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Membrane fusion is critical to eukaryotic cellular function and crucial to the entry of enveloped viruses such as
influenza and human immunodeficiency virus. Influenza viral entry in the host cell is mediated by a 20–23
amino acid long sequence, called the fusion peptide. In the last years, possible structures for the fusion peptide
and their implication in the membrane fusion initiation have been proposed; these ranging from an inverted V
shaped α-helical structure to an α-helical hairpin, or to a complete α-helix. Here we develop a coarse grained
approach to describe effectively the plasticity of the fusion peptide and the explored conformational states. We
describe also a trimeric assembly for the fusion peptide and analyse the explored states in a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine model membrane. For the single fusion peptide systems the kink angle
observed experimentally for the V shaped structure shows a strong correlation with the orientation of the fusion
peptide within the lipid bilayer. The trimeric fusion peptide model also experiences different conformational
states and represents a more realistic model for the anchoring mechanism of one influenza haemagglutinin
molecule. This article is part of a Special Issue entitled: Viral Membrane Proteins — Channels for Cellular
Networking.

© 2013 Published by Elsevier B.V.
1. Introduction

It is well established that the surface glycoprotein covering the
influenza viral capsid, influenza haemagglutinin (HA), is known to be re-
sponsible for binding to cells and the fusion of the viral and endosomal
membranes [1–3]. HA is composed of three identical subunits and the
N-terminal end of these subunits contains a sequence of ~20 N-terminal
amino acids (GLFGAIAGFI−ENGWEGMIDG) that is called the fusion
peptide (FP) [4]. During the viral infection process, a decrease in the
local pH level provokes an extensive conformational rearrangement
in each HA0, which unfurls the HA1 and HA2 chains [5]. As part of this
unfurling process, the individual FPs are revealed and are inserted in the
membrane of the healthy cell [6].

The mechanism and structure of the single FP as it inserts into the
membrane of the healthy cell have been the focus of several experi-
mental studies. Han and Tamm [7] have used circular dichroism
(CD) spectroscopy and Attenuated Total Reflection (ATR)-Fourier
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Transform Infrared (FTIR) measurements to show that the FP
adopt an alpha-helical structure upon inserting into model lipid
membranes, which have a 4:1 molar ratio of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) to 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG). By combining the results of elec-
tron paramagnetic resonance (EPR), CD and NMR measurements, Han
et al. also have proposed that FP inserted into dodecylphosphocholine
(DPC) micelles and 4:1 POPC:POPG bilayers adopts an inverted ‘V’
structure [8], in which both the N- and C-terminal ends of the peptide
are buried deeper into the membrane than the glycerol group and
the 12ASN residue is closest to the fluid–membrane interface. Tamm
proposed that influenza HA-mediated membrane fusion occurs via
a spring-loaded boomerang mechanism, where the FP inserts into the
target membrane and adopts a boomerang structure [9]. The boomer-
ang structure is characterised by a kink angle within the inverted ‘V’
structure of ~120° [9], which is centred around the 12ASN residue
[10,11].

Atomistic molecular dynamics simulations have also been used to
attempt to gain a detailed description of the insertion of the influenza
FP into model lipid membranes.

Lagüe et al. found that the equilibrium structure of the FP is more
helical in POPC lipidmembranes than inDPCmicelles [12], which agrees
well with the experimental findings of Han et al. [8]. Themeasured kink
angle in the structure of the equilibrium configurations of the FP was
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138° in the POPC bilayer, and 133° and 114° in DPCmicelles made up of
32 and 56 lipids, respectively. Vaccaro et al. used the NMR structure
found by Han et al. [8] as the starting configuration of the FP in their
simulations, which showed that the first 11 residues of a FP monomer
insert into a POPC bilayer as an α-helix at an angle of ~30° to the
lipid/water interface and that it adopts an inverted V structure [13].
Huang et al. [14] and Panahi and Feig [15] also found that the FP
monomer adopts a kinked structure, which is in good agreement with
the NMR experiments of Han et al. [8], with the kink being located
between residues 11GLU and 13GLY.

Molecular dynamics simulations of peptides at the interface
with membrane have been studied recently with low resolution
methods using implicit solvent models for the membranous envi-
ronment [16–19].

In the near future all these approaches will be used efficiently in
combination rather than in alternative, as one could effectively sample
the orientation of proteins at the interface with the membrane, switch
to a coarse grained model like the one presented here to refine and
explore the possible assembling modes and conformational states, and
finally accurately describe the interactions of the sampled stated by
atomistic force fields. Recent NMR spectroscopy studies by Lorieau
et al. report that the FP adopts a tight helical hairpin of two anti-
parallel α-helices at the lipid–fluid interface of DPC micelles, in which
residue 13GLY has a positive dihedral angle that allows the FP to form
the hairpin structure [20,21]. The inter-helical angle between the two
helices is reported to be 158°, which infers that the kink angle is ~22°.
The FP studied by Lorieau et al. contains three additional amino acid res-
idues (21TRP, 22TYR and 23GLY) as compared to the FP strands studied
in the previously discussedwork. Residues 21TRP and 22TYR have been
shown to help anchor proteins at the lipid–fluid interface [22,23], and
the 23GLY can aid the stability of helices and interhelical interactions
[24,25].

A very recent computational study [26] has investigated lipid tail
protrusion to examine how fusion peptides might interact with mem-
branes and promote fusion. Their atomistic simulations visit each of
the states: kinked helix, straight helix, and a helical hairpin for the HA
fusion peptide. In this manuscript, we developed a new coarse-grain
model of the influenza FP monomer, which captures all the FP confor-
mational states observed experimentally and computationally, and ap-
plied it to the study of the insertion of HA FP monomers and trimers
into POPC lipid membranes. This model is used to study the behaviour
of the wild type FP and a mutant FP, which contains a single mutation
of the N-terminal residue from a glycine to a leucine, that has been
shown experimentally to lower the fusion activity [27] and the replica-
tion rate of the virus [28]. For the monomeric systems the kink angle is
found to show a strong dependence on the orientation of the FP within
the lipid bilayer, which has not been reported previously.

In the trimeric systems, the correlation between the orientation of
the FP and the kink angle of the FP is not as strong, however, preference
for the FPmonomers to adopt a helical hairpin structure is still observed.
We discuss the results in the light of themechanism of anchoring to the
membrane of the entire HA molecule.

2. Simulation systems

Coarse-grain molecular dynamics simulations were conducted
to study the evolution of the structure of the FP as it is inserted into
a POPC bilayer. The wild type (GLFGAIAGFI−ENGWEGMIDG) and a
mutant (LLFGAIAGFI−ENGWEGMIDG), which has a single mutation
of the N-terminal residue from a glycine to a leucine, FPs have been
studied to compare the difference in insertion behaviour.

The FP, lipids and water were modelled with the MARTINI coarse-
grain force field [29,30]. An atomistic representation of the FPmonomer
was converted to the coarse-grain representation using the DSSP algo-
rithm [31]. The MARTINI force field for proteins keeps the secondary
structure of a protein rigid, therefore the force field for the FP was
modified in order to allow the structure to change as it is inserted into
the lipid bilayer. In doing so, the force constants for the dihedral angles
that make up the backbone of residues 11GLU, 12ASN and 13GLY in the
FP were modified in order to allow the peptide to find the two different
kink angles observed experimentally (see Supporting Information for
more details).

2.1. Monomer systems (system A)

In the monomer systems shown in Fig. 1, the FP monomer was
placed with the N-terminal residue in the same plane as the PC
headgroups of the POPC lipids in the bilayer, which consists of 36 lipids
in each leaflet and has dimensions of 4.5 nm × 4.5 nm × 40 nm.
Initially, the FP is tilted to an angle of ~40° with respect to the plane of
the bilayer, which is in good agreement with previous experimental
and computational studies [8,13,32–35].

2.2. Trimer systems (system B)

The assembled trimers were constructed by creating three replicas of
the atomistic representation of the FPmonomermodelled as a coiled coil
FP trimer. The symmetry and orientation of the three helices are analo-
gous to previous work on trimer assembly for these peptides [35]. This
all-atommodel was then transformed to a coarse-grain model assigning
the secondary structure by the use of the DSSP algorithm [31]. In the HA
molecule this coiled coil is attached to the rest of themolecule and there-
fore the peptides are not allowed to completely separate and diffuse
within the membrane. Therefore, a constraint at the top of the trimer
was added to closely represent this situation. An additional bead
representing a GLY residue was added to the C-terminal end of each FP
monomer, which was then used to connect the three monomers into a
trimer by adding harmonic beads between these additional beads. In
order to constrain themonomers into a trimeric structure representative
of the atomistic model, the bonds between the additional GLY residues
were modelled with a force constant of 5000 kJ mol−1 nm−2 and an
equilibrium length of 1.1 nm and harmonic angle terms were added be-
tween the various additional GLY beads such that their equilibrium angle
is 60°, and the force constant is 7000 kJ/(mol rad2). These values for the
bond and angle force constants are 4 and 10 times greater than the
values used for the backbone beads of a peptide, respectively.

These assembled trimers of the wild type FP (system Bwild) and mu-
tant FP (Bmutant) monomer were placed such that the N-terminal beads
of each monomer in the trimer was lying in the same plane as the lipid
head groups of a POPC bilayer with dimensions ~9.1 nm × 9.1
nm × 4.1 nm, which consists of 144 lipids in each leaflet (see Fig. 1).

3. Simulation methodology

A consistent simulationmethodologywas used in all simulations, in-
cluding themonomer FP system for optimizing the value of the dihedral
force constant. To equilibrate all the systems, a steepest descent energy
minimisation was first carried out for 1000 steps. Three position re-
straint simulations were performed for each system after the energy
minimisation in order to remove any overlapping beads that may still
occur as a result of placing the trimers within the membrane. The posi-
tion of the FPmonomer/trimerwas constrained by employing an initial-
ly high value of force constant (1000 kJ mol−1 nm−2) in all directions
for the first run. Each consecutive run employed a force constant
decreased by an order of magnitude. For systems B, an additional
short NVT simulation was performed at 300 K using a Nosé–Hoover
thermostat [36,37] to keep the temperature constant.

The production run utilised the NPT ensemble, with a semi-isotropic
Parrinello–Rahman [38] barostat to keep the pressure constant at
1.0 bar. A leap-frog integrator with a 20 fs timestep was used for all
simulations. The van derWaals interactionsweremodelled via a shifted
LJ potential with a 1.4 nm cut-off. Similarly, a shifted Coulomb potential



Fig. 1. Starting configurations used in the (a) monomer (system A) and (b) trimer (system B) simulations. In the picture of the monomer system, the backbone beads of the peptide
are represented by blue spheres, with the N- and C-terminal beads shown in red and green, respectively.While in the snapshot of the trimer, the backbone beads of eachmonomerwithin
the trimer are represented by blue, green and red spheres and the extra bead used to constrain the three monomers is the purple bead. The phosphate and choline groups of the lipid
bilayer in both systems are shown as orange beads, with the glycerol group and the hydrocarbon tails shown as yellow spheres.
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with a 1.2 nm cut-off was used to compute electrostatics. Each system
ran for 500 ns, with trajectories written every 0.1 ns. The simulations
were performed with GROMACS 4.5.3 [39].

Six replicas of systems Awild, Amutant, Bwild and Bmutant were run with
different velocity seeds. In Section 1, the results of the replica systems
are reported where sensible, and results from single trajectories which
are representative of the behaviour observed in all of the replicas are
used in order to show time dependent behaviour. Any discrepancies ob-
served in the results of the various replicas will be discussed in the text.
4. Results and discussion

4.1. Simulation analysis

The trajectories from the production simulations from each replica
of the systems were analysed so that a detailed understanding of the
structure of the FP after insertion into the bilayer can be determined.
In order to characterise the structure, the amount that each FP residue
inserts into the POPC bilayer was determined, as was the kink and
Fig. 2. Schematics of the definitions used for (a) insertion depth, (b) kink angle,
orientation angles for the FP after they have inserted into the bilayer.
The results of the twomonomer systems, Awild and Amutant, allow the ef-
fects of a single residue mutation on these properties to be determined.
While, the trimer systemswere used to gain insight into how the struc-
ture of themonomers in a self-assembled structure similar to that found
in the biological systems differ from that of the individual monomers.

In addition to the variousmeasurements related to the insertion and
structure of the FP, themain structural properties (for example area per
lipid and order parameter) of the POPC lipid membrane have also been
measured. However, there is no significant change in the membrane
structure after the insertion of a monomer or a trimer, therefore these
results have not been shown.
4.2. Insertion depth

The insertion depth of the monomer/trimer into the membrane is
defined as the difference of the z coordinates of the backbone bead of
each residue and the centre of mass of the phosphate and choline
groups of the leaflet of the lipid bilayerwithwhich themonomer/trimer
(c) orientation angle and (d) tilt angle as they are calculated in this study.

image of Fig.�2
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is interacting, see Fig. 2a. A negative value indicates that the bead is
inserted into the bilayer.

4.3. Kink (θ), orientation (ϕ) and tilt (ψ) angles

The kink, orientation and tilt angles of the peptide are important
measures to characterise the structure and orientation of the peptide,
once inserted into the membrane. Comparisons between the calculated
kink angle and experimental observations [8–11,20,21] can be made.
The orientation angle can also aid in deducing the structure of the
peptide once inserted into the bilayer. Calculating the tilt angle also
allows for comparisons to be made with experimental and computa-
tional studies [8,13,32–35].

The kink angle of the FP monomer is defined as the angle between
the N-terminal, 12ASN and C-terminal residues, as depicted by beads
A, B and C in Fig. 2b respectively. The kink angle is calculated at each
timestep by Eq. (1).

a!� b!¼ a!
��� ��� b

!��� ��� cos θð Þ ð1Þ

where a!¼ AB
�!� �

and b
!¼ BC

�!� �
.

The orientation of themonomerwith respect to the bilayer normal is
calculated at each timestep, by first calculating the vector r! Eq. (2), as
depicted in Fig. 2c. The orientation angle is then calculated using
Eq. (1), where a!¼ r! and b

!¼ z!¼ 0iþ 0 jþ kð Þ (unit vector normal
to the bilayer).

r!¼ a!− b
! a!� b!

∥ b!∥2

 !
ð2Þ

where a!¼ BA
�!� �

and b
!¼ AC

�!� �
.

The tilt angle is defined as the angle between the vector a!and a unit
vector normal to the membrane, ẑ ¼ 0iþ 0 jþ kð Þð Þ , as depicted in
Fig. 2d. The tilt angle is determined by calculating the angle from
Eq. (1) using a! and b

!¼ ẑ ¼ 0iþ 0 jþ kð Þ , and then subtracting
the angle from 90°. By calculating the difference between 90° and the
measured angle, the angle between the peptide and the membrane is
obtained.

By substituting the vectors a! and ẑ into Eq. (1), and subtracting the
resulting angle from 90°, the tilt angle is obtained.
Fig. 3. (a) Average insertion depth of each residue in thewild type (black circles) andmutant (gr
bilayer leaflet closest to the monomer. The N-terminal is glycine for the wild type and leucine
system Awild representing the insertion of the FP into the lipidmembrane. The backbone beads o
purple respectively. The beads representing the PC head groups (yellow), glycerol group (red)
been reduced in size to make it easier to see the structure of the FP.
4.4. Monomer systems (system A)

4.4.1. Insertion depth
The insertion depth of themonomers in system A and the trimers in

system B into the membrane is defined as the difference between the z
coordinates (Δz) of the backbone bead of each residue and the centre of
mass of the phosphate and choline groups of the lipid bilayer leaflet that
is closest to the monomer/trimer. A negative value of Δz indicates that
the given residue is inserted past the lipid headgroups into the bilayer.
The insertion depth of each bead is averaged over the course of the
trajectory during the entire production simulation, and the trajectories
of each replica are averaged together.

Fig. 3 shows the average insertion depth of the backbone bead of
each residue. A discernible trend in Fig. 3a is that the N-terminal residue
of each monomer inserts 0.1–0.3 nm deeper into the membrane than
the C-terminal glycine. The first three residues of the monomer in sys-
tem Amutant have inserted ~0.2 nm deeper into the membrane than
those of the Awild monomer, which is in contrast to the findings of Wu
et al. [40]. This is due to the mutated residue 1LUE, which is hydropho-
bic, and is expected to have a greater insertion than 1GLY in the wild
typemonomer. The average insertion depths of themonomer in system
Awild (Fig. 3(a)) agree well with those observed experimentally [8,34].
Both studies found the insertion depth of 1GLY and 20GLY to be less
than 0.5 nm, which is within the error (0.38 ± 0.11 nm for 1GLY and
0.30 ± 0.25 nm for 20GLY) of the calculated value for the same
residues.

The average insertion depth of the monomers in system Awild

and Amutant shows that the peptide is kinked. This can be seen in
Fig. 3a (black and green dashed lines). The 1GLY and 20GLY of the
wild type FP monomer have a greater insertion depth (~0.4 nm) than
compared with the 12ASN residue (~0.1 nm), which is indicative of a
kinked structure. The same can be said for the mutant FP monomer,
however, the insertion depth of the 1LUE residue is 0.6 nm and the
20GLY is ~0.2 nm. Fig. 3b shows a representative snapshot of the Awild

monomer in a kinked structure.
The amphiphilic monomers contain mainly hydrophobic residues

near the N-terminal end of the peptide, whilst the location of the kink
has a charged (11GLU) and polar (12ASN) amino acid sequence. The
hydrophobic residues are highlighted by the red boxes in the x-axis
of Fig. 3a. The hydrophobic residues have inserted deeper into the
membrane than the neutral and charged residues, as shown in Fig. 3a.
Therefore, the ability to kink allows for the hydrophobic residues close
een squares)monomers in systemA. The dashed red line represents the head groups of the
for the mutant, with the hydrophobic residues highlighted by red boxes. (b) Snapshots of
f 1GLY, 12ASN and 20GLY residues are shown as large spheres coloured orange, green and
and hydrocarbon tails (silver) of the lipid molecules and the water molecules (blue) have

image of Fig.�3


Fig. 4. The intermolecular (black) and intramolecular (red) contributions to the (i) electrostatic and (ii) van der Waals energy for systems (a) Awild and (b) Amutant, respectively.
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to the N-terminal to be inserted deeper, while the charged and polar
groups are able to stay closer to the fluid–membrane interface and
the oppositely charged lipid choline head groups. This can stabilise
the monomer at the interface, and can be seen in the inverted ‘V’ struc-
ture proposed by Han et al. [8], where the N-terminal and C-terminal
have larger insertion depths than the residues located at the kink
angle (11GLU, 12ASN, and 13GLY), which is also observed in the simu-
lations as shown in Fig. 3b.

The intermolecular (black line) and intramolecular (red line) elec-
trostatic and van der Waals energy contributions are plotted as a func-
tion of time for systems Awild and Amutant in Fig. 4. In Fig. 4a and b, the
intermolecular van der Waals energy profile shows a decrease, with
the largest decrease in system Amutant, as the peptide inserts into the
membrane. This decrease in energy shows that the peptide location at
the interface is stable and the most energetically favourable. Any small
increase in the intramolecular energies is offset by a larger decrease in
the intermolecular energy in both systems,which shows that the overall
net energy of the system is decreasing, or has stabilised.

Fig. 4b shows that as the peptide inserts into themembrane, there is
a larger decrease in the intermolecular van der Waals energy, which
stabilises to a similar value as that of the monomer in system Awild. An
increase in the hydrophobic interactions between the FP and the mem-
brane results in the decrease of the intermolecular van der Waals ener-
gy in both systems, and results in a small increase in the intramolecular
van derWaals energy, as the peptide is able to obtain small kink angles.
The peptide is able to obtain small kink angles at the interface, which
increases the intramolecular interactions. In comparison to the change
in the van der Waals energy, the change in the electrostatic energy of
both systems Awild and Amutant is very small. The decrease observed in
the electrostatic energy ismostly due to the negatively charged residues
of the FP interacting with the choline groups of lipid headgroups.

Theoretical and experimental investigations of the conformational
effects and free energy of association of influenza peptides to model
membrane have been proposed in the past [41–43]. The interaction is
shown to be driven by the enthalpy of peptide insertion in the bilayer
and opposed by entropy loss due to the folding of the peptide in the
membrane. As pointed out in these studies, the major folding event oc-
curs at theN-terminal segment of the fusion peptide. Therefore accurate
descriptions of the free energy events due to mutations at these posi-
tions are essential to understand the differences in fusogenic behaviour.
Substitution of the C-terminal and highly conserved glycine residue
with a serine or a valine has been demonstrated to have a dramatic
effect on the NMR structure and CD spectra of this peptide in lipid
bilayers and micelle environment. We can assume that similar effects
would be observed for the G1L mutation studied here, if not enhanced.
Nevertheless, systematic studies of all possible point mutations are still
incomplete, both computationally and theoretically. The anisotropy of
the media at the membrane interface and the crucial role of changes
in pH render such studies difficult to realise.

4.5. Kink and orientation angles

Fig. 5 shows the calculated angles for themonomers in SystemsAwild

and Amutant. The data shown in Fig. 5 is once the monomer has been
inserted into the membrane, the visual inspection of the simulations
for system Amutant shows that the monomer inserts after 260 ns, while
the monomer in system Awild inserts from the start of the simulation.

For each timestep (that the peptide is inserted into the membrane),
the orientation angle of the peptidewithin themembrane is plotted as a
function of the peptide kink angle. From Fig. 5a and d, it is clear to see a
correlation between the kink and orientation angles. The dependence of
small kink to perpendicular orientation angles of the peptide (~90°,
with respect to the membrane normal) and larger kink to higher
orientation angles (N100°) is highlighted by the clustering of the data
(red ellipses) in Fig. 5c and f.

The data in the insertion depth plots (Fig. 3a) show that the
monomer resides at the fluid–membrane interface once it has been
inserted. When the orientation of the peptide is perpendicular to the
bilayer normal (~90°), the monomer has an acute kink angle (b60°).
The C-terminal bead is generally less inserted into the bilayer in such
helical hairpin structures. This conformation agrees well with experi-
mentally observed structures of the FP by Lorieau et al. [20]. The orien-
tation angle increases as the kink angle does, so for larger kink angle
values, the orientation of the monomer is close to anti-parallel with
the bilayer normal (~150°). Orientation angles greater than 90° can
only exist if the N- and C-terminal beads are inserted deeper into the
membrane than the 12ASN residue, supporting the inverted ‘V’ struc-
ture (boomerang) hypothesis [8]. Snapshots of the FP monomers in
each of these two configurations are shown in Fig. 7.

In order to quantify the amount of time that a FP stays in a given con-
formation, the distribution of orientations and kink angles in Fig. 5c and
f are used to label a given conformation as being in the hairpin orienta-
tion, inverted ‘V’ (boomerang) orientation or transitioning between the
two. If the orientation angle is less than 120° and the kink angle is less
than 110° then the FP is said to be in the hairpin configuration.Whereas
if the orientation angle is greater than 120° and the kink angle is greater
than 110° then the FP is labelled as being in the inverted ‘V’ (boomer-
ang) configuration. Configurations in which the FP structure has any
other pair of orientation and kink angles are said to be transitioning
between the two structures.

Fig. 6a and b shows the probability distribution for a monomer in
systemsAwild and Amutant, respectively, to be in the helical hairpin orien-
tation, the inverted ‘V’ (boomerang) orientation, or transitioning be-
tween the two. Both monomers are more likely to be in the hairpin

image of Fig.�4


Fig. 5.Distribution of kink and orientation angles of systemA simulations. (a & d) The kink (black) and orientation (red) angles of thewild type (a) andmutant (d)monomers in systemA
are plotted as a function of time (b & e) Histograms of the kink angles of the FP for the wild type (b) and mutant (e) monomers. (c & f) Plots of the orientation angle as a function of kink
angle for the wild type (c) and mutant (f) monomers. The values of the two angles are calculated once the monomer has inserted into the membrane. The values plotted here are
representative of a single replica; the other replicas which show similar behaviour can be found in the Supplementary Information.
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orientation than the inverted ‘V’ and they both spend the least amount
of time transitioning from one to the other. Thewild typemonomer has
a higher probability to be in the hairpin orientation than the mutant
monomer; while the mutant monomer is more likely to be in the
inverted ‘V’ orientation than the wild type monomer. In any case, no
matter which structure the single peptide would adopt, a mechanism
by which a single FP could induce viral fusion is not directly reflecting
the real situation. Single cell fusion studies are subject to the formation
of fusion pores, as early intermediates in the fusion process. Some
models suggest up to six HA trimers participating in the formation of a
single pore. It is possible that during the process of pore formation the
peptide rearranges from thepossible states of helical hairpin or boomer-
ang orientation to a contiguousα-helical state effective to the formation
of such oligomeric pores.

The tilt angle of themonomers upon insertion is in the range of 25°–
40° (not shown), which is in very good agreement with experimental
and computational results [8,13,32–35], which report values between
23° and 40°. The tilt angle also stabilises within the first 10 ns, which
has also been observed in other simulations [13,35]. Simulations of
Fig. 6. Probability distribution that a monomer in system (a) Awild and (b) Amutant is in the helic
between the two (green).
monomers initially oriented perpendicular to the lipid interface with
the N-terminal end closest to the membrane as well as monomers ori-
ented such that the C-terminal residue of the FPwas nearest the lipid in-
terface were also conducted. In all cases, the peptide did not insert until
the N-terminal residue of the FP was nearest in the interface and the
monomer made a tilt angle in the stated range with the lipid interface.
There is a discernible trend in the intermolecular energies with respect
to the kink angle, such that an increase in the kink angle of the
peptide results in an increase in the intramolecular van der Waals
energy. A 120° increase in the kink angle for the monomer in both
systems Awild and Amutant results in an increase of ~50 kJ mol−1 in the
intramolecular van der Waals energy. An increase in the kink angle,
which causes the distance between the N- and C-terminals of the pep-
tide to increase, causes the intramolecular energy to increase. However,
the changing configuration of the peptide (increase in kink angle)
subsequently causes the intermolecular van der Waals energy to
decrease, as the interactions between the hydrophobic residues
and the bilayer increase. A highly kinked configuration of the
peptide (with small kink angles ~30°) is at a lower intramolecular
al hairpin orientation (blue), the inverted ‘V’ or boomerang orientation (red) or transition
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Fig. 7. Snapshots showing the kink and orientation angle for the monomer in system Awild. The kink and orientation angles for (a) and (b) are 126.00° and 136.65° respectively. The
kink and orientation angles for (c) and (d) are 27.70° and 98.79° respectively. The N-terminal, 12ASN and C-terminal beads are shown as orange, green and purple spheres. The red
and blue α-helices are between the N-terminal and 12ASN and 12ASN and C-terminal of each monomer respectively. The phosphate and choline, hydrocarbon tails and water are
represented as yellow, silver and blue spheres respectively.
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energy (~−425 kJ mol−1), as the hydrophobic residues are closer to-
gether. The intermolecular van der Waals energy decreases by the
same amount.

4.6. Trimer systems (system B)

4.6.1. Insertion depth
The insertion depth profiles of the wild type trimer in systems Bwild

are considerably different to those of the monomers in system A. Fig. 8
shows the average insertion depths of each residue for each monomer
within the trimer. The average location of the C-terminal beads of
the trimer is ~0.80 nm away from the phosphate and choline groups
(outside of the membrane), which has a difference of ~1.00 nm to the
monomers in system A, as the extra beads used to self assemble
the monomers into a trimer prevent the C-terminal beads from
penetrating the bilayer. The C-terminal beads of the monomers
in system A have no such restriction placed on them, and there-
fore can penetrate into the bilayer. Fig. 8 shows that the first ten
residues (from 1GLY to 10ILE) of each monomer prefers to be
inserted, while the peptide segment from 13GLY to 20GLY resides
at the fluid–membrane interface due to the polar and charged
residues.

The insertion ofwild typemonomers and trimers is consistentwith a
computational study of FP monomers and trimers inserted into bilayers
by Sammalkorpi and Lazaridis [35]. It was observed that wild type FP
monomers inserted into a bilayer with varied depths, always diffused
to the interface, with a tilted configuration, which is seen in Fig. 3a.
The monomers within a trimer also relocated to the interface, with
one or more monomers inserted into the membrane, which is consis-
tent with Fig. 8a.

The N-terminal residue in the mutant trimer (1LEU) does not pene-
trate themembrane bymore than 1.5 nm, which is the samemaximum
depth for the N-terminal residue in the wild type trimer (1GLY). The
average position of each monomer indicates the trimer resides at the
interface, which is expected. The first three residues of the monomers
in the mutant trimer insert ~0.2 nm deeper than their counterparts in
the monomers of the wild type trimers, which is similar to the differ-
ence observed in the monomer system A.
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Fig. 8. Average insertion depth of each residue of the different monomers (represented by black circles, green squares and blue diamonds) of the trimer made up of (a) wild type mono-
mers (Bwild) and of (b)mutantmonomers (Bmutant). The dashed red line represents the head groups of the bilayer leaflet closest to themonomer. TheN-terminal is glycine for thewild type
and leucine for the mutant, with the hydrophobic residues highlighted by red boxes.

1176 N.R. Haria et al. / Biochimica et Biophysica Acta 1838 (2014) 1169–1179
Fig. 9 shows the intermolecular and intramolecular contributions to
the van der Waals and electrostatic energies of the trimer systems. The
intermolecular (black line) van der Waals energy decreases for system
Bwild-head. This is in agreement with the behaviour of the monomers in
system A, as the value of the intermolecular van der Waals energy is
at its lowest when the monomer/trimer is located at the interface. The
energetically favourable state for eachmonomer of the trimer in system
B is at the membrane–fluid interface. Therefore, it is the van der Waals
interactionswhich are driving the trimer to the interface as opposed to a
Coulombic interaction.

Surprisingly, there is an increase in the intermolecular van derWaals
energy in system Bmutant-head, however, this is offset by the decrease in
the intramolecular energy. This shows that the intramolecular van der
Waals energy decreases as each monomer of the trimer spreads out
and reaches the interface, with the increase in the intermolecular van
der Waals energy attributed to an increased interaction between each
monomer and the environment. The intermolecular and intramolecular
electrostatic energies within system B fluctuate around−20 kJ mol−1

and 0 kJ mol−1 respectively, which is also observed for system A.
The van der Waals and electrostatic energies were calculated for the
whole trimer as opposed to calculating the energies for each individual
trimer, during the simulations. Therefore, it is not possible to determine
any correlations between the interpeptide distance and the inter- and
intramolecular energies.
Fig. 9. The intermolecular (black) and intramolecular (red) contributions to the (i) electro
The kink, orientation and tilt angleswere calculated for each individ-
ual monomer self assembled into the trimer in system B, in the same
way as for the monomer in system A. The results for each peptide are
shown in Fig. 10.

From Fig. 10a and c, it can be seen that one of the monomers has a
kink angle ~80° for the majority of the simulation, whilst the other
two of the three monomers of the trimer in system Bwild do not exhibit
acute kink angles (b60°). From the average insertion depths of each
monomer (Fig. 8a), it can be seen that the N-terminal ends of two
monomers are slightly more inserted than the third. The two that are
insertedmore also are found to be the twomonomerswhichhave larger
kink angles. This implies that the structure of the trimer is such that on
average, all three monomers are located at the fluid–membrane inter-
face, however, the greater average insertion (of the residues close to
the N-terminal) of the two monomers prevents a smaller kink angle.
A representative snapshot of a trimer in which the above is exhibited
is shown in Fig. 11. The orientation angle of each monomer does not
exhibit the same behaviour as that of the monomers in system Awild

(Fig. 5a and c).
Fig. 12a and b shows the probability distribution that themonomers

that make up the trimers in system Bwild and Bmutant, respectively, are in
the helical hairpin orientation, inverted ‘V’ orientation or transitioning
between the two. In both systems, monomers are most likely to be
found in the helical hairpin orientation, which is similar to the trend
static and (ii) van der Waals energy for systems (a) Bwild and (b) Bmutant, respectively.
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Fig. 10. The kink (black) and orientation (red) angles of the trimer in system Bwild (only one replica simulation data shown).
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found in the monomer systems. However, in the trimer systems, the
probability that the monomers are found in the helical hairpin orienta-
tion is significantly larger than that of the monomer systems and the
probability that they are found in the inverted ‘V’ (boomerang) orienta-
tion is about a third of that for the monomer systems. Also, in this case
the mutant monomers have a higher probability of being in the hairpin
Fig. 11. Snapshots of an inserted configuration of the monomers in the trimer in system Bwild

connect the C-terminal (purple sphere) and 12ASN (green sphere) and the 12ASN and the N
water beads are represented by yellow, silver and blue spheres, respectively, and the size of the
orientation than thewild typemonomers,which is the opposite ofwhat
was observed for the monomer systems (system A).

This is in contrast to the trimer in system Bmutant (Fig. 10b and d),
where each of themonomerswithin the trimer have similar kink angles.
The average insertion depths (Fig. 8b) are also very similar for each
monomer, which implies that the structure of the trimer within the
(a) side view, (b) top view. Each monomer is represented by a blue and red helix which
-terminal (orange spheres) residues, respectively. The lipid head groups, lipid tails and
se spheres have been reduced such that the structure of themonomers is clearly observed.
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Fig. 12. Probability distribution that a monomer in system (a) Bwild and (b) Bmutant is in the helical hairpin orientation (blue), the inverted ‘V’ or boomerang orientation (red) or transition
between the two (green).
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bilayer is such that the N-terminal residues are inserted deeper into the
membrane than the C-terminal residues.

Themonomers which are self assembled into a trimer do not exhibit
the smaller kink angles (b50°) as observed in the single monomers in
system A. We believe this is due to the additional beads and bonded
restraints on the C-terminal beads, which keep them from inserting
as deeply into the bilayer as when they are completely free to move.
For the small kink angles observed in system A, the insertion depths of
the N- and C-terminal beads were similar.

The orientation angles for the monomers self-assembled into tri-
mers are in agreement with the observed trend between the insertion
depth and the orientation angles of the monomers in system A. In sys-
tem A, when the C-terminus of the monomer is less inserted than the
N-terminus, the measured orientation angles were always greater
than 100°, which is consistent with the values of the orientation angles
measured in the monomers that make up the trimers in system B.

The tilt angles of each monomer in the trimer have been measured
(not shown), with the average tilt angle for systems Bwild and Bmutant,
20.1° ± 7.5° and 24.2° ± 5.6° respectively. These values are also
in good agreement with experimental and computational studies
[8,13,32–35]. The value of the tilt angle stabilises very quickly and
remains nearly constant at ~30°, which is the same value observed for
the monomers in system A.

In conclusion, we believe that the peculiar plasticity of the FP
sequence is needed for adaptation to the different environments that
the peptide has to experience during membrane fusion. Additionally,
flexibility to adopt all the states observed experimentally and computa-
tionally (inverted ‘V’ helix, helix–hairpin and all-helix) is necessary for
the formation of oligomeric pores that create narrow aqueous channels
as pre-fusion states [26]. Our model for trimers assembly can be consid-
ered as a first step towards a more realistic description of the effective
mechanisms playing a role in the early intermediate states of the fusion
process.

Additionally we believe the approach presented here of modifying
the existing MARTINI force field in order to reproduce structures ob-
served from experimental measurements and/or atomistic molecular
dynamics simulations is one that could generally be applied to the gen-
eral field of peptides interacting with interfaces. In this manuscript, the
method has been applied to a small peptide which only had one signif-
icant change in the configuration observed. When studying larger pep-
tides and proteins, the task of accurately capturing the configurational
changes of the peptide as it interacts with the interface will prove
more challenging, as not only will one need to accurately reproduce
the structural changes but also do so in the correct sequence. However,
we believe that this approach is a good starting point for attempting
to model these more challenging problems. If one takes a sequential
approach to capturing the various changes in the peptide's structural
conformation, this approach could provide a new insight into theunder-
lying physicswhich control the sequence of the conformational changes
that a peptide undergoes while interacting with an interface.
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2013.12.020.
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