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ABSTRACT A system based on two designed peptides, namely the cationic peptide K, (KIAALKE)3, and its complementary
anionic counterpart called peptide E, (EIAALEK)3, has been used as a minimal model for membrane fusion, inspired by SNARE
proteins. Although the fact that docking of separate vesicle populations via the formation of a dimeric E/K coiled-coil complex can
be rationalized, the reasons for the peptides promoting fusion of vesicles cannot be fully explained. Therefore it is of significant
interest to determine how the peptides aid in overcoming energetic barriers during lipid rearrangements leading to fusion. In
this study, investigations of the peptides’ interactions with neutral PC/PE/cholesterol membranes by fluorescence spectroscopy
show that tryptophan-labeled K* binds to the membrane (KK* ~6.2 103 M�1), whereas E* remains fully water-solvated. 15N-NMR
spectroscopy, depth-dependent fluorescence quenching, CD-spectroscopy experiments, and MD simulations indicate a helix
orientation of K* parallel to the membrane surface. Solid-state 31P-NMR of oriented lipid membranes was used to study the
impact of peptide incorporation on lipid headgroup alignment. The membrane-immersed K* is found to locally alter the bilayer
curvature, accompanied by a change of headgroup orientation relative to the membrane normal and of the lipid composition in
the vicinity of the bound peptide. The NMR results were supported by molecular dynamics simulations, which showed that K
reorganizes the membrane composition in its vicinity, induces positive membrane curvature, and enhances the lipid tail protru-
sion probability. These effects are known to be fusion relevant. The combined results support the hypothesis for a twofold role of
K in the mechanism of membrane fusion: 1) to bring opposing membranes into close proximity via coiled-coil formation and 2) to
destabilize both membranes thereby promoting fusion.
INTRODUCTION
The fusion of biological membranes is a central step inmani-
fold biological processes such as neurotransmitter release
or viral infection. The membrane merging is catalyzed by
diverse fusion machineries comprising several proteins
such as SNARE (soluble N-ethylmaleimide-sensitive factor
attachment receptor) or viral fusion proteins. The fusion
processes share common features on the membrane level:
two opposing membranes specifically approach closely and
merge via a stalk intermediate and a fusion pore is opened
(1). The natural fusion machineries are thought to stabilize
the intermediate states of lipid rearrangement and/or aid in
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overcoming the energetic barriers between them, employing
concerted protein-protein and protein-membrane interac-
tions (1–3). From this perspective it appears intriguing that
simple synthetic molecules have been successfully designed
to yield specific membrane fusion as well (4,5).

A simple model system that has been used in numerous
membrane fusion studies was inspired by the SNARE pro-
teins (6–13). It is based on two complementary coiled-coil
forming peptides with the sequences (EIAALEK)3 and
(KIAALKE)3 named E and K, respectively (Fig. 1). These
water soluble peptides can be covalently linked to DOPE
lipid moieties via a polyethylene glycol (PEG12) chain on
the N-termini of the peptides, yielding two complementary
lipopeptides called LPE and LPK. These molecules can be
readily incorporated into lipid bilayers giving fusogenic ves-
icles. Formation of the heterodimeric coiled-coil complex
E/K is thought to be the initial step in the fusion mechanism
bringing the vesicles into close proximity. Little is known
about the details of the subsequent processes; however,
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FIGURE 1 (A) Chemical structures of the lipopeptides LPK* and LPE* used in this study. (B) Helical wheel projections (17,18) of the 18 C-terminal amino

acid residues of K* and E* are shown: (left) hydrophobic moments (arrows) of monomeric helical K* and E* indicate that binding to lipid monolayers may

occur with the hydrophobic leucine and isoleucine residues (yellow) inserting into the hydrophobic part of themonolayer; (right) in the E*/K* complex, coiled-

coil binding is achieved by hydrophobic leucine and isoleucine residues, which are covered from the solvent in the core of the complex; blue dashed lines indi-

cate supporting electrostatic interactions. (C) Model of fusion between LPE* (red) and LPK* (blue) bearing vesicles, showing putative peptide states (19,20).

A Coiled-Coil Peptide Shaping Membranes
fusion proceeds effectively, specifically, and leakage free,
which are important hallmarks of biological systems. Also,
it has been shown that the E/K system and its derivatives
can target living cells in vitro and in vivo (14–16). Thus,
we aim to understand the biophysical details of this process.

Recent infrared spectroscopic studies of LPE and LPK
containing lipid mono- or bilayers revealed differing behav-
iors of the two peptides before the fusion commences
(19,20). The negatively charged E shows relatively weak in-
teractions with the lipid interface, staying in the water
phase in the form of homomeric coiled-coil dimers E/E.
In contrast, the positively charged K interacts more strongly
with the lipid interfaces and incorporates into vesicle bila-
yers. The membrane incorporation is accompanied by an
increase in the helicity of the peptide. Recent molecular
dynamics (MD) simulation studies support the different
binding affinities (21–23).

The current model of lipopeptide-mediated fusion starts
with the docking of two opposing vesicles, which is trig-
gered by the formation of the E/K coiled-coil complex
(Fig. 1 C). It has been proposed that in this docked state
monomeric K molecules interact with the membrane they
are bound to as well as with the opposing bilayer. However,
it has not yet been proven that heterodimeric coiled-coil
formation and K membrane interaction coincide on the
membrane interface, because the peptide state could only
be determined unambiguously in systems where only E or
only K were present. The increase in helicity that accom-
panies both coiled-coil formation and membrane incorpora-
tion hampered an unequivocal interpretation of infrared and
circular dichroism spectra in vesicle systems with both pep-
tides present (20). Thus, it remains unclear if one peptide
state—membrane-bound or coiled-coil—is predominant on
the membrane during the course of fusion and afterwards.

The further progress of the fusion mechanism after the
docking state remains a matter of speculation. It was hy-
pothesized that the direct K-membrane interactions lead to
distortion of the bilayers or increased local curvature and
thereby promote the merging of lipid bilayers (19,20). In
this model the two peptides E and K have different functions
apart from coiled-coil formation, leaving multiple tasks to
K. However, very little is known about the structural conse-
quences of the insertion of the amphipathic helix of K into
lipid membranes. In lipid monolayers the incorporation is
accompanied by an increase in the surface pressure, prob-
ably because of a steric compression of adjacent lipids.
Coarse-grained (CG) MD studies implied local enrichment
of DOPE (21) or cholesterol (22) around adsorbed K mole-
cules. Apart from that no experimental data on the conse-
quences of peptide insertion for the bilayer structure, the
Biophysical Journal 111, 2162–2175, November 15, 2016 2163
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peptide penetration depth, or the creation of local defects
and curvature is currently available. Accordingly, the mo-
lecular events leading to membrane merging after vesicle
docking by LPE and LPK remain unclear.

In our study, we address these unresolved points: the pep-
tide states during and after fusion, the penetration depth, and
the bilayer structure upon peptide incorporation. Analogs
of E, K, LPE, and LPK are prepared by extension of the
peptide C termini with Gly-Trp, yielding the fluorescent
E*, K*, LPE*, and LPK*, respectively (Fig. 1). Fluores-
cence together with circular dichroism (CD) spectroscopy,
allows an unambiguous determination of the peptide state
in systems with one or both complementary peptides pre-
sent. Beyond that, the penetration depth of the free and
tethered peptides into the bilayer is estimated by means of
depth-dependent fluorescence quenching using brominated
lipids as quenchers.

Solid-state NMR spectroscopic techniques are employed
to study the impact of peptides on the distribution and struc-
tural changes of membrane lipids and their supramolecular
arrangement. Particularly, the 100% natural abundance of
the 31P isotope makes it possible to measure with high sensi-
tivity the peptide mediated effects on the lipid head group
dynamics and orientational distribution as well as mem-
brane macroscopic phase properties (24).

The molecular picture is completed by CG and atomistic
MD simulations, which allow protein-membrane interac-
tions to be studied at a high spatiotemporal resolution
(25). Earlier MD studies of the LPE/LPK system used rela-
tively limited bilayer patches concentrating on local peptide
membrane interactions (21–23). Here, we aim to study long-
range structural consequences of the peptide membrane
interactions such as curvature formation that is only observ-
able in larger bilayers.
MATERIALS AND METHODS

Materials

Fmoc-protectedamino acids andSieber amide resin for peptide synthesiswere

purchased from Merck-Millipore (Darmstadt, Germany). The lipids 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

choline (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine

(POPE), the 1-palmitoyl-2-stearoyl(m,n)dibromo-sn-glycero-3-phosphocho-

lines (di-BrPC, m ¼ 6, 9, 11, n ¼ 7, 10, 12) and cholesterol were purchased

from Avanti Polar Lipids (Alabaster, AL). Solvents, buffer salts, and acryl-

amide were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands).

All water was ultrapure with resistanceR 18 MQ cm�1 and TOC% 2 ppm

produced from a MilliQ Reference Aþ purification system. All experiments

were carried out in phosphate buffered saline (PBS) of the following compo-

sition: 150 mM NaCl, 20 mM PO4
3� in H2O, pH 7.4.
Peptide synthesis

The peptides E: Ac-(EIAALEK)3-NH2, E*: Ac-(EIAALEK)3GW-NH2, K:

Ac-(KIAALKE)3-NH2, K*: Ac-(KIAALKE)3GW-NH2, and [15N-Ala10]-

K* were synthesized using standard Fmoc-chemistry on a Biotage Syro I
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and purified by RP-high-performance liquid chromatography to yield a

purity > 95% based on high-performance liquid chromatography. Identity

of the peptides was determined by liquid chromatography-mass spectrom-

etry. The lipopeptides were synthesized and purified as described elsewhere

(7,9). Peptide stock solutions in PBS were prepared ~2 mg/ml and the con-

centration was determined by ultraviolet absorbance at 280 nm, for peptides

without tryptophan the concentration was based on the mass. Lipopeptide

stock solutions were prepared in CHCl3:MeOH 3:1 solution and added to

the lipids before solvent evaporation.
Vesicle preparation

Lipid stock solutions of the compositions DOPC:DOPE:cholesterol

(2:1:1) and DOPC:di-BrPC:DOPE:cholesterol (1:1:1:1) were prepared in

CHCl3:MeOH 3:1. For experiments with lipopeptides stock solutions

were mixed with LPX* (X ¼ E or K, respectively) stock solutions to

yield mixtures with 1 mol% LPX*. Lipid films were created by slow evap-

oration of the solvents under N2 stream and kept under vacuum overnight.

The films were rehydrated with PBS yielding final lipid concentrations

of typically 1 or 10 mM for vesicle titration experiments. Large unilamellar

vesicles (LUVs) were formed by sonication at 55�C for ~15 min. The size

of the vesicles was tested by dynamic light scattering using a Malvern

Zetasizer Nano-S (Worcestershire, UK) and was typically found to be

~100 nm.
Fluorescence spectroscopy

Tryptophan fluorescence emission was measured using a Tecan Infinite

M1000 pro plate reader (M€annedorf, Switzerland). Excitation was

280 nm and emission was recorded in the range 300–450 nm using steps

of 1 nm and bandwidths of 5 and 10 nm for excitation and emission. For

each measurement three scans at 25�C were averaged and corrected for

scattering. Black Greiner 96 well plates were used.

For experiments with increasing lipid-to-peptide (L:P) ratio mixtures of

peptides at constant concentrations of tryptophan containing peptides

[X*]¼ 2.5 mM and increasing concentrations of lipid up to 5 mMwere pre-

pared with constant volume of 200 ml. The complexes E*/K and K*/E were

used at molar ratios 1:1 with [X*] ¼ 2.5 mM. For determination of the

highest partition coefficient of [K*], additional data points were collected

with lipid concentrations up to 1.25 mM. The maxima of the emission

lmax were determined from adjacent average smoothed spectra. The data

was interpreted as partition equilibrium (26–29). The fluorescence inten-

sities, F, in presence of vesicles were used to calculate the concentration

of membrane-bound peptide, Pb, by the following:

Pb ¼ CX�
F� F0

FN � F0

; (1)

with the concentration of the tryptophan containing peptide, CX*, and

F0 the fluorescence intensity without vesicles. The fluorescence intensity

when all peptide is membrane-bound, FN, was obtained from extrapolation

of a double reciprocal plot of F, versus the lipid concentration to

1/[lipid] ¼ 0. To obtain the partition coefficient, Kp, the data was linearly

fitted to the following:

X�
b ¼ KpCf ; (2)

where Xb* is the molar ratio of bound peptide per accessible (outer leaflet

~60%) lipid and Cf is the concentration of free (unbound) peptide.

For acrylamide quenching, peptides in absence or presence of vesicles

[lipid]:[X*] ¼ 1000:1, were mixed with increasing concentrations of

quencher yielding constant concentrations [X*] ¼ 2.5 mM and V ¼ 200 ml

and increasing [acrylamide]¼ 0.150mMin eachwell. In quenching exper-

iments with LPE* and LPK* concentrations were [LPX*] ¼ 2.5 mM and
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[lipid]:[LPX*] ¼ 100:1. The fluorescence emission in presence, F, and in

absence, F0, of quencher was fitted to yield the Stern-Vollmer constants

KSV by the following:

F0

F
¼ KSV ½Q� þ 1: (3)

For quenching with brominated lipids vesicles were composed of DOPC:

diBr-PC:DOPE:cholesterol (1:1:1:1). F0 was measured in DOPC:DOPE:

cholesterol (2:1:1). Experiments were done at [LPX*] ¼ 10 mM,

[lipid]:[LPX*] ¼ 100:1 and [X*] ¼ 2.5 mM [lipid]:[X*]¼1000:1. The

quenching efficiency, QE, was calculated by the following:

QE ¼
�
1� F

F0

�
� 100%: (4)

Circular dichroism spectroscopy

CD spectra were measured using a Jasco J815 CD spectrometer equipped

with a Jasco PTC 123 Peltier temperature controller (Easton, MD). Quartz

cuvettes with path lengths, l, of 1, 2, and 5 mm were used. Peptide solutions

or peptide vesicle mixtures were prepared with [lipid]:[peptide] ¼ 100:1

and 5 mM total peptide concentration. Spectra of the lipopeptides tethered

to vesicle were measured at [lipid]:[LPX*] ¼ 100:1 in 250 mM total

lipid concentration and complementary peptide E or K was added

[LPX*]:[Y*] ¼ 1:1. The relative a-helicity, rh, was calculated from the

ellipticity at 222 nm, [q]222, by the following (30,31):

rh ¼ ½q�222
�4 � 104 deg cm2dmol�1

�
1� 4:6

N

� � 100%: (5)

Oriented solid-state NMR sample preparations

The lipids and cholesterol were codissolved in chloroform. The chloroform

was removed under an N2 stream and the sample dried in vacuum overnight.

Buffer (10 mM TES pH 7 100 mM NaCl) was added and five freeze-thaw

cycles were performed. The peptide was added in powdered form and addi-

tional two freeze-thaw cycles were performed. The sample was centrifuged

at 20,000 g overnight. The precipitant was deposited onto ultrathin glass

plates (00, 8�22 mm; Paul Marienfeld, Lauda Königshofen, Germany),

dried overnight under air and rehydrated at 93% relative helicity (air in

contact with a saturated KNO3 solution). Finally, samples were stacked

and sealed with Escal neo plastic sheets (Mitsubishi Gas Chemical, Tokyo,

Japan).

Samples oriented from organic solvents

Peptides and lipids were codissolved in chloroform. The chloroform was

removed under an N2 stream until ~500 ml was left over. The solution

was deposited onto ultrathin glass plates as described above.

NMR measurements

31P, 2H, and 15N solid-state NMR spectra were acquired on a 300 MHz and

750 MHz (15N) Advance spectrometer (Bruker Biospin, Rheinstetten, Ger-

many) using a static triple resonance probe. For recording phosphorus

spectra a Hahn echo pulse sequence was applied using a 31P B1 field of

50 kHz and an echo time of 10 ms with continuous wave proton decoupling.

Two-dimensional (2D) exchange 31P-NMR experiments were performed

using a NOESY type pulse sequence (32). The 31P B1 field of 50 kHz

and a first delay of 10 ms were applied. All 31P solid-state NMR experiments
were performed with a recycle delay of 3 s. An exponential apodisation

function corresponding to a line broadening of 50 Hz was applied before

Fourier transformation. Spectra were referenced relative to external concen-

trated (85 weight%) phosphoric acid (0 ppm).
2H solid-state NMR measurements were performed using a quadrupolar

echo sequence (solid echo) (33). The 2H B1 field was 62.5kHz and the echo

delay was 10 ms with a recycle delay of 0.5 s. An exponential apodisation

function corresponding to a line broadening of 100 Hz was applied before

Fourier transformation. D2O was used as an external reference (0 ppm).
15N solid-state NMR spectra were recorded using a cross-polariza-

tion sequence followed by a Hahn echo. The echo delay was 40 ms the

cp time 1000 ms and the power level during cross-polarization was

25 kHz. Recycle delay was 3 s. An exponential apodisation function

corresponding to a line broadening of 150 Hz was applied before

Fourier transformation. The spectra were referenced relative to external
15N-NH4Cl (39.3 ppm) (34).
Coarse-grained MD simulations

All CG systems were generated by multiplication of a smaller system from

our earlier work (DOPC:DOPE:cholesterol 2:1:1 (22),) which was either

peptide-free or contained one preadsorbed fully helical peptide K, thus

yielding membrane patches with peptide to lipid ratios ranging from

0:1150 to 1:35. To create a finite patch, a simulation box larger than the

membrane patch was created and the patch was solvated by water with

150 mM NaCl. The polarizable Martini force field (35,36) was used as

this force field was shown to properly reflect the binding propensities of

peptide E and K to lipid bilayers (22). The peptides were modeled as heli-

ces, the secondary structure was kept fixed throughout the CG simulations.

All simulations were performed using GROMACS 4.6 (37). For further de-

tails on simulation parameters see the Supporting Material and our previous

work (22).
All-atom MD simulations

The atomistic systems were prepared as follows. First, one system in CG

representation from our previous work (22) was converted to the atomistic

resolution (CHARMM36 force field (38,39)) using backward (40). In the

next step, the amount of water and ions was reduced to correspond

to the experimental water layer thickness between lipid layers of ~1 nm

(lipid:water ratio 1:17, 100 mM NaCl). This simulation system is denoted

as a single-peptide simulation. After equilibration simulation of 300 ns,

the system was doubled by rotating one copy by 180� around the y axis

and translating along the x axis by the size of the box. By merging these

single-peptide K-containing systems, a simulation system with two pep-

tides bound to individual bilayer leaflets arose. This system, termed a dou-

ble-peptide simulation, was simulated for 450 ns. The peptide-free system

was prepared by peptide deletion in the single-peptide simulation and equil-

ibrated for 300 ns. For details on simulation parameters used see (22). The

analysis of the curvature succeeded by the program g_lomepro (41). Lipid

is considered as protruding if at least one carbon of one of the lipid tails is

found more outside the bilayer than the phosphorus atom of the given lipid.
RESULTS AND DISCUSSION

Membrane binding of K before and after vesicle
docking

The membrane affinity of the fluorescent peptides E* and
K*, alone and mixed with nonfluorescent E and K was
measured to study the peptide membrane interactions
in the prefusion and docked states. First, it was ensured
that the structural and thermodynamic properties of the
Biophysical Journal 111, 2162–2175, November 15, 2016 2165
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tryptophan labeled E* and K* were not altered compared
with the unlabeled E and K and that coiled-coil formation
does not influence the fluorescence spectra (see Supporting
Material). From earlier studies it is known that labeling does
not influence the fusogenic activity (7). Vesicles of ~100 nm
diameter were titrated into the peptide solutions and
the tryptophan fluorescence emission was measured. The
emission depends on the microenvironment of tryptophan
(42,43) and allows for quantitative studies of the membrane
binding of peptides.

Fig. 2 A displays the change of fluorescence intensity
upon varying the lipid to peptide ratio by addition of vesi-
cles of the composition DOPC:DOPE:cholesterol (molar
ratio: 2:1:1), as used in recent vesicle fusion studies
(5–10,16,44,45). For comparative purposes, the total con-
centration of the tryptophan bearing peptide (X*, X ¼ K
or E, respectively) was kept constant. The intensity of the
emission of K* alone or when added as the complex K*/E
increased with increasing lipid concentration. The spectra,
at maximum lipid concentration, reveal an additional
blue shift of the fluorescence emission maxima of K* and
K*/E by ~13 nm (Fig. S2). In contrast the emission spectra
of E* and the complex E*/K were not significantly influ-
enced by the presence of vesicles showing the lack of mem-
brane-association of E*. The intensity increase for K* and
K*/E with increasing L:P ratio together with the spectral
A

B

FIGURE 2 Increase of (A) fluorescence intensity, DF, and maximum of

(B) fluorescence emission, lmax, versus L:P ratio for peptides E*, K*, and

the complexes E*/K, K*/E mixed with vesicles. Apparent binding iso-

therms of K* and K*/E binding to DOPC:DOPE:cholesterol (2:1:1). Xb*

is the molar ratio of bound peptide to accessible total lipid and Cf the con-

centration of free peptide. Straight lines are linear fits of the data yielding as

slope the displayed apparent partition coefficients, Kp. To see this figure in

color, go online.
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blue shift indicates a change of the environment of the tryp-
tophan residue to a more apolar environment (42,43). Hence
the C-terminal tryptophan residue of K* inserts into the hy-
drophobic part of the lipid bilayer.

Strikingly, the change to a less polar environment was
observed for K*/E but not for E*/K, meaning the tryptophan
labels on E* and K* experience significantly different
changes in their environment, although both residues are
located very closely on the C termini of the parallel
coiled-coil complex (46). Thus, the coiled-coil does
not partition into the membrane as a complex, because
hydrophobic amino acids are shielded in the core of the
coiled-coil being unavailable for hydrophobic membrane
interactions (Fig. 1 B). Instead, coiled-coil formation
in solution competes with the membrane-K* interaction.
Furthermore, the intensity increase is smaller for K*/E
then for K*, showing that the active concentration of K*
available for membrane binding is reduced, due to the
K*/E complex formation. This competition between mem-
brane-bound and coiled-coil-bound K* is also illustrated
in another titration experiment, showing that in the presence
of vesicles the emission maximum shifts back to higher
wavelengths upon increasing molar ratio of [E]:[K*]
(Fig. S2 C). This red shift, i.e., the change in the environ-
ment of the tryptophans to a more polar environment, is
due to the increase of membrane unbound K* molecules
upon increased coiled-coil binding.

The increase in fluorescence intensity was used to calcu-
late the partition coefficient, KP, between the bilayer and the
aqueous environment according to Eq. 2 in the experimental
section (Fig. 2 B). The partition coefficient of K* was
found to be ~6.2 � 103 M�1, which is in the same order
of magnitude as coefficients found for the partitioning of
other positively charged amphipathic a-helices into neutral
membranes such as model class A peptides (29) or magainin
2 (47). The apparent partition coefficient of K*/E (1.7� 103

M�1) is significantly lower than that found for K* alone.
The binding of K* in the coiled-coil complex therefore re-
duces the amount of free peptide available for membrane
binding, leading to a lower apparent partition coefficient.

The binding experiments described above with varying
L:P of free E* and K* cannot be realized easily for the
vesicle tethered LPE* and LPK*. Hence, with the lipopep-
tides, acrylamide quenching experiments had to be per-
formed at constant L:P to indirectly determine the peptide
state. Acrylamide quenches the fluorescence of tryptophan
residues only if they are not hydrophobically shielded.
The binding of K* to the vesicles was saturated at L:P of
1000:1 (Fig. 2 A). Therefore for further quenching measure-
ments at constant lipid concentrations, this ratio was chosen.
For measurements with LPE* and LPK*, a ratio of 100:1
was chosen because this reflects the conditions of typical
vesicle fusion experiments (5–10,16,44,45).

Linear Stern-Vollmer plots showed that acrylamide
readily quenches the fluorescence of free K* and E* in
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solution (Supporting Material; Fig. S3). The Stern-Vollmer
constants (KSV) were calculated to summarize these results
(Table 1). Simultaneously the relative helicity of peptide
vesicle mixtures were also measured using CD spectroscopy
(Table 1). Additionally, CD spectra of the studied system
were recorded. Both, coiled-coil complex formation and
peptide membrane interaction was accompanied by CD
spectra that show two minima at ~208 and ~222 nm, which
is typical for a-helical peptides (Figs. S1 and S4). The ellip-
ticity at 222 nm was used to calculate the relative helicity of
the peptides (Table 1), which complements the fluorescence
data with information about changes in the secondary struc-
ture of the peptides.

KSV values at ~30 M�1 confirm good accessibilities of
the aromatic side chains in E* and K*, solvated in PBS
buffer (Table 1). Upon vesicle addition LPK* and K*
were quenched significantly less effectively (i.e., KSV

decreased) due to hydrophobic shielding of the tryptophan
residues by the bilayer. In contrast the tryptophan moieties
in E* and LPE* are only slightly less accessible for the
quencher in the presence of vesicles. In general, the E*
and LPE* are therefore not embedded in the membrane.
Whereas E* showed no increased helicity, the enhanced
helicity of LPE* in these systems can be attributed to the
known tendency of E* to form homodimers at increased
local concentration (20).

To determine the peptide folding in the docked state dur-
ing fusion, additional experiments with K*/E and E*/K were
performed (Table 1; Fig. S3). Upon coiled-coil formation
from K* to K*/E and E* to E*/K, the helicity increases
significantly, with and without vesicles. In presence of ves-
icles, the KSV, i.e., the tryptophan accessibility is slightly
increased from K* to K*/E, because an increased amount
of K* resides in the aqueous environment due to the concur-
TABLE 1 Stern-Vollmer Constants KSV from Acrylamide

Quenching Experiments and Helicities from CD Spectroscopy

of Peptides and Lipopeptides in PBS and Mixed with Vesicles

KSV (M�1) Helicity (%)

PBSa Vesiclesa,b PBSc Vesiclesc,d

K* 33.4 8.2 23 46

K*/E 30.1 12.5 63 64

E* 31.7 26.0 23 23

E*/K 28.0 27.7 61 59

KSV (M�1)e Helicity (%)e

LPK* 7.5 44

LPK*/E 8.0 42

LPE* 26.5 41

LPE*/K 23.2 52

X stands for E or K, respectively.
a[X*] ¼ 2.5 mM.
b[lipid]:[X*] ¼ 1000:1.
c[total peptide] ¼ 5 mM.
d[lipid]:[peptide] ¼ 100:1.
e[LPX*] ¼ 2,5 mM, [lipid]:[LPX*] ¼ 100:1.
rent coiled-coil complex formation in the solution. In
contrast, the accessibility for tryptophan in E*-vesicle
mixtures does not change upon E*/K complex formation,
because it is already situated in the solution, beforehand.
For LPK* neither the tryptophan accessibility, nor the helic-
ity changed due to LPK*/E complex formation. Thus the
majority of the peptides remain bound to the vesicle rather
than forming a coiled-coil complex in this experiment.
Apparently, the tethered peptide in LPK* is bound stronger
to the vesicle than the untethered K*. Similar effects were
also observed earlier in a study of the interactions of K, E,
LPK, and LPE with lipid monolayers (19).

Taken together the fluorescence data shown here consol-
idate earlier findings showing the membrane incorporation
of K and LPK during prefusion states whereas LPE and E
lack membrane interactions. The addition of the tryptophan
did not alter these qualitative results. Moreover, it is re-
vealed that the membrane interaction of monomeric helical
K is in competition with the E/K complex formation in
mixed systems. Thus this equilibrium also affects the vesicle
membranes in the docked state during the fusion process.
Because of the close proximity of the two prefusion mem-
branes in the docked state, monomeric K might interact
with both its own and the opposing bilayer. Thus the influ-
ence of this insertion on the membrane structure is of direct
relevance to the progress of the fusion mechanism, which
we investigate below.
Penetration depth of peptide K

Next, we studied the penetration depth of K* and LPK* into
the bilayer, which is important to assess structural mem-
brane alterations. Depth-dependent fluorescence quenching
experiments were performed using 1-palmitoyl-2-(dibromo)
stearoyl-PC lipids modified with bromine atoms at different
positions on the acetyl chain (6, 7-; 9, 10-;11, 12-diBrPC).
Both LPK* and K* are quenched most efficiently by bila-
yers containing the lipids with the bromine incorporated at
a relatively shallow position, that is, 6,7-diBrPC (Fig. 3),
which indicates that the tryptophan moieties are incorpo-
rated closest to this position. As expected tryptophan
quenching in E* by the diBr-PCs was minor, because this
peptide does not interact with membranes.

The depth-dependent quenching data was analyzed by
two methods: the parallax and the distribution analysis
methods (48–50). Here, only results from the latter are re-
ported as this method is considered to better reflect the phys-
ics of the quenching, because of the disordered nature of the
lipid bilayer. A detailed discussion of the data using both
methods is given in the Supporting Material (Fig. S5). The
distribution analysis reveals that the most probable insertion
depth, i.e., the center of the depth distributions of indole
rings of K* and LPK*, is not deeper than 11 Å from the
bilayer center. Furthermore, K* shows a broader distribution
of possible penetration depths that may indicate more
Biophysical Journal 111, 2162–2175, November 15, 2016 2167



FIGURE 3 Tryptophan quenching efficiency of LPK*, K*, and E* mixed

with vesicles containing di-BrPC. Error bars represent 95% confidence

intervals. Quenching vesicles were of the composition DOPC:di-BrPC:

DOPE: cholesterol 1:1:1:1. [lipid]:[K*] ¼ 1000:1; [lipid]:[LPK*] ¼
100:1. To see this figure in color, go online.
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conformational freedom of the indole rings of K* compared
with LPK*. The penetration depth of unlabeled K or LPK
might slightly deviate from this result because of the influ-
ence of the tryptophan label. However, both LPK and LPK*
trigger membrane fusion and both show comparable mem-
brane affinity that is opposed by LPE and LPE*. Thus we
assume the possible differences in penetration depth to be
of little relevance for the membrane fusion and the peptide
membrane affinity.

This shallow membrane incorporation of the tryptophan
centered at a depth of ~11 Å from the bilayer center is in
line with a peptide insertion model with the helical peptide
parallel to the membrane surface and with the hydrophobic
face penetrating into the hydrophobic core of the bilayer.
Assuming an a-helical structure with a distance of the
indole ring to the helical axis of ~8 Å, the helix would be
centered at a distance of 19 Å from the bilayer center
(49), which agrees extremely well with the 19–21 Å dis-
tance obtained from a recent CG simulation of K in bilayers
of this composition (22), as well as with this study’s CG
simulations of lipid vesicles with adsorbed peptides K
(17–19 Å) and atomistic simulations (20,2 Å). Based on
the estimated phosphate-to-phosphate distance for the
bilayer under study of 40 Å, this means the helix center is
in close proximity to the glycerol and phosphate groups of
the lipids.
Membrane disturbing effects of peptide K

The insertion of K* close to the lipid head group is expected
to affect the bilayer structure, which was studied with
31P-solid-state NMR. This method yields valuable insights
into the macroscopic properties of lipid bilayers (24,51)
such as changes in curvature of the membrane (52) and
conformational changes of the phospholipid head groups
(53). In particular, in supported lipid bilayers the orientation
dependence of the anisotropic 31P-chemical shift of the
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phosphate group is a sensitive indicator of local and global
changes in the membrane geometry (52,54) and head group
conformation (53).

Initially, samples for oriented 31P-NMR experiments were
prepared composed of DOPC:DOPE:cholesterol (2:1:1)
however, no stable and well-aligned lipid bilayers could be
obtained. Therefore, membranes were prepared from the
closely related POPC:POPE:cholesterol system because the
1-palmitoyl-2-oleoyl-phospholipids are commonly used for
NMR studies of both vesicular and oriented states of lipids.

The static 31P-NMR measurements from large multila-
mellar vesicles made from this lipid mixture (at 300 K) indi-
cate closely related La-phase spectra in the absence or
presence of K* (Figs. 4 A and S6). However, when uniax-
ial-oriented membranes were investigated, considerable
disruptive effects on the alignment of the lipids and/or the
head group conformation became apparent. In the absence
of peptide, two predominant and well-resolved resonances
are shown in Fig. 4 B at 30 and 25 ppm, which were attrib-
uted to POPC and POPE lipids, respectively (Fig. S7). The
chemical shift anisotropy of isolated PE (D ¼ 38.8 ppm)5

and PC (D ¼ 45 ppm) suggests liquid crystalline bilayers.
These chemical shift positions are indicative of phospho-
lipids oriented with their long axes parallel to the magnetic
field direction that in this experiment coincides with the
sample normal. Furthermore, they show that motional aver-
aging around the membrane normal occurs, as typically
observed for liquid crystalline bilayers.

Fig. 4 C shows that addition of 0.5% K* (L:P ~1:160)
induced the appearance of spectral intensities reaching up
to a second maximum at ~–10 ppm with a line shape closely
resembling that of a 31P powder spectrum. Because we did
not observe much static and dynamic disorder of the acyl
chains (Supporting Material S4), the broad line reflects an
orientational distribution that is mainly restricted to the
phospholipid head groups. There are few other 31P-NMR
studies reporting on fusogenic peptides in oriented mem-
branes (55–57). All 31P-NMR spectra show broad lines in
this region, whose amplitude has been related to the level
of fusion activity of the peptides (56). However, a conclu-
sion based on 31P-NMR alone should be drawn with caution,
because membrane-perforating antibiotic peptides also
showed related 31P-NMR line shapes. However, in contrast
with our observations (Supporting Material S4) these antibi-
otics caused significant static and dynamic disorder of the
acyl chains evidenced by the 2H-NMR spectra (58,59).

Integration of the signals yields the relative amount of ori-
ented and disordered fractions. Some degree of misalign-
ment is often observed for supported lipid bilayer stacks
prepared from vesicle suspensions as shown by the control
spectrum in the absence of peptide (Fig. 4 B). This contribu-
tion has been taken into consideration in our analysis. After
background correction the total amount of perturbation
amounts to ~20%. The fraction rises with peptide concentra-
tion, but in a nonlinear manner. This nonlinearity might be



FIGURE 4 Solid-state NMR spectra (at 300 K)

of E* and K* comprising POPC:POPE:

cholesterol (2:1:1) membranes. (A) Proton-de-

coupled 31P-solid-state NMR spectrum of vesicu-

lar membranes in the presence of 2 mol% K*.
31P-solid-state spectra of oriented samples in the

(B) absence and (C) presence of increasing

amounts of K* and E*. (D) 2D 31P-solid-state

NMR exchange spectrum in the presence of 2

mol% K* (mixing time 400 ms). (E) Proton-

decoupled 15N solid-state NMR spectrum of

[15N-Ala10]-K*, reconstituted into uniaxially

oriented membranes. To see this figure in color,

go online.
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the consequence of K* forming highly polar homo coiled-
coil aggregates (folding constant 3400 M�1) (60).

In the case of E*, the peak of the aligned POPC molecules
shifts downfield with increasing peptide concentration,
finally leading to one slightly broadened signal that coin-
cides with the 31P-NMR signal of POPE (Fig. 4 C). Notably,
a similar intense broad component as observed for K* is ab-
sent. A small broad peak at –10 ppm remains constant upon
increasing the peptide concentration and is caused by the
same misalignment of lipids observed in the control
spectrum. The absence of a peptide dependent broad line
can be likely explained by the low membrane affinity
of this peptide as was found in our membrane-binding ex-
periments (Fig. 2) and can be understood to be caused by
a poor conformational stability (22.6% helicity, Table 1).
Evidently, the E* molecules remain in the thin water layers
separating the multilamellar bilayers. This asymmetric
behavior of E and K peptides in planar membranes agrees
well with the observations described above for the interac-
tion with vesicular membranes. Thus, the role of E in fusion
is likely restricted to E/K coiled-coil formation to bring the
membranes into close proximity.

In a previous investigation a similarly broad 31P line
shape was attributed to macroscopically sized cylindrically
curved bilayers (58). Such a binding mode implies a large
distribution of peptide orientations that can be manifested
by a broad range of 15N-NMR chemicals shifts when the
corresponding membrane-bound peptide (labeled with 15N
at one of its peptide bonds) is investigated. The 15N chemi-
cal shift provides a direct indicator of the alignment of the
peptide relative to the membrane surface (61,62). Therefore,
a membrane sample of uniaxial orientation was prepared
with 2% K* carrying a 15N label at the alanine 10 position.
The proton-decoupled 15N solid-state NMR spectrum of this
sample is depicted in Fig. 4 E. Because the sample was ori-
ented with its normal parallel to the magnetic field, the
chemical shift of 70 ppm measured for [15N-Ala10]-K* indi-
cates an alignment of the peptide parallel to the membrane
normal (transmembrane helices would exhibit 15N chemical
shifts at ~200 ppm). This observation contradicts cylindrical
(58) or vesicular membrane binding modes (63) but agrees
perfectly with the proposed shallow incorporation of helical
K* in the vesicular membrane, as was found in the fluores-
cence experiments. The insertion of the peptide into the
membrane should be accompanied with a redistribution of
the phosphate groups. Thus we investigated further the abil-
ity of peptide K to perturb the membrane in addition to its
function to form coiled-coils.

First, a homo-nuclear 2D-31P-NMR exchange experiment
was conducted. If lateral diffusion within the mixing time of
the 2D-NMR experiment covers a significant distance on a
curved surface, the realignment of the molecule will be
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accompanied with a change in the chemical shift relative to
the magnetic field direction. This will manifest as off-diag-
onal intensities in the 2D NMR spectra. Therefore, 2D ex-
change spectra were recorded for bilayers in the presence
of 2% K* at different mixing times (1, 5, 10, 50, and
400 ms). The off-diagonal intensity measured for a tm of
400 ms, depicted in Fig. 4 D, indicates that a molecular re-
orientation of the lipids takes place within the applied mix-
ing time. Thus, the lipid layers are curved because of the
presence of peptide K. According to the 2D-NMR experi-
ment, only the PE chemical anisotropy is involved in ex-
change, whereas the PC chemical shift anisotropy is not
affected (cf. expanded cross sections in Fig. 4 D). This
observation is likely attributed to a selective PE enrichment
near the peptide-induced local curvature.

Because we did not observe any phase transition, the
peptide-induced membrane curvature is best explained by
considering the fact that the peptides are bound at both
sides of the multilamellar bilayers. From the molecular
point of view, it is evident that membrane insertion of
2–3 nm sized, cylindrical-shaped helices would affect the
distribution of the local headgroup conformations and the
composition of the lipid mixture as well. From the macro-
scopic point of view, the membrane immersion of peptides
is accompanied by local membrane deformations, which
are manifested by an altered bilayer curvature. The locally
altered membrane perturbation would further propagate
from one lipid bilayer to another in these tightly stacked
bilayer systems (64,65).

Thus, the initially created distortions of the membrane
structure would finally lead to undulations of a wave-like
and macroscopic membrane distribution pattern. To reveal
more details about such a complex peptide-induced mem-
brane deformation, MD simulations were performed.
Peptide K promotes positive curvature in
coarse-grained MD simulations

Membrane curvature is in silico most effectively studied in
CG MD simulations of a metastable finite bilayer patch that
minimizes the suppression of curved structures in the typi-
cally employed periodic setups and also allows for vesicle
formation (66). A peptide-free bilayer patch (DOPC:
DOPE:cholesterol 2:1:1, in total 1150 molecules, Fig. S9)
was found to form a vesicle within 140–170 ns in a random
direction due to spontaneous fluctuations (Table S2). A sin-
gle adsorbed K induced spontaneous positive curvature and
accelerated vesicle formation (85–126 ns). Accordingly,
peptide K was finally bound on the outer layer of the
vesicle. Adsorption of multiple peptides K (8 or 16) to
one side of the patch further accelerated the vesicle forma-
tion (~65 ns), whereas the presence of peptides K on both
sides of the patch prevented it on a timescale of 400 ns.
In summary, adsorbed peptides K induce a positive curva-
ture of lipid bilayers in MD simulations. The speed and
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the strength of this spontaneous curvature depends on the
L:P ratio.
Peptide K alters the bilayer structure in all-atom
MD simulations

We used atomistic MD simulations to obtain atomistic
insight into the K-membrane interactions, complementary
to our NMR investigations. In total, three set-ups of DOPC:
DOPE:cholesterol 2:1:1 bilayers were simulated. Namely, a
peptide free lipid bilayer, a lipid bilayer with one, and a
lipid bilayer with two peptides K adsorbed. The latter dou-
ble-peptide simulation box had an extended length in one
direction and the two peptides were adsorbed on different
leaflets. In the smaller peptide-free and single-peptide
simulation systems, the periodic boundary conditions
hamper the evolution of membrane curvature. Hence, the
extended double-peptide system is more suitable to esti-
mate the ability of peptide K to induce a spontaneous cur-
vature since the effects of both peptides on the curvature
will add together. A snapshot of this system illustrating
the helicity and orientation of the peptide is given in the
Supporting Material (Fig. S11). During the whole simula-
tion of 0.4 ms, the double-peptide system waves with curva-
ture of ~1/20 nm�1 were induced by adsorbed Ks. The
induced waves were stable in terms of both the curvature
radius and the wave position (see Fig. 5, A and C). Both
K molecules were localized on the top of the positively
curved lipid bilayer and were found to stabilize it in agree-
ment with the predictions made by CG simulations on free
bilayer patches (see above). The radius of ~20 nm is
smaller than the experimentally observed one, possibly
because of natural irregularities and smearing out in the
experimental system.

A comparison of this atomistic simulation with a simula-
tion of a system containing a pure bilayer enabled us to
deduce additional effects of K on the membrane structure.
First, the PE and PC head groups surrounding the adsorbed
peptide were tilted more parallel to the membrane normal
by 8.2� and 10.2�, respectively. Such a ‘‘narrowing’’ of lipid
head groups has been described before for membranes sur-
rounded by positively charged ions (53).

Additionally, DOPE molecules accumulated in the vicin-
ity of K in curved bilayers in both CG (Supporting Material
S5; Fig. S10) and atomistic simulations. In the latter, in
the interval of 200–450 ns the number of DOPE increased
by 31% in the first and 25% in the second solvation shell
compared with the overall ratio of PC:PE (2:1) in the system
(Fig. 5 B). However, DOPE accumulated in the vicinity of
peptide K only in the curved system, which is unexpected
because with its small head group and bulky tails, DOPE
typically partitions into areas of negative curvature. This
surprising result can be understood considering that the
conical shape of DOPE is well-suited to the space require-
ments of the adsorbed peptide: it fills the space underneath



FIGURE 5 (A) Snapshots at 300 ns of atomistic simulations showing the positions and orientation of the adsorbed peptides K (glutamic acids in red, lysines

in blue, alanine in green, and hydrophobic leucines and isoleucines in yellow) on the bilayer in the single peptide (left) and double peptide (right) simulations.

Water is shown as blue surface and lipids (DOPC in gray, DOPE in dark green, and cholesterol in yellow) in stick representation. (B) DOPE accumulation

in the vicinity of K shown as a ratio between DOPC and DOPE lipids found in the individual solvation shell. The total ratio of DOPC and DOPE in

the simulation system is shown as a gray line. In the double peptide simulation the number of DOPE gets comparable with the number of DOPC (mainly

in the first solvation shell). (C) Double-peptide simulation system with its periodic neighbors. (D) Lipid protrusion probability in dependence of the

distance to K.
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the peptide while offering enough room in between the lipid
head groups for the peptide (67).

Interestingly, we observed that the cholesterol concentra-
tion in the peptide vicinity also depends on the membrane
curvature. In our previous CG investigations of K adsorption
on flat bilayers, an increased cholesterol content near the
peptide was measured (22) whereas for the curved bilayers
studied here this was decreased by 60% with respect to the
average membrane composition. This dramatic decrease
probably has two reasons: 1) K seems to prefer DOPE
over other membrane components, and 2) cholesterol is
known to accumulate in areas of negative curvature (68),
which was suggested to be fusion relevant (69).

Other fusion-relevant effects of fusion peptides on the
membrane structure are membrane dehydration and
increased lipid tail protrusion. These effects were shown
to be connected (70) and their importance in membrane
fusion has been elucidated before (71,72). Moreover, splay-
ing lipids were shown to reduce the energy barrier between
the lamellar and stalk phases during membrane fusion
(73,74). Lipid protrusions were shown to be increased
in the vicinity of both SNAREs and influenza fusion pep-
tides (75,76).

K was found to only slightly (by 2%–4%) dehydrate
the membrane in the simulations. On the other hand, the
effect on lipid protrusions is much more pronounced as K
enhanced the lipid protrusion in terms of both the average
protrusion time, which increased by 30%–60%, and the
number of protrusions that increased by up to 44% (see
Table S3). Interestingly, different reasons for increased
protrusion probability in flat and curved bilayers were
observed. In the case of a small flat bilayer with one K ad-
sorbed to one of the membrane leaflets, mostly the protru-
sion time was enhanced, whereas the number of protrusion
events for DOPC even slightly decreased. The influence
on DOPE was larger than on DOPC. In the case of the
curved system with peptides adsorbed to both leaflets, the
number of protrusion events significantly increased for
DOPC lipids only, resulting in a similar protrusion probabil-
ity for DOPC and DOPE lipids. It has to be noted that in case
of a pure bilayer, DOPE protrudes with 48% higher proba-
bility than DOPC, probably because of its smaller head
group. In the curved system, the protrusion times increased
for both DOPC and DOPE lipids by 35% and 37%, respec-
tively, relative to the pure bilayer. Moreover, for DOPE
the protrusion probability depends less on the distance to
the peptides than for DOPC. The latter protrudes preferen-
tially if in direct contact with the peptide (Fig. 5 D).

Combining the NMR and MD data reported in this study,
a new qualitative interpretation, to our knowledge, of the
oriented 31P NMR spectrum of a fusion peptide-carrying
membrane is provided. The broad 31P NMR line at ~–15
ppm represents a more or less random distribution of the
head groups near the membrane-bound peptide. The com-
bined fluorescence, 15N-NMR, and MD data agree with a
K bound parallel to the membrane surface. However, in
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contrast to our fluorescence-binding experiments using ve-
sicular membranes (Fig. 2 B), the membrane perturbation
monitored by 31P-NMR experiments of oriented membranes
does not show a linear dependence on peptide concentration.
The decrease of membrane binding affinity is accompanied
with an increasing concentration of cationic homo-K di-
mers. These might be stabilized by the anionic Glu side
chains pointing to the water phase from other membrane-
bound K monomers (Fig. 5 A).

The one-dimensional and 2D 31P NMR data indicate that
the membrane-immersed K is capable of altering the bilayer
curvature. The ability of K to induce curvature is confirmed
by bothCGand atomisticMD simulations. The latter systems
also indicate a wave-like alteration of the bilayer curvature, a
model that can explain the 31P NMR data. Additionally, in
MD simulations the direction of the induced curvature can
be seen: K induces positive curvature and is thus located at
the peak of the bilayer wave. The random peptide adsorption
on the bilayers’ upper and lower leaflet in NMR samples will
lead to formation of local positive curvature where K is ad-
sorbed to the upper leaflet and negative curvature, in spots
where K is attached to the lower leaflet. Thus a wave-like
pattern is created. Moreover, because of the repulsion be-
tween the peptide’s negatively charged amino acids pointing
to the water phase and the neighboring lipid bilayer being
separated by only a small water layer, the wave is suggested
to propagate to the next lipid layer. Such a propagation can
explain the broadening of the oriented lines in the 31P NMR.

These results show that the study of multilamellar lipid
systems by NMR techniques can serve as a tool to study
the role of fusion peptides during the very early fusion
stages when two approaching membranes are still separated
by a very thin water layer.
Implications for the mechanism of coiled-coil
mediated fusion

It is generally anticipated that the first step in fusion trig-
gered by LPE and LPK is a vesicle docking due to the for-
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mation of one or more LPE-LPK complexes (6–10). The
tryptophan fluorescence data shows that the E/K complex
is in equilibrium with the membrane-incorporated mono-
meric K (Fig. 6, A and B). This means that 1) K molecules
bound in the coiled-coil complex can dissociate and bind to
the outer sides of both prefusion membranes, and 2) mem-
brane-bound K molecules can remain stable in their state
in the interstitial region between the membranes for a
distinct time. Thus, K can adopt multiple roles to promote
fusion. In its role as partner for E, it adopts a role similar
to SNARE proteins with the function to tether the two mem-
branes specifically together to adopt a state comparable with
the primed vesicle at the neuronal membrane (77). In the
docked state K can bind as monomer to the membranes
and adopt its second role. It acts as a membrane active agent
supporting the membrane deformation and rupture, compa-
rable with the suggested role of certain fusion peptides dur-
ing viral entry (78). Unlike in neuronal vesicle fusion where
primed, i.e., docked vesicles proceed rapidly to full fusion
specifically triggered by Ca2þ influx, we propose that in
the E/K system the slow accumulation of membrane-bound
K at the docking site by diffusion and/or dissociation of
the complex causes the further progression to full fusion
nonspecifically. Our results revealed several effects with
the potential to facilitate membrane fusion, namely,
curvature creation, increased lipid tail protrusion, and PE
accumulation.

Local positive curvature created by the insertion of K
at the docking site, might lead to a further reduction of
the intermembrane distance due to membrane buckling
(Fig. 6 C) (79,80). Dehydration of the polar lipid interface
and protrusion of single lipid acyl chains are considered
as the main energetic barriers toward the formation of the
stalk intermediate during fusion (73–75). The increase of
protrusion probability in the vicinity of incorporated K re-
vealed by our atomistic MD simulations (Fig. 6 C), implies
that this effect may catalyze the stalk formation. Both MD
and NMR results imply the accumulation of PE lipids at
the adsorbed K molecule (Fig. 6 B). Apparently, the smaller
FIGURE 6 Model of multiple roles of peptide K

in the docked prefusion state: (A) initial vesicle

docking by coiled-coil formation; (B) membrane

binding of monomeric K to its own and the

opposing membrane and local PE enrichment;

and (C) creation of local positive curvature and in-

crease of lipid protrusions.
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size of the PE head group provides the necessary space for
insertion of the peptide. Because of their relatively small
head groups, PE lipids aid the formation of negatively
curved membranes. In the position found in our simulation,
on the top of the curved membrane in the prefusion state, PE
could enlighten the transition to the stalk state (1,81–83),
where the peptide and its surroundings are temporarily
found in an area of negative curvature.
CONCLUSIONS

This study has shown that peptide K can interact with lipid
membranes in the course of fusion. Its amphipathic helix is
stabilized by the hydrophobic part of the membrane and
penetrates shallowly into the membrane. This interaction
is in equilibrium with the heterodimeric coiled-coil forma-
tion with its partner E and thus also occurs when the vesicles
are docked together in close proximity.

From the combined NMR and MD data reported in this
study, a new qualitative interpretation, to our knowledge,
of the oriented 31P NMR spectrum of membranes interact-
ing with fusion peptides is provided. The results obtained
for the interaction of the K-peptide with planar multilamel-
lar membranes comprise the first strong evidence, to our
knowledge, for a K-induced PE-enriched positive mem-
brane curvature with the peptide bound at the top of the
curved bilayer. Furthermore, atomistic MD simulations
imply an increased lipid acyl chain protrusion in the vicinity
of inserted K. The dual role of K in the fusion process
comprises hallmarks of SNARE mediated fusion, i.e., the
vesicle docking by coiled-coils as well as hallmarks of
viral fusion, namely the membrane perturbation by peptide
incorporation. Thus, contrary to earlier postulations the E/K
system might not be seen as a minimal model just for
SNARE mediated fusion (7), but moreover as a minimal
model for protein mediated fusion in general. Thus, this
system poses a facile approach to experimentally study
the basic mechanisms of fusion on the membrane level.
Furthermore, the insight that membrane disturbing effects
enhance artificial fusion just as natural fusion should be
considered to improve the design of future artificial mem-
brane fusion systems.
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atomistic and coarse-grained simulations. J. Phys. Condens. Matter.
27:323103.

26. Schwarz, G., S. Stankowski, and V. Rizzo. 1986. Thermodynamic
analysis of incorporation and aggregation in a membrane: application
to the pore-forming peptide alamethicin. Biochim. Biophys. Acta.
861:141–151.

27. Beschiaschvili, G., and J. Seelig. 1990. Melittin binding to mixed
phosphatidylglycerol/phosphatidylcholine membranes. Biochemistry.
29:52–58.

28. Gazit, E., A. Boman, ., Y. Shai. 1995. Interaction of the mammalian
antibacterial peptide cecropin P1 with phospholipid vesicles. Biochem-
istry. 34:11479–11488.

29. Mishra, V. K., andM. N. Palgunachari. 1996. Interaction of model class
A1, class A2, and class Y amphipathic helical peptides with mem-
branes. Biochemistry. 35:11210–11220.

30. Gans, P. J., P. C. Lyu, ., N. R. Kallenbach. 1991. The helix-coil
transition in heterogeneous peptides with specific side-chain interac-
tions: theory and comparison with CD spectral data. Biopolymers.
31:1605–1614.

31. Chen, Y.-H., J. T. Yang, and K. H. Chau. 1974. Determination of the
helix and b form of proteins in aqueous solution by circular dichroism.
Biochemistry. 13:3350–3359.

32. Jeener, J., B. H. Meier,., R. R. Ernst. 1979. Investigation of exchange
processes by two-dimensional NMR spectroscopy. J. Chem. Phys.
71:4546–4553.

33. Metzger, D. S., and J. R. Gaines. 1966. Nuclear magnetic resonance
studies of solidified H2–D2 mixtures. II. Pulsed techniques. Phys.
Rev. 147:644–657.

34. Bertani, P., J. Raya, and B. Bechinger. 2014. 15N chemical shift
referencing in solid state NMR. Solid State Nucl. Magn. Reson. 61-
62:15–18.

35. Yesylevskyy, S. O., L. V. Sch€afer, ., S. J. Marrink. 2010. Polarizable
water model for the coarse-grained MARTINI force field. PLoS Comp.
Biol. 6:e1000810.

36. de Jong, D. H., G. Singh,., S. J. Marrink. 2013. Improved parameters
for the Martini coarse-grained protein force field. J. Chem. Theory
Comput. 9:687–697.
2174 Biophysical Journal 111, 2162–2175, November 15, 2016
37. Hess, B., C. Kutzner, ., E. Lindahl. 2008. GROMACS 4: algorithms
for highly efficient, load-balanced, and scalable molecular simulation.
J. Chem. Theory Comput. 4:435–447.

38. Best, R. B., X. Zhu,., A. D. Mackerell, Jr. 2012. Optimization of the
additive CHARMM all-atom protein force field targeting improved
sampling of the backbone 4, j and side-chain c(1) and c(2) dihedral
angles. J. Chem. Theory Comput. 8:3257–3273.

39. Klauda, J. B., R. M. Venable, ., R. W. Pastor. 2010. Update of the
CHARMM all-atom additive force field for lipids: validation on six
lipid types. J. Phys. Chem. B. 114:7830–7843.

40. Wassenaar, T. A., K. Pluhackova, ., D. P. Tieleman. 2014. Going
backward: a flexible geometric approach to reverse transformation
from coarse grained to atomistic models. J. Chem. Theory Comput.
10:676–690.

41. Gapsys, V., B. L. de Groot, and R. Briones. 2013. Computational
analysis of local membrane properties. J. Comput. Aided Mol. Des.
27:845–858.

42. Lakowicz, J. R. 2007. Principles of Fluorescence Spectroscopy.
Springer, Heidelberg, Germany.

43. Eftink, M. R. 2006. Fluorescence techniques for studying protein
structure. In Methods of Biochemical Analysis. Wiley, New York,
pp. 127–205.

44. Voskuhl, J., C. Wendeln, ., A. Kros. 2012. Immobilization of lipo-
somes and vesicles on patterned surfaces by a peptide coiled-coil bind-
ing motif. Angew. Chem. Int. Ed. Engl. 51:12616–12620.

45. Versluis, F., J. Dominguez,., A. Kros. 2013. Coiled-coil driven mem-
brane fusion: zipper-like vs. non-zipper-like peptide orientation.
Faraday Discuss. 166:349–359.

46. Zheng, T., A. Boyle, ., A. Kros. 2015. Probing coiled-coil assembly
by paramagnetic NMR spectroscopy. Org. Biomol. Chem. 13:1159–
1168.

47. Wieprecht, T., M. Beyermann, and J. Seelig. 1999. Binding of antibac-
terial magainin peptides to electrically neutral membranes: thermody-
namics and structure. Biochemistry. 38:10377–10387.

48. Chattopadhyay, A., and E. London. 1987. Parallax method for direct
measurement of membrane penetration depth utilizing fluorescence
quenching by spin-labeled phospholipids. Biochemistry. 26:39–45.

49. London, E., and A. S. Ladokhin. 2002. Measuring the depth of amino
acid residues in membrane-inserted peptides by fluorescence quench-
ing. In Current Topics in Membranes. T. J. M. Sidney and A. Simon,
editors. Academic Press, San Diego, CA, pp. 89–115.

50. Ladokhin, A. S. 2014. Measuring membrane penetration with depth-
dependent fluorescence quenching: distribution analysis is coming of
age. Biochim. Biophys. Acta. 1838:2289–2295.

51. Cullis, P. R., and B. De Kruijff. 1978. Polymorphic phase behaviour of
lipid mixtures as detected by 31P NMR. Evidence that cholesterol may
destabilize bilayer structure in membrane systems containing phospha-
tidylethanolamine. Biochim. Biophys. Acta. 507:207–218.

52. Kim, C., J. Spano,., S. Wi. 2009. Evidence of pores and thinned lipid
bilayers induced in oriented lipid membranes interacting with the anti-
microbial peptides, magainin-2 and aurein-3.3. Biochim. Biophys.
Acta. 1788:1482–1496.

53. Scherer, P. G., and J. Seelig. 1989. Electric charge effects on phospho-
lipid headgroups. Phosphatidylcholine in mixtures with cationic and
anionic amphiphiles. Biochemistry. 28:7720–7728.

54. Wi, S., and C. Kim. 2008. Pore structure, thinning effect, and lateral
diffusive dynamics of oriented lipid membranes interacting with anti-
microbial peptide protegrin-1: 31P and 2H solid-state NMR study.
J. Phys. Chem. B. 112:11402–11414.

55. Gabrys, C. M., R. Yang,., D. P. Weliky. 2010. Nuclear magnetic reso-
nance evidence for retention of a lamellar membrane phase with curva-
ture in the presence of large quantities of the HIV fusion peptide.
Biochim. Biophys. Acta. 1798:194–201.

56. Agrawal, P., S. Kiihne, ., H. de Groot. 2007. Solid state NMR inves-
tigation of the interaction between biomimetic lipid bilayers and de
novo designed fusogenic peptides. ChemBioChem. 8:493–496.

http://refhub.elsevier.com/S0006-3495(16)30937-7/sref16
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref16
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref16
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref17
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref17
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref17
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref18
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref18
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref19
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref19
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref19
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref20
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref20
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref20
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref21
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref21
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref21
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref22
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref22
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref22
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref23
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref23
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref23
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref23
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref24
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref24
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref24
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref25
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref25
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref25
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref26
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref26
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref26
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref26
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref27
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref27
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref27
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref28
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref28
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref28
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref29
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref29
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref29
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref30
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref30
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref30
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref30
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref31
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref31
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref31
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref32
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref32
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref32
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref33
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref33
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref33
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref34
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref34
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref34
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref35
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref35
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref35
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref35
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref36
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref36
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref36
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref37
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref37
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref37
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref38
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref38
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref38
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref38
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref39
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref39
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref39
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref40
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref40
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref40
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref40
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref41
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref41
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref41
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref42
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref42
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref43
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref43
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref43
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref44
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref44
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref44
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref45
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref45
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref45
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref46
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref46
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref46
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref47
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref47
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref47
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref48
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref48
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref48
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref49
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref49
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref49
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref49
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref50
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref50
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref50
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref51
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref51
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref51
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref51
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref52
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref52
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref52
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref52
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref53
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref53
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref53
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref54
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref54
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref54
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref54
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref55
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref55
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref55
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref55
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref56
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref56
http://refhub.elsevier.com/S0006-3495(16)30937-7/sref56


A Coiled-Coil Peptide Shaping Membranes
57. Grage, S. L., S. Afonin,., A. S. Ulrich. 2004. Interaction of the fuso-
genic peptide B18 in its amyloid-state with lipid membranes studied by
solid state NMR. Chem. Phys. Lipids. 132:65–77.

58. Buffy, J. J., M. J. McCormick, ., M. Hong. 2004. Solid-state NMR
investigation of the selective perturbation of lipid bilayers by the cyclic
antimicrobial peptide RTD-1. Biochemistry. 43:9800–9812.

59. Salnikov, E. S., A. J. Mason, and B. Bechinger. 2009. Membrane order
perturbation in the presence of antimicrobial peptides by (2)H solid-
state NMR spectroscopy. Biochimie. 91:734–743.

60. Rabe, M., A. Boyle, ., A. Kros. 2015. Determination of oligomeric
states of peptide complexes using thermal unfolding curves. Biopoly-
mers. 104:65–72.

61. Bechinger, B., and C. Sizun. 2003. Alignment and structural analysis of
membrane polypeptides by 15N and 31P solid-state NMR spectroscopy.
Conc. Magn. Reson. A. 18A:130–145.

62. Bechinger, B., J. M. Resende, and C. Aisenbrey. 2011. The structural
and topological analysis of membrane-associated polypeptides by ori-
ented solid-state NMR spectroscopy: established concepts and novel
developments. Biophys. Chem. 153:115–125.

63. Wasniewski, C. M., P. D. Parkanzky,., D. P. Weliky. 2004. Solid-state
nuclear magnetic resonance studies of HIVand influenza fusion peptide
orientations in membrane bilayers using stacked glass plate samples.
Chem. Phys. Lipids. 132:89–100.

64. Tayebi, L., Y. Ma, ., A. N. Parikh. 2012. Long-range interlayer
alignment of intralayer domains in stacked lipid bilayers. Nat. Mater.
11:1074–1080.

65. Bechinger, B. 2012. Lipid multilayers: domains stack up. Nat. Mater.
11:1005–1006.

66. Pannuzzo, M., A. Raudino, and R. A. Böckmann. 2014. Peptide-
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