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Membrane fusion, one of the most fundamental processes in
life, occurs when two separate lipid membranes merge into a
single continuous bilayer.'! This process is triggered by the
specific action of fusion proteins like SNARE proteins
(soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor) in the case of synaptic transmission.?! In order
to promote exocytotic fusion of synaptic vesicles in presy-
naptic nerve endings, a coiled-coil four-helix bundle is formed
between two SNARE proteins residing in the plasma
membrane (syntaxin-1A and SNAP-25) and a SNARE
protein residing in the membrane of synaptic vesicles
(synaptobrevin or VAMP), which brings the two merging
membranes into close proximity."! However, the precise
mechanism by which SNARE proteins execute the merger of
the lipid bilayers is still unclear.”! In particular, questions
remain concerning the exact role of the transmembrane
domains of synaptobrevin (Syb) and syntaxin-1A (Sx). It is
not sufficient just to pin two bilayers together; an anchor such
as a long lipid chain or a natural transmembrane domain
(TMD) is required for effective fusion.! In the case of SUVs
(small unilamellar vesicles) vesicle—vesicle fusion is induced
in a sequence-specific manner already by a single TMD
peptide of synaptic SNAREF! and also by a G-protein of the
vesicular stomatitis virus.*”) Furthermore, the crystal struc-
ture of the neuronal SNARE complex shows interactions
between both the linkers and the TMDs in the fully assembled
complex, supporting the view that these interactions promote
the final steps of the fusion reaction.[’! To shed light on the
role of membrane apposition and the transmembrane
domains of fusion proteins, fusion experiments have been
carried out using vesicles reconstituted with fusion proteins.”’
In addition, artificial model systems have been created that
mimic the function of SNAREs in fusion reactions in
vitro.'" 1% Artificial SNARE analogues have the advantage
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of simplifying the complex SNARE assembly reaction such
that systematic structural variations and system compositions
can be used to study the influence of each segment on the
fusion process.

Herein we report on a novel SNARE-mimetic system
consisting of hybrids between the TMD/linker segments from
natural membrane-bound SNARE proteins and peptide
nucleic acid (PNA) recognition motifs (Figure 1). With
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Figure 1. Simplified PNA/peptide model systems containing the native
linker (light blue/gray) and TMD sequences of synaptobrevin (Syb,
violet) and syntaxin-1A (Sx, orange). PNA oligomers were introduced
as artificial recognition motifs providing a) a model with antiparallel
(PNAT (blue) with PNA2 (green)) orientation of the interacting strands
and b) a model with parallel strand orientation (PNAT (blue) with
PNA3 (red)). c) Respective PNA/peptide sequences using the same
color code for TMD, linker, and PNA units.

respect to the SNARE fusion mechanism, the TMD/PNA
model systems can be used to define the orientation in which
the recognition motifs dimerize; in this way, an artificial
SNARE complex can be created that assembles either in a
parallel or antiparallel orientation. Furthermore, we com-
pared the efficiency of membrane fusion using identical (both
derived from Sx) or different TMD units (derived from Syb
and Sx). Finally, with the TMD/PNA SNARE analogue it is
possible to capture the hemifusion state preceding the full
membrane fusion.

In the design of the novel SNARE-analogous TMD/PNA
hybrid, the TMD/linker domain was based on the native
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peptide sequences of Syb and Sx, whereas the SNARE
recognition motif was replaced by PNA oligomers. PNA
oligomers form stable and well-defined double-stranded
nucleobase recognition complexes.!'"”’ The PNA recognition
motif resembles the double-stranded DNA already used in a
SNARE analogue." Nevertheless, PNA oligomers offer the
advantage of the sequence-dependent formation of antipar-
allel as well as parallel duplexes with high thermal stability,
sequence selectivity, an noncharged backbone, and protease
resistance.'¥ The peptide sequences for the peptide/PNA
oligomers were synthesized by automated microwave-assisted
solid-phase peptide synthesis (SPPS) for the peptide sequen-
ces following the 9-fluorenylmethoxycarbonyl (Fmoc) proto-
col, and manual SPPS was used for the extension of the
oligomers with the PNA sequences (see the Supporting
Information).

The sequences for the PNA recognition unit were chosen
so that the duplexes form selectively in an antiparallel and a
parallel manner with reasonable stability. PNA1 (gtagatcact)
formed an antiparallel pairing complex with PNA2 (agtgatc-
tac) with 7,=70°C and a parallel duplex with PNA3
(catctagtga) with 7,,,=46°C (for both measurements: 4 um,
100 mm NaCl, 1 mm EDTA, 20 mm HEPES, pH 7.4; EDTA =
ethylenediamine tetraacetic acid, HEPES =2-(4-(2-hydrox-
yethyl)-1-piperazinyl)ethanesulfonic acid).l'” The C-terminal
extension of the PNA sequences with the linker peptides of
Syb and Sx was shown by temperature-dependent UV
spectroscopy to have only negligible influence on the thermal
stability (see Figure S1 in the Supporting Information).

Fusion experiments were performed using vesicles with a
hydrodynamic diameter of (100 £ 20) nm, as determined by
dynamic light scattering (the preparation is described in the
Supporting Information).'” In the first assay the efficiency of
lipid mixing was determined by using a standard dequenching
assay based on fluorescence resonance energy transfer
(FRET).”" Vesicles containing PNA1-SypTMD were pre-
pared with nitrobenzofuran (NBD) incorporated as a donor
dye and lissamine rhodamine (Rh) as an acceptor dye, both of
which were attached to the head group of the 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) lipid. Fusion with a vesi-
cle that carries no fluorophore resulted in lipid mixing and an
extension of donor—acceptor distance, as indicated by a lower
FRET efficiency and increased donor emission (Figure 2a).
Indeed, upon mixing of vesicles containing either PNA2-
SxTMD or PNA3-SxTMD with vesicles containing PNA1-
SybTMD (for conditions, see the Supporting Information), a
significant increase in NBD emission was observed. The lipid
mixing for PNA oligomers with a parallel orientation (PNA1/
PNA3) was more efficient than that for antiparallel pairing
PNA oligomers (PNA1/PNA2). The preference for the
parallel arrangement of recognition units is in agreement
with the orientation in the formation of the native SNARE
complex. In a control experiment with vesicles containing
PNA1-SXTMD, an increase in NBD emission was not
observed, since PNA1 is not self-complementary with respect
to duplex formation.

Bilayer fusion requires the merger of both the inner and
the outer lipid leaflet of a membrane. In order to evaluate
whether mixing of the inner leaflet takes place, the lipid-
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Figure 2. Lipid mixing in the outer and inner leaflets for vesicles
containing TMD/PNA constructs. a) Total lipid mixing: NBD/Rh-
labeled vesicles containing PNAT-SybTMD were mixed with unlabeled
vesicles containing PNA1-SXTMD (control experiment, A), PNA2-
SXTMD (antiparallel orientation, @), and PNA3-SxTMD (parallel orien-
tation, m). b) Lipid mixing in the inner leaflet: NBD/Rh-labeled vesicles
containing PNA1-SybTMD were treated with sodium dithionite and
purified by size-exclusion chromatography before they were subjected
to a lipid-mixing experiment like that described in (a). Inset: NBD
intensity upon addition of sodium dithionite (1) and complete
elimination of fluorescence after destruction of the vesicles with 0.1%
TritonX-100 (2). c) Content mixing for vesicles containing TMD/PNA
constructs: Vesicles containing PNA1-SybTMD with encapsulated SRB
were mixed with unlabeled vesicles containing PNA1-SXTMD (control
experiment, A), PNA2-SxTMD (antiparallel orientation, @), PNA3-
SXTMD (parallel orientation, m), and with unlabeled vesicles without
any constructs (leakage, A).

mixing experiments were repeated after treatment of the
vesicle with sodium dithionite (Figure 2b). NBD fluorescence
from the outer leaflet is selectively eliminated with sodium
dithionite,”"! while emission from the inner leaflet remains
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intact since sodium dithionite cannot penetrate the vesicle
membrane. A calculated 56% overall decrease of NBD
fluorescence for 100 nm vesicles was expected.” Indeed, in
our system we measured a fluorescence decrease of about
60% upon addition of sodium dithionite (Figure 2b). Effi-
cient lipid mixing, as indicated by FRET, was also observed
for vesicles pretreated with sodium dithionite for PNA
recognition motifs with both parallel and antiparallel orien-
tations (Figure 2b). This FRET effect requires the participa-
tion of the NBD fluorophores in the inner leaflet and thus
proves that not only the outer leaflets (hemifusion) but also
the inner leaflets had merged (full fusion). However, notably
the kinetics of total lipid mixing (Figure 2a) and lipid mixing
in the inner leaflet (Figure 2b) are different. It is conceivable
that in our model system the lipid mixing was at least partly
terminated at the stage of hemifusion such that only the outer
leaflets of the vesicles merged. Interestingly, the efficiency
and kinetics of lipid mixing in the inner leaflet proved to be
similar for both parallel and antiparallel orientations of PNA
duplex.

In order to support our hypothesis of partial hemifusion,
we performed content-mixing experiments (Figure 2¢). The
fluorescence self-quenching of sulforhodamine B (SRB) at
high concentrations (>10 mM) was used in content-mixing
experiments.’’] Two types of vesicles were prepared, one
containing the encapsulated SRB and another one not labeled
at all. Fusion of these vesicles was expected to lead to an
increase in fluorescence caused by dilution of SRB (Fig-
ure 2¢). Nevertheless, the efficiency of content mixing was
determined to be very low, and no difference between parallel
and antiparallel orientations of the PNA duplex was detected.
Thus, based on both lipid-mixing and content-mixing experi-
ments, it was concluded that synthesized TMD/PNA SNARE
mimics lead to partial termination of the fusion process on the
hemifusion stage.

The lipid-mixing experiments were further used to inves-
tigate the potential influence and participation of the TMDs
in the fusion process. TMD/PNA-mediated vesicle fusion was
examined by comparison of PNA recognition complexes with
two identical (both Sx) and two different TMDs (Sx and Syb).
If the TMD units contribute to the fusion process, a difference
in the efficiency should be recognized. Lipid-mixing experi-
ments were performed for the parallel (PNA1-SxTMD or
PNA1-SybTMD with the complementary PNA3-SxTMD;
Figure 3a) and the antiparallel recognition (PNA1-SxTMD
or PNA1-SybTMD with the complementary PNA2-SxTMD;
Figure 3b). Interestingly, for both orientations lipid mixing
when identical Sx TMDs were employed was less efficient
than with the natural Sx Syb TMD pair. Apparently, the TMD
not only functions as a membrane anchor, but also contributes
to the fusion process.

Addition of lysophosphatidylcholine (LPC) to the vesicle
membrane leads to spontaneous positive membrane curva-
ture, which inhibits the formation of the hemifusion inter-
mediate, and therefore, prevents membrane fusion in cells
and model systems.'*?** In a control experiment, TMD/
PNA-mediated vesicle fusion was carried out in the presence
of 5mol% LPC (Figure 3). Indeed, no lipid mixing was
observed in the presence of LPC.

Angew. Chem. Int. Ed. 2011, 50, 85978601

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0
A" International Edition

a) 20+
15 ...--._--'
man
an® oobo
. ..-l DDDDDDDDD
o, i an 0o®?
Fi% 10 au® goPfo
.'. DD:D
ul ao”
= gp°
51 I-DDD
-.I:ID
[ Toka
ED
0 4B RenebubkenbobRb R RERELESRREREECRER RS
0 200 400 600 800 1000 1200
ts —
b) 20-
15
oo
° TP N
Fi% 10 JCTL A *
o
.'...oo Oooooooooo o¢C
. oo
.... - OOODCO
51 ® 00000/3
. 0000
.' feYe}
0000
0 188994394944 94999999994999999949 949999494
0 200 400 600 800 1000 1200
ts —

Figure 3. Total lipid mixing for vesicles containing PNA/peptide con-
structs. Unlabeled vesicles were mixed with NBD/Rh-labeled vesicles.
a) Parallel orientation of PNA oligomers in PNA/peptide constructs:
PNA3-SXTMD/PNAT-SybTMD (m), PNA3-SXTMD/PNAT-SybTMD (»)
after treatment of labeled vesicles with 5% egg lysophosphatidylcho-
line (LPC); PNA3-SXTMD/PNAT-SXTMD (r1), PNA3-SxTMD/PNA1-
SXTMD (i) after treatment of labeled vesicles with 5% LPC; b) anti-
parallel orientation of PNA oligomers in PNA/peptide constructs:
PNA2-SXTMD/PNAT-SybTMD (@), PNA2-SXTMD/PNAT-SybTMD (<)
after treatment of labeled vesicles with 5% LPC; PNA2-SXTMD/PNA1-
SXTMD (0), PNA2-SXTMD/PNAT1-SxTMD (<)) after treatment of labeled
vesicles with 5% LPC. For details, see the Supporting Information.

The experiments described above show that both parallel
and antiparallel strand alignment causes fusion, with the
parallel orientation being somewhat more efficient. To shed
further light on the role of strand recognition, we took
advantage of the different melting temperatures of parallel
and antiparallel strands.'"”! Lipid-mixing experiments were
conducted at various temperatures, spanning the range
characteristic for PNA duplex formation to the formation of
single strands (Figure 4). At 25°C, where PNA1/PNA2 and
PNA1/PNA3 in both orientations form stable duplexes, we
observed higher lipid-mixing efficiency for the parallel
orientation, suggesting that this orientation is preferable for
inducing vesicle fusion. The lipid-mixing efficiency for both
types of PNA orientations becomes equal at 40°C, because
close to the melting temperature of 7, =46°C, the parallel-
orientated PNA duplex (PNA1/PNA3) is partially unpaired;
the stability of antiparallel-orientated PNA duplex (PNA1/
PNA2) remains almost intact (7, =70°C). At 60°C, lipid
mixing was detected only for the antiparallel orientation of
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Figure 4. Temperature-dependent lipid-mixing experiments. a) Melting curves for PNA duplexes with parallel (PNA1/PNA3, black curve) and
antiparallel (PNA1/PNA2, gray curve) orientations. NBD/Rh-labeled vesicles (PNA1-SybTMD) were mixed with unlabeled vesicles with PNAT1-
SXTMD (control experiment, A), PNA2-SXTMD (antiparallel orientation, @), and PNA3-SXTMD (parallel orientation, m). Lipid-mixing experiments
were performed at b) 25, c) 40, and d) 60°C. In general the lipid-mixing efficiency increases with higher temperature %!

PNA, while recognition with the potentially parallel PNA
orientation was not possible and unspecific lipid mixing was
observed. Thus, the lipid-mixing experiments carried out with
PNA/peptide SNARE analogues at various temperatures are
in good agreement with the stability of the corresponding
PNA duplexes; fusion requires PNA-PNA recognition and
can therefore be influenced by changing the temperature.

In conclusion, we have introduced a novel simplified
model for membrane fusion mediated by SNARE proteins.
For the transmembrane and linker domain the native peptide
sequence of the two membrane-linked SNARE proteins was
retained and they fused with the respective PNA recognition
motif. Owing to the complementarity of the PNA base pairs, it
was possible to investigate the fusion complexes with both
helices linked on the same and opposite sides of the
recognition motif. This system relies on only two strands
instead of the four a helices required for functional SNARE
complexes, which complicate the analysis of the final fusion
step because of the formation of partial complexes.” The
parallel SNARE-like orientation proved to be more effective
for fusion. Overall, the new PNA/peptide hybrids facilitate
fusion of vesicles dependent on the PNA base pair sequence
and on temperature. In particular, the content-mixing fusion
essay indicated the possibility of using the PNA/peptide
hybrids to generate a significant amount of vesicles at the
hemifusion stage. An interesting implication for understand-
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ing the mechanistic details of the SNARE fusion process was
derived from the higher fusion efficiency of constructs with
two different SNARE TMD units compared to that of PNA/
peptide constructs in which the same TMDs are used in both
constructs. Further insight in SNARE-mediated membrane
fusion can be expected derived from the new PNA/peptide
chimera; systematic modifications of the linker region, the
TMD, and the recognition unit are currently under inves-
tigation.
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