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ABSTRACT: Fusion peptides are moderately hydrophobic seg-
ments of viral and nonviral membrane fusion proteins that enable
these proteins to fuse two closely apposed biological membranes.
In vitro assays furthermore show that even isolated fusion pep-
tides alone can support membrane fusion in model systems. In
addition, the fusion peptides have a distinct effect on the phase
diagram of lipid mixtures. Here, we present molecular dynamics
simulations investigating the effect of a particular fusion pep-
tide, the influenza hemagglutinin fusion peptide and some of its
mutants, on the lipid phase diagram. We detect a systematic shift toward phases with more positive mean curvature in the pre-
sence of the peptides, as well as an occurrence of bicontinuous cubic phases, which indicates a stabilization of Gaussian curvature.
The wild-type fusion peptide has a stronger effect on the phase behavior as compared to the mutants, which we relate to its
boomerang shape. Our results point to a different role of fusion peptides than hitherto assumed, the stabilization of pores rather
than stalks along the fusion pathway.

B INTRODUCTION Two amphiphilic alpha helical arms are joined by a relatively

The fusion of the influenza virus to its intended host-cell is rigid linker region so that the hydrophobic parts of the helices
mediated by the hemagglutinin (HA) trimer. In its mature state, face toward the inside of the kink. The degree of kinking de-
each HA monomer consists of two subunits: HA1, which is pends on the peptide length, with an a9ng1e of approximately
mainly involved in receptor binding, and HA2, which is believed 10§°‘f0und for the 20 residue peptide, apd 3 close to 1300
to be responsible for the fusion process. HA2 is anchored to the hairpin_ structure for the full length peptide.”™ The peptide
viral membrane with a helical transmembrane domain close to its partitions to the lipid/water interfaéce as was confirmed by
C-terminus and possesses an N-terminal fusion peptide, which polarized A'TR'F TIR measurements.” Among the mutants of
becomes exposed after a conformational change of the protein’s the HA fu31.on.pepF1de, two point mutants are known t.hat are
ectodomain at low pH (for a recent review, see ref 1). In in nonfusogenic in vivo and mainly differ from the wild-type
vivo experiments, both the transmembrane domain> and the (WT) in the angle between the helical arms. One is hlellical over
fusion peptide® as well as the conformational change of the ecto- almost the Wh(fle I?n.gth and thgrefore linear (GIY), while.in
domain of HA2* are required to complete fusion. While the the oth_er_ thg kink is 1_nverted with Srespect to the wild-type with
transmembrane domain appears to require only a fixed length to a less rigid linker region (WM'A)‘ . .
be active,” the fusion peptide requires a more specific structure,’ ) Bec?luse F’f the gf:neral dlfﬁcult.y to dex{lse ’expenments Fhat
indicating a complex role beyond the mere establishment of a give direct information on the fusion peptides’ mode of action,
contact to the target membrane. computer simulations modeling the effect of the peptide on a
Studies focusing on the fusion peptides alone show that, in lipid environ.ment could greatly con}plement tl}e exp.erimental
vitro, the presence of only the fusion peptides is sufficient to data. In particular, molecular dyn.amlcs (MD) simulations have
induce lysis or vesicle fusion under suitable conditions.® The proven to be a Po"l"ze_rf‘sﬂ tOOI.H? the study Of. membrang—
fusion peptides also have a distinct effect on the phase diagram protein interactions. Pertalnmg to the action .Of. fusion
of lipid mixtures, decreasing the temperature at which cubic pept.ldes, computational work P‘_lthhed s0 far. is limited to
phases are observed’ and altering the lamellar-to-inverted hex- studles. of th? structure and location of the pept.lde at lamellar
agonal phase transition temperature in a concentration-dependent and micellar interfaces (see, e.g., refs 16—18), which is probably
manner. a reflection of the limitation of the accessible system size and

The structures of the 20 amino acids long HA fusion pep- time scale in atomistically detailed simulations. Here, we try to
tide,” as well as of the full length 23 amino acid long peptide'®
at the fusogenic pH of 5.0, are available from NMR measure- Received: August 3, 2011
ments in micelles revealing a characteristic boomerang shape: Published: December 19, 2011
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overcome these computational limitations by using the coarse-
grained MARTINI model,'**° which has been successfully used
to simulate the phase behavior of lipids*' > and lipid/peptide
systems.”* 2¢ Starting from randomized mixtures of lipids and
peptides, we observe the self-assembly of a large variety of
phases depending on lipid type, hydration, and temperature,
further modulated by the presence of the influenza HA fusion
peptide and the G1V and W14A mutants. Thus, we are able
to predict not only the effect of the fusion peptide on the lipid
phase diagram, but also characterize the localization of the
peptide within these phases at a near-atomic level of detail. Our
results point to a different role of fusion peptides than hitherto
assumed, stabilization of membrane pores rather than stalks.
This puts the mechanism of action of fusion peptides in line
with other membrane active peptides such as antimicrobial and
cell penetrating peptides and offers a new angle on the tradi-
tional pathway of membrane fusion.”’”

B RESULTS

To study the ability of the HA fusion peptide to modulate the
lipid phase diagram, we focus on DOPE (dioleoylphosphatidy-
lethanolamine) and DOPC (dioleoylphosphatidylcholine) lipids.
These lipids were chosen as they display a broad range of phases,
ranging from predominantly lamellar states for pure DOPC
to inverted-hexagonal for pure DOPE, as well as the so-called
rhombohedral phase (“stalk” phase) observed for mixed PC/PE
systems at low hydration. The inverted phases and stalk phase
are in general believed to have a resemblance to intermediate
states of the fusion process and are therefore appropriate to
study the potential effect of fusion peptides. To construct the
phase diagram, we performed self-assembly simulations of sys-
tems composed of 256 lipids and four peptides, corresponding
to a mole fraction of peptides of almost 2%. The ratio of PC/
PE, hydration level, and temperature were systematically varied.
At each state point, multiple simulations were performed start-
ing from a randomized initial distribution of the components.
Each simulation was run for an effective time of 12 us, which
proved to be long enough for the system to adopt a stable
phase. Next to the WT HA fusion peptide, we considered the
nonfusogenic point mutants G1V and W14A as well as the WT
mutant at nonfusogenic pH. The conformation of the fusion
peptides in our simulations was optimized with respect to the
experimental NMR structures””'" at micellar interface for the
20 residue long wild-type and both mutants (Figure 1). Details
about the simulations can be found in the Methods.

In the following, we will first briefly discuss the self-assembly
pathway and identification of the phase diagram, and proceed
with a description of the modulating effects of the wild-type HA
fusion peptide at pH 5.0. This will be followed by the results for
the G1V and WI14A mutants and the wild-type at pH 7.4.

Spontaneous Aggregation Approach Yields Distinct
Phases. In our simulations starting from randomized positions
of the constituents, the hydrophobic and hydrophilic compo-
nents quickly separated, typically forming a three-dimensional
network of water channels interwoven with an equally complex
network of elongated micelles. Within the first microsecond,
the topology of these initial aggregates rapidly changed as pores
and stalks vanished. The further this assembly proceeded, the
slower the changes took place; after typically 3 ps, only fluc-
tuating deformations of the shape but no more topological
changes were observed. The aggregates remained stable during
the remainder of the simulation time, totaling 12 us. Snapshots
of a sample aggregation are shown in Figure 2.
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Figure 1. Structure of the HA fusion peptides considered in this work.
Comparison of the representation of the fusion peptides in our coarse-
grained model (bottom) with the NMR structures®'! obtained at a
micellar surface (top). The peptide backbone is shown in black and
the side chains 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.

We assigned the adopted phase using the topology of the
volume occupied by the hydrophilic headgroups and solvent as
criterion, as described in the Methods. It should be noted that
while we can be sure that the assembled phases possess a high
degree of kinetic stability, they do not necessarily correspond
to the state at thermodynamic equilibrium. Nevertheless, we
observe a consistent and reproducible dependence of the
assumed state on both the lipid composition and the presence
of the different peptides throughout a large number of simula-
tions. As such, we will interpret our results as representative of
the true phase diagram of these systems. The phase diagram
emerging from our simulation is shown in Figure 3 in the form
of a bar plot. The phases adopted in the presence of the
fusogenic wild-type peptide at pH 5.0 in lipid systems of either
DOPE, DOPC, or their 1:1 mixture (as well as the cor-
responding peptide-free references) are shown, together with
the effects on the phase diagram of the nonfusogenic W14A
and G1V mutants and the WT at pH 7.4. Note that the simula-
tions have been conducted over a range of temperatures (270—
315 K) and hydration levels (8—12 waters per lipid), how-
ever, only a weak dependence on the exact state conditions was
found in our simulations. For clarity, the data in Figure 3 are
therefore collapsed across the entire temperature range and
into three different levels of hydration (see legend). An indica-
tion of the temperature and hydration levels of the individual
simulations can be found in the detailed phase diagram shown
in the Supporting Information.

In the absence of peptides, the lipid phases observed in our
simulations are consistent with the experimental phase
diagram*®*® and with previous simulation results based on
the same model.** The following two important trends are cap-
tured (cf,, Figure 3): (i) upon increasing the amount of DOPE
in the mixture, a shift from the lamellar to the inverted hexa-
gonal phase as the predominant phase is observed, and (ii) at
low hydration levels, the rhombohedral phase is stabilized. The
rhombohedral phase, also denoted “stalk” phase, consists of a
regular array of stalks connecting an otherwise lamellar sys-
tem. Experimentally, the stalk phase was resolved by Yang and
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Figure 2. Snapshots illustrating a typical trajectory of a spontaneous
aggregation. Shown is the assembly of DOPE into a stalk phase in the
presence of the WT peptides (pH 5.0). Water molecules are shown in
cyan, lipid headgroups in magenta, the peptides’ backbones in green,
and hydrophilic and hydrophobic side chains in blue and yellow,
respectively. In addition, the lipid/water interface is shown as a gray
surface. To better visualize the peptides’ positions, we switch to a
depiction showing only the interface and peptides as soon as the
general shape of the stalk phase becomes apparent.

Huang,” and is observed predominantly for DOPC/DOPE mix-
tures in dehydrated samples, consistent with our simulated phase
diagram.

HA Fusion Peptide Shifts Phase Diagram toward
Rhombohedral and Lamellar Phases. When the WT fusion
peptide in its fusogenic conformation is included, the phase
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behavior changes significantly, with the largest change observed
for pure DOPE (cf,, Figure 3). The inverted hexagonal phase,
which is exclusively observed for the peptide-free reference
simulations except at the lowest hydration levels, is no longer
found in the presence of the fusion peptides. Instead, stalk
phases become the dominant phase. The stalk phases adopted
by DOPE in the presence of the WT often show a resemblance
to the inverted hexagonal phase, where the general shape of
the cylindrical water channels is still visible, but the channels are
connected by bridges of water and lipid headgroups (compare
Figure 4A,B). At lower hydration, the DOPE/peptide system
adopts stalk phases closer to the ideal rhombohedral geometry
(Figure 4C).

In case of the 1:1 mixture of DOPE and DOPC, the systems
containing no peptides adopt the stalk phase except at the
highest hydration level simulated, where a lamellar phase is
found for low temperatures. As compared to that, the simula-
tions containing WT peptides are found to adopt the lamellar
phase over a much broader range of temperature and hydration
levels (Figure 4D). In those cases where stalk phases are still
observed, they bear a much higher resemblance to the lamellar
phase in comparison to the stalk phases observed with WT and
pure DOPE; the density of stalks tends to be lower, and the
curvature is often limited to the stalks and their neighborhood,
with planar regions between (compare Figure 4E and C). The
results for the simulations of pure DOPC show a trend similar
to 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 wild-type peptides
adopt the lamellar phase with not a single instance of the stalk
phase even at the lowest hydration level (Figure 3).

Thus, the peptides appear to stabilize the stalk phase with
respect to the inverted hexagonal phase, and the lamellar phase
with respect to the stalk phase. No experimental observations of
the stability of the rhombohedral stalk phase linked to fusion
peptides are known to the authors. We predict that the WT
fusion peptide has a significant effect; we expect stabilization of
the stalk phase with PEs and destabilization with PCs.

HA Fusion Peptides Can Induce Inverted Cubic Phases.
Another apparent effect of the fusion peptides at pH 5.0 is the
occurrence of bicontinuous cubic phases that are not observed
in their absence (denoted by the cyan bars in Figure 3).
Specifically, the single diamond phase®* (Figure 4F) is observed
in the presence of the wild-type peptide. The single diamond
phase possesses a three-dimensional periodic interconnected
network of hydrophilic groups that connects all aqueous com-
ponents in a single continuous aggregate. 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: all lipid tails are joined in a
single continuous aggregate with a morphology identical to the
one described for the hydrophilic groups. The phase can there-
fore be described as two mutually interpenetrating labyrinths of
identical morphology, where a network of stalks defines a net-
work of water channels and vice versa with the interface cor-
responding to the diamond triply periodic minimal surface.®" It
has been predicted in a field theoretic study that pores and
stalks in close proximity stabilize each other,* presenting further
evidence for the energetic feasibility of the single diamond phase.
A detailed discussion of the single diamond phase, which to date
is observed in silicio only, has been published separately.”*

Comparing our results in the presence of the peptides to
experimental data, the stabilization of bicontinuous cubic phases
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Figure 3. Bar plot showing the effect of the HA fusion peptide on lipid phase behavior. Overview of the phases adopted for pure DOPE, a 1:1
mixture of DOPE and DOPC, and pure DOPC. Results are shown for simulations containing either no peptides, or in the presence of the influenza
HA fusion peptide (WT) both at fusogenic (pH 5.0) and at nonfusogenic pH (pH 7.4), and the nonfusogenic G1V and W14A mutants. A, B, and C
indicate hydration levels of 8.0—8.9, 9.7—10.4, and 11.2—12.0 water molecules per lipid, respectively. Each block in the bar graph represents a single
simulation, with the color indicating the phase adopted at the end of the simulation, after 12 ps. The simulations have been conducted at
temperatures between 270 and 315 K (see the Supporting Information for a detailed phase diagram).

Figure 4. Images of lipid phases observed in the presence of the wild-type of the influenza HA fusion peptide. The snapshots, obtained at the end of the
simulations, represent different morphologies: 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 tails are shown in gray for the distal ends and in
black for the rest, glycerol moieties in magenta, water and headgroups in blue, and the backbone and side chains of
the fusion peptide in brown and yellow, respectively. The surface separating the lipid tails from the rest of the system is shown in green. In some
regions, the surface has been rendered transparent to reveal the underlying structure, omitting molecules blocking the view on the peptides when necessary.
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Figure S. Images of lipid phases adopted by pure DOPE in the presence of nonfusogenic mutants of the influenza HA fusion peptide. The snapshots
are of simulations with the G1V mutant, but are also representative for our simulations with the W14A mutant or the WT at pH 7.4. Shown are two
inverted hexagonal phases (A and B), and a double diamond phase (C). The connections between the cylindrical water channels visible in (B) do
not contain headgroups or solvent. The color representation is the same as in Figure 4. In some regions, the surface has been rendered transparent to
reveal the underlying structure, omitting molecules blocking the view on the peptides when necessary.

in our simulations is in agreement with reports of a reduction
of the temperature at which these phases form in vitro.”®
Experimental findings of an induction of the inverted hexagonal
phase’ at low peptide concentration, on the other hand, appear
to disagree with our data. However, the experimental results
are concentration dependent, and experiments using a higher
peptide concentration comparable to the one used in our
simulations in fact indicate a destabilization of the inverted
hexagonal phase® in agreement with our results.

Nonfusogenic Mutants and WT at Nonfusogenic pH
Modulate Phase Diagram to a Lesser Extent. Simulations
including the nonfusogenic G1V and W14A mutants in place of
the WT peptide were performed for pure DOPE only. The re-
sults are shown in the form of bar graphs in Figure 3. A few
snapshots are shown in Figure 5. The G1V and W14A mutants
show a similar preference of the stalk over the inverted hexa-
gonal phase as the wild-type, but at a reduced efficiency. In the
presence of either mutant, the inverted hexagonal phase is still
observed in approximately 50% of the simulations. Depending
on the hydration level and temperature, the inverted hexagonal
phase may look regular (ie., well-separated water channels,
Figure SA), or closer to a stalk phase (Figure SB). However, the
topology of the lipid/water interface is identical in both cases,
because the connections visible in Figure 5B only contain pep-
tides but neither water nor headgroups. In contrast, the WT
peptide establishes a proper porous connection (including water
and headgroups) between the water channels in all simulations
where a resemblance to the inverted hexagonal phase can be seen
(compare Figures 4B and SB). Apparently, the wild-type peptide
is more efficient in stabilizing the stalk phase, at least in the pure
PE system.

Like the WT, the mutant peptides are also observed to
induce inverted cubic phases, indicated by the magenta bars in
Figure 3. In contrast to the WT, however, the double diamond
phase is formed rather than the single diamond phase. The
double diamond phase is similar, with the defining difference
that two isolated water compartments are formed, both of
which have the same morphology as described for the single
diamond phase. The hydrophobic components also form a
periodic three-dimensional aggregate, a curved lipid bilayer
separating the two aqueous labyrinths, with a midplane cor-
responding to the diamond triply periodic minimal surface. A
snapshot of the double diamond phase formed in the presence
of the GIV mutant is presented in Figure 5C.
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To further validate our model and potentially distinguish
effects due to amino-acid sequence from effects due to secondary
structure, we also simulated a number of spontaneous aggre-
gations including the WT peptide with a structure correspond-
ing to NMR data at the nonfusogenic pH of 7.4.” As shown in
Figure 3, the results are similar to the findings for the non-
fusogenic mutants. The stalk phase is found more often than in
the peptide-free reference, but less often than in the simula-
tions containing the WT with a structure corresponding to the
fusogenic pH. Similar to the mutant peptides, the WT peptides
at pH 7.4 are frequently found lying between the water channels
of the inverted hexagonal phase without forming a porous
connection.

In the simulations performed, no cubic phases were observed
for the WT at pH 7.4. Because of the relatively small number of
simulations performed, however, this finding may be due to
insufficient statistics.

Molecular View of Peptide Embedding. To understand
the ability of the peptides to modulate the lipid phase behavior,
it is informative to consider the location of the peptides within
the systems. The near-atomic resolution of the simulations
allows us to pinpoint the exact positioning of the peptides in
the different phases. Such information is hard to extract from
experiment, and in particular for nonlamellar phases such
information is currently lacking.

We first look at the embedding of the WT at the fusogenic
pH 5.0 in a planar bilayer. For this, we use the simulations of
DOPC, which lend themselves to straightforward comparison
to published data. As illustrated in Figure 6, the peptides parti-
tion to the interface between the hydrophobic and the hydro-
philic region where they sit with the hydrophobic side chains
buried between the apolar groups corresponding to glycerol
and the lipid tails, and the hydrophilic side chains facing the
solvent. The N-terminal helix slightly penetrates into the hydro-
phobic core, while the C-terminal helix lies approximately parallel
to the lipid water/interface, in good agreement with both experi-
mental EPR data'' and MD results using an atomistic
representation.18

For the nonlamellar phases, experimental data are lacking. We
find the general behavior to be similar to that of the lamellar
phases. Both the wild-type and the mutant peptides partition to
the lipid/water interface where they sit with the hydrophobic
side chains penetrating slightly into the lipid tail region and the
more polar side chains between the lipid headgroups. Figure 7
gives a comparison of the different peptides at nonlamellar
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Figure 6. Positioning and embedding of the fusogenic WT peptide
(pH $5.0) in a planar DOPC bilayer. The N-terminal helix slightly
penetrates into the hydrophobic core, while the C-terminal helix lies
approximately parallel to the lipid water/interface. Lipid headgroups
are shown in magenta, and lipid tails are shown in gray (with black
indicating the distal ends). The peptide’s backbone is depicted in
black, and hydrophilic and hydrophobic side chains are shown in blue
and yellow, respectively. The peptide is shown with the N-terminus at
the left and the C-terminus at the right.

interfaces. Specifically, we show the WT at pH 5.0 in the single
diamond phase, and the G1V and W14A mutant in the double
diamond phase. For all peptides, the general embedding is
similar, and the peptides sit in a cradle-like lipid morphology.
The sides of this lipid cradle are formed by glycerol moieties
and headgroups replaced by the peptides’ backbone, whereas

the bottom is formed by lipid tails that are oriented roughly
parallel to the surface. Considering the global location of the
peptides at the anisotropic lipid/water interface of the non-
lamellar phases, the WT peptides show a strong tendency to
colocalize with positive curvature components of the surface, as
will be discussed in more detail in the Discussion.

In addition, Figure 7 shows the positioning of the WT
peptide with a structure corresponding to the nonfusogenic pH
of 7.4 in the stalk phase. Interestingly, the nonhelical, C-terminal
arm of the peptide is embedded less deep than for the other
peptides. Rather than being buried at the level of the glycerol
moieties and having direct access to the lipid tail region, it is
instead lodged between the hydrophilic headgroups, and the
bottom of the cradle-like lipid configuration described above is
composed of the glycerol backbone of the lipids. Using the stalk
phase to compare the depth of embedding for the WT’s
structures at fusogenic and nonfusogenic pH, we find that the
C-terminal arms were generally embedded less deep for the
structure at pH 7.4 (data not shown).

B DISCUSSION

Fusion Peptides Induce Positive Curvature Compo-
nent Stabilizing Regions with High Gaussian Curvature.
To rationalize our results, we use the concept of interface
curvature, which has proven appropriate for the characterization
and theoretical interpretation of lipid phases in general.”® In this
approach, the local shape of a surface is defined by its two prin-
cipal 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. The mean
curvature identifies the average bending deformation at a point
(conventionally defined as positive for the surface of a micelle),

Figure 7. Positioning and embedding of the fusion peptides at the lipid/water interphase. Shown are the WT at pH 5.0 in the single diamond phase,
and at pH 7.4 in the stalk phase. In addition, the G1V and W14A mutants are shown in the double diamond phase. The peptides locally replace the
lipid headgroups and sit in a cradle-like lipid configuration. Lipid headgroups are shown in magenta, and lipid tails are shown in gray (with black
indicating the distal ends). The peptides’ backbones are depicted in green, and hydrophilic and hydrophobic side chains in blue and yellow,
respectively. In the main figure, the surface separating the lipid tails from the rest of the system has been rendered as transparent gray layer. Strongly
hydrophobic amino acids with aromatic side chains have been labeled for better orientation. The inset shows a top view of the peptides’ embedding;

the viewpoint is indicated by the arrow.
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Figure 8. Images of the bicontinuous diamond phases illustrating the position of the influenza HA fusion peptides. Shown are the wild-type 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 Figure 4 with red cylinders highlighting the peptides” helical parts.

and the Gaussian curvature gives the amount of saddle-splay
deformation.

The two major changes of the phase diagram induced by the
peptides (cf,, Figure 3) are a change from the inverted hexa-
gonal to the stalk phase for pure DOPE, and a change from the
stalk phase toward the lamellar phase for pure DOPC and the
1:1 mixture. Both of these represent a shift toward positive
mean curvature. An additional effect of the fusion peptides is
the appearance of bicontinuous cubic phases, which, judging
from our data for the wild-type peptides, is insensitive to the
spontaneous mean curvature of the lipid mixture. These find-
ings indicate a peptide-induced stabilization of Gaussian curva-
ture. A reduction of the Gaussian curvature modulus as a result
of peptide—lipid interplay has also been proposed by Siegel.>*

Given our ability to pinpoint the peptides’ positions in the
very anisotropic curvature landscapes of the nonlamellar phases,
we do not need to limit our discussion to effects on the global
curvature, as usually is the case using elastic theory.>® This is
especially important because packing and other membrane-
perturbing effects in the vicinity of the peptides need to be
taken into account, and membrane properties like spontaneous
curvature and bending modulus can no longer be considered
constant over the surface area.

By adsorbing to the lipid/water interface, peptides can modu-
late the preferred curvature in two ways, (i) via their contribu-
tion to the surface area and (ji) via their own shape. The first
contribution is generic in the sense that any peptide adsorbed
at the lipid/water interface will increase the effective volume of
the headgroup region. In an additional series of simulations,
we quantified this effect for isolated bilayers (see Supporting
Information, Table 1). We found that symmetric insertion of
the fusion peptides into a bilayer increases the surface area,
suggesting a change toward more positive spontaneous mean
curvature. The second effect is more specific and depends on
the shape of the peptide and the corresponding influence on
the accommodating surface. An anisotropic, elongated shape
will enhance positive curvature stress in one principal direction.
The WT peptide can promote positive curvature stress even to
a higher degree via its pronounced boomerang shape. In
combination with lipids with negative curvature, such as the
unsaturated lipids in the current study, this mechanism allows for
the stabilization of saddle splay curvature. In the WT-induced
rhombohedral phase, the peptides are indeed found embracing
the circular cross-section of the stalks (Figure 4B,C), lining
up with the positive curvature component of the stalks. The
colocalization is also nicely seen in the snapshots of the self-
assembly process, with the peptides diffusing toward the stalks
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once they have appeared (cf., Figure 2, snapshots at t = 240 ns
and 12 us). The tendency to colocalize with the stalks is
especially prominent for the pure DOPE system; in the mixture
of DOPE/DOPC, the peptides are frequently found in the
planar regions of the interface between the stalks (Figure 4E).
In such a mixture, which also forms the rhombohedral phase in
the absence of peptide, the peptide is not required to stabilize
the curvature. In fact, the stalks present the regions with the
most negative mean curvature, and the peptides shield away
from it. In the cubic phases, the majority of the WT peptides is
found 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 curvature (Figure 8A and
Figure 7). 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,” this may be due to a concentra-
tion dependence of the effects. At high concentration com-
parable to that in our simulations, the fusion peptides are found
to increase the inverted hexagonal phase lattice constant in
X-ray diffraction experiments,8 indicating a more positive mean
curvature and supporting our interpretation.

The linear G1V mutant and the inverted W14A mutant, on
the other hand, lack the wild-type’s specific boomerang shape
and can only induce an overall positive curvature via their con-
tribution to the surface area. Consistent with this idea, the
mutants are observed to disturb the phase diagram to a much
lower degree as compared to the WT. Concerning the observed
selectivity of the wild-type and mutant peptides in the stabiliza-
tion of either the single or the double diamond phase, there is
no difference in the total amount of Gaussian curvature per
primitive unit cell between these two phases. However, the
single diamond phase, which is only observed in the presence of
the wild-type peptides, possesses the higher maximum positive
principal curvature, in agreement with the wild-type’s stronger
ability to induce positive curvature via its shape contribution.
The location of the mutant peptides in the double diamond
phase is less clearly defined than that of the wild-type 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 com-
ponent can neither be found for the G1V nor the WI4A
mutant. The linear G1V mutant appears to avoid orientations
in which it would align with a large curvature component
(Figure 8B and Figure 7), while the inverted kink of the W14A
mutant often is found lying sideways on the lipid/water interface
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rather than aligning with a negative curvature component
(Figure 8C and Figure 7).

Similar to the mutants, the WT with the structure cor-
responding to pH 7.4 displays a reduced effectivity in pro-
moting the stalk phase in the phase diagram of DOPE, showing
a clear dependence on structure rather than sequence. Interes-
tingly, the kink in the WT’s backbone has a similar angle at
both pH values. However, the distribution of the side chains
is different. While the hydrophobic side chains are strongly
aligned toward the inside of the kink at pH 5.0, this alignment
is a lot less pronounced at pH 7.4 (Figure 7), presenting an
explanation as to why at the latter pH the nonhelical C-terminal
arm penetrates less deeply into the membrane. With the
C-terminal arm lacking a strong preference to locate at the
interface between the hydrophobic core and the headgroups,
the WT’s ability to distort the lipid/water interface via its boo-
merang shape can be expected to be reduced. In addition, a
more shallow embedding reduces the peptides’ general effect
on curvature due to replacement of lipid headgroups.

The Role of the Fusion Peptide in Connection to
Membrane Fusion. In light of the function of the HA fusion
peptide in vivo, it is interesting to relate our findings to the
potential role of these peptides in the fusion process. Tradi-
tionally, this role has been understood as the ability of fusion
peptides to promote negative curvature. As such, the peptides
are believed to facilitate the formation of stalks, which possess
an overall negative curvature (e.g., refs 35,36). With stalks as
the predicted initial step of the fusion pathway,®” the link be-
tween the fusion peptide and membrane fusion is easily made.
However, in contrast to this view, we observe local stabilization
of positive curvature rather than negative curvature. On the
molecular level, the fusion peptide appears to stabilize porous
structures rather than stalks. Note that the stalk phase observed
in our simulations for the mixture of the peptide with DOPE
lipids is stable with respect to the inverted hexagonal phase and
can be seen as a porated inverted hexagonal phase. In addition,
one of the major differences we find between the WT and the
nonfusogenic mutants appears to be the mutants’ decreased
ability to create pores, further suggesting an importance of
porous structures in the fusion process.

To explicitly test the ability of the fusion peptides to promote
stalk formation between lipid membranes, we performed an
additional series of simulations in which the WT peptides were
embedded between dehydrated lamellar samples (see the
Supporting Information). Comparison of these simulations
with simulations of peptide-free reference systems shows an
inhibition of stalk formation in the presence of the peptides.
This is consistent with our data obtained from the self-assembly
simulations and indicates an increased energy of stalks in
membranes for which the equilibrium phase in the absence of
peptides is a lamellar configuration. Thus, our data do not
support stabilization of the stalk as the mechanism by which the
fusion peptides facilitate fusion.

It is therefore plausible 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 have been reported as intermediate stages in
simulations investigating vesicle fusion.**”*' The morphology
of the single diamond cubic phase corresponds to that of a
periodic array of such stalk—pore complexes. Our simulations
point to a stabilization of this phase in the presence of the wild-
type fusion peptide. Occurrence of the stalk—pore complex during
membrane fusion would explain the leaky fusion observed
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experimentally during HA protein mediated membrane
fusion.*”* Interestingly, pores stabilized by fusion peptides
have also been observed in recent coarse-grained simulations of
SNARE-mediated fusion,** and in experimental studies on the
fusogenic peptide from the parainfluenza virus § (PIV5).*

The stabilization of double bicontinuous cubic phases is also
considered an indicator of fusogenicity, due to the local re-
semblance 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,*® and at least for the fusion peptide of the
simian immunodeficiency virus (SIV) a nonfusogenic mutant
was found to stabilize these phases to a higher extent than the
fusogenic wild-type.*” In addition, our observation of the single
instead of the double diamond phase in the presence of the
wild-type peptides does not necessarily indicate that the wild-
type cannot act to stabilize double bicontinuous cubic phases.
Judging from our observation of 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 stabi-
lized even more due to their larger maximum positive curvature
component, as argued above.

Finally, we hypothesize that the observed behavior for the
HA fusion peptide can be used to explain data on membrane
active pegtides in general, providing a link between fusogenic
peptides,®>** antimicrobial peptides (AMPs),* and cell
penetrating peptides.’® An increasing amount of literature
suggests that these traditional classifications are not rigid and
some peptides may have multiple functionalities.” >’ Adsorb-
ing at the interface, these peptides exert considerable stress on
the monolayer to which they adsorb, which can be rationalized
in terms of their wedge-like shape.>® Poration is a way in which
the excess stress can be relieved. In fact, it is generally viewed as
the mode of action of antimicrobial peptides, causing cell con-
tent leakage or even complete lysis of the cell membrane. For
isolated membranes, it is probably the only way, but under
conditions where membranes are in close proximity (i.e., during
fusion), the stalk—pore complex can form. In this respect,
antimicrobial peptides may act similar to fusion peptides.
Experimental work suggests that AMPs can also stabilize
nonlamellar phases, and particularly inverted cubic phases.59
Biophysical studies of the TAT protein transduction domain, a
cell—penetratir}s% peptide, also reveal stabilization of inverted
cubic phases.” The ability of AMPs to induce saddle-splay
curvature has furthermore been linked to the lipid composition
of the membrane and has been implicated to be a generic
mechanism for membrane remodeling.®’

B METHODS

System Details. The systems simulated consist of 256 molecules
of lipid (either pure DOPE, DOPC, or a 1:1 mixture), 4 or no fusion
peptides, and between 2 and 3 coarse-grained water beads per lipid
(representing actual hydration levels of 8—12 water molecules per lipid
and including sodium ions to counter the charges of the peptides).
The initial system consisted of a random mixture of these components
in a cubic box, obtained from a short NVT relaxation run in which
all nonbonded interactions in the system were set to be similar to
those between water beads. Subsequent self-assembly simulations were
performed in an NPT ensemble over a total of 75 X 10° steps,
corresponding to an effective simulation time of 12 us. This time
proved to be sufficient for the system to adopt a (kinetically) stable
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state with no phase changes during the last 4 us of the simulation.
Multiple simulations starting from different initial velocities were run
for each system and set of conditions. Some additional self-assembly
simulations were performed for 8-times bigger systems. Unfortunately,
these systems showed a high tendency to become kinetically trapped
in irregular structures and were not further considered. Test systems
constructed from periodically replicating some of the final
configurations obtained with our standard systems, however, always
remained stable with no signs of phase changes. An example can be
found in the Supporting Information of ref 24.

Simulation Parameters. The simulations shown were gerformed
using the coarse-grained MARTINI model, version 2.1'%%% with the
Gromacs-3.3 software package® using the standard run-parameters for
the MARTINI model at a time step of 40 fs. Both pressure and tem-
perature were coupled to a reference value using the Berendsen
scheme.®® The self-assembly simulations were carried out with aniso-
tropic pressure coupling with a compressibility of 5 X 107 bar™
for the diagonal elements and 1 X 1077 bar' 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 ranging from 270 to 315 K with a coupling time constant of
0.5 ps. Lennard-Jones and Coulomb interactions were obtained every
step for particles within a cutoff of 1.2 nm according to a neighbor list
updated every 10 steps. Both the Lennard-Jones and the Coulomb
potential were modified with a shift function to have the interactions
smoothly vanishing at the cutoff. Electrostatic interactions were
screened with an effective dielectric constant of 18.

Models for the Fusion Peptides. The models for the fusion
peptides were based on NMR structures obtained in micelles.>”"!
Particle types and bonded interactions were set according to the
standard MARTINI protocol. Note that the secondary structure is
preassigned in the model, based on the NMR data, constraining the
angles and dihedral angles in the peptide backbone to match the ex-
perimental structure. A comparison of our peptide models and the
experimental structures is given in Figure 1. Details and further
alterations for the individual peptides are given in the Supporting
Information.

Phase Determination. Phases were characterized by their
topology, that is, the connectivity of the hydrophobic and the
hydrophilic regions, which does not depend on the exact shape and is
insensitive to mere deformations like stretching or bending.
Specifically, we looked at the topology of the volume occupied by
the water beads and lipid headgroups and assigned the phase for which
the topology matches. This approach is unambiguous and in addition
directly related to the structural elements, for example, stalks and
pores, which are at the heart of the topic under discussion. A description
of the use of morphological features in phase determination can be
found in a recent work by the authors.**

B ASSOCIATED CONTENT

© Supporting Information

Details about the parametrization of the influenza HA fusion
peptide and its G1V and W14A mutant, a detailed version of the
phase diagram shown in Figure 3 indicating the exact temperature
and level of solvation, and additional simulations of the peptides’
effect on stalk formation in lamellar systems at low hydration. This
material is available free of charge via the Internet at http://pubs.
acs.org,
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