and one devoid of fluorophore. We used 10 mol %
Texas Red DHPE in the membrane shell for lipid mixing,
and 20 mM sulforhodamine B (SRB), a water-soluble dye
enriched in the liposome lumen, for content mixing. The flu-
orescently labeled liposome populations were decorated
with K-peptides, and the second, unlabeled vesicle popula-
tion was functionalized with E-peptides. After the two
vesicle populations were mixed, we detected lipid mixing
or content mixing by increasing fluorescence intensity due
to dilution of the corresponding fluorescence dye (Fig. 6).

We define 100% fusion as a one-to-one mixture of vesi-
cles, i.e., one fluorescently labeled vesicle interacts with
exactly one unlabeled liposome, resulting in a calculable
dilution of fluorophore concentration (see Supporting
Material). Because the quenching mechanism for lipids
covalently coupled to a fluorescent dye, such as Texas
Red DHPE, depends on the membrane composition (34),
we measured the concentration dependence of fluorescence
for our lipid system using the Stern-Volmer equation
(Fig. S4). A concentration-dependent Stern-Volmer constant
for SRB was previously published (35). From these data, we
determined a value for 100% fusion, which was used for
normalization.

From Fig. 6 A, it is evident that parallel coiled-coil forma-
tion leads to a substantial lipid mixing, which is visible by
the increasing fluorescence intensity of the Texas Red dye,
whereas antiparallel dimerization shows slower or negli-
gible lipid mixing of the two vesicle populations. This result
also proves a distinct peptide specificity for the vesicle-
vesicle interaction. The observed fusogenicity cannot be
due to charge effects, because both K-peptides and both
E-peptides carry the same charges. Therefore, we attribute
the different docking and fusion efficiencies of the four
peptide pairs to purely structural effects. A higher fusoge-
nicity of parallel coiled-coil pairs was expected, because
in this case the two membranes are forced into close contact
with each other, whereas in the antiparallel alignment the
peptides instead create a spacer that holds the two
membranes apart. In the content-mixing experiments
(Fig. 6 B), only the parallel interaction mediated by i-
K3Cys and i-E3Cys showed a small but detectable increase
Biophysical Journal 103(11) 2295–2303
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in Fnorm, and the antiparallel coiled-coil assembly was virtu-
ally indistinguishable from control measurements in the
absence of fusion peptides. Furthermore, it is important to
note that content mixing was only detectable after the addi-
tion of Ca2þ ions, which was not needed for lipid-mixing
experiments. We attribute this to the bridging effect of
Ca2þ binding to PC, PE, and nonreacted MCCDOPE
carrying a negative charge. Similar observations were
made by Höök et al. (36) for otherwise zwitterionic lipids.
However, full fusion is generally low compared with recon-
stituted SNAREs (37).

The only peptide assembly that showed a positive result
in both fluorescence fusion assays was the coiled-coil con-
sisting of i-K3Cys and i-E3Cys. Concerning the dissociation
constant, this particular dimer showed the weakest binding
in solution, but on an SSM its KD was the lowest. However,
it is unlikely that this small difference in free energy
explains the fusion activity of the peptides. Instead, we attri-
bute the difference in content mixing to the dipole orienta-
tion affecting the peptide arrangement in the contact zone.
Other important factors comprise higher-order assemblies
as observed for peptides on the membrane surface. Prelim-
inary fluorescence (Fig. 5) and atomic force microscopy
images (G. Pähler, B. Lorenz, and A. Janshoff, unpublished)
suggest that fusion peptides are organized in small domains
whose sizes seem to be dependent on the peptide sequence.

The slow but consistent lipid mixing observed for the
antiparallel coiled-coil consisting of K3Cys and i-E3Cys
is also notable. This could be rationalized by the binding co-
operativity found in ellipsometry studies for this particular
dimer. Here, we also assume that this cooperativity mirrors
the lateral rearrangement of LPs required to accommodate
lipid mixing. Further investigations are planned to quantify
this effect.

In summary, we found efficient lipid mixing for parallel
coiled-coil heterodimerization as opposed to the corre-
sponding antiparallel assembly. Content mixing, however,
required addition of Ca2þ and was only observed for a single
parallel combination of the coiled-coil dimers formed
between the two opposing membranes. The sole mixing of
both vesicle populations before addition of Ca2þ (Fig. 6 B,
t ¼ 0) led to no increase in fluorescence intensity (data not
shown).
CONCLUSIONS

The impact of peptide sequence on coiled-coil formation in
solution and in the context of lipid bilayers was addressed
with respect to docking thermodynamics and fusion effi-
ciency. We found that neither antiparallel/parallel packing
nor inversion of the helical dipole moment had a significant
influence on the thermodynamics of coiled-coil dimeriza-
tion. The dissociation constants of all peptide dimers were
in the same regime. Free-enthalpy changes were signifi-
cantly reduced when one peptide was coupled to a lipid
Biophysical Journal 103(11) 2295–2303
bilayer compared with coiled-coil formation in solution.
The difference of 3–4 kBT between coiled-coil formation
in solution and at the membrane interface was largely attrib-
uted to a loss of translational degrees of freedom upon
binding to the membrane, and corroborated by measure-
ments of lateral diffusion suggesting that coiled-coil dimers
organize in rather immobile clusters. The lateral diffusion
constant of coiled-coil structures on the surface decreased
by a factor of 10, whereas the completely immobile fraction
increased by 30%.

The fusion assays reveal that a parallel coiled-coil forma-
tion is needed for significant lipid mixing. We attribute this
finding to the difference in proximity needed to overcome
the hydration barrier. The zipper-like arrangement of the
two peptides ensures a closer vicinity of the two opposing
membranes, thereby facilitating hemifusion. Simonsson
et al. (36) found a sixfold increased number of fusion events
for a zipper-like orientation of two complementary DNA
strands compared with DNA strands that form antiparallel
double helices. In our case, however, full fusion of the
two leaflets was rarely observed, and an appreciable effi-
ciency was observed only for a single sequence. There are
two possible explanations for this observation. First, the
reduced lateral mobility prevents accumulation of coiled-
coil dimers in the contact zone of the two vesicles, thereby
limiting fusion efficiency. Second, thus far we have only
employed lipids to anchor the recognition elements. Meyen-
berg et al. (13) found that peptidic transmembrane anchors
may boost fusion due to the finite stiffness of the helix
and more severe perturbation of the membrane.
SUPPORTING MATERIAL

Additional research and references (38–42) are available at http://www.
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