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Abstract LV-peptides were designed as membrane-
spanning low-complexity model structures that mimic
fusion protein transmembrane domains. These peptides
harbor a hydrophobic core sequence that consists of helix-
promoting and helix-destabilizing residues at different
ratios. Previously, the fusogenicity of these peptides has
been shown to increase with the conformational flexibility
of their hydrophobic cores as determined in isotropic
solution. Here, we examined the secondary structure, ori-
entation, and distribution of LV-peptides in membranes.
Our results reveal that the peptides are homogeneously
distributed within the membranes of giant unilamellar
liposomes and capable of fusing them. Increasing the
valine content of the core up to the level of the f-branched
residue content of SNARE TMDs (~50%) enhances
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fusogenicity while maintaining a largely o-helical structure
in liposomal membranes. A further increase in valine
content or introduction of a glycine/proline pair favors f-
sheet formation. In planar bilayers, the «-helices adopt
oblique angles relative to the bilayer normal and the ratio
of a-helix to f-sheet responds more sensitively to valine
content. We propose that the fusogenic conformation of
LV-peptides is likely to correspond to a membrane-span-
ning a-helix. p-Sheet formation in membranes may be
considered a side-reaction whose extent reflects confor-
mational flexibility of the core.

Introduction

Fusion of lipid membranes is mediated by fusogenic inte-
gral membrane proteins. These include SNARE [soluble
NSF(N-ethylmaleimide-sensitive factor) attachment pro-
tein receptor] proteins that drive intracellular fusion of
eukaryotic membranes as well as a diverse group of pro-
teins from enveloped viruses (Jahn and Scheller 2006;
Langosch et al. 2007; Tamm et al. 2003). While soluble
fusion protein domains are required to mediate close
membrane apposition prior to actual fusion, there is ample
evidence that their single transmembrane domains (TMDs)
contribute to fusion at different stages of lipid mixing. For
example, the fusion reaction is blocked at hemifusion upon
replacing viral fusion protein TMDs by glycosylphos-
phatidylinositol (GPI) anchors or after mutating them
(Armstrong et al. 2000; Cleverley and Lenard 1998;
Kemble et al. 1994; Melikyan et al. 1999; Niissler et al.
1997). Along the same line, truncating (Xu et al. 2005) or
mutating (Hofmann et al. 2006) the TMDs of SNAREs, or
replacing them by a GPI anchor (Giraudo et al. 2005)
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partially arrested fusion at hemifusion. Hemifusion is
defined by mixing of outer monolayers whereas inner
monolayers stay separated. A proteinaceous TMD there-
fore supports inner leaflet mixing. The efficiency of inner
leaflet mixing appears to depend also on TMD-TMD
interactions since point mutations that weaken this inter-
action in the yeast SNARE Vam3p also decrease the
efficiency of the hemifusion-to-fusion transition (Hofmann
et al. 2006; Roy et al. 2006).

Transmembrane domains may also support outer leaflet
mixing, i.e., initiation of fusion. This is suggested by the
observation that wild-type influenza hemagglutinin (Arm-
strong et al. 2000) and SNARESs (Giraudo et al. 2005) were
more efficient in driving outer leaflet mixing than the
corresponding versions with GPI anchors in place of their
TMDs (Langosch et al. 2007). That TMDs contribute to
outer leaflet mixing is also indicated by the finding that
synthetic peptides representing the TMDs of SNAREs
(Hofmann et al. 2006; Langosch et al. 2001b) or of the
Vesicular Stomatitis virus G-protein (Dennison et al. 2002;
Langosch et al. 2001a) drive liposome—-liposome fusion in
vitro. Since these TMD-peptides are devoid of membrane-
extrinsic domains that could mediate membrane apposition,
it appears that isolated TMDs increase the likelihood
by which randomly colliding liposomes enter fusion.
Although the precise mechanism by which the TMD-pep-
tides induce fusion is presently not clear, their activity has
been related to conformational flexibility of the peptide
backbone. Specifically, the TMD-peptides formed mixtures
of a-helical and f-sheet structures in inverse micelles, and
mutations that increased the abundance of the o-helical
fraction decreased fusogenicity (Dennison et al. 2002;
Langosch et al. 2001a, b). This is consistent with an unu-
sual amino acid composition since the f-sheet promoting
p-branched amino acids Val and Ile collectively make-up
~50% of SNARE TMD sequences but only ~25% of
unrelated TMDs (Langosch et al. 2001b).

To test by de novo design whether TMD flexibility
affects fusogenicity, low-complexity hydrophobic model
sequences, termed LV-peptides, were developed. LV-
peptides contain hydrophobic core sequences that are
composed of residues with different secondary structure
propensities, i.e., helix-promoting Leu and sheet-promoting
Val residues at different ratios (Hofmann et al. 2004). Val
is thought to destabilize helices due to loss of side-chain
entropy upon helix formation (Chellgren and Creamer
2006). In some LV-peptides, the core sequences also
contain a Gly/Pro or a Pro/Gly pair to further destabilize
the helical conformation. Liposome-liposome fusion
assays showed that a Leu-based peptide (L16) displays
little fusogenicity while mixtures of Leu and Val exhibited
intermediate (LLV16) to strong (LV16, VVLI16) fusoge-
nicity. Helix-destabilizing Gly/Pro (LV16-G8P9) or Pro/
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Gly (LV16-P8GY9) pairs enhance fusion still further. In
agreement with the «-helical structure of the TMDs from
natural fusion proteins, like SNAREs (Bowen and Brunger
2006; Xu et al. 2005; Zhang and Shin 2006) or influenza
hemagglutinin (Tatulian and Tamm 2000), LV-peptides
form a-helices in trifluoroethanol (TFE). Consistent with
the proposed relationship between fusogenicity and struc-
tural flexibility, only fusogenic peptides can readily be
refolded from the o-helical conformation to f-sheet or vice
versa by changing the ratio of TFE to aqueous buffer
(Hofmann et al. 2004).

Here, we investigated the secondary structure and
physical distribution of LV-peptides in membranes. Cir-
cular Dichroism (CD) and Attenuated Total Reflection
Fourier Transform Infrared (ATR-FTIR) spectroscopy
show that the membrane-associated peptides form mixed
populations that fold into different secondary structures.
The relative abundances of the secondary structure types
depend on peptide sequence as does fusogenicity. It is
proposed that the extent of f-sheet formation reflects the
intrinsic flexibility of the a-helical state being an important
determinant of fusion.

Experimental procedures
Peptide synthesis

Peptides were synthesized by Boc chemistry (PSL, Hei-
delberg, Germany) and were >90% pure as judged by mass
spectrometry. Rhodamine-tagged peptides were made
by coupling of a Lys derivative [Fmoc—Lys(Dde)-OH] to
the C- and N-termini during synthesis. Reaction of the pep-
tide with 5-(and-6)-carboxytetramethylrhodamine succini-
midylester (TAMRA) yielded rhodamine-labeled peptides.
Concentrations of unlabeled peptides were determined via
tryptophan (Trp) absorbance using an extinction coefficient
of 5,600 M~' ecm™".

Preparation of liposomes for CD spectroscopy

Liposomes were prepared by sonication as described
(Langosch et al. 2001b) from mixtures of palmitoyl oleoyl
phosphatidylcholine (POPC), di-oleoyl-phosphatidyletha-
nolamine (DOPE), and di-oleoyl-phosphatidylserine (DOPS)
(all from Avanti Polar Lipids) at a ratio of 3:1:1 (w/w/w).
Prior to sonication the hydrated peptide/lipid mixture was
subjected to 10 freeze/thaw cycles in liquid nitrogen.
Peptide concentrations were determined by Trp fluores-
cence as described (Langosch et al. 2001a) except that
liposomes were lyzed with 1% (w/v) SDS prior to the
measurements.
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Sucrose gradient centrifugation

The association of peptides with liposomes was examined
upon separating unbound peptides from proteoliposomes
by density gradient centrifugation (Langosch et al. 2001a).
300 pl of liposome preparations were mixed with 700 pl
60% (w/v) sucrose, and overlaid with 2.5 ml 30% (w/v)
sucrose followed by 0.5 ml fusion buffer. Upon centrifu-
gation (56,000 rpm, 20 h, 20°C, Beckman SW60 rotor,
Fullerton, CA, USA), >99% of the loaded lipids were
found in the top fraction. Peptides were found to quanti-
tatively co-migrate with the lipid fraction, as Trp
fluorescence was not detectable in the bottom fraction.

CD spectroscopy

CD spectra were measured with a Jasco J-810 automatic
recording spectral polarimeter. Spectra of liposomes
(1.5 mM lipid) were recorded from 200 to 240 nm in a
1-mm dichroically neutral quartz cuvette at 20°C by using
a time constant of 4 s per scan speed of 100 nm min~"' and
a sensitivity of 100 millidegrees per cm. Spectra represent
the signal-averaged accumulation of ten scans. Baseline
spectra were recorded with pure liposomes and subtracted
from the spectra of peptide-containing liposomes. All
spectra were converted to mean residue ellipticity (0,,,),
and secondary structures were calculated using the CDNN/
PEPFIT algorithm that is based on a user-defined set of
peptide-based reference spectra (Poschner et al. 2007).

FTIR spectroscopy

Thin stacks of oriented bilayers were prepared on an
attenuated total reflection—internal reflection element
(ATR-IRE) by lipid spreading and solvent evaporation as
described (Seul and Sammon 1990). A mixture of synthetic
DOPS, DOPE, and POPC at a 3:1:1 (w/w/w) ratio was
used. About 100 pg Lipid, with 1 mol% peptide were
spread from a solution of trifluoroethanol (TFE)/chloro-
form 1:1 on the 48 x 20 mm” and 52 x 20 mm® sides
of a trapezoid germanium 25 internal reflection element
(52 x 20 x 2 mm®). After solvent evaporation, the sample
films were vacuum-dried for at least 1 h.

Dry films were rehydrated in a stream of water-vapor-
saturated nitrogen (~85% relative humidity). Extinction
spectra were recorded after spectrum stability reached
instrumental noise level. Experimental control by analysis
of the dichroitic ratio of the lipid ester C = O vibration
band at 1,735 cm™" according to (Bechinger et al. 1999)
yielded formation of five bilayers on average, as expected
for the used amount of lipid. Samples were analyzed in a

Bruker IFS66 FTIR spectrometer equipped with a vertical
25 internal reflection ATR setup (Specac) (45° incidence
angle) and liquid nitrogen cooled MCT detector. About 256
interferograms were acquired for each single channel
spectrum. Interferogram acquisition was double-sided with
forward and backward mirror movement. Spectra were
recorded with 2 cm™' resolution and a factor four zero-
filling, resulting in 1 datapoint each 0.32 cm™'. Reference
for an absorbance spectrum was the same blank internal
reflection element (IRE) under identical conditions. Spectra
were measured without and with KRS5 IR-polarizer set on
0° and 90° polarization toward the IRE surface. Bacterio-
rhodopsin (bR) control samples were analyzed with a
Bruker IFS88 equipped with a 9 internal reflection pATR
(Senslr, Smiths Detection, Smiths Group plc.) and a KRS-5
polarizer. About 2.5 ng Purple membrane suspension was
adsorbed to the IRE surface by solvent evaporation.
Unbound material was removed by rinsing with 2 ml H,O.
Spectra were measured as described before. Correction of
water vapor, lipid, and bound liquid water contributions to
the amide-I-region was carried out with spectra of water
vapor as described (Goormaghtigh and Ruysschaert 1994)
and of pure lipids identically prepared and hydrated, scaled
with the lipid-ester vibration at ~ 1,735 cm ™, accordingly.
Spectra were smoothed by Fourier self-deconvolution as
low-pass filter gating at 4 cm™'. The conformation sensi-
tive amide I band which represents backbone C = O
stretching vibrations was decomposed into cauchy-curves
for secondary structure quantification (Goormaghtigh et al.
1994). The relation of the component integrals to the
overall amide I integral represented the secondary structure
fraction assigned to its position. Identical initialization
parameters for the numerical curve fitting procedure [band
position, full width at half height (FWHH), band shape,
number of bands and all parameter borders] for the whole
series of spectra of one peptide increased the method’s
sensitivity for structural alterations (Ollesch et al. 2007).
Initial component band intensities, overall baseline level,
and tilt were automatically set for each amide I band. It was
taken care to avoid overfitting and resulting parameters
sticking to fitting boundaries. Bands were assigned to
secondary structure depending on the position as com-
monly found in literature (Arrondo et al. 1993; Bandekar
1992; Byler and Susi 1986; Krimm and Bandekar 1986;
Surewicz and Mantsch 1990; Surewicz et al. 1993). Ori-
entational analysis of the o«-helical peptide parts was
performed using linear dichroism according to (Bechinger
et al. 1999). We calculated the dichroitic ratio R from
integrals of the a-helical components A, determined with
curve fits of spectra obtained with IR radiation polarized 0°
or 90° to the IRE surface. The dichroitic ratio for systems
of uniaxial symmetry (Harrick 1967) defines the system
order parameter S via R = A,(90°)/A,(0°) = Ef/E§ + EY
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E%[l + 35/(1—S)], with the squared electric field intensities
E)%, E\Z,7 and E% Those are dependent on refractive indices
of the IRE (4.0 for germanium), the lipid film (1.44) and
the surrounding medium (nitrogen, 1.0), and were derived
from thin film approximation (Goormaghtigh and Ruys-
chaert 1990). For the bR control, the sample refractive
index had to be 1.7 to satisfy the high protein/lipid ratio of
the purple membrane. The sample thickness demanded the
use of the thick film approximation. The coordinate system
was defined as a cartesian with x in plane of the IRE in
direction of transmittance, y perpendicular in the IRE
plane, and z perpendicular to both, thus perpendicular to
the IRE surface.

S describes the observable order parameter of the sys-
tem, which is interpreted as tilt of the sample of an angle 6
from the IRE normal with S = (3 cos?0—1)/2.

The observed order parameter S can further be inter-
preted as a product of three system specific components S,
Sg, and §,. These are S,, describing the mean angle of
deviation of the membrane normal to the IRE normal o, S B
defining the mean angle of the peptide helix axis from the
membrane normal f, and S,, which represents the mean
angle of the dipole moment from the helix axis ). Hence,
the desired tilt angle f was calculated from Sy = S/S,/S,,
and B = [arccos((2Sg + D/3)Y2. S, was estimated as 1
(Zhang et al. 1995) due to similar preparation conditions.
While a range of angles up to 40° has been reported
(Tatulian 2003), y was previously determined to be 27° for
bR (Rothschild 1979). This is a membrane protein. All of
its o-helices span the lipid bilayer. Therefore, we consid-
ered y = 27° as appropriate approximation for our trans-
membrane peptides.

Preparation of giant unilamellar vesicles for confocal
laser scanning microscopy

Giant unilamellar vesicles (GUVs) were prepared by the
electroformation method (Angelova et al. 1992). In short,
lipid mixtures of POPC, DOPE, and DOPS at a ratio of
3:1:1 (w/w/w) were made from stock solutions in chloro-
form. About 45 nmol of lipids were dissolved in 140 pl
chloroform (final concentration of 0.25 mg ml™") along
with 1 mol% of L-a-phosphatidylethanolamine-N-(liss-
amine rhodamine B sulfonyl) (N-Rh-PE) or 1,2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,
3-benzoxadiazol-4-yl) (N-NBD-PE) or 1-palmitoyl-2-[6-
[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-
glycero-3-phosphocholine (C6-NBD-PC) (all from Avanti
Polar Lipids) and/or 1 mol% of Rh-LLV16 and Rh-LV16-
GP, respectively, both dissolved in trifluoroethanol. This
lipid/peptide solution was spotted in little droplets onto two
ITO slides, which were heated during the procedure on a
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heating plate at about 50°C to facilitate solvent evaporation
and to achieve a homogeneous distribution of the lipid film.
ITO slides were exposed to high vacuum for 1.5 h for
complete evaporation of the solvent. Lipid-coated slides
were assembled with a 1 mm Teflon spacer. The chamber
was filled with ~1 ml swelling buffer (250 mM sucrose,
15 mM NaN3) with an osmolarity of 280 mOsm kg~ ' and
sealed with plasticine. An alternating electrical field rising
from 0.02 to 1.1 V in the first 30 min with a frequency of
10 Hz was applied overnight at room temperature followed
by 0.5 hof 4 Hz and 1.3 V to detach the formed liposomes.
GUVs were stored at room temperature, shielded from light
and used within the next days. To investigate lateral distri-
bution of the peptides, suspensions of GUVs containing
peptide and C6-NBD-PC were added to glucose buffer
(250 mM glucose, 11.6 mM potassium phosphate, pH 7.2)
with an osmolarity of 300 mOsm kg™ " at a ratio of 1:1-1:3.
Prior to microscopy, GUVs were given some minutes to
settle down on a coverslip. Confocal images of the equatorial
plane of the GUV were taken with an inverted confocal laser
scanning microscope (FV1000, Olympus, Tokyo, Japan)
with a 60x (N.A. 1.35) oil-immersion objective at room
temperature. The red rhodamine-fluorescence and the green
NBD-fluorescence were excited with the 543 nm laser line
of a HeNe laser (Melles Girot) and the 488 nm laser line of an
Ar-ion laser (Melles Girot), respectively. The emissions of
rhodamine and NBD were recorded between 569 and
669 nm and between 500 and 510 nm, respectively.

To investigate GUV-GUYV fusion mediated by the pep-
tides, GUVs containing either peptide were mixed with N-
NBD-PE-labeled GUVs and incubated in the presence of
2 mM CaCl, at RT or at 37°C in the absence of CaCl, for
2 h. Upon incubation, the GUVs were imaged as described
above.

Results

Secondary structure of LV-peptides in liposomal
membranes depends on primary structure

Figure 1 shows the LV-peptide sequences investigated here.
The peptides are composed of a variable hydrophobic core
that is flanked by Lys triplets, and a Trp residue is included
for quantification. First, we investigated their secondary
structures in liposomes, i.e., under conditions where their
fusogenicities have previously been examined. Accordingly,
peptides L16, LLV16,LV16, VVL16, and LV16-G8P9 were
incorporated at a peptide/lipid (P/L) ratio of ~0.01 into
liposomal membranes made by sonication of hydrated lipid/
peptide mixtures (Hofmann et al. 2004). The membranes
are composed of palmitoyl-oleoyl-phosphatidylcholine
(POPC), di-oleoyl-phosphatidylethanolamine (DOPE), and
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di-oleoyl-phosphatidylserine (DOPS) (3:1:1). These syn-
thetic lipids exhibit substantially less background signal in
spectroscopy than the natural lipid mixture used in previous
fusion experiments (Hofmann et al. 2004). Yet, they support
LV-peptide mediated liposome fusion as efficiently as the
natural mixture (our unpublished results). Flotation of the
liposomes in sucrose gradients confirmed that peptides were
quantitatively associated with lipid since free peptides
located at the bottom of the gradients were below detectable
levels (results not shown). CD spectra were recorded from
these liposomes, corrected for background spectra recorded
with pure liposomes, and converted to molar ellipticities
based on the experimentally determined peptide concentra-
tions. The results shown in Fig. 2 a reveal that L16, LLV16,
and LV16 give rise to spectra with double minima at 208 and
222 nm that are typical of a-helices. In contrast, the LV16-
G8P9 spectrum is characterized by a single minimum at
218 nm that is diagnostic of -sheet. The VVLI16 spectrum
has an intermediate line shape. The spectra were evaluated
using an algorithm that is based on a set of peptide reference
spectra (Poschner et al. 2007) in terms of percentage «-helix,
p-sheet, turn, and random coil contents. L16, LLV16, and
LV16 peptides display ~70-80% of o-helical structure. In
contrast, VVL16 is only ~50% «-helical and helicity drops
to ~20% with LV16-G8P9. Non-helical secondary structure
is mainly accounted for by f-sheet (Fig. 2b, Table 1). Turn
and random coil structures account for only 3—12% of the
secondary structure. Comparing the secondary structure
contents to the previously determined fusogenicities
(Fig. 2b) reveals that increasing fusogenicity is related to
decreasing helix/sheet ratios. This is most pronounced with
our most fusogenic variant, LV16-G8P9 that is characterized
by predominantly f-sheet structure.

To examine whether peptide structure changes upon
fusing the liposomes, liposomes containing L16, LLV16,
LV16, or LV16-G8P9 were incubated for 3 h at 37°C
where extensive liposome fusion is known to occur (Hof-
mann et al. 2004). Comparing secondary structures before
and after fusion did not reveal significant changes (results
not shown). Thus, the distribution of secondary structures
appears to be stable.

Lleo KKKWLLLLLLLLLLLLLLLLKKK
LLV16 KKKWLLVLLVLLVLLVLLVLKKK
LVle KKKWLVLVLVLVLVLVLVLVKKK
VVL KKKWVVLVVLVVLVVLVVLVKKK
V16 KKKWVVVVVVVVVVVVVVVVKKK

LV16-G8P9 KKKWLVLVLVLGPVLVLVLVKKK

Fig. 1 Sequences of LV-peptides. All hydrophobic core structures
are flanked by Lys-triplets. A Trp residue is incorporated for
quantification
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Fig. 2 Secondary structure of LV-peptides in liposomal membranes.
a Representative CD spectra of liposomes made of POPC : DOPE :
DOPS (3:1:1) containing L16, LLV16, LV16, VVLI16, or LV16-
G8P9 peptides at P/L ~0.01. All spectra were corrected for the
background signal generated by pure liposomes. b Secondary
structure contents of the liposome-bound peptides as determined by
deconvolution of CD spectral data. Only the contents in o-helix and f-
sheet are given, turn and random coil structures collectively account
for 3-12% of secondary structure. The values represent mean £+ SD
from four independent experiments. To compare secondary structures
with the previously determined fusogenicities, we also plotted a
dimensionless measure of fusogenicity. This measure is defined as the
slope of the dependence of fusion extent after 1 h on the experimen-
tally determined P/L-ratio and corrects for slightly different
reconstitution efficiencies of our peptides (Hofmann et al. 2004)

Alternative to peptide integration during liposome for-
mation, the secondary structures of some peptides (L16,
LV16, and LV16-G8P9) were determined after adding
them from solutions in acetonitrile to preformed liposomes
[final acetonitrile concentration <1% (v/v)]. Separating
liposomes with bound peptides from unbound peptides by
sucrose gradient centrifugation confirmed that the added
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Table 1 Secondary structures of membrane-embedded peptides

Peptide Liposomes® Planar bilayers”
o-Helix p-Sheet o-Helix R° (o) p-Sheet Turn Random coil
Total Parallel Antiparallel

L16 79 5 69 1.52 37° 22 14 8 5 4
LLV16 79 12 30 1.64 33° 13 11 2 34 23
LVi6 69 21 29 1.60 34° 56 51 5 7 8
VVLI16 49 42 22 2.07 22° 50 49 1 11 16
V16 n.d! n.d. 5 4.01 n.d.® 73 41 32 10 11
LV16-G8P9 16 83 7 1.49 38° 54 26 28 21 17

# Secondary structure contents in liposomal membranes were determined by CD spectroscopy. Contents in turn and random coil are not given

here since they accounted for <12% of total secondary structures
b

¢ Dichroitic ratio of o-helix assigned bands
c

¢ n.d not determined

peptides were quantitatively associated with the liposomes.
While L16 is still largely (~80%) «-helical under these
conditions, LV16 folds into ~25% o-helix, ~35% p-
sheet, ~23% random coil, and ~17% f-turn. LV16-G8P9
exhibited approximately equal amounts of f-sheet and
random coil (~45%, each) plus very small contents of
o-helix and fS-turn. The discrepancy between these results
(data not shown) and those obtained with the co-reconsti-
tution method suggest that helix and sheet structures
displayed by the membrane-bound LV16 and LV16-G8P9
peptides are not at equilibrium. Rather, it appears that
addition from solution results in a larger proportion of
p-sheet than co-reconstitution, especially with the more
flexible sequences.

We conclude that increased fusogenicity is compatible
with a predominantly o-helical state up to LV16 while a
further increase of the Val content or introduction of a Gly/
Pro pair tips the balance toward f-sheet formation.

LV-peptides distribute homogenously and fuse giant
unilamellar liposomes

Here, we first studied the lateral distribution of peptides in
the membrane. To this end, rhodamine-tagged peptides
Rh-LLV16 (low fusogenicity) or Rh-LV16-G8P9 (high
fusogenicity) were incorporated at a P/L-ratio of ~0.01
together with the lipidic fluorophore C6-NBD-PC into
giant unilamellar vesicles (GUVs) and visualized by fluo-
rescence microscopy. A homogenous lateral distribution is
found for Rh-LLV16 (Fig. 3a) and for Rh-LV16-GP (not
shown) although both peptides exhibit vastly different
secondary structures (see: Fig. 2). The distribution of the
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Secondary structure contents in planar bilayers as determined by FTIR spectroscopy

® Denotes the average tilt angle of the a-helix relative to the bilayer normal

lipidic fluorophore C6-NBD-PC was examined for control
(Fig. 3a). The homogenous distributions of both, peptides
and lipid, indicate the absence of lipid microdomains in the
GUV membranes at the scale of the observation.

To investigate potential GUV-GUV fusion, GUVs with
rhodamine-tagged peptides were mixed with N-NBD-PE-
labeled GUVs and incubated at room temperature. Figure 3
shows a galery of GUVs that exhibit colocalization of
N-NBD-PE and Rh-LLV16 (Fig. 3b) or Rh-LV16-GP
(Fig. 3c). The co-staining of GUVs by peptides and
N-NBD-PE indicate their previous fusion. In the absence of
peptides, fusion between N-Rh-PE GUVs and N-NBD-PE
GUVs was only rarely observed.

The o-helices of aliphatic LV-peptides span planar
bilayers at oblique angles

Secondary structures and transmembrane orientation of
LV-peptides were also examined in planar bilayers com-
posed of the same lipids as the liposomes. To this end, we
analyzed stacked oriented hydrated bilayers containing the
peptides at P/L ~0.01 on the surface of an internal
reflection element (IRE) with ATR-FTIR spectroscopy.
The following results were obtained by decomposition of
the conformation-sensitive amide I extinction band
between 1,700 and 1,600 cm™! (Fig. 4, Table 1): The L16
amide I band is dominated by a component at 1,656 cm™"
that is diagnostic for a-helical structure. Deconvolution of
the spectral envelope revealed that the helix accounts for
69% of total secondary structure. The remaining structure
corresponds to parallel and antiparallel f-sheet, f-turn, and
random coil. The LLV16 spectrum indicated only 30%
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Distribution of Rh-LLV16 and C6-NBD-PE

rhodamine

GUV fusion mediated by Rh-LLV16

overlay

NBD

rhodamine

GUV fusion mediated by Rh-L\V16-G8P9

overlay

rhodamine

<« Fig. 3 Distribution and fusogenic activity of LV-peptides in

membranes of Giant Unilamellar Vesicles. a GUVs (POPC : DOPE :

DOPS at a 3:1:1 ratio) containing Rh-LLV16 at P/L ~0.01
(visualized by detecting rhodamine fluorescence in the left panel)
and 1 mol% C6-NBD-PC (visualized by detecting NBD fluorescence
in the right panel) show a homogeneous distribution of peptide and
C6-NBD-PC. b, ¢ GUVs containing either Rh-LLV16 (b) or Rh-
LV16-G8P9 (c¢) at P/L =0.01 were incubated with N-NBD-PE
(1 mol%) labeled GUVs (see main text). Detection of GUVs that
exhibit both rhodamine and NBD fluorescence indicates successful
fusion. Bar = 10 pm

o-helix, while turn and random coil structures were more
prevalent. LV16 and VVLI16 gave 29 and 22% «-helix,
respectively. Now, parallel f-sheet conformation, as
reflected by the band at 1,630 cm_l, becomes the domi-
nating structural element. LV16-G8P9 behaves very
differently. Here, the «-helical component is of very low
intensity (7%); at the same time, antiparallel and parallel -
sheet structures were equally abundant. We also investi-
gated an oligo-Val (V16) peptide. This sequence forms
mainly fi-sheet (73%) where parallel strand orientation is
slightly more prevalent than the antiparallel one (spectrum
not shown). Figure 4 F represents a bar diagram for easy
comparison of the results.

The orientation of the o-helices in the membrane was
determined by exploitation of their dichroitic effects as
measured with polarized IR light. After decomposition of
amide I bands measured with infrared light that was
polarized in parallel or perpendicular to the IRE plane,
dichroitic ratios of the components assigned to «-helices
were used to calculate the mean helix angle relative to the
membrane normal. The results revealed that most helices
adopted oblique angles ranging from 34° to 38° relative to
the bilayer normal (Fig. 5, Table 1). The VVL16 helix
appeared to be less tilted (22°) for reasons that are not
clear. The minor helical fraction of V16 did not exhibit
sufficient absorption to allow determination of the insertion
angle. In control experiments with bR in native purple
membranes (Fig. 5), our experimental approach yielded an
average tilt angle of 15° of the TMDs relative to the
membrane normal which is close to their mean angle
derived from X-ray crystallography (12.4°) (PDB code
1QHYJ). The Schiff base of bR was used as reference plane
for the membrane in the crystal structure. Unfortunately,
data quality was insufficient to satisfactorily analyze the
orientation of the f-strand fractions of the peptides. The
extinction of the peptides in the few stacked bilayers was
too weak in the amide II region to interpret dichroitic
effects according to ref (Marsh 1997).

We conclude that (a) increasing the Val content of the
core strongly decreases the helix/sheet ratio of the peptides
in planar bilayers and that (b) the o-helical populations
traverse the lipid bilayer at oblique angles.
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Discussion

The main objective of the present study was to reveal the
secondary structure of LV-peptides in membranes. In
small unilamellar vesicular (SUV) membranes, i.e., under
conditions of the standard fusion assay, we find that
successively increasing the Val/Leu ratio of the peptides
largely maintains o-helicity of L16, LLV16, and LV16
peptides. In contrast, VVL16 and LV16-G8P9 exhibit
strongly decreased helix/sheet ratios. In oriented planar
bilayers, a more pronounced decrease in the helix/sheet
ratio is seen upon introducing Val. Again, a further drop
in helicity is seen with LV16-G8P9 which is largely
compensated for by increased turn formation. The sec-
ondary structure of V16 is dominated by f-sheet. V16
cannot be analyzed in liposomes due to its very low
reconstitution efficiency (Hofmann et al. 2004). Although
there is a similar trend in the dependence of secondary
structure preference on the core sequence in both mem-
brane systems, LLV16, LV16, and VVLI6, i.., those

peptides with intermediate fusogenicities, exhibit lower
helix/sheet ratios in planar bilayers compared to lipo-
somes. On the other hand, L16 and LV16-G8P9 behave
similarly in liposomes and bilayers. These peptides
exhibit the lowest and highest fusogenicities, respectively.
It thus appears that the secondary structures of peptides of
very low (L16) or very high (LV16-G8P9) fusogenicity
are rather independent of the type of membrane system
while peptides with intermediate fusogenicity (LLV16,
LV16, and VVL16) may express conformational prefer-
ences that may depend on the method of sample
preparation, on membrane curvature, and/or on the degree
of membrane hydration.

One may argue that the ability of our LV-peptides to
fuse sonicated SUVs depends on the high curvature stress
of these membranes. Our present results, however, show
that two exemplary rthodamine-tagged variants are capable
of driving GUV-GUYV fusion, too. Although the efficiency
of peptide-driven GUV-GUYV fusion is difficult to compare
quantitatively to the efficiency of SUV-SUV fusion, this

Fig. 4 Secondary structure of
LV-peptides in planar A
membranes a—e. FTIR-spectra
of LV-peptides in thin hydrated
membrane stacks of

POPC : DOPE : DOPS (3:1:1).
Amide I band decomposition
reveals that L16 (a) is mainly
a-helical while LLV16 (b) has
significant contents of fS-turn
and random coil. LV16 (c) and
VVLI16 (d) are characterized by

L16

— — — UM

amide |
a-helix
p-sheet
B-turn
random coil

a dominating parallel f-sheet
component while the band
shape of LV16-G8P9 (e)
indicates an additional high-
frequency component assigned
to antiparallel f-sheet. The
spectral envelopes are
represented by continuous gray
lines while the respective sum
of fitted components
corresponds to the broken lines.
f Graphic representation of
secondary structure fractions as
given in Table 1. f-Sheet
contents represent the sum of
parallel and antiparallel sheet
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Fig. 5 Orientation of membrane-embedded peptides. Polarized
amide I band envelopes (thin gray lines) and their components
assigned to a-helix (bold black lines) indicate non-isotropic helix
orientation. a—c Peptide helix tilt angles toward the membrane normal
(a: L16, 37°; b: LLV16, 33° c: LV16, 34°) were calculated from
dichroitic ratios of the integrated component areas. d Control
experiment showing that the o-helices of bacteriorhodopsin in purple
membranes (bR PM) adopt an average tilt angle of 15° relative to the
membrane normal. Two helix-assigned components were necessary
for reliable band decomposition of the bacteriorhodopsin amide I
band. The dichroitic ratio was calculated as relation of the summed
integrals of both components

demonstrates the principal ability of LV-peptides to facil-
itate complete mixing of low-curvature bilayers.

In principle, the spectroscopic data obtained with the
different membrane systems are consistent with the exis-
tence of peptides that are partially o-helical and partially
p-sheet/disordered as recently shown for the hydrophobic
fusion domain of human immunodeficiency virus in
micelles (Li and Tamm 2007). Unlike this natural
sequence, our LV-peptides have symmetric sequences and
are thus unlikely to insert into the bilayer in a partially
helical conformation. We therefore favor the idea that
LV-peptides form distinct populations that fold into the
different conformations determined experimentally.

A deliberate effort to distinguish between parallel and
anti-parallel f-sheets by FTIR spectroscopy suggests that
the f-strands of LV16-G8P9 assume equally frequent
parallel and anti-parallel orientations. Although the bands
signifying antiparallel sheet and turn overlap, this peptide
also appears to exhibit a large fraction of turn structure.
This suggests that the peptide backbone forms a turn at the
central Gly/Pro pair and folds back upon itself. This hairpin
structure may self-assemble to larger aggregates at a sub-
microscopic level via intermolecular parallel chain-chain
interactions. V16, the only other peptide with significant
anti-parallel f-sheet structure has a much lower apparent

turn content and thus may predominantly self-associate by
way of straight fS-strands.

The rank order of peptides in terms of increasing sheet/
helix ratio roughly reflects the rank order of fusogenicity
determined previously (Hofmann et al. 2004). How is the
sheet/helix ratio mechanistically related to fusogenicity? In
principle, bilayer mixing could be elicited by the o-helix,
the f-sheet, or by dynamically interconverting secondary
structures. For the following reasons we consider dynamic
interconversion as unlikely. First, transition from o-helix to
p-sheet and vice versa is likely to require transient
unfolding and thus exposure of peptide backbone carbonyl
and amide groups. As exposure of the hydrogen—bond
donors and acceptors within the apolar bilayer is energet-
ically unfavorable, helix/sheet transitions are unlikely to
occur in membranes unless the transition proceeds without
an unfolded intermediate structure. Second, if membrane-
bound helix and sheet structures were dynamically inter-
converting, addition of peptides to preformed liposomes
should result in the same helix/sheet ratio as with co-
reconstitution. At least with both fusogenic peptides tested
(LV16 and LV16-G8P9) this was clearly not the case as
addition of these peptides to liposomes resulted in signifi-
cantly less helix and more sheet and random coil structures
than co-reconstitution with lipids. We thus propose that the
different secondary structures are kinetically stable in the
membrane. Further, the helix/sheet ratios do not change
upon prolonged incubation or fusion of liposomes. Thus,
these ratios are thought to reflect the probability by which a
given peptide folds into a-helix or f-sheet at the time of
membrane formation.

If fusion is not induced by rapidly interconverting
helices and sheets, the question is whether the fusogenic
conformation corresponds to o-helix or to [-sheet. At
present, we cannot answer this question with certainty.
Since L16, LLV16, and LV16 are mainly o-helical in
liposomal membranes we consider it likely that a
membrane-spanning o-helix represent the fusogenic con-
formation of an LV-peptide with an aliphatic core.
Fusogenicity of the helix may require a flexible backbone
that fluctuates around its idealized conformation in the lipid
membrane. The frequency of these hypothesized fluctua-
tions, and by implication the extent of fusogenicity, may
depend on the content in Val whose f-branched side-chain
disfavors the helical conformation (Chellgren and Creamer
2006). This proposition is in line with the recent finding
that the conformationally flexible human immunodefi-
ciency virus gp41 fusion peptide gp41 induces lipid mixing
at concentrations that support the o-helical, but not the
p-strand, conformation (Li and Tamm 2007).

Previously, the fusogenicity of various membrane-
associated a-helical peptides has been related to their
ability to adopt oblique angles within the bilayer which is
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thought to disrupt lipid packing (Brasseur 2000). In case of
our model peptides, however, tilt angles and fusogenicity
are not correlated and an oblique orientation per se is thus
unlikely to elicit membrane fusion.

A fusogenic a-helical conformation of aliphatic
LV-peptides (LLV16 to VVLI16) is consistent with the
o-helicity of natural fusion protein TMDs (Bowen and
Brunger 2006; Xu et al. 2005; Zhang and Shin 2006). One
interesting result of the present study is that the Val content
(50%) of the LV16 core, that is still mainly «-helical in
liposomal membranes, matches the combined content of
Val plus Ile (~50%) of SNARE TMDs (Langosch et al.
2001b). On the other hand, unrelated TMDs contain only
~25% of both f-branched amino acids (Arkin and Briinger
1998). One may speculate, therefore, that 50% is close to
the maximal content of ff-branched amino acids that allows
for formation of a membrane-spanning o-helix.

Conformational flexibility may also be relevant for the
function of natural fusion protein TMDs. For example, the
TMD of influenza hemagglutinin showed relatively rapid
amide hydrogen exchange. Although the exchange kinetics
were tentatively attributed to pore formation by this TMD
(Tatulian and Tamm 2000) this observation is equally
consistent with significant structural dynamics of the helix.
In case of the yeast SNARE Ssolp, electron paramagnetic
resonance spectra indicated increased dynamics of the C-
terminal half of the a-helical TMD (Zhang and Shin 2006).
One may therefore speculate that restricted conformational
flexibility is shared by LV-peptides and the TMDs of
natural fusogenic proteins.

Insertion of a Gly/Pro pair into the LV-helix, like in
LV16-G8P9, further increases fusogenicity. In this case,
however, f-sheet, turn, and random coil account for the
major secondary structures with only little «-helix
remaining. The turn may separate short f-strand and/or
o-helical domains resulting in an hairpin structure. Lipid
mixing induced by LV16-P8G9 may thus be related to
p-sheet formation as proposed for a number of flexible
fusogenic amphipathic peptides of natural origin (Nieva
et al. 1994; Yang et al. 2004) (Muga et al. 1994) (Dupie-
reux et al. 2005).
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