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A non-zipper-like tetrameric coiled coil promotes
membrane fusiont

Tingting Zheng,® Monica Bulacu,}® Geert Daudey,? Frank Versluis,® Jens Voskuhl,?
Giuliana Martelli,? Jan Raap,? G. J. Agur Sevink,© Alexander Kros*@
and Aimee L. Boyle*?

Two peptides, Coil-K and Coil-E, form a parallel heterodimeric coiled coil, CC-K/E, and have been shown to
promote membrane fusion. This article examines the effects of reversing the sequence of Coil-E (to yield
Coil-Er), on coiled-coil formation and membrane fusion. Coiled-coil assembly was studied using circular
spectroscopy, NMR, spectroscopy,
ultracentrifugation and computational simulations. Combined, the data show that Coil-K and Coil-Er

dichroism paramagnetic  proton fluorescence analytical
combine in a 1:1 ratio to form an antiparallel tetramer, reinforcing previous studies that show small
changes to peptide sequences strongly affect the stoichiometry and orientation of the resulting
assemblies. Cholesterol-modified Coil-K and Coil-Er variants were subsequently tested for their ability to
promote membrane fusion and the results were compared to the CC-K/E model system. Surprisingly, no

significant differences were found between the two systems, despite the Coil-K/Er complex being ‘non-

www.rsc.org/advances zipper-like'.

Introduction

Membrane fusion occurs in all living cells where it regulates
a variety of processes including fertilisation, viral infection, exocy-
tosis, and vesicle trafficking.** One of the most widely-studied
fusion systems involves SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins; these are
a large family of proteins primarily responsible for vesicle traf-
ficking and fusion.>” Whilst the exact mechanism of membrane
fusion has yet to be determined, it is widely accepted that there
are four steps: opposing membranes are brought into close
proximity; local disruption of the membrane at the site of
contact ensues; hemifusion, where outer membranes merge,
occurs; and pore formation, facilitating content transfer
between the two fused components, is the final result.®* SNARE
proteins are located on opposing membranes and, in the first
step of the fusion process, bind to form a tetrameric coiled-coil
bringing the opposing membranes into close contact and trig-
gering the fusion cascade.” In an effort to mimic this system,
and to increase the understanding of this complex process,
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numerous models for fusion have been created using a range of
molecules including DNA, peptides, and organic small mole-
cules as fusogens.'*** One such model system, developed in our
lab, takes inspiration from SNARE proteins and is based on the
interaction between two coiled-coil forming peptides Coil-K
([KIAALKE];) and Coil-E ([EIAALEK];). These two peptides are
designed to assemble into a parallel heterodimeric coiled
coil (CC-K/E).* Lipidated conjugates of Coil-K and Coil-E have
been synthesised and incorporated into liposomes and, upon
mixing, a parallel coiled coil is formed which forces the two
opposing liposome membranes into close proximity resulting
in fusion.?**

It has been postulated that, for fusion to occur, the fusogens
need to be aligned in a parallel orientation allowing them to
‘zipper’ up from their distal N-termini to their membrane-
proximal C-termini, generating an inward force that pulls the
two membranes together and forces them to fuse.**** To probe
this ‘zipper’ hypothesis, peptides that are anchored into the
membrane at opposing termini,*® or peptides that have an
antiparallel orientation can be used, Scheme 1. Previous studies
have shown that both antiparallel SNARE derivatives and short
antiparallel coiled coils cannot induce fusion.””*® Intrigued by
this, we endeavoured to discover whether non-zipper-like fusion
was possible using antiparallel coiled coils incorporated into
our membrane fusion system.

We hypothesized that, by reversing the amino acid sequence
of either Coil-E or Coil-K we would generate an antiparallel
coiled-coil. We were aware that changes to the core packing of
coiled-coil structures can have large effects on the resulting

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Schematic representations of: (A) a zipper-like orientation
of CC-K/E; (B) the non-zipper-like orientation of CC-K/E resulting
from anchoring coiled coils in the membrane via opposing peptide
termini and; (C) the proposed non-zipper-like orientation of CC-K/Er,
a putative antiparallel coiled coil. Key: red helix = Coil-K, blue helix =
Coil-E, purple helix = Coil-Er. Orange circles represent the position of
the N-terminus on each peptide.

assemblies: a well-known study of the GCN4 leucine zipper, an
archetypal coiled coil, demonstrated that the oligomerisation
state could be changed by altering the amino acids that
comprise the hydrophobic core.” A similar study reversed the
entire GCN4 sequence, forming an antiparallel homotetramer;
the native GCN4 is homodimeric.** The reasons for these
changes in oligomer state have been explained by the fact that
different hydrophobic residues pack together in different
manners at different positions within the coiled coil, meaning
different oligomer states are necessary to facilitate the preferred
packing of the different residues.’"*

With this in mind we decided to reverse the sequence of Coil-
E, resulting in Coil-Er, and we analysed the resulting CC-K/Er
complex using a variety of techniques including -circular
dichroism (CD) spectroscopy, paramagnetic proton nuclear
magnetic resonance (NMR) spectroscopy, fluorescence spec-
troscopy, analytical ultracentrifugation, and computational
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simulations to determine the orientation and oligomer state of
the assembly. Finally, the fusogenicity of cholesterol-modified
variants of Coil-K and Coil-Er were compared to our CC-K/E
model system to determine whether the CC-K/Er system was
capable of effecting fusion and, if so, whether the rate and
extent of fusion was affected by employment of this antiparallel,
non-zipper-like coiled-coil.

Materials and methods
Materials

Fmoc-protected amino acids, rink amide resin, and HCTU (O-
(1H-6-chlorobenzotriazole-1-yl)-1,1,2,2-tetramethyluronium hex-
afluorophosphate), were purchased from NovaBioChem. DIPEA
(N,N-diisopropylethylamine), piperidine, acetic anhydride,
NMP (N-methyl-2-pyrrolidone), DMF (N,N-dimethylformamide),
MeCN (acetonitrile), and TFA (trifluoroacetic acid) were ob-
tained from Biosolve. DCM (dichloromethane), diethyl ether,
D,O (deuterium oxide), TIS (triisopropylsilane), EDT (1,2-etha-
nedithiol), cholesterol, PyBOP (benzotriazol-1-yl-oxytri-
pyrrolidinophosphonium hexafluorophosphate), and sulfo-
rhodamine B were obtained from Sigma Aldrich. The Fmoc-
NH—-(PEG);,-COOH linker was purchased from Iris Biotech.
MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl
methanesulfonothioate) was obtained from Toronto Research
Chemicals Inc. DOPE (1,2-dioleyl-sn-glycero-3-phospho-
ethanolamine), DOPC (1,2-dioleyl-sn-glycero-phosphocholine),
DOPE-LR (1,2-dioleyl-sn-glycero-3-phosphoethanolamine-
N-lissamine rhodamine B sulfonyl), and DOPE-NBD (1,2-
dioleyl-sn-glycero-3-phosphoethanolamine-N-7-nitro-2-1,3-
benzoxadiazol-4-yl) were purchased from Avanti polar lipids.

Cholesteryl-4-amino-4-oxobutanoic acid was synthesised
according to a literature procedure.*

PBS (phosphate buffered saline) buffer contains 5 mM
KH,PO,, 15 mM K,HPO,, 150 mM NaCl, pH 7.4.

Methods

Peptide synthesis. Peptides were synthesized on a CEM-
Liberty 1 single channel microwave peptide synthesiser using
standard Fmoc chemistry. Fmoc-protected rink amide resin was
employed as the solid support. All peptides were manually
acetylated at the N-terminus after completion of the synthesis.
Peptides without a cysteine (Cys, C) residue were cleaved from
the resin and side-chain deprotected using a mixture of
TFA : H,O : TIS (95:2.5:2.5 v/v) for 2 hours. Peptides with
a Cys residue were cleaved from the resin with simultaneous
side-chain deprotection using a mixture of TFA:EDT : H,-
O : TIS (92.5: 2.5 : 2.5 : 2.5 v/v) for 2 hours. The cleavage solu-
tion was added drop-wise into cold diethyl ether to precipitate
the peptide, this was centrifuged and the liquid supernatant
removed. All peptides were dried under vacuum, dissolved in
deionised water and lyophilized yielding a white powder.

To form the lipidated peptide constructs CPE, CPEr, and
CPK, the peptides were synthesised in the same way. After
synthesis, the resin was washed with DMF. Fmoc-NH-(PEG),-
COOH (1.1 equivalents) was subsequently activated with HCTU
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(3 equivalents) and DIPEA (4 equivalents) in DMF and, after 5
minutes, added to the resin. The coupling reaction was allowed
to proceed overnight. The linker was then Fmoc-deprotected by
adding a solution of piperidine (20%) in DMF to the resin, and
leaving for 15 minutes. This process was repeated three times
before the resin was washed with DMF. Cholesteryl-4-amino-4-
oxobutanoic acid (3 equivalents) was dissolved in 2:1 (v/v)
DMF/DCM and activated with PyBOP (4 equivalents) and
DIPEA (5 equivalents). After 5 minutes, this mixture was added
to the resin and left overnight. The resin was then washed (DMF
followed by DCM) and cleaved for 1 hour with a mixture of
TFA : TIS (97.5: 2.5 v/v). The lipidated constructs were then
precipitated in cold diethyl ether, collected by centrifugation
and dried under vacuum.

MTSL labelling. MTSL was conjugated to the peptide via
a disulfide bond with a cysteine residue. Peptide (1 mM) was
dissolved in tris buffer (1 M tris (2-amino-2-hydroxymethyl-
propane-1,3-diol), pH = 7.0) and five equivalents of MTSL in
DMF were added slowly under an argon atmosphere. The final
mixture was stirred for 3 hours at room temperature. The
samples were lyophilized and subsequently purified.

Peptide purification. The crude peptides were purified by RP-
HPLC (reversed phase-high pressure liquid chromatography),
using a C18 preparative column, or a C4 column for the lipi-
dated constructs, with a flow rate of 15 mL min~". Peptides were
eluted with a linear gradient from A to B: solvent A = 0.1% TFA
in H,O; solvent B = MeCN. Acetylated peptides were purified
using a gradient from 10% to 90% B. MTSL labelled peptides,
and the lipidated peptide constructs, were purified using
a gradient from 20% to 80% B. Purified peptides were lyophi-
lized and characterized by LC-MS (liquid chromatography-mass
spectrometry).

Circular dichroism spectroscopy. CD spectra were obtained
using a Jasco J-815 spectropolarimeter equipped with a peltier
temperature controller. The ellipticity is given as mean residue
molar ellipticity, [0] (deg em” dmol res™ "), calculated using the
following equation:**

_ 100 [6]

obs

14 cnl

where 0,5 is the observed ellipticity (mdeg), n is the number of
peptide bonds, [ is the path length of the cuvette (cm) and c is
the peptide concentration (mM).

Spectra were recorded from 260 nm to 190 nm at 25 °C. Data
points were collected with a 1 nm bandwidth at 1 nm intervals,
using a scan speed of 1 nm s~ '. Each spectrum was an average
of 3 scans. For analysis, each spectrum had the background PBS
spectrum subtracted. Thermal unfolding spectra were recorded
at 222 nm, with a temperature gradient of 40 °C hour .

'H-magnetic resonance spectroscopy. To monitor the
aromatic region of the amino acids tryptophan (Trp, W) and
tyrosine (Tyr, Y); "H-NMR signals in the range 6-8 ppm were
recorded. The peptide amide proton signals were suppressed by
proton-deuterium exchange using D,O. Lyophilized peptide
samples were dissolved at a concentration of 0.5 mg mL " and
incubated in D,O for one hour, followed by lyophilization. This
procedure was repeated three times. PBS was lyophilized and
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redissolved in D,O to prepare a PBS/D,O buffer solution.
Peptide samples were prepared with a final concentration of 0.8
mM in PBS/D,O buffer solution. All "H-NMR spectra were
recorded at 25 °C on a Bruker Avance I 600 MHz spectrometer
with 32 scans for each sample.

Liposome preparation. A 1 mM stock solution containing
DOPC : DOPE : cholesterol (50 : 25 : 25 mol%) lipids in 1 : 1 (v/
v) methanol : chloroform was prepared for all fusion experi-
ments, except for the lipid mixing experiments. For these, a 1
mM stock solution of DOPC : DOPE : cholesterol : DOPE-
LR : DOPE-NBD (49.5 : 24.75 : 24.75 : 0.5 : 0.5, mol%) in 1:1
methanol : chloroform was made. Lipidated peptides were
dissolved in a 1:1 (v/v) choloroform : methanol mixture, to
a concentration of 50 uM. 1 mol% of these lipidated peptides
were mixed with the appropriate liposome solution and the
solvent was removed under a stream of air. For lipid mixing
experiments, the dry lipid/peptide layer was rehydrated with
PBS. For content mixing experiments, PBS buffer containing 20
mM sulphorhodamine B was added to the dried lipid/peptide
mixtures containing Coil-E or Coil-Er. These solutions were
subsequently sonicated for 5 minutes to yield ~100 nm diam-
eter liposomes. The solutions were used without further puri-
fication, with the exception of the sulforhodamine B containing
liposomes, which were purified using a Sephadex column to
remove any non-encapsulated sulforhodamine B.

Fluorescence spectroscopy. Lipid- and content-mixing
experiments were performed on a TECAN Infinite M1000 PRO
fluorimeter using a 96-well plate at 25 °C. For the lipid-mixing
experiments, fluorescence intensity (F(t)) was monitored for 1
hour by continuously measuring NBD emission at 530 nm upon
mixing equimolar amounts of fluorescent K-liposomes with
non-fluorescent E- or Er-liposomes. F,,x was determined by
using liposomes which contained half the concentration of
fluorescent lipids. F, was determined by measuring NBD
emission of K liposomes to which an equal amount of PBS was
added. The percentage of fluorescence increase (%F) was
calculated as:

YF = (F(t) - FO)/(Fmax - FO)

For the content mixing experiments, the sulphorhodamine B
fluorescence intensity at 580 nm was monitored in a continuous
fashion for 1 hour, after mixing non-fluorescent K-liposomes
with sulforhodamine B loaded E- or Er-liposomes. F, was ob-
tained by measuring emission of sulforhodamine B-loaded E- or
Er-liposomes, and Fy,.x Was obtained by measuring the emis-
sion of plain liposomes loaded with 10 mM sulforhodamine B.

The FRET experiments were conducted using the same
apparatus. Excitation and emission slits were set to 5 nm.
Emission spectra were measured from 290 nm to 450 nm in 1
nm steps at a fixed excitation wavelength of 275 nm. The
temperature was set at 25 °C. The spectra were corrected by
subtraction of the background spectrum. The total peptide
concentration was 50 uM.

Sedimentation equilibrium analytical ultracentrifugation.
Sedimentation equilibrium analytical ultracentrifugation

This journal is © The Royal Society of Chemistry 2016
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measurements were conducted using a Beckman-Optima XL-I
analytical ultracentrifuge fitted with an An-60 Ti rotor. Peptide
solutions were prepared in PBS buffer, pH 7.4, at peptide
concentrations which gave an initial absorbance in the range
0.2-0.6 A.U. The samples were spun at three speeds (between
34 000-50 000 rpm) at 20 °C. The data were then fitted to
a single-ideal species model using Ultrascan.*

Molecular simulations. To address the time- and length-
scales associated with coiled-coil formation, coarse-grained
molecular dynamics (CGMD) simulations were carried out
with the GROMACS molecular dynamics package using version
2.1 of the MARTINI coarse-grained force field and its extension
to proteins.***® Using this model, the association behaviour of
several proteins have been simulated previously, and the
computational results show good agreement with previous
atomistic simulations or experiments.***' The self-assembly
process of Coil-Er and Coil-K peptides was characterised by
performing 20 independent simulations for each setup, con-
taining either one, two, or three copies of both Coil-K and Coil-
Er peptides, which were initially randomly distributed in
solvent (water with Na" and CI~ ions). The starting coarse-
gained structures for Coil-K have been mapped from the 20
NMR-derived atomistic models of a near identical peptide re-
ported by Hodges.** The structures for Coil-Er were mapped
from 20 different coordinate frames obtained by atomistic
simulations of the peptide in solution, for an induced a-helical
secondary structure. Before carrying out the simulations,
steepest descent minimization was performed, followed by
relaxation of the solvent (positional restraints on the whole
peptide) and of the side chain beads (positional restraints on
the peptide backbone). After this, the system was further
simulated without any restraints for at least 40 microseconds to
allow self-assembly and equilibration of the formed supramo-
lecular structures. A detailed description of the model and the
simulation conditions is given in the electronic ESI.}

Results and discussion
Peptide design and synthesis

In this study, Coil-K retained its original sequence, with the
addition of a Trp at the C-terminus to allow for quantification
and analytical studies. A glycine (Gly, G) was introduced to act as
a spacer between the chromophore and the coiled-coil forming
portion of the sequence. This gave rise to a Coil-K variant with
the sequence: (KIAALKE);GW. Coil-E was redesigned to possess
the reversed amino acid sequence, yielding Coil-Er. A Tyr
residue was attached to the N-terminus, again to allow for
quantification and analytical studies, whilst a Gly spacer was
also included. This resulted in Coil-Er having the sequence:
YG(EIAALEK);.

Additionally, the paramagnetic nitroxyl radical MTSL
(8-(1-0xy1-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl meth-
anesulfonothioate) was conjugated to Coil-K via a cysteine residue.
Two MTSL-labelled derivatives were generated: attachment
at the C-terminus yielded Coil-K*; whereas conjugation to the
N-terminus produced Coil-*K. This label offered the opportu-
nity to investigate the stoichiometry and relative peptide

This journal is © The Royal Society of Chemistry 2016
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orientation of CC-K/Er by paramagnetic proton NMR and
steady-state fluorescence measurements.*

Peptides were synthesised on Rink amide resin using stan-
dard Fmoc solid-phase synthesis techniques and purified by
reversed-phase HPLC. Peptides were identified using LC-MS
mass spectrometry, and analytical HPLC confirmed the purity
of the peptides was >99% (ESI Fig. S1 and S27).

Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was used to probe the
secondary structure of the peptides. At room temperature, both
Coil-K and Coil-Er are largely unfolded, exhibiting only small
amounts of o-helical character, (Fig. 1A). The equimolar
mixture, in contrast, is well folded as an a-helical assembly and
exhibits typical coiled-coil characteristics with the [6]222 nm/[6]
208 nm ellipticity ratio >1.**

The binding stoichiometry of Coil-K to Coil-Er was subse-
quently determined. A Job-plot was created by changing the
ratio of the mole fraction of Coil-K and Coil-Er, while keeping
the total peptide concentration constant. A minimum molar
ellipticity at [#]222 nm was observed when Coil-K and Coil-Er
were mixed in equimolar amounts, indicative of a 1:1
binding stoichiometry, (Fig. 1B).

Finally, the thermal stability of CC-K/Er was investigated. A
solution containing a 1:1 mixture of Coil-K and Coil-Er was
heated from 5 °C to 95 °C and a sigmoidal curve, indicative of
a two-state transition from a folded to an unfolded complex was
observed, (Fig. 1C). The melting temperature (T},) was found to
be 64 °C, similar to the Ty, of 57 °C recorded for the CC-K/E
complex.*

Paramagnetic 1H-proton-NMR spectroscopy

Paramagnetic NMR spectroscopy was used to confirm the stoi-
chiometry of the CC-K/Er complex, and to explore the relative
orientation of the peptides within the complex.

Our previous work demonstrated that these properties can
be facilely determined by examining whether suppression of the
peptide-specific proton signals occurs due to the paramagnetic
relaxation enhancement (PRE) effect.***>¢ Full suppression of
the proton signals occurs within a 10.5 A radius of the para-
magnetic center, and partial suppression occurs within 13 Ax
To observe such an effect, peptides need to possess a functional
group with a characteristic NMR signal, and one of the peptides
is required to incorporate a signal suppressing paramagnetic
spin label. Aromatic proton signals are well separated from
other proton signals, therefore the signals from Trp and Tyr
were monitored. In addition, the paramagnetic spin label MTSL
was introduced onto either the N- or the C-terminus of Coil-K,
yielding the aforementioned, Coil-*K and Coil-K*. To avoid
spectral overlap of the aromatic protons with N-H amide
protons, the latter were suppressed by H-D exchange.

The aromatic region of Trp exhibits four multiplets while Tyr
shows two doublets, (ESI Fig. S3A & BY). Peptide Coil-K* shows
full suppression of the Trp signals, (ESI Fig. S3Ct), as the
average distance between Trp and the MTSL label is 6.6 A. In
contrast, in peptide Coil-*K the average distance between the

RSC Adv., 2016, 6, 7990-7998 | 7993
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Fig.1 Circular dichroism spectra of Coil-K and Coil-Er. (A) CD spectra
of Coil-K, Coil-Er,and 1 : 1 CC-K/Er. (B) Mean residue molar ellipticities
at 222 nm for mixtures of Coil-K and Coil-Er as a function of the mole
fraction of Coil-K. [Total peptide] = 100 pM, 5 °C, PBS pH 7.4. (C)
Thermal unfolding curve, monitored at 222 nm, of the 1: 1 CC-K/Er
complex; the sigmoidal shape is indicative of a two-state unfolding
transition. [Total peptide] = 100 uM, PBS, pH 7.4.

aromatic protons and the MTSL label is 36.7 A, and therefore no
PRE effect is observed, (ESI Fig. S3D¥).

When Coil-K and Coil-Er are mixed in a 1:1 ratio, all
aromatic proton signals are observed, (Fig. 2A, black line).
Similarly, when Coil-*K and Coil-Er are mixed, all aromatic
proton signals are observed, hence there is no PRE effect
(Fig. 24, olive green line). When Coil-Er is combined with Coil-
K* however, suppression of both Trp and Tyr signals are
observed (Fig. 2A, lime green line), indicating that both residues
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Fig. 2 Aromatic region (6—-8 ppm) of H-NMR spectra showing Trp
indole and Tyr hydroxyphenyl functional groups of CC-K/Er. (A)
Aromatic signals of CC-K/Er. Black line: CC-K/Er; olive green line: CC-
*K/Er; and lime green line: CC-K*/Er. (B) Aromatic signals of CC-K*:Er
at different molar ratios. Black line: 2 : 1 ratio; purple line: 1: 1 ratio;
magenta line 1 : 2 ratio. [Total peptide] = 0.8 mM, PBS, pH 7.4, 25 °C.

are within 10.5 A of the MTSL label. This clearly demonstrates
that the peptides are assembled in an anti-parallel orientation,
as the distance between Tyr and the MTSL label is >13.5 A in the
parallel orientation.

As CD spectroscopy indicated that Coil-K and Coil-Er bind in
a 1:1 stoichiometry, NMR experiments were performed to
confirm this. When Coil-K* and Coil-Er were mixed ina 1:1
molar ratio (Fig. 2B, black line), the Tyr proton signals were fully
suppressed. This was also observed for a 2 : 1 (Coil-K* : Coil-Er)
mixture (Fig. 2B, purple line). However, when Coil-K* and Coil-
Er were mixed in 1:2 molar ratio, Tyr proton signals were
visible, (Fig. 2B, magenta line). This indicates there is an excess
of Coil-Er which is not suppressed, and supports the conclu-
sions drawn from the CD experiments that the two peptides
bind in a 1 : 1 stoichiometry.

Fluorescence spectroscopy

To confirm the relative peptide orientation, FRET (fluores-
cence resonance energy transfer) experiments were per-
formed. FRET occurs when the donor and acceptor are within
the Forster distance (10 A).*® An equimolar mixture of Coil-K

This journal is © The Royal Society of Chemistry 2016
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and Coil-Er was examined, and it revealed that the Coil-K
fluorescence intensity increased while the Coil-Er fluores-
cence intensity decreased, Fig. 3. This is expected when Coil-
Er and Coil-K form coiled coils with an antiparallel orienta-
tion, allowing FRET between the donor Tyr, and the acceptor
Trp. This confirms the distance between the N-terminus of
peptide Coil-Er and the C-terminus of peptide Coil-K is <10 A,
confirming an antiparallel orientation of CC-K/Er, which is
consistent with the findings of the NMR experiments, and
confirmed our hypothesis that reversing one of the peptide
sequences would result in an antiparallel orientation of the
resulting coiled coil.

Analytical ultracentrifugation

To determine the oligomer state of the CC-K/Er species in
solution, analytical ultracentrifugation (AUC) sedimentation
equilibrium measurements were performed. Coil-K and Coil-Er
were analysed in a 1:1 ratio as both the CD and NMR data
indicated the two peptides bind in a 1:1 stoichiometry. The
collected datasets fitted well to a single-ideal species model,
(ESI Fig. S67), and the average mass of the species was deter-
mined to be 10 620 Da, with 95% confidence limits (determined
by Monte Carlo analysis) found to be +57 Da, —64 Da. Hence,
weight-averaged molecular weights indicating a tetrameric
species were observed.

The fact that Coil-K/Er forms a tetrameric species is unex-
pected, as previous studies have noted it forms a dimer,
although no analytical studies were conducted to corroborate
these claims.* On reflection, the fact that a tetramer is formed
is not surprising; this is in line with findings from previous
studies of the GCN4 coiled coil which indicated that altering the
residues that comprise the hydrophobic core also affects the
oligomerisation state of the resulting assembly,**** although it

should be noted such studies were conducted with
__5x10°
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s 7 e Coil-E,
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Fig.3 Fluorescence emission spectra of Trp and Tyr on peptides Coil-
K and Coil-Er. Blue line: Coil-K; red line: Coil-Er; black line: 1 : 1, CC-K/
Er. The green arrow indicates the increase in Trp signal, and the orange
arrow shows the decrease of the Tyr signal that is observed when the
peptides are mixed in a 1: 1 ratio. [Total peptide] = 50 uM, PBS, pH =
7.4, 25°C.
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homodimeric species; similar experiments with heteromeric
sequences have not, to our knowledge, been conducted.

Molecular simulations

Collectively, the experimental data strongly indicate that Coil-K
and Coil-Er associate in a 1:1 ratio to form an antiparallel
tetramer. However, the exact arrangement of the peptides
within this tetramer cannot be determined without obtaining
a crystal structure. Coarse-grained molecular dynamics (CGMD)
simulations were performed to obtain additional information
about the preferred orientations of the peptides within the
tetramer. In addition, simulations of 6 peptides in solution,
(results not shown), i.e. containing 3 copies of both Coil-K and
Coil-Er, showed the formation of a dimer and a tetramer indi-
cating the tetramer is indeed the preferred structure. Formation
of a trimer was not observed during the simulations.

Focussing on the tetramer simulations, two copies of both
Coil-K and Coil-Er were initially placed in an 11 nm?® simulation
box that also contained explicit solvent (water and Na*/Cl ™~ ions)
to mimic experimental conditions. The simulations were run
for 40 ps, after which time the formation pathways and result-
ing assemblies were analysed.

In all simulations, the randomly distributed peptides spon-
taneously aggregate into supramolecular structures. The four
peptides first come into contact, and then orientate parallel to
each other, forming a 4-helix-bundle with a hydrophobic core.
This aggregation process is relatively fast, approximately 0.5
microseconds, while 20 to 40 microseconds are needed for
further equilibration; during this stage misaligned peptides
rotates around their own axis or flip to form an antiparallel
structure and optimize the hydrophobic core. After equilibra-
tion, each peptide forms two longitudinal interfaces with two
neighbouring peptides, and the diameter of the cylindrical
assembly is ~2.5 nm.

All possible tetrameric structures can be divided into two
major classes: those with four K-Er interfaces; or assemblies
with two K-Er interfaces, together with one K-K and one Er-Er
interface. Accounting for parallel or antiparallel peptide orien-
tations, as well as symmetry, 11 distinct peptide arrangements
within the tetramer are possible.

Our 40 ps simulations provide the means to discriminate
between these potential arrangements. From the 20 indepen-
dent simulations that were performed, we identified only two
stable structures, (Fig. 4). The first structure has two K-Er
interfaces, along with one K-K and one Er-Er interface. The
helices at the K-Er interfaces are antiparallel, whilst the helices
at the K-K and Er-Er interfaces are aligned in a parallel orien-
tation, (Fig. 4A). The second structure possesses four K-Er
interfaces, with antiparallel orientations of the helices at these
interfaces but parallel orientations of the two Coil-K and two
Coil-E helices (Fig. 4B).

Our computation setup, which relies on extensive pathway
sampling for the various starting conditions, gives us confi-
dence that the most probable binding conformations are
indeed sampled by the CGMD simulations. This is further
supported by observations of a complete reorientation of the
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Fig. 4 The two stable CC-K/Er tetramer configurations resulting from
CGMD simulations. The upper panel is the lateral view whilst the lower
panel shows the top-down view. (A) A putative CC-K/Er antiparallel
tetramer with two K—Er interfaces. (B) A representation of a CC-K/Er
antiparallel tetramer with four K-Er interfaces. Key: Coil-K = red
backbone; Coil-Er = blue backbone; green beads = isoleucine; yellow
beads = leucine; pink beads = glutamic acid; cyan beads - lysine;
black bead = N-terminus.

peptides, even after association, an event that is generally
considered to be rare on the timescale of molecular simula-
tions. In the tetramer simulations no dimers were observed in
the simulation time, and the only two stable structures observed
has an antiparallel orientation, supporting the conclusion from
the experimental evidence that an antiparallel tetrameric
assembly is formed by the association of these peptides.

Fusion studies

A variety of analytical and computational techniques have
shown that Coil-K and Coil-Er form an antiparallel tetramer,
whereas previous studies showed that Coil-K and Coil-E form
a parallel dimer.

CC-K/E is known to induce efficient and targeted membrane
fusion when both peptides are modified with a lipid anchor
and incorporated into liposome membranes.******?*¢ These
fusogenic constructs comprise three distinct segments: the
peptide segment, which serves as the recognition unit;
a hydrophobic cholesterol anchor, which enables the construct
to be secured in a liposome membrane, and; a hydrophilic
linker, which is thought to be crucial for allowing force
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transduction and therefore helping to facilitate fusion in
natural SNARE systems.***>*

In addition to the linking region being crucial for fusion, it is
postulated that the peptides need to be in a parallel orientation,
as their ‘zippering’ from one terminus to the other as they fold
provides the force that draws the two membranes close together
and induces them to fuse.”*** Non-zipper-like coiled coils, that
is, those with an antiparallel orientation should not induce
fusion if it is indeed the ‘zipper-like’ folding of the fusogens that
induces fusion.

To determine whether CC-K/Er, which assembles in a non-
zipper-like manner, is able to induce fusion, cholesterol-
anchored constructs were generated with the peptide and
cholesterol being separated by a polyethyleneglycol (PEG),
spacer. The resulting lipidated peptides were denoted CPK and
CPEr. CPE was also synthesised so comparisons regarding the
rate and efficiency of fusion of CC-K/E and CC-K/Er could be
made. Peptide-decorated liposomes were prepared, and fusion
experiments were performed by combining equimolar amounts
of Coil-K liposomes with either Coil-E- or Coil-Er-containing
liposomes.

Lipid-mixing studies. Lipid mixing experiments were per-
formed to investigate the extent to which both coiled-coil motifs
were able to induce lipid mixing; that is, exchange of lipids
between the two liposome populations. For this assay, fluores-
cent DOPE-lipids (DOPE-NBD and DOPE-LR) were incorporated
into the membrane of the Coil-K decorated liposomes. Upon
mixing of lipids from these Coil-K liposomes with either Coil-E
or Coil-Er liposomes, the average distance between DOPE-NBD
(FRET donor) and DOPE-LR (FRET acceptor) increases, giving
rise to an increase in donor emission. Donor emission was
continuously monitored for one hour and the results show an
increase in donor emission for both CC-K/E and CC-K/Er
systems, (Fig. 5A), indicative of lipid mixing. Lipid mixing
occurs rapidly in both systems for the first ten minutes after
which time is slows significantly, this is consistent with
previous studies although it should be noted that the peptides
comprising the CC-K/E system used here contain Trp and Tyr
residues whereas those in previous systems did not.>> Both the
rate and the extent of lipid mixing is comparable in both
systems, with the CC-K/Er achieving, surprisingly, a marginally
greater extent of lipid mixing after one hour, (56%), compared
to the CC-K/E system (50%).

Content-mixing assays. Full fusion is defined as the mixing
of the contents of the inner aqueous compartments of the
liposomes, therefore we proceeded to perform a content mixing
assay to establish whether the CC-K/Er system facilitated
content- as well as lipid-mixing. This was of particular interest
as it has previously been demonstrated that while non-zipper-
like coiled coils can induce lipid mixing, content mixing is
not observed.*

For these experiments, Coil-E or Coil-Er decorated liposomes
were loaded with sulforhodamine B at a self-quenching
concentration of 20 mM. If full fusion between these lipo-
somes and liposomes decorated with Coil-K occurs, the sulfo-
rhodamine B concentration decreases, resulting in relief of self-
quenching and an increase in fluorescence intensity, which is

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Lipid- and content-mixing assays. (A) Fluorescence curves
showing efficient lipid mixing between fluorescent CPK liposomes and
non-fluorescent CPE and CPEr liposomes. (B) Content mixing
between CPK liposomes and sulforhodamine B-containing CPE and
CPEr liposomes. Key: black line = 1:1 CPK and CPE liposomes; red
line =1 : 1 mixtures of CPK and CPEr liposomes. Conditions: liposome
concentration = 0.1 mM with 1 mol% peptide, PBS, pH 7.4, 25 °C.

indeed what was observed for both systems, (Fig. 5B). As with
the lipid mixing experiments, no significant differences in the
rates of content mixing were observed, and after one hour both
systems demonstrated a similar extent (45%) of content mixing.

Taken together these results indicate that, for this peptide-
mediated fusion system, both lipid- and content-mixing can
be facilitated by zipper-like and non-zipper-like fusogens. This
suggests that the way in which the peptides fold is not impor-
tant, what is important is that energy is generated upon folding
and that this can be transduced, presumably via the linking
region, to the liposomes themselves resulting in fusion events.

Conclusions

Reversing the peptide sequence of Coil-E yields Coil-Er which,
in the presence of equimolar amounts of Coil-K, results in the
formation of an antiparallel tetrameric coiled coil and not an
antiparallel dimeric coiled coil as previously reported.”” This
shows that, in line with previous studies on proteins and
peptides, reversing the peptide sequence significantly effects
the orientation and oligomer state of the resulting assem-
blies."*>** The generation of an antiparallel coiled coil offered
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a new ‘non-zipper-like’ peptide candidate for our membrane
fusion model system. Cholesterol modified variants of Coil-K
and Coil-Er were produced and were subsequently demon-
strated to induce liposome fusion to an extent comparable to,
and in the case of lipid-mixing surpassing that of, CC-K/E
induced fusion. This shows that, for this peptide-mediated
membrane fusion system, both zipper-like and non-zipper-like
coiled-coils are capable of inducing efficient liposome fusion.
Future work will focus on elucidating which elements are
crucial for fusion if it is indeed not the way in which the
peptides fold. As previous studies have implicated the linking
region between the fusogen and the membrane anchor as being
crucial for efficient fusion,***** this would be an intriguing
candidate for future studies.
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