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Chapter 4

Effects of the influenza HA fusion
peptide on the phase behavior of
lipid mixtures

Order is the shape upon which beauty depends.

Pearl S. Buck

The influenza hemagglutinin fusion peptides are required for influenza mediated
fusion and by themselves possess the ability to alter the lipid phase diagram and
induce vesicle fusion under suitable conditions. Here we present molecular dynam-
ics simulations investigating the peptides’ effect on stalk formation in dehydrated
lamellar systems and on the phase behavior of representative lipid mixtures. While
no facilitation of stalk formation is observed, we detect a systematic shift towards
phases with more positive mean curvature in the presence of the peptides, as well
as an occurrence of bicontinuous cubic phases which indicates a stabilization of
Gaussian curvature.

4.1 Introduction

The fusion of the influenza virus to its intended host-cell is mediated by the
hemagglutinin (HA) trimer. In its mature state, each HA monomer consists of
two subunits: HA1, which is mainly involved in receptor binding, and HA2, which
is believed to be responsible for the fusion process. HA2 is anchored to the vi-
ral membrane with a helical transmembrane domain close to its C-terminus and
possesses an N-terminal fusion peptide, which becomes exposed after a confor-
mational change of the protein’s ectodomain at low pH (for a recent review, see
[58]).

In in-vivo experiments, both the transmembrane domain [22] and the fusion
peptide [59] as well as the conformational change of the ectodomain of HA2 [60]
are required to complete fusion. While the transmembrane domain appears to
require only a fixed length to be active [22], the fusion peptide requires a more
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32 CHAPTER 4. EFFECTS OF THE INFLUENZA HA FUSION PEPTIDE

specific structure [61], indicating a complex role beyond the mere establishment
of a contact to the target membrane.

Studies focusing on the fusion peptides alone show that, in vitro, presence
of only the fusion peptides is sufficient to induce lysis or vesicle fusion under
suitable conditions [24]. In addition, the fusion peptides have a distinct effect on
the phase diagram of lipid mixtures, decreasing the temperature at which cubic
phases are observed [26] and altering the lamellar-to-inverted hexagonal phase
transition temperature in a concentration-dependent manner [34].

The structure of the 20 amino acids long fusion peptide is available from NMR
measurements in micelles [62]. Two amphiphilic alpha helical arms are joined at
an angle of approximately 105◦ by a relatively rigid linker region so that the
hydrophobic parts of the helices face towards the inside of the kink; accordingly,
it partitions to the lipid/water interface as was confirmed by polarized ATR-FTIR
measurements [24].

Among the mutants of the fusion peptide two point mutants are known that
are non-fusogenic in in-vivo experiments and mainly differ from the wildtype in
the angle between the helical arms [61]. One is helical over almost the whole
length and therefore linear (G1V), while in the other the kink is inverted with
respect to the wildtype with a less rigid linker region (W14A).

Because of the general difficulty to devise experiments that give direct informa-
tion on the fusion peptides’ mode of action, computer simulations visualizing the
peptides’ effect on a lipid environment could greatly complement the experimental
data. To the best of the author’s knowledge, however, the computational work
published so far is limited to studies of the peptides’ structure and location at
lamellar and micellar interfaces (see, e.g., [63, 64]), which is probably a reflection
of the limitation of the available system size and time scale in simulations.

Here, we try to overcome these computational limitations by using the coarse-
grained MARTINI model [46], which has been successfully used to simulate the
phase behavior of lipids [65], and its extension to peptides [66]. Two approaches
to assess the fusion peptides’ effects on the behavior of lipids and the fusion
process are presented: an investigation of the formation of stalks in dehydrated
lamellar systems in the presence and absence of fusion peptides, and a study of
the peptides’ general effects on the phase diagram of representative lipids.

The first approach was expected to give insight into the way the peptides
facilitate fusion by assessing their relation to stalk formation as the initial step
of the fusion process. The direct simulation of stalk formation starting from
a lamellar system in this approach could potentially identify the peptides’ role
in the transition, but does not allow a clear distinction of thermodynamic from
kinetic effects.

The second approach, on the other hand, is an attempt at studying the pure
thermodynamic effects of the fusion peptide. For this, it is necessary to eliminate
kinetic effects due to the metastability of lipid aggregates as completely as possible,
which is accomplished by starting from a system in which the molecules are at
random coordinates and allowing the lipids to aggregate spontaneously [38]. This
way one gives up on the possibility to directly observe the peptides’ mode of
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action in actual phase transitions, but has a higher chance that the adopted
phase reflects the thermodynamically favored state of the system if one uses data
from a sufficient number of simulations. In addition, the peptides’ location in the
adopted phase can be determined and is likely to be indicative of the peptides’
function in vivo.

As the main lipid used in our simulations we chose DOPE1 as a lipid with a
high negative spontaneous mean curvature. In doing so, we expected to achieve a
high propensity towards stalks and inverted phases which are in general believed to
have a resemblance to intermediate states of the fusion process and are considered
indicative of a lipid composition’s fusogenicity.

4.2 Methods

The simulations shown were performed using the coarse-grained MARTINI model2

[46, 66] with the Gromacs-3.3 software package [67] using the standard run-
parameters for the MARTINI model at a timestep of 40 fs. Both pressure and
temperature were coupled to a reference value using the Berendsen scheme [53].
Lennard-Jones and Coulomb interactions were obtained every step for particles
within a cut-off of 1.2 nm according to a neighbor list updated every 10 steps. Both
the Lennard-Jones and Coulomb potential were modified with a shift function to
have the interactions smoothly vanishing at the cut-off. Electrostatic interactions
were screened with an effective dielectric constant of 15.

4.2.1 The models for the fusion peptides

The models for the fusion peptides were based on NMR structures obtained in
micelles at fusogenic pH [62, 61]. Particle types, sidechain potentials and bonds
for all regions of the peptides, and backbone angle and dihedral potentials for
the regions corresponding to secondary structures supported by the MARTINI
forcefield were assigned according to the default values of the model using the
script provided with the forcefield.

For the regions corresponding to non-standard secondary structures, the values
for which the backbone angle and dihedral potentials are minimal were assigned
to match the corresponding angles and dihedrals found between the alpha-carbons
of a typical representative of the NMR structures picked from the largest cluster
in an RMSD cluster analysis. To maintain the geometry in these regions, the
force constants for these potentials were set to the standard values assigned to
alpha-helical regions in the MARTINI model. A comparison of our model and the
experimental structure is given in Fig. 4.1. Details and further alterations for the
individual peptides are given below.

1dioleoylphosphatidylethanolamine
2in this and the following chapters, “MARTINI model” will refer to version 2.0
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Figure 4.1: Comparison of the representation of the fusion peptides in our coarse-
grained model with the NMR structure obtained at a micellar surface. Shown are
the experimental structure (NMR), the configuration of our model at the lipid/water
interface in a simulation (CG), and snapshots illustrating the peptides’ position at the
lipid/water interface in our simulations (SN). For the peptides, backbone beads are
shown in black and the sidechains in colors indicating the residue with pink for L and
E, purple for F, blue for A, green for I, brown for N and V, gray for W, yellow for M and
red for D. Water is shown in light blue, lipids tails in light gray and lipid headgroups
including glycerol in magenta.
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Wildtype The model for the influenza HA fusion peptide was optimized to
match the fifth structure contained in the Protein Data Bank entry 1IBN. Using
a preliminary version of the MARTINI model3, the parameters were set corre-
sponding to the sequence GLFGAIAGFIENGWEGMIDG and a secondary struc-
ture alpha-helical from residue 2-10 and 15-18 with a turn for residues 11-144. To
reproduce the fixed angle between the two helices, the values for the bond, angle
and dihedral potentials of the backbone beads of residue 8 to 16 were altered: the
force constants for the bonds were raised to 1250 kJ mol−1, the force constants for
the angles were raised to 700 kJ mol−1 and the minimum of the potential set to the
angles found for the alpha carbons of the experimental structure, and additional
dihedral angle potentials were introduced with a force constant of 400 kJ mol−1, a
multiplicity of 1 and a minimum at the angles found for the corresponding alpha
carbons in the experimental structure.

G1V mutant The secondary structure for the G1V mutant has been experi-
mentally determined as alpha-helical over the whole length [61]. Since standard
parameters for alpha-helical regions are included in the MARTINI forcefield, there
was no need for further analysis of the experimental structure. The topology was
obtained using the current version of the MARTINI model [66], based on the se-
quence VLFGAIAGFIENGWEGMIDG and a secondary structure alpha-helical
except for the two terminal residues at both ends of the peptide. No additional
potentials had to be introduced.

W14A mutant For the W14A mutant, the secondary structure contains sev-
eral motifs not supported in the MARTINI model. For details, refer to [61]. To
represent these structures using the current MARTINI model, a provisional topol-
ogy was obtained using the correct sequence (GLFGAIAGFIENGAEGMIDG) but
the secondary structure of the wildtype. This topology was then adapted to match
the tenth structure contained in the Protein Data Bank entry for the mutant pep-
tide (2DCI) by setting the minimum values for the angle and dihedral potentials5

of the backbone to match the values found for the alpha-carbons in the experi-
mental structure. In addition, the force constants for bond, angle and dihedral
potentials connecting the backbone beads were set to 1250, 700 and 400 kJ mol−1,
respectively, except for the termini, for which the originally assigned values were
kept.

4.2.2 Stalk formation

The simulations were started from a configuration with two bilayers of 98 DOPE
lipids each with an equal amount of lipids per monolayer, separated by two water

3The differences to the final version mainly concern changes between similar particle types
and conserve the general properties of the model. Changes in behavior are expected to be subtle
and not responsible for the difference between wildtype and mutants in our simulations.

4corresponding to the DSSP code ∼HHHHHHHHHTTTTHHHH∼∼, obtained with the
DSSP program from the Gromacs package

5introducing new potentials if none were present in the preliminary topology
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Figure 4.2: The three principal setups for our simulations of stalk formation. All
setups contain two parallel bilayers consisting of 98 lipids each, separated by two water
layers with equal numbers of water beads. The difference is the distribution of fusion
peptides: we performed simulations without peptides (NP), with one peptide in each
monolayer (SP), and with one peptide only in the monolayers facing one of the two
water layers (AP). For all setups, simulations at 323 and 375 K were performed using
different hydration levels.

slabs consisting of an identical number of beads (including sodium ions to counter
the charges in the simulations containing peptides). As illustrated in Fig. 4.2,
three sets of simulations were run containing either no peptides, one peptide in
every monolayer or one peptide only in the monolayers adjacent to one of the two
water layers.

The simulations were carried out at reference temperatures of 323 and 375 K
with a coupling time constant of 0.5 ps, and with semi-isotropic pressure coupling
with a compressibility of 1x10−5 bar−1, a coupling time constant of 1.2 ps and
a reference pressure of 1.0 bar for all directions. The simulations were run for
25,000,000 steps, corresponding to an effective time of 4 µs6. For every set of
conditions, multiple simulations starting with different initial velocities were run.

To avoid premature formation of stalks due to insufficient equilibration in sys-
tems of low hydration, the systems were prepared starting at the higher hydration
levels, gradually removing a small number of water beads and equilibrating the
system to obtain the systems at low hydration.

4.2.3 Spontaneous aggregation

The systems simulated consist of 256 molecules of lipid, 4 or no fusion peptides
and between 2 and 3 coarse-grained water beads per lipid (representing actual
hydration levels of 8 to 12 water molecules per lipid and including sodium ions to

6Interpretation of dynamics in the MARTINI model has to account for the lower friction of
this model. Based on the measured mobilities of lipids and water, a conversion factor of four
has been applied to provide an approximate time scale (see also [46]).
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counter the charges of the peptides), which were randomly placed in a cubic simu-
lation box. After a short relaxation run using isotropic pressure coupling in which
all non-bonded interactions in the system were set to be similar to those between
water beads, the actual simulations were carried out with anisotropic pressure
coupling with a compressibility of 5x10−5 bar−1 for the diagonal elements and
1x10−7 bar−1 for the off-diagonal elements of the pressure tensor, coupling time
constants of 1.2 ps and reference pressures of 1.0 bar. The reference temperatures
were set to values from 270 to 315 K with coupling time constants of 0.5 ps.

The simulations were run for a total of 75,000,000 steps, corresponding to
an effective simulation time of 12 µs, which was found to be sufficient to adopt
a (kinetically) stable state with no phase changes during the last third of the
simulation. Multiple simulations starting from different initial velocities were run
for each system and set of conditions.

4.3 Results

4.3.1 Stalk formation

To assess the ability of the fusion peptides to induce stalks in lamellar systems,
we performed three sets of simulations of two closely apposed DOPE bilayers: one
without peptides, one with peptides in all monolayers, and one with peptides only
in the monolayers facing one of the two water layers (cf. Fig. 4.2).

DOPE was chosen as a lipid with a high spontaneous negative mean curvature,
giving the system a strong “incentive” to leave the lamellar phase and potentially
reducing the energy of stalks in accordance with their overall negative mean cur-
vature.

The results from our simulations are shown in Table I. If we look at the sim-
ulations at 323 K, the presence of peptides in both monolayers of the lamella
did not act to facilitate stalk formation. In fact, the peptides were rather unex-
pectedly found to prevent stalks at hydration levels that spontaneously formed
stalks in their absence. Systems with an asymmetric distribution in which the
peptides were only present in the monolayers around one of the two water layers
of the systems (cis monolayers) formed stalks at an efficiency comparable to the
peptide-free reference. However, the initial stalk to form in these simulations al-
ways occurred between the trans monolayers not containing the peptides. Stalks
between the cis monolayers appeared afterwards at the lower of the two hydration
levels, and not at the higher. In our simulations at 375 K7 stalks formed for all
setups and hydration levels simulated.

To complement our results, we used trajectories of conditions at which no
stalks had formed to determine the peptides’ effects on the properties of isolated
bilayers as shown in Table II. For these, we also included similar simulations

7Note that water does not boil at 373 K in the MARTINI model. For our purposes, 375 K was
chosen as a temperature sufficiently high to overcome kinetic barriers and to generally increase
the simulated systems’ propensity towards stalks.
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Table I: Formation of stalks in systems containing two parallel bilayers of DOPE at
hydrations of 2.24 and 2.65 water per lipid (W/L). Shown are the results in the absence
of peptides (NP) and in the presence of one influenza HA fusion peptide in all monolayers
(SP) and with one fusion peptide only in the monolayers around one of the separating
water layers (AP). For each entry, the number in front of the slash indicates the number
of simulations in which stalks formed within 4 µs and the number after the slash the
total number of simulations performed for those conditions.

W/L 323 K 375 K

NP
2.24 4/4 4/4
2.65 1/4 4/4

SP
2.24 0/4 4/4
2.65 0/4 4/4

AP
2.24 4/4 4/4
2.65 2/4 4/4

with bilayers consisting of DOPC8. Bilayers of both DOPE and DOPC display
an increase of surface area accompanied by a reduced thickness and an increased
inter-bilayer distance in the presence of the fusion peptides.

4.3.2 Effects on the phase diagram

Next we tested the ability of the fusion peptides to modulate the lipid phase
diagram. For this, we ran ∼250 12 µs simulations of spontaneous aggregation
for systems of either pure DOPE, pure DOPC or a 1:1 mixture, systematically
exploring a hydration range of 8 to 12 water molecules per lipid and a temperature
range of 270 to 315 K. The simulations were performed without peptides, or with
four copies of the wildtype influenza HA fusion peptide. In addition, simulations
including the non-fusogenic G1V and W14A mutants in place of the wildtype
peptide were performed for pure DOPE.

The phases were assigned based on the connectivity of the volume occupied
by headgroup and water beads. This approach unambiguously characterizes the
topology of the lipid/water interface while being insensitive to mere distortion, de-
tecting morphological features such as stalks and pores but ignoring deformations
such as bumps and dents.

The presentation of the results will first focus on the peptides’ global effects in
terms of the general phase behavior before looking at the peptides’ exact location
in the geometry of the individual phases.

8dioleoylphosphatidylcholine
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Table II: Properties of lipid bilayers consisting of 98 lipids of DOPE or DOPC at 323 K
at a hydration level of 2.65 water molecules per lipid in the presence of one peptide in
both monolayers (SP) and in the absence of peptides (NP). Shown are the box volume
Vbox, the area of the bilayers AXY, the height of the box in the dimension perpendicular
to the bilayers Zbox, the bilayer thickness D (defined as the average distance between
the peaks representing phosphate in the density plot) and the distance between the
bilayers dim (calculated as Zbox/2−D). In addition, the difference between the values
in the presence and absence of the peptides is indicated (∆). The errors given are error
estimates obtained via block-averaging [68].

DOPE Vbox (nm3) AXY (nm2) Zbox (nm) D (nm) dim (nm)

NP 312.51±0.04 29.75±0.01 10.50±0.01 4.821±0.002 0.43
SP 323.13±0.04 30.67±0.04 10.53±0.01 4.800±0.008 0.47
∆ 10.63 0.92 0.03 -0.021 0.04

DOPC Vbox (nm3) AXY (nm2) Zbox (nm) D (nm) dim (nm)

NP 315.29±0.04 30.00±0.04 10.51±0.01 4.800±0.002 0.46
SP 325.40±0.04 30.63±0.03 10.62±0.01 4.786±0.003 0.53
∆ 10.11 0.63 0.11 -0.014 0.07

Phase behavior

An overview of the phases adopted after 12 µs is given in Fig. 4.3.

Pure DOPE The clearest change is found for pure DOPE in the presence of the
wildtype peptides. The inverted hexagonal phase, which is exclusively observed
for the peptide-free reference simulations except at the lowest hydration levels, is
no longer observed in the presence of the fusion peptides. Instead, stalk phases in
which a regular array of stalks connect an otherwise lamellar system become the
dominant phase.

The G1V and W14A mutants show a similar preference of the stalk over the
inverted hexagonal phase as the wildtype, but at a reduced efficiency. In the
presence of both mutants, the inverted hexagonal phase is still observed in ap-
proximately 50 % of the simulations.

Another apparent effect of the peptides is the occurrence of bicontinuous cubic
phases that are not observed in their absence. The exact phase adopted appears
to depend on which peptides are present, with the single diamond phase [69]
(Fig. 4.4 F1 and F2) observed in the presence of the wildtype peptide, and the
double diamond phase (Fig. 4.6 C) in the presence of the G1V and W14A mutant.

The single diamond phase possesses a three-dimensional periodic intercon-
nected network of hydrophilic beads that connects all aqueous components in a
single continuous aggregate (Fig. 4.4 F1). In this aggregate, four water channels
lined by lipid headgroups emerge from every junction in a tetrahedral manner.
The same is true for the hydrophobic part of the system (Fig. 4.4 F2), all lipid
tails are joined in a single continuous aggregate with a morphology identical to
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DOPE no peptides

DOPE/PC no peptides

DOPC no peptides

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

DOPE WT

DOPE/PC WT

DOPC WT

DOPE G1V DOPE W14A

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

8.0 8.9 9.7 10.4 11.2 12.0 W/L
270 K

285 K
300 K

315 K

Figure 4.3: Overview of the phases adopted after 12 µs in dependence on temperature
and level of hydration (W/L) for pure DOPE, a 1:1 mixture of DOPE and DOPC, and
pure DOPC. Results are shown for simulations containing no peptides, the influenza HA
fusion peptide (WT), and the non-fusogenic G1V and W14A mutants. Green indicates
an inverted hexagonal phase, red a stalk phase, blue a lamellar phase, cyan a single
bicontinuous cubic diamond phase, and magenta a double bicontinuous cubic diamond
phase.
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the one described for the hydrophilic beads. The phase can therefore be described
as two mutually inter-penetrating labyrinths of identical morphology, where a net-
work of stalks defines a network of water channels and vice versa with the interface
corresponding to the diamond triply-periodic minimal surface.

The double diamond phase is similar, with the defining difference that two
isolated water compartments are formed, both of which having the same mor-
phology as described for the single diamond phase. The hydrophobic components
also form a periodic three-dimensional aggregate – a curved lipid bilayer separat-
ing the two aqueous labyrinths, with a midplane corresponding to the diamond
triply-periodic minimal surface (Fig. 4.6 C).

Another phase observed in the presence of the wildtype peptides is an inter-
digitated lamellar phase.

1:1 DOPE/DOPC Looking at the results for the 1:1 mixture of DOPE and
DOPC next, the systems containing no peptides adopt the stalk phase except at
the highest hydration level simulated, where a lamellar9 phase is found for low
temperatures. Compared to that, the simulations containing wildtype peptides
are found to adopt the lamellar phase at lower hydration levels.

In addition, one simulation is found to adopt the single diamond phase in the
presence of the wildtype peptides.

Pure DOPC The results for the simulations of pure DOPC show a similar trend
as those for the 1:1 mixture with DOPE. While the peptide-free systems adopt
the stalk phase at the lowest hydration level simulated, the simulations containing
the wildtype peptides adopt the lamellar phase with not a single instance of the
stalk phase even at the lowest hydration level.

Like for pure DOPE and the 1:1 mixture, some simulations are found to adopt
the single diamond phase in the presence of the wildtype peptides.

Peptide location and phase geometry

General location Both the wildtype and mutant peptides partition to the
lipid/water interface where they sit with the hydrophobic sidechains penetrating
slightly into the lipid tail region and the more polar sidechains between the lipid
headgroups as shown in Fig. 4.1.

Stalk phase For the stalk phase, the exact geometry adopted depends on the
lipid composition.

The stalk phases adopted by DOPE often show a resemblance to the inverted
hexagonal phase10, where the general shape of the cylindrical water channels is
still visible, but the channels are connected by bridges of water and headgroup
beads (Fig. 4.4 B). In these phases, the wildtype peptides are almost exclusively
located in these connections (often in clusters of two or more), while the mutant

9normal, non-interdigitated
10which is the dominant phase for pure DOPE in the absence of peptides
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Figure 4.4: Snapshots illustrating the influence of the wildtype of the influenza HA
fusion peptide on the phases adopted in our simulations of spontaneous aggregation.
The snapshots represent categories of phases observed: an inverted hexagonal phase
adopted by pure DOPE in the absence of peptides (A), two stalk phases adopted by
DOPE in the presence of the fusion peptide (B and C), a typical lamellar phase adopted
by DOPC and the 1:1 mixture in the presence of the peptide (D), a typical stalk phase
adopted by the 1:1 mixture in the presence of the peptide (E), and a single diamond
phase adopted by DOPE, DOPC and the 1:1 mixture in the presence of the peptide
(F). For D-F, two alternative views are given. Lipid tail beads are shown in grey for the
terminal beads and in black for the rest, glycerol beads in magenta, water and headgroup
beads in blue and beads corresponding to the backbone and sidechains of the Influenza
HA fusion peptide in brown and yellow, respectively. The surface separating the lipid
tail beads from the rest of the system is shown in green. To show the distribution of
beads, in some regions the surface has been rendered transparent and beads blocking
the view on other beads have been omitted.
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Figure 4.5: Schematic drawing illustrating the positioning of the boomerang-shaped
influenza HA fusion peptides around a stalk.

peptides are also frequently found to sit on the interface of the cylindrical water
channels without forming bridges (see paragraph on the inverted hexagonal phase
below).

At other times, DOPE adopts stalk phases closer to the ideal rhombohedral ge-
ometry (Fig. 4.4 C), in which the wildtype peptides are typically found embracing
the circular cross-section of the stalk with their boomerang shape as illustrated
in Fig. 4.5. In these phases, the assumed surface bears a high resemblance to the
theoretically predicted surface for stalk phases displaying constant negative mean
curvature over the whole surface [7] (compare with Chapter 2.3). The majority
of stalk phases adopted by pure DOPE falls between the two extremes shown in
Fig. 4.4 B and C.

For pure DOPC and the 1:1 mixture with DOPE, the stalk phases adopted
bear a much higher resemblance to the lamellar phase. In these phases, the density
of stalks tends to be lower and the curvature is often limited to the stalks and
their neighborhood, with planar regions in-between (Fig. 4.4 E1).Unlike for pure
DOPE, in the mixture with DOPC11 the wildtype fusion peptides do not strictly
co-locate with the stalks, and are most often found in the planar regions of the
interface (Fig. 4.4 E1 and E2).

Inverted hexagonal phase The inverted hexagonal phases observed for pure
DOPE in the presence of the non-fusogenic G1V and W14A mutants are similar
to the ones formed in their absence.

In these phases, the mutant peptides either sit on the interface of the cylindrical
water channels (Fig. 4.6 A), or form bridges between the channels that, unlike the
ones formed by the wildtype, are not accompanied by water or headgroup beads
(Fig. 4.6 B).

Lamellar phase In both the interdigitated lamellar phases observed for DOPE,
and the regular lamellar phases observed for the 1:1 mixture and DOPC the
peptides sit on the lipid/water interface, often in clusters of two or more. An

11no stalk phases are observed for pure DOPC in the presence of the fusion peptides
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Figure 4.6: Snapshots showing the phases adopted by pure DOPE in the presence of
the G1V and W14A mutants of the influenza HA fusion peptide. Shown are two inverted
hexagonal phases (A and B), and a double diamond phase (C). The bridges between
the cylindrical water channels visible in B do not contain headgroup or water beads.
The snapshots are of simulations with the G1V mutant, but are also representative
for our simulations with the W14A mutant. The color representation is the same as
in Fig. 4.4. To show the distribution of beads, in some regions the surface has been
rendered transparent and beads blocking the view on other beads have been omitted.

Figure 4.7: Snapshots of the bicontinuous diamond phases illustrating the position of
the influenza HA fusion peptides. Shown are the wildtype fusion peptides in a single
diamond phase (A), and the G1V and W14A mutants in a double diamond phase (B
and C). For all snapshots, the lipid composition is pure DOPE. The color representation
is the same as in Fig. 4.4 with red cylinders highlighting the peptides’ helical parts.
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example for the lamellar phases adopted by DOPC and the mixture in the presence
of the wildtype fusion peptide is given in Fig. 4.4 D1 and D2.

Single diamond phase The single diamond phase is only observed in the pres-
ence of the wildtype fusion peptides, but similar for all three lipid compositions
simulated. The majority of the peptides is found in areas of the interface pos-
sessing negative Gaussian curvature, with a preference to locate between two of
the stalks emerging from the tetrahedral connections so that the helical arms are
aligned with the positive component of the surface’s curvature (Fig. 4.7 A).

Double diamond phase The mutant peptides’ location in the double diamond
phase is less clearly defined than that of the wildtype in the single diamond phase.
While both mutants appear to locate preferably in the junctions of the network of
water channels, a clear alignment with a positive or negative curvature component
can neither be found for the G1V nor the W14A mutant. The linear G1V mutant
appears to avoid orientations in which it would align with a large curvature com-
ponent (Fig. 4.7 B), while the inverted kink of the W14A mutant often is found
lying sideways on the lipid/water interface rather than aligning with a negative
curvature component (Fig. 4.7 C).

4.4 Discussion

4.4.1 Limitations of the method

Before we go into the discussion of our data, it is necessary to assess the scope of
conclusions that can legitimately be drawn from our simulations.

As a general limitation, molecular dynamics simulations impose artificial re-
strictions by using systems of very small size with a fixed number of particles.
While the small size is somewhat compensated by the use of periodic boundary
conditions and by allowing deformations of the simulation box by using anisotropic
pressure coupling, the system can only adopt periodic configurations within a unit
cell of a pre-defined volume. Together with the fixed particle composition, this
does not allow phenomena like (macroscopic) phase separation and results, for
example, in an artificially fixed hydration level when compared to experiments.
However, the energetics are unaffected by these limitations, and the configuration
adopted can be said to be thermodynamically realistic under the artificially im-
posed conditions. By choosing a suitable system size and hydration level, one can
therefore match experimental results to good approximation.

Another potential problem can arise from insufficient sampling in the limited
timescale available to computer simulation, which is especially important in the
simulation of systems of high metastability such as lipid phases. In our simu-
lations, we account for this difficulty by examining the phase diagram with the
simulation of a large number of spontaneous aggregations starting from random
coordinates. While the frequency of occurrence of a particular phase does not



46 CHAPTER 4. EFFECTS OF THE INFLUENZA HA FUSION PEPTIDE

strictly correlate to its free energy due to the possibility of kinetic trapping, a
changed frequency can be seen as indicative of changed energetics.

Finally, the outcome of simulations can never be more realistic than the un-
derlying model. When using a coarse-grained forcefield, this entails that due to
the crudeness of the representation one cannot expect to match the experimen-
tal behavior of a particular sort of molecules under specific conditions “spot-on”.
Rather, a more general correspondence between experimental results and simula-
tion will be obtained, in which changes of the molecular features captured in the
model affect the behavior in the same direction as a similar change in experiments.

4.4.2 Reproduction of experimental results

Phase diagram in absence of peptides

The experimentally resolved phase diagram of DOPC, DOPE and mixtures thereof
[70, 71] is a good benchmark to validate the feasibility of our approach.

As has been discussed above, an exact reproduction using our coarse-grained
model cannot realistically be expected. However, it has been demonstrated using
a previous version of the forcefield [65], that while the phases found in simula-
tions based on our model might be slightly shifted with regard to temperature,
hydration or lipid composition, they appear in the right general area of the phase
diagram. This is also true for our simulations, and the following important trends
are captured: upon increasing the amount of DOPE in the mixture a shift from the
lamellar to the inverted hexagonal phase is observed, and low hydration levels are
found to stabilize the rhombohedral stalk phase. The only feature not reproduced
by our model is temperature dependence, with no clear effect observed in the
phase diagram for the temperature range simulated, in contrast to the limitation
of the stalk phase to low temperature found experimentally.

Phase diagram in presence of peptides

Comparing our results in the presence of the peptides to experimental data, the
occurrence of bicontinuous cubic phases in our simulations is in agreement with
reports of a reduction of the temperature at which these phases form in vitro [34].
Experimental findings of an induction of the inverted hexagonal phase [26], on
the other hand, appear to disagree with our data. However, there is reason to
believe that the peptides’ effect on the inverted hexagonal phase is concentration
dependent, with concentrations corresponding to those used in our simulations
destabilizing the inverted hexagonal phase, as explained below in the discussion
of the peptides’ effect on interface curvature.

No experimental observations of the rhombohedral stalk phase linked to fusion
peptides are known to the author.

Peptide structure and partitioning

The structure of the fusion peptides in our simulations is in good agreement with
the experimental NMR structures at micellar interface for wildtype and both
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mutants (Fig. 4.1, top and middle), as is to be expected considering that the NMR
data was used as reference for the parametrization of the models. In addition,
the depth of the wildtype peptides’ penetration into the lipid aggregate and their
orientation is in agreement to both experimental results [24] and the findings of
molecular dynamics simulations using an atomistic model [64].

4.4.3 Effects of the fusion peptides on interface curvature

An important concept used for the characterization and theoretical interpretation
of lipid phases is interface curvature [7]. In this approach, the local shape of
a surface is defined by its two principal curvatures, that is the minimum and
maximum geodesic curvature at a point, which determine the mean curvature as
their average and the Gaussian curvature as their product (cf. Chapter 2.2.1). The
mean curvature identifies the average bending deformation at a point12, and the
Gaussian curvature gives the amount of saddle-splay deformation, with negative
and positive values distinguishing hyperbolic from elliptic regions, and a value of
zero indicating parabolic regions13 (cf. Chapter 2).

By adsorbing to the lipid/water interface, peptides can affect the preferred cur-
vature via their contribution to the surface area and their own shape, as well as by
changing the energies associated with packing of the lipids in their neighborhood.

In addition, especially in systems with a fixed composition like in our simula-
tions, the peptides’ contribution to the respective volumes of the lipid aggregate
and hydrophilic bulk needs to be taken into account, since a changed ratio of these
will alter the effective hydration level.

In our evaluation of the peptides’ effects we therefore need to keep in mind
the data obtained on the properties of isolated bilayers given in Table II. While
symmetric insertion of the fusion peptides into a bilayer increases the surface area
and decreases the bilayer thickness suggesting a change towards more positive
spontaneous mean curvature, the inter-bilayer distance increases, indicating that
the peptides’ additional volume can serve to mimic a higher hydration level.

Fusion peptides induce positive mean curvature

We first look at the peptides’ effect on the mean curvature of the adopted phase.
The two major changes of the phase diagram induced by the peptides are a change
from the inverted hexagonal to the stalk phase for pure DOPE, and a change from
the stalk phase towards the lamellar phase for pure DOPC and the 1:1 mixture.
Both of these represent a shift towards positive mean curvature.

To analyze the changes in detail, it is necessary to distinguish direct effects
on the curvature from those due to a changed effective hydration level. For pure
DOPE, this can be accomplished by taking into account that in the absence of
peptides the stalk phase is only observed at the lowest hydration levels simulated
while the inverted hexagonal phase appears to be the equilibrium phase at higher

12and is conventionally defined as positive for the surface of a micelle
13where the names indicate the function describing the respective surfaces’ cross-section with

a plane
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hydration. The observed change towards the stalk phase in the presence of the
fusion peptides is therefore unlikely to be caused by an increased effective hydra-
tion level, allowing us to ignore the additional volume contributed to the aqueous
bulk. We can conclude that for this system the adopted phase is determined
predominantly by the preferred curvature.

For the wildtype peptides this is not unexpected, if we consider that the sur-
face of the inverted hexagonal phase possesses uniform negative mean curvature,
making the interface unfavorable for the boomerang shape of the wildtype pep-
tides. The stalk phase, in contrast, possesses a positive curvature component
around the spherical cross-sections of the stalks that is able to accommodate the
peptides, while still displaying a negative overall mean curvature as demanded
by DOPE. The linear G1V mutant and the inverted W14A mutant, on the other
hand, lack the wildtype’s requirements of a positive curvature component and are
consistently observed to disturb the inverted hexagonal phase to a much lower
degree.

The fact that the presence of the mutant peptides is still found to increase the
number of occurrences of the stalk phase compared to the peptide-free reference
indicates an additional contribution that does not depend on the peptides’ precise
shape. This can be rationalized as an effect of the peptides increasing the required
interface area while contributing no volume to the distal region of the lipid tails,
which in consequence raises the spontaneous mean curvature of the surface and
favors the stalk phase over the inverted hexagonal phase.

For pure DOPC and the 1:1 mixture, a distinction of curvature from volume
effects is more difficult, since the observed change would be favored both by a more
positive mean curvature and a higher hydration level. Looking at the peptides’
location in the systems that adopt the stalk phase in their presence, however, we
find that the peptides do not strictly co-locate with the stalks, and are frequently
found in the planar regions of the surface. It is therefore unlikely that the fusion
peptides can act to stabilize the stalk phase with respect to the lamellar phase,
again suggesting an effect of more positive spontaneous mean curvature.

To understand the apparent inconsistency of a stabilization of stalks in pure
DOPE but not in the mixture and pure DOPC, it is necessary to take the dif-
ference of the stalk phases observed into account. For pure DOPE, the assumed
surface bears a high resemblance to either the inverted hexagonal phase or the
theoretically predicted surface for stalk phases displaying constant negative mean
curvature over the whole surface [7] (compare with Chapter 2.3). In both of these
geometries, the overall negative mean curvature can potentially act to increase
the significance of the stalks’ midsections’ high positive principal curvature. For
the stalk phase formed for the mixture, on the other hand, the mean curvature is
close to zero in the planar regions and locally negative in the stalks, making the
stalks the most unfavorable area for peptides inducing positive curvature.

While the induction of positive mean curvature by the fusion peptides appears
to contradict experimental findings in which the peptides lower the lamellar-to-
inverted hexagonal phase transition temperature [26], this may be due to a con-
centration dependence of the effects. At high concentration comparable to that
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in our simulations, the fusion peptides are found to increase the inverted hexago-
nal phase lattice constant in x-ray diffraction experiments [34], indicating a more
positive mean curvature and supporting our interpretation.

Fusion peptides allow formation of phases with high negative Gaussian
curvature

Another effect of the fusion peptides observed in our simulations is the formation of
bicontinuous cubic phases, which, judging from our data for the wildtype peptides,
is insensitive to the spontaneous mean curvature of the lipid mixture. These
findings, which are in agreement with experimental reports of a reduced formation
temperature for cubic phases in the peptides’ presence [26], indicate a stabilization
of negative Gaussian curvature.

While this could in principle be accomplished by a mechanism in which the
peptides simultaneously influence both principal curvatures, one towards positive
and the other towards negative values, there is no strong evidence for a stabiliza-
tion of a negative principal curvature in the peptides’ structure. If one, however,
does not postulate a direct effect on both principal curvatures, a mechanism in
which only a positive curvature component is stabilized is sufficient to rationalize
both the shift towards positive mean curvature as well as towards negative Gaus-
sian curvature. In this mechanism, the positive curvature component induced by
the peptides can manifest itself as the adoption of a phase with an overall more
positive mean curvature, as argued above. Alternatively, the positive curvature
can be limited to only one of the principal curvatures and be compensated by a
decrease of the second, giving rise to negative Gaussian curvature. Such a mecha-
nism would ordinarily be counteracted by the lipids’ negative Gaussian curvature
modulus [72], which associates negative Gaussian curvature with an increase of
elastic bending energy in the Helfrich model (see Section 2.3.2). However, these
energetic costs might be reduced by the fact that the peptides replace the lipids at
the regions of most negative Gaussian curvature, potentially rationalizing the less
negative Gaussian curvature modulus in the presence of the peptides proposed by
Siegel [73]. As such, the peptides’ role in the induction of negative Gaussian cur-
vature14 would be to supply a positive curvature component and simultaneously
reduce the energetic costs of Gaussian curvature.

Judging from our data, the increase of the overall mean curvature and the
induction of negative Gaussian curvature can occur simultaneously as in the shift
from the inverted hexagonal to the stalk phase for pure DOPE, or present mutually
exclusive ways to reach local minima in the energy landscape as in the shift from
the stalk phase to either the lamellar phase or the single diamond phase for the
1:1 mixture of DOPE and DOPC. In conflicting cases like the latter, which phase
is adopted is likely to be strongly dependent on the peptides’ positions, making
the decision a stochastic process.

Concerning the observed selectivity of the wildtype and mutant peptides in
the stabilization of either the single or the double diamond phase, there is no

14at least in lipid mixtures with a negative spontaneous mean curvature
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difference in the total amount of Gaussian curvature per primitive unit cell be-
tween these two phases. However, the single diamond phase, that is only observed
in the presence of the wildtype peptides, possesses the higher maximum positive
principal curvature, in agreement with the wildtype’s stronger ability to induce
positive curvature via its boomerang shape. The double diamond phase possesses
a lower maximum positive principal curvature, reflecting the non-fusogenic mu-
tants’ decreased ability to induce positive curvature.

The observation of a single bicontinuous cubic phase is especially significant,
since, to the best of the author’s knowledge, only double cubic phases have been
reported for lipid systems before. Considering that the general prerequisites for
lipid phases are a uniformly constant mean curvature and thickness (see Sec-
tion 2.3.1), these conditions are satisfied by the double phases in which the mid-
plane of a curved bilayer corresponds to a balanced triply periodic minimal surface.
However, except for slight variations of the thickness which could potentially be
compensated by differentiated packing, they are also satisfied by single phases, in
which a network of elongated micelles forms a surface parallel to such a surface.
In addition, it has been predicted in a field theoretic study that pores and stalks
in close proximity stabilize each other [56], presenting further evidence for the en-
ergetic feasibility of the single diamond phase. A detailed discussion of the single
diamond phase has been published in [69].

4.4.4 Connection to fusion

In light of the peptides’ function in vivo, it is interesting to relate our findings to
the fusion process.

Stalk formation

We will first look at the facilitation of stalk formation as the predicted initial step
of the fusion pathway.

In our simulations of the formation of stalks in dehydrated lamellar systems,
we observe an inhibition of stalk formation in the presence of the peptides. How-
ever, taking into account the increased inter-bilayer distance in the presence of the
peptides, it is difficult to interpret these results as an actual effect of the peptides
on the thermodynamics of stalk formation. An improved approach would have
to take the increased effective hydration into account, which could be in prin-
ciple accomplished by using the maximum inter-bilayer distance at which stalks
are formed as an indicator of the efficiency of stalk formation rather than the
maximum amount of water per lipid. However, our findings already illustrate the
problems due to the metastability of lipid aggregates, with only one out of four
simulations forming a stalk within 4 µs in the absence of peptides at a hydration
level of 2.65 water molecules per lipid at 323 K. One therefore would have to
increase the length of the simulations or use a high number of independent runs
to gain reliable results.

While we therefore do not have data on the kinetics of stalk formation in
metastable systems, our data of spontaneous aggregations indicates an increased
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energy of stalks for mixtures for which the equilibrium phase in the absence of
peptides is a lamellar configuration. As such, our data does not support an effect
on stalk formation as the mechanism by which the fusion peptides facilitate fusion.

Stabilization of cubic phases

Conventionally, the stabilization of double bicontinuous cubic phases is consid-
ered an indicator of fusogenicity, due to the local resemblance of these phases to
fusion pores. In that sense, our observation of the double diamond phase in the
presence of the G1V and W14A mutants would indicate a facilitation of fusion
in their presence, contrary to experimental findings. However, fusogenicity and
stabilization of cubic phases are not always strictly related [32], and at least for
the fusion peptide of SIV15 a non-fusogenic mutant was found to stabilize these
phases to a higher extent than the fusogenic wildtype [33].

In addition, our observation of the single instead of the double diamond phase
in the presence of the wildtype peptides does not necessarily indicate that the
wildtype cannot act to stabilize double bicontinuous cubic phases. Judging from
our conclusions on the fusion peptides’ general stabilization of negative Gaussian
curvature, one would rather expect them to also decrease the energy of double
phases and hence fusion pores, even though single phases might be stabilized even
more due to their larger maximum positive curvature component, as argued above.

Alternatively, it is also possible that the fusion peptides act, at least partially,
by facilitating a different stage of the fusion process. A potential candidate would
be the stabilization of stalk-pore complexes that possess local similarity to the
single diamond phase, that have been reported as intermediate stages in simula-
tions investigating vesicle fusion [54, 55, 74], and were also observed in our own
simulations described in Chapter 3.

15simian immunodeficiency virus
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