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for the free energy barrier and minimum for two key steps in this process: host membrane bending and
protein-membrane binding. Both are studied using complementary membrane elastic, continuum electrostatics
and all-atom molecular dynamics simulations. The predicted host membrane bending required to form an initial
fusion stalk presents a 22-30 kcal/mol free energy barrier according to a constrained membrane elastic model.
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cost depends on the preferred curvature of the lipids composing the host membrane leaflets, while the free
energy gained for protein binding depends on the surface charge density of the host membrane. The fusion
loop of the envelope protein inserts exactly at the level of the interface between the membrane's hydrophobic
and head-group regions. The methods used in this work provide a means for further characterization of the
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structures and free energies of protein-assisted membrane fusion.
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1. Introduction

Dengue virus (DV) is a flavivirus borne by mosquitos that causes flu-
like symptoms and, in cases of secondary infection with a heterologous
serotype, can lead to hemorrhagic fever. The virus is endemic to tropical
regions, where it accounts for approximately 50 to 100 million infec-
tions and 500,000 hospitalizations annually [1]. The icosahedral
envelope of the virus is made up of 180 identical copies of a single
envelope (E) protein [2-5]. Two alpha helices anchored in the viral
membrane attach to E through a 53-residue C-terminal stem [6].
Domain I, at E's C-terminus, helps the virus target cell receptors, lead-
ing to endocytosis [7-14]. Once inside the endosome, a low pH-driven
conformational change of E results in exposure of hydrophobic residues
at the tip of the beta-structured Domain II that attach E to the host
endosomal membrane and promote virus-membrane fusion (Fig. 1)
[15,16].

Recent experiments report that DV fusion with host endosomal
membranes depends on the lipid composition of the endosome. The
presence of cholesterol, on the one hand, substantially increases the fu-
sion efficiency of viruses and virus-like particles with liposomes
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comprised of neutral lipids for tick-borne encephalitis [17,18] and
West Nile flaviviruses [19], as well as Semliki forest virus (SFV), an
alphavirus with an envelope protein homologous to E [20]. On the
other hand, fusion of DV with the plasma membrane of insect cells
(rich in anionic lipid) is independent of cholesterol [21]. Others report
that fusion of DV is strongly promoted by the presence of anionic lipids
in liposomes or host membranes [22]. These results raise questions
about the factors that regulate E protein's binding and fusion efficiency,
and in particular, the relative importance of anionic lipids and
cholesterol.

Structural information for the E protein reveals that activation by
low pH involves outward rotation of a primarily beta-structured Do-
main Il relative to a ‘base’ Domain I/III located at the viral membrane
surface [23]. This rotation exposes a large portion of Domain II to sol-
vent, and triggers a conformational rearrangement from the ‘smooth’
dimeric shell of the mature virus (Fig. 1a) to ‘spiky’ trimeric assemblies
of E protein on the virus surface (formed stepwise as in Fig. 1b and c).
The rotation also leaves a fusion peptide (magenta in Fig. 1) exposed
at the outer tip of the trimeric E protein assembly [5,6]. The E protein
contains several positively charged residues on Domain II, resulting in
substantial electrostatic attraction with negatively-charged mem-
branes. The E protein fusion peptide consists of a short hydrophobic
amino acid segment comprising residues 100-108. As confirmed by
NMR and molecular simulation studies [24,25], hydrophobic residues,
including tryptophan (Trp101) and phenylalanine (Phe108), promote
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Fig. 1. Possible hemifusion route to virus (upper)-host (lower) membrane fusion, illustrated through alignment of E protein to: a) dimeric, mature viral assembly (3C6R [101]); b) an
intermediate structure during trimerization approximated by the two cryo-EM structures with exposed fusion loops, 3C6D [101] and 3IXY [9]; c) target, fused state with trimeric form
(10K8 [6]) as proposed in earlier works [6,77], arbitrarily positioned to interact with a catenoid-shaped, zero mean curvature, membrane. Panels (b) and (d) are marked by * to illustrate
the state defining the free energy barrier for this process. Panel (d) shows a red outline for the minimal energy dimple shape of the host membrane, h(r), explained further in Fig. 2, and an
outline of the 3IXY E protein structure used to constrain the host membrane shape. Two radii measured from the virus center identify the distance to the E protein fusion loop (Rgs) and
N-terminal alpha-carbon (Reem). The actual conformation of the protein at steps (b-c), and the mechanism promoting the membrane dimple, are unknown. For clarity, only five trimers
(i.e. from one pentagon in Fig. 2) are shown in (a)-(c), and the far three are colored gray. Protein domains I, II, IIl are colored (red, yellow, blue). Although not modeled in this work, the
C-terminal stem and the perimembrane part of its anchor [5] are shown for reference (green) for one E monomer in (a)-(c). This stem region would sit between the E protein and the viral
membrane. All E protein fusion peptides are colored magenta. Binding and conformational transitions of the fusion envelope protein may assist in lipid rearrangement or curvature

formation during membrane fusion.

insertion of the E protein fusion peptide into the host endosomal mem-
brane [26]. These structural insights do not contain energetic informa-
tion required for comparison with existing models of the hemifusion
process [27]. This study describes a method of obtaining reliable binding
free energies that will be helpful for establishing the relative importance
of cholesterol and anionic lipids.

In this work, we use atomistic and continuum-level simulations to
present the first results on the membrane binding free energy of the E
protein trimer. The potential of mean force (PMF) shows a broad mini-
mum for viral protein-membrane association. Anionic lipids at 30 mol%
concentration present a sufficiently strong attractive force on E protein
to make this surface-associated protein-membrane contact irreversible.
We also propose a transition state for the host membrane shape that
puts an upper bound on the activation barrier to membrane bending
needed to achieve membrane-membrane fusion. The host membrane
composition can have a large influence on this barrier through its intrin-
sic curvature. The results reported here can be tested against experi-
mental measurements of the protein-membrane binding free energy,
E protein insertion depth, and dependence of binding and fusion on
host membrane curvature.

The free energy barrier reported for fusion is an upper bound based
on the geometry of initial host/virus contact. When attached at the
largest membrane-facing face of the icosahedral viral envelope, the
host endosomal membrane will simultaneously contact the fusion
loops of five E protein trimers (Fig. 1b). The height and width of the E
trimers present geometric bounds on this contact complex that are
used to obtain energetic information. Because the barrier is determined

by mechanical constraints on the membrane, it specifies the amount of
work that must be supplied by E to initiate fusion.

2. Theory

Building a detailed energetic picture of viral membrane fusion with
endosomal membranes requires a combination of membrane elastic,
dielectric continuum, and all-atom free energy methods. Membrane
bending free energy models provide details on lipid rearrangements
that take place on time-scales much larger than currently accessible
with atomistic dynamics. Protein-membrane binding models provide
details on atomistic rearrangements that take place locally and on
short time scales. The E protein trimer measures roughly 10 nm in
height and 7 nm wide at its base, on the viral membrane side, while
the endosomal membrane adds an additional 4 nm in height, making
full atomistic simulation challenging. By matching the all-atom and
dielectric continuum potential of mean force curves for water-mediated
protein-membrane interaction, we extend the all-atom results to com-
plete separation, 3 nm from protein-membrane contact. The PMF
value at complete separation establishes an absolute energy scale for
the protein-membrane binding free energy.

2.1. Membrane bending free energy
The most widely accepted mechanism of spontaneous membrane

fusion involves three major steps [27-30]. At first contact, the two
membranes form an initial point connection (Fig. 1b and d). Next the
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outer leaflets merge to form the so-called fusion stalk (Fig. 1c).
Widening of the stalk leads to a hemifusion intermediate, defined by a
single bilayer ‘diaphragm’ occupying a circular region in the plane
separating the fusing vesicles. At this point, lipids from the outer leaflets
of either membrane mix. This intermediate is favored when the outer
leaflets contain lipids with negative intrinsic curvature, such as phos-
phatidylethanolamine (PE). In the final step of fusion, a pore forms in
the hemifusion region to join the two vesicles, allowing mixing of the
lipids on the inner leaflets and transfer of viral contents. This process
is facilitated when the inner leaflets contain lipids with positive intrinsic
curvature, including lysophosphatidylcholine (LPC). This mechanism
of fusion explains the observed dependence of fusion kinetics on
membrane composition in the absence of mediation by proteins [28].

A recent coarse-grained molecular dynamics study of unaided
vesicle fusion confirmed stalk formation as the rate-limiting step [31].
Extensive simulations of the kinetics showed that the rate increased
by an order of magnitude when changing the PC/PE lipid ratio from
2:1 to 1:1. In agreement with the curvature picture above, the authors
also observed that increasing PE concentrations stabilized the
hemifusion intermediate. As a side-effect, the long-lived hemifusion in-
termediate states slowed down the overall fusion kinetics. Simulations
of coarse-grained membrane models gave estimates for the free energy
barrier of around 13-18 kcal/mol for the initiation of fusion in small ves-
icles [30,32].

Since stalk formation presents the major free energy barrier to mem-
brane fusion, reducing the barrier or supplying energy for membrane
bending is a primary function of fusion-mediating proteins such as E.
Because the largest component of this barrier comes from the elastic
deformation of the membranes, elastic bending theory provides the
most reliable measure for the activation barrier.

Prior works have used elastic theory to estimate the energy of the
fusion stalk intermediate. Results have been variable due to differing
treatments of the energy of the dimple formed by the inner leaflets
and of void formation at the connection between the dimple and
vertical walls of the stalk. For example, using toroidal and spherical
shapes for the outer and inner leaflets to describe a ‘dimple’ [33] mem-
brane shape within an elastic model, Kuzmin et. al. [34] found a free en-
ergy barrier of approximately 42 [35] to 132 [33] kcal/mol? exactly at a
point where opposing membrane patches with radius r ~1.4 nm begin
to merge. This barrier was lowered by 22 kcal/mol by finding the
shape that minimizes the energy of the outer leaflets of the fusion
stalk [35]. The dimple structure persists in the inner leaflets of
membranes and forms the fusion stalk even after the outer leaflets
have merged, contributing a free energy cost of 20 kcal/mol for a
spherical dimple shape [35].

Formation of a fusion stalk also carries with it an associated hydro-
phobic void where the outer leaflet loses contact with the inner leaflet.
The void free energy has received widespread attention [33,35,36], but
lacks a firm quantitative basis. Recently, a near-quantitative model for
the free energy of void formation in organic solvents (mimicking void
formation in the aliphatic lipid tails) has become available [37]. A spher-
ical void with 0.5 nm radius in bulk alkane liquid has a formation free
energy of 10 kcal/mol at room temperature. For the membrane shape
modeled in Ref. [35], the hydrophobic voids in the fusion stalk would
be modeled more accurately with a 1 nm radius, but that would result
in a void formation free energy that is so large as to be unphysical.
Other studies [33,35,36] have considered cusped membrane shapes
for the fusion stalk, with headgroup tilt on the inner leaflets. The tilted
lipids fill all available space, removing the void formation free energy
from consideration and resulting in a realistic free energy barrier for
unassisted stalk formation (18-30 kcal/mol). Those models provide
the current best estimates of the energy barrier to initial stalk formation
during membrane-membrane fusion.

2 The uncertainty in Kuzmin's result is due to the fact that that work did not include an
estimate for the free energy of forming the initial ‘dimple’ structure [33,36].

Since the bending free energy of the outer leaflet can be made nearly
zero or even negative in curvature-based models of the fusion stalk
(using catenoid-type shapes, shown in Fig. 1c) [35], the major contribu-
tor to the energy barrier will be the structure just before the fusion stalk,
where both leaflets of the host membrane bend to form a dimple
(Fig. 1b). In contrast to the work mentioned above, which focused on
calculating the free energy of the fully formed fusion stalk (a metastable
intermediate), the present calculation focuses on the (unstable) transi-
tion state. We also use a height and radius for the dimple structure
determined by the arrangement of E protein trimers on the DV capsid
membrane. Here, we predict the bending free energy barrier for forma-
tion of this transition state structure (Fig. 1b, d).

Because the viral surface places specific geometric constraints on the
endosomal membrane dimple shape, we calculated membrane
deformation energies using a free-form elastic model for the bilayer.
The membrane shape is specified by the 2D surface of rotation for the
function h(r) — the membrane height as a function of radial distance
from the dimple center (Figs. 1d and 2). The total work of deforming
the membrane is then an integral over the energy density for each
segment, dh, dr,

R O
whend g /O s (r)2mr dr. (1)

Rpound is the outer boundary of the membrane deformation. The bend-
ing modulus of the host membrane, kpcnq, determines the energy scale
for the deformation. The bilayer energy density,

sg(r) = (Cy + Cy)*Vdr? + dh?/dr, )

is computed from the square of the mean curvature of the host
membrane along its two principal axes, C; = d(arctan(dh/dr))/dr, and
C, = (dh/dr)/r, following Ref. [35]. The Gaussian curvature (C;(,) is as-
sumed to make a minimal contribution since its integral is constrained
following the Gauss-Bonnet theorem [38].

The shape boundaries are determined by the structure of the viral
surface at the time of contact. The optimal shape for the remaining
portions of the host membrane, h(r), are found by numerically minimiz-
ing the free energy under these boundary constraints using the
conjugate-gradient method. This approach determines an upper bound
on the free energy barrier that must be overcome to form a dimple in
the host endosome, just before it contacts the viral membrane.

To estimate this upper bound, we assume that the geometry for
dimple formation is set by initial contact at an intermediate stage of
the dimer to trimer transformation (Fig. 1b), before the trimer is fully
formed with fusion loops extended. Similar contact geometries have
been proposed in the literature [39,40]. Based on that assumption, we
used the cryo-EM E structures 3C6D and 3IXY (Fig. 1b) to define the
contact geometry. Domain II is only partially rotated outward in those
structures of E protein. In contrast, crystal structures of the post-fusion
state (Fig. 1c) show a fully formed trimer, after the protein conforma-
tional change driving fusion (Domain II rotation and zipping of the C-
terminal stem loop) has already occurred [6]. The shape of the host
membrane dimple found from the initial contact geometry represents
a low-energy path for the protein tip to follow during E's dimer-to-
trimer transition. Because the upper bound on the free energy deter-
mined in this work gives a feasible pathway to fusion, this assumed ge-
ometry for dimple formation is sufficient, but not necessary, for the E
protein dimer-to-trimer transition.

2.2. Protein-membrane binding free energy

Binding of a viral fusion protein (E) to the host membrane will have
further structural and energetic consequences. The binding free energy
between protein and membrane may be calculated at different levels
of approximation. The approximations are necessary due to both



1044

viral envelope

D.M. Rogers et al. / Biochimica et Biophysica Acta 1848 (2015) 1041-1052

3.0

Membrane Shape
Energy Density 123

12.0

kcal/mol

41.0 -
N

0.0
0 2 4 6 8 10

r/nm

Fig. 2. Membrane shape and bending free energy (also shown in Fig. 1d). (a) The contact geometry of a pentagonal arrangement of E protein trimer on the viral membrane surface. Each
black dot shows a cluster of three Phe108 alpha carbons from the fusion loop of the cryo-EM protein structure (PDB ID: 3IXY [9]). Distances are labeled in nm. (b) The host membrane
shape that minimizes the bending free energy of a hemifusion intermediate in this contact geometry (red line sketched in (a)), shown for the contact distance of Ryoung = 9.14 nm,

where WP = 30 kcal/mol (Eq. (1)).

computational limits on the length of detailed simulations on the one
hand, and inherent difficulties representing the potential energy surface
with less detailed simulations on the other. At a coarse scale, Poisson-
Boltzmann electrostatic plus surface term models [41], or pseudo-
atom bead-based energetic models have been used. The surface terms
approximate binding energies due to direct contact, and have been
used to estimate orientations and binding free energy minima for a
large class of membrane-associated proteins [42]. Coarse bead-based
representations, such as the Martini force field [43], have been parame-
terized to reproduce water/membrane partitioning free energies for
common amino acids. These models involve some fixing of the protein
secondary structure, but can reproduce spontaneous assembly of lipid
micelles and vesicles [43]. Although some progress has been made
[44], most of these models do not yet treat electrostatics adequately,

©Ooooooom
ArNONPPOTOO

Fusion Tipd / nm &

o 2 4 6
membrane normal distance z / nm

which is required for distinguishing the effects of anionic vs. neutral
membranes. United atom models take yet another step closer to
all-atom dynamics simulations [45]. Even the detailed force fields
of all-atom models, however, sometimes encounter difficulties in
representing potential of mean force profiles [46,47].

In consideration of these challenges, we chose a two-scale approach
to quantify the protein-membrane binding free energy as a function of
separation distance. The membrane consisted of a homogeneous mixed
bilayer enriched with 30% anionic lipid, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG), with the remainder composed of
neutral lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC). At large separations (> 1 nm), we calculated the interaction
using a Poisson-Boltzmann electrostatic energy with a dispersion
correction most accurate for those distances. Near contact (<1 nm),

8 10 12 14

Fig. 3. Molecular model of the Dengue viral fusion protein trimer (E, 10K8) during insertion into a homogeneous mixed endosomal membrane bilayer (7:3 POPC/POPG) represented in
periodic boundary conditions. (a). Lipid carbons are shown in gray. Lipid head groups are colored (orange = phosphorous, red = oxygen, blue = nitrogen, white = polar hydrogen
atoms). The protein representation is as in Fig. 1. Spheres indicate Na™ (blue) and Cl™(red) ions in water (see Section 3.2.2 for further details). Panel (b) shows a series of water density
profiles normal to the host membrane surface (z, same orientation as (a)). One density profile is plotted for each constrained separation distance, d, between the tip of the fusion protein
and the membrane. The color scale indicates the water density in mol/L. A black line traces the center of geometry of the fusion loop as it moves leftward into the host membrane. White
contours show the water density at 1 M (dark blue) and 54 M (dark red), indicating that the protein remains well separated from the membrane's periodic image throughout the

simulation.
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we also calculated the binding potential of mean force from all-atom
molecular dynamics (MD) simulations (Fig. 3). This combination
makes efficient use of two of the strongest methods available for com-
puting potential of mean force curves for membrane-protein contact.

2.2.1. Continuum potential of mean force calculations
The continuum free energy, G°™, is defined using only the interac-

tion of particles with the mean field, ¢;, produced by the particle
densities, {p;}.

Geonti _ %Z/pj(x)(;bj(x) d
j

4100 2,000 —c53" [ /max[(v-y)” R3] .

X — Ges + Gdisp
3)

The mean-field interaction terms for each atom type, j, were
modeled using charge (g;, contributing to the electrostatic component

of the continuum free energy, G**) and dispersion (c{'3 =,/2¢ JR contrib-

uting to the dispersion component of the continuum free energy, GP).
Dispersion parameters are calculated from the Lennard-Jones well
depth, ¢, and minimum energy radius, R; from the MD parameter set
(Section 3). We used Ry = 0.2 nm. Note that the energy is only sensitive
to that parameter when the protein is within R, of the membrane.

The averaged electrostatic potential, &(x), was approximated by the
solution of the linearized Poisson-Boltzmann equation,

V- [e(r) V) — <Be 10 Zq, p,> = —Pext(1). (4)

The protein and membrane charge density were represented by Pexs =
Pp + Pm, and the ionic charges (q) and bulk particle concentrations (%)
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combine with the volume exclusion function in the ionic screening
term. The volume exclusion function, < € [0, 1], is defined as the larger
of the membrane or protein volume exclusion functions, max(km, Kp).
We set the dielectric function, &(r), to 2 inside the membrane, 10 inside
the protein, and 80 in bulk water [48]. The interfaces were described by
a smooth combination of protein and membrane dielectric values:
€0 # ((10 — &m)Kp + &m), With &y = (2 — 80)Kiy, + 80, and & the vacuum
permittivity.

Errors in this model are limited to large-scale protein and membrane
shape changes or solvent and ion reorganization energies at large con-
centrations and voltages inconsistent with the linearized Poisson-
Boltzmann approximation (q¢ > kgT). For membrane-membrane inter-
actions, hydration forces must be considered at separations closer than
a few nm [49,50]. There, more accurate continuum interaction energies
have been proposed [34,51]. Corrections for hydration forces and ionic
effects in more concentrated environments form an important field of
current research [50,52]. These errors are minimized in the present
work by aligning the continuum and fully atomistic potential of mean
force at 1 nm (Fig. 4).

The dispersion component of the potential of mean force between E
and the endosomal membrane can be estimated using the coefficients in
the pairwise-additive approximation of inter-atomic forces from the
molecular dynamics simulations. For a uniform membrane density in
the x-y plane, the protein-membrane interaction is

/ / mp3 (2
2max

where Ry is the distance of closest approach between protein and

(Z’)

)2, R2)?

dlsp
Ga B =

dz dz, (5)

membrane atoms (&, 3), A is the simulation area, and p§(z) =

C) 25 ——————— 1.0
15 1 0.5
—_—
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Fig. 4. Free energy as a function of E fusion loop-membrane glycerol separation distance. Panel (a) shows the convergence of the broad free energy minimum found with molecular
dynamics to within 1 kcal/mol. There, separate PMF profiles were generated from 10 independent blocks of 0.525 ns each during sampling. Black and magenta colors belong to the first 5
and last 5 blocks, respectively. Panel (b) shows the contact region in a configuration chosen at random from the set of configurations at ~0 nm separation. The protein is on the right. Carbons
on fusion loop residues (100-108) are colored magenta. A bound chloride ion (also present in the X-ray structure) is shown in red. The mixed membrane bilayer of neutral and charged lipids
(7:3 POPC/POPG) (left) is colored as in Fig. 3(a). Panels (c) and (d) compare potentials of mean force computed from molecular dynamics simulations (W**(d), purple lines) with those
from continuum electrostatics and dispersion energy calculations (G®5(d) and G%*P(d), green and blue lines). Energy is given in units of kcal/mol (left axis). Panels (c) and (d) also show
for reference the fixed charged density of the membrane, water, and ions, py, (red lines, right scale). The tan columns highlight the membrane's hydrophobic interior.
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2 jca\/2€;R8pq j— 1/ 26, RSPy, is a volumetric density (plotted in the
Supplementary material). The dispersion coefficient density of solution,

pY (=0.0216 /eV in our calculations), must be subtracted since the
protein and membrane are displaced by water and ions on translation.

2.2.2. All-atom potential of mean force calculations

Umbrella sampling was employed to compute the all-atom potential
of mean force, W*(d), as a function of vertical protein-membrane
separation, d. A set of 50 simulations with harmonic biasing potentials
centered at 0.3 A intervals allowed sampling data from all separations
in parallel. Monte-Carlo moves exchanging biasing centers between
simulations were attempted every picosecond, with each exchange
cycle attempting 125,000 swaps between neighboring bias centers.
Those exchanges do not change the statistical properties of the equilib-
rium sampling, but speed equilibration time by ~ 3 x compared to inde-
pendent umbrella sampling simulations [53-55]. The speed-up is due to
the ability of the replicas to diffuse along the constraint space,
d. Data analysis was carried out by assigning weights w/ for each biasing
potential, j, to each frame, i, using the multistate Bennett-acceptance
ratio (MBAR) method [56]. An extra square-well containing the whole
range of sampled d-values was added as j = 0 to computed unbiased av-
erages. Appropriately unbiased conditional averages, (f(x)|d(x) €
(dy, d»)), were then computed for each protein-membrane separation
distance range, (d,, d), using

> Sl IdiE (dy.dy))

de(d,,dy)) =
(Feold<(dy, da)) S Wiy dy).

(6)

More advanced statistical methods can decompose molecular
contributions near the surface into continuum and local contributions.
For example, the brute-force computation of the potential of mean
force carried out in this work could be refined using the ideas of
Quasi-Chemical Theory [52,57-59]. There, the free energy of mem-
brane-protein interaction can be expressed as a sum of the continuum
calculations considered here and contributions from molecular packing
and chemical solvation structures. That approach will be used in future
work to study the dependence of the binding process on membrane
composition and interfacial tension.

3. Methods
3.1. Membrane bending free energy

For the computation of W™ Eq. (1) was minimized to find the
optimized shape of the endosomal membrane in contact with E
protein on the outer viral surface determined by the 3IXY [9] and
3C6D [4] cryo-EM structures (as in Fig. 1d). The membrane defor-
mation free energy was computed using 103 points equally separated
inr: —dr,0, ~, 9.14,9.14 + dr, 9.14 + 2dr. Based on structure 3IXY,
the boundary conditions consisted of: h(—dr) = h(dr), h(0) =
2.95, h(9.14 + dr) = h(9.14 + 2dr) = 0. For 3C6D, this changed to
h(8.82 + dr) = 0 and h(0) = 2.38. The resulting membrane shape,
measured in nanometers (nm), is independent of the bending
constant (kpend)-

3.2. Protein-membrane binding free energy

3.2.1. Continuum potential of mean force calculations

Continuum electrostatics calculations to predict the electrostatic
component of the potential of mean force for protein-membrane bind-
ing (G®**) were carried out in the FEniCS partial differential equation
modeling environment [60,61] to solve the Poisson-Boltzmann equa-
tions for the mean electrostatic potential appearing in G** (Eq. (3)).
The continuum electrostatics calculations make use of membrane and

protein 3D charge and excluded volume profiles via Eq. (4). Bulk elec-
trolyte concentrations were 0.1 M NaCl to mimic experimental condi-
tions. Membrane charge and excluded volume profiles were derived
from a 1D fit as described in Appendix A. The profile of the E trimer
was taken from the geometry of the experimental structure (PDB
10K8 [6], Fig. 1c) with waters removed. Fixed charge and volume exclu-
sion profiles for the protein were justified by aligning protein structures
from all separations treated in the MD simulations (described below).
The alignments showed only a small root mean-square displacement
of alpha-carbons among the configurations (RMSD averaged 1.7 A, see
Appendix A).

Each Poisson-Boltzmann calculation used a cubic mesh with 6
tetrahedra per 8 A3 cube covering the protein- and membrane-
occupied regions [62]. Boundary effects were minimized outside this re-
gion by adding 24 extra lattice points along each non-periodic direction,
with smoothly expanded mesh spacing there to double the box length
beyond the central region. The simulation box length was determined
from the protein size (or protein plus membrane in the z-direction),
plus a 0.5 nm buffer region added on all sides.

Continuum dispersion energy calculations were calculated by
numerically integrating the dispersion component of the potential of
mean force (GY*P, Eq. (5)) on a vertical 1D grid with 0.080 nm spacing.

The continuum and MD potential of mean force (PMF) results were
matched by adding a constant energy shift to the MD PMF. No shift in
the vertical separation was required since the membrane volume and
charge profiles were fit from MD, and the center of mass of the fusion
loop (residues 100-109) is unambiguous in both MD and continuum
calculations. The magnitude of the shift was determined by overlapping
the two curves at a separation of d = 1 nm, as shown graphically in
Fig. 4c.

3.2.2. All-atom potential of mean force calculations

To estimate the binding free energy between E and the host
endosomal membrane, all-atom potential of mean force curves
(W?(d)) were computed using Hamiltonian exchange molecular
dynamics simulations [53]. The simulations were restrained to a set
of 50 protein-membrane separation distances (d) using quadratic
biasing potentials centered at 0.3 nm intervals with force constant
1300 kcal/mol/nm?, chosen to provide approximately 20% overlap
between neighboring biases. The biasing coordinate used was defined
as the distance between the center of mass of the alpha carbons on
the top 1.5 nm of the protein (away from the membrane) and the
lipid headgroups on the far side of the membrane. This indirect
approach minimized the chance of structural distortion of the fusion
loop and near side of the membrane.

The complete system (Fig. 3a) contained ~339,000 atoms, including
~86,000 waters (TIP3P model), a homogeneously mixed membrane bi-
layer of 336 and 144 POPC and POPG lipids, respectively, and sodium
chloride (at 100 mM ionic strength). Periodic boundary conditions
were imposed to avoid surface effects. The hexagonal prism-shaped
unit cell (side ~14.5 nm) was generated from the CHARMM-GUI mem-
brane builder and equilibrated for several nanoseconds [63]. This shape
maximizes the horizontal separation between the E trimer and its
periodic images, which maintained at all times a distance of closest ap-
proach greater than ~5.5 nm. Visual inspection of the equilibrated
membrane patch showed that it had reached a homogeneous, stable
planar bilayer structure. Simulations were run at a temperature of
305 K in the NPyT ensemble with interfacial tension y = 52 mN/m
(necessary for protein insertion and equilibration on an acceptable
time scale) using the NAMD2 package [64], with the CHARMM?27
force field, CMAP corrections [65], and updates for lipid calculations
[66]. Simulations were carried out at 1 bar pressure, with a 1 fs time
step, PME electrostatics [67], and 1.2 nm cutoff for non-bonded interac-
tions. During setup, the energy of the 10K8 E protein trimer structure
was minimized and then simulated at 100 K for 100 ps under NVT con-
ditions each for successively smaller harmonic restraints, with energy
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constants 250, 100, 50, 10, and 0 kcal/mol/A2. Next, the system was run
under production conditions (NP,yT) for 2 ns before pushing the pro-
tein into the membrane (1.5 nm over a period of 1.5 ns) to establish
50 initial positions. The coordinate used for pushing was taken as the
vertical distance between the center of mass of the alpha carbons on
the far 1.5 nm of the protein (away from the membrane, right-most
part of protein in Fig. 3a) and the lipid headgroups on the side of the
membrane bilayer opposite the fusion loop (membrane/water bound-
ary on the far right of Fig. 3a/b). No orientational constraints
were imposed. The pushing coordinate was constrained with a force
constant of 2500 kcal/mol/nm? (17.3 N/m), and moved at a rate of
1 nm/ns (1 m/s), which are 10 x and 1000 x larger and faster than typ-
ical values for atomic force microscopy using carbon nanotube probes
[68]. The high values used in the simulations are needed to establish ini-
tial configurations in a reasonable time. Those values were checked to
ensure they do not deform the protein structure (see Appendix A).
Paraview and UCSF Chimera [69] were used to prepare Fig. 1.

Hamiltonian exchange simulations were run for 10.5 ns, with the
first 5.25 ns considered as equilibration and not used in the final results
(Fig. 4). Allowing swapping of neighboring constraints increases the
PMF convergence rate by allowing diffusion over constraint space (see
Theory for further discussion). The total time for all simulations was
1.05 ps. During the course of the simulation, exchanges between the
biasing potentials were attempted every 1 ps with a Metropolis accep-
tance criteria [55].

Recent protein/surface potential of mean force calculations have
used sampling times varying from 4 to 7 ns [53,70], and estimated the
drift by computing PMFs for shorter sub-blocks of time. A similar analy-
sis on our PMF data using 10 separate blocks from 5.25 to 10.5 ns shows
the estimated PMFs fall within 1 kcal/mol of one another (Fig. 4). Fur-
ther, there is no noticeable drift in either the PMF or the average trimer
separation over the course of the simulation. We conclude that fast
motions such as atomic protein-membrane contacts, water hydration
and membrane headgroup orientation equilibrate on time scales faster
than 0.525 ns, while slow motions such as lateral lipid motion and
protein conformational changes are much slower than 5 ns. Therefore
the results reported here describe the free energy surface for geometries
representing initial protein/membrane contact.

Appendix A provides results on a series of control calculations that
establish the soundness of the current approach. First, a detailed analy-
sis of system equilibration and relaxation time scales for the lipid/water
interface structure is provided. Next, a plot of protein height and RMSD
as a function of distance from the membrane shows that the protein
does not change shape during initial pushing or potential of mean
force calculations. The membrane response to instantaneous changes
in interfacial tension shows that the relaxation time scale of the total
membrane surface area is on the order of one nanosecond. Further de-
tails are given on fitting protein and membrane volumetric densities
for continuum calculations. Finally, Appendix A contains information
on the hydration of the fusion loop as a function of membrane distance.

4. Results and discussion
4.1. Membrane bending free energy

To investigate the conditions for which anchoring of E to the
endosomal membrane can support fusion, we computed the minimal
host membrane bending free energy barrier for formation of the initial
fusion stalk (W""9) when the host membrane is contacted by a
pentameric face of the virus. The 5-fold sites present the largest open
areas on the viral surface. Furthermore, binding to a five-fold face of
envelope protein trimers has also been suggested for SFV [71]. The
cryo-EM structure of E protein (3IXY) attached to the virus and bound
to an antibody specific for the fusion peptide [9] gives an experimental
reference geometry. For comparison, we have also carried out the same
calculation using the structure of the precursor (pr)-associated E fitted

to a cryo-EM density map (3C6D) [3,4]. These structures from the imma-
ture virion exhibit both a non-overlapping packing of E on the viral sur-
face and an outward rotation of E protein's Domain II, which holds the
fusion peptide at its tip. The fusion peptide structures in both crystals
would be able to contact the host membrane with minimal membrane-
membrane separation distance. These two geometries therefore deter-
mine a mechanical constraint on the barrier to forming a fusion pore
via host membrane bending.

The largest component of the free energy barrier to membrane
bending comes from forming a dimple in the host membrane on the op-
posite side from the virus [33,35,36]. Once formed, the dimple brings
the two membranes into contact, and mixing of the outer leaflets is
possible with a comparatively smaller energetic barrier [30,32,72].
This suggests that the configuration of the membrane just before stalk
formation represents the major free energy barrier. In this configura-
tion, both leaflets of the host endosomal membrane form the dimpled
structure (Fig. 1d).

The contact geometry and minimal membrane deformation free en-
ergy, WP were determined by optimizing the bilayer shape (Fig. 2)
under the constraint that the right boundary of the host membrane con-
tacts a specific position of each E protein fusion peptide. That contact
position was defined by the alpha carbon of phenylalanine (Phe) 108
E protein cryo-EM structure (PDB ID: 3IXY [9]). The MD results show
that this residue sits at the membrane hydrophobic interface on contact
with the host. This protein structure, with a partial rotation of Domain I,
was used to represent an intermediate between the mature (dimeric)
and fusion-active (trimeric) forms of the viral-attached E protein coat
[5]. With symmetrical copies of E in the conformation of 3IXY
(Fig. 1b), the fusion loops form the vertices of a pentagon with side-
length 10.8 nm, at a radius (Rg,s) of 25.8 nm from the virus center (see
Fig. 2a). The distance from the center of the virus particle to E's
N-terminal alpha-carbon (Reerm) is 21.1 nm (see Fig. 1d). Rotating that
vector to the center of the pentagon locates the position of the mem-
brane contact at that point, 2.95 nm below the plane of the pentagon
of E protein trimers. A similar bending calculation was carried out
using the geometry of the 3C6D structure.

Using the elastic surface model described in Section 2 to model the
3C6D geometry results in a lower membrane bending free energy barri-
er than the simple spherical cap assumed in previous studies [35]. With
a membrane monolayer bending modulus of kpeng = 6.3 kcal/mol,
which experimentally is relatively insensitive to membrane composi-
tion [35,73], the free energy of this deformation in the host bilayer is
30 kcal/mol. In comparison, the host membrane bending free energy
is 22 kcal/mol for the optimized geometry based on the 3IXY structure
(Fig. 1b and d). The intermediate represented by the optimized mem-
brane shape directly precedes the hemifusion state (Fig. 1c), and likely
defines the major barrier to membrane fusion. The net curvature
is 0.3 nm™ ! in the center of the dimple at r = 0, crosses to negative
curvature at r = 5.8 nm, and remains near — 0.06 nm™ ! until the as-
sumed contact distance, Rpoung = 9.14 nm.

The net curvature of 0.3 nm™ ! at r = 0 has a curvature radius similar
to the height of a lipid monolayer, which is relatively high [ 74]. Since the
structure of Fig. 2 represents the energetic barrier to fusion, we should
expect to find a transition-state structure. It is at this point, in the center
of the host membrane dimple, that large stress is required to initiate
formation of the fusion stalk. Other elastic models for host membrane
deformation find similarly large values at points near the fusion stalk
[35,36]. By modeling the deformation using the full parametric-surface
elastic theory, the present model shifts a large amount of stress to the
point of membrane contact, and consequently finds a free energy com-
parable to the lowest literature reports for a deformed host membrane
structure (e.g., Ref. [36] reported 18-36 kcal/mol from twice the
monolayer dimple free energy component, 2Fp).

The free energy for bending the host endosomal membrane comput-
ed here constitutes a major portion of the free energy barrier to stalk
formation. Without the aid of membrane proteins, or with passive
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membrane-binding proteins, thermal fluctuations of the membrane
shape could supply the driving force for overcoming this barrier on
the time scale of minutes if the two membranes remained in contact.
However, the membranes are unlikely to remain in contact for an
appreciable period of time without the aid of fusion proteins [75]. The
current mechanism hypothesized for protein-assisted fusion calls for a
pH-driven conformational change of E to allow host membrane attach-
ment and drive the fusion event. That mechanism is supported by a
rotation of Domain II relative to the base Domains I and Il between
structures of pre- and post-fusion E conformations [5].

The 50-residue C-terminal stem region of E, omitted in this study due
to lack of a crystal structure, connects Domain Il with two alpha-helices
anchoring the protein to the viral membrane [76]. Binding of the stem
along Domain II results in colocation of the anchor region and the host
membrane-inserted fusion loop (Fig. 1c) [77]. Although the alpha helical
anchor regions must completely traverse the viral membrane to be effec-
tive aids to fusion [78], E's fusion loop merely binds to the outer leaflet of
the host. This shallow insertion may suggest that the fusion loop acts to
nucleate a curvature-defect to disrupt the stability of the outer host leaf-
let and promote fusion with the viral membrane. Curvature defect mech-
anisms have been suggested in several experimental models of proteins
promoting and inhibiting membrane fusion [79-81].

4.2. Protein-membrane binding free energy

The geometry of the protein-membrane-water atomistic systems
can be seen from plots of water density (Fig. 3b). Although the
z-center is often defined as the bilayer center, we define the zero in
the membrane normal direction as the average location of the glycerol
carbons of the bilayer surface that contacts the protein. The density
was calculated as conditional averages over water histograms
(Eq. (6)), defined in one dimension along the z-coordinate. Using the
average height of the membrane's glycerol carbon atoms to define the
origin of the horizontal axis (membrane normal direction), the region
of zero water density at either side of the plot (z ~ 1 or ~ 12 nm)
shows the hydrophobic width of the membrane. The system is wrapped
so that half of the membrane appears on the far right (Fig. 3a).

The region of bulk water density (maroon color, outlined by white
contours) shows that at the largest protein-membrane separations
(top of Fig. 3b), the protein is adequately separated from both mem-
brane/water interfaces. Continuum calculations also verified negligible
interaction at this distance. The geometrical center of the protein's
fusion loop (residues 100-108) appears on the left side of the plot, indi-
cated by a black line. The bulk water density region is outlined by white
contour lines at 1 and 54 mol/L. Fig. 3a shows a protein configuration
chosen at random from samples at 0.0 nm distance. The far end of the
protein has a larger diameter, as shown by the slightly smaller water
density (Fig. 3b) at a distance of 10 nm from the membrane surface.
This end would normally be linked by the C-terminal stem to the viral
membrane surface. Here the protein is modeled as free in solution, as
in experiments involving truncated soluble E (sE) protein [82].

Despite incursion of the protein into the membrane, the membrane
interface density profile shows little variation with protein-membrane
separation distance and only a small amount of water is carried into the
membrane by the fusion loop (Fig. 3b). This simplifies modeling of the
membrane interface since water density profiles can be obtained by
averaging over all separations (see Appendix A).

The membrane shape, interfacial tension and hydrophobic thickness
are important determinants of the binding and electrostatic properties
of the membrane/water interface [83]. Both membrane-water inter-
faces, defined using the water density profile normal to the membrane,
fit well to an error-function,

Km(2) = 2(erf(w(z—z, + D)) —erf(w(z—2,—D)). (7)

The membrane fit to w = 1.58 nm~ ', 2D. = 2.899 nm, and centered at
Zo = 1.261 nm with respect to the average glycerol carbon position. The
parameter w indicates the interfacial roughness.

Defining the water/membrane dividing surface as the position
where water reaches half its bulk density, the hydrophobic width for
half the bilayer is given here by the parameter, D.. The hydrophobic
width of 2.9 nm for the full bilayer compares well with experimental
measurements of 2.87 nm for pure POPE [84], and 2.71 nm for pure
POPC [85]. The layer of glycerol carbons lies just inside the hydrophobic
interface, confirming that water fully hydrates the lipid head-groups.
Redefining the dividing surface as the mean position of the glycerol car-
bon layer (d = 0 of Fig. 4) to compare better with experimental analysis
would decrease the estimate of the hydrophobic width by 2(D. —
Zo) ~ 0.4 nm. The dispersion coefficient densities (used in Eq. (5)) for
protein and membrane fit to a linear model with a residual of around
0.5%. More details are available in Appendix A.

Because the process of membrane insertion may change the interfa-
cial area, constant interfacial tension conditions are required. Finite size
effects have been reported for simulation of small membranes (18 lipid
molecules) using the NPyT ensemble [86]. These effects have been at-
tributed to the inability of smaller simulations to describe capillary
waves. However, a more recent comparison of simulation sizes contain-
ing 72 and 288 DOPC lipids (1,2-dioleoyl-sn-glycero-3-phosphocholine)
[87] have shown that finite size effects are negligible for these larger
system sizes. This conclusion agrees with thorough studies of the rela-
tionship between surface tension and capillary waves at the water/
vapor interface [88], which showed a small, but statistically insignificant
increase in tension with simulation area. With 480 lipids in the unit cell
with side-length 14.5 nm, the present results should also be expected to
exhibit negligible finite size effects.

4.2.1. Combined potential of mean force

The protein-membrane binding free energy profiles computed
using both continuum and atomistic methods are shown in Fig. 4,
along with the membrane and solvent charge density to identify the
membrane bilayer structure. Establishing an absolute scale for the bind-
ing free energy from MD requires consideration of both the absolute
shift in the free energy and possible artifacts from the periodicity of
the MD system. Periodicity artifacts were ruled out by carrying out
continuum calculations (Eq. (3)) with a periodic boundary in the z-
direction. Both dispersion and electrostatic energy components were
identical to their periodic versions at protein-membrane separations
closer than 1.3 nm. At separations larger than 2 nm, both continuum
components approached zero. Since the MD simulation did not explore
separations larger than 1.3 nm, the error from periodic boundary condi-
tions in MD is negligible. Alignment of continuum and MD results at a
large separation of d = 1 nm (Fig. 4) identifies the zero for the MD
free energy profiles with a precision of 0.23 kcal/mol. This constant
shift in W*? sets an absolute energy scale that is not identifiable from
the MD data alone.

At separations greater than 1 nm, most of the binding free energy
can be predicted using the continuum model. At closer separations,
encroachment of the protein causes the fluid membrane to rearrange lo-
cally, resulting in specific chemical interactions between the protein
and membrane. This packing free energy and replacement of protein-
water hydrogen-bonds by protein interactions with lipid headgroups
accounts for the difference between the continuum and molecular
models. Fig. 4 shows this free energy difference is positive since the
MD curve, W, lies above the continuum curve, G+ G4P, While the
continuum calculation predicts a favorable binding free energy, packing
and chemical interactions accounted for in the MD simulations make
binding significantly less favorable. Unfavorable repulsive contacts
accounted for in the MD simulations also flatten and shift the minimum
predicted by the continuum model outward by 0.5 nm so that the E
protein trimer inserts at a depth of 0.13 nm into the hydrophobic core
of the PC/PG bilayer.
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We note that the magnitude of the hydrophobic effect may be
underestimated due to infidelities in the force field model. This inaccura-
cy was reported in other MD calculations of protein-surface potential of
mean force curves using the same force field, where it was attributed to
an overly strong attraction of water by the surface [70]. Underestimating
the magnitude of the hydrophobic effect would result in a binding free
energy (our stated value of — 15 kcal/mol) that is less favorable than
the actual value.

4.2.2. Bound protein structure

We observe two changes as the fusion peptide inserts into the
hydrophobic portion of the membrane. First, hydrophobic residues on
the fusion loop “open” into a vertical orientation of the aromatic rings.
A similar opening was reported in NMR studies [24]. Just outside the
membrane surface, the hydrophobic residues close to a horizontal
orientation, presumably to minimize contact area of the trimer center
with water. Second, along with this opening motion, we note that the
trimer interface begins to expand at the tip with E insertion. The expan-
sion means the trimer interface holds together less effectively.

To quantify the expansion, we plot the area of the triangle formed by
the inward-facing carbonyl oxygens of the E trimer's Phe108 residues as
the fusion loop approaches the membrane (Fig. 5). The plot was calcu-
lated using conditional averages of histogram densities with Eq. (6).
At contact with the mixed neutral and anionic (7:3 POPC/POPG) mem-
brane, the area doubles from its value of 0.16 nm? observed in the trimer
crystal structure (10K8) [6]. An even larger expansion was observed in
MD simulations of the trimer in bulk solution [89]. The appearance of
the more open conformation could indicate that the E trimer inserts in
the open form, or that E inserts as monomers rather than a trimer. All
available structures for the E protein trimer were obtained in the
absence of a lipid membrane. The detailed structure of the membrane-
inserted trimer is unknown apart from NMR and MD studies on the
fusion peptide fragment [24,25].

Experimental evidence suggests that a C-terminal fragment of the
protein (not modeled here) zips along the protein to close the trimer
interface during the fusion process [77]. During the zipping process,
the strong protein-membrane binding energy keeps E's fusion loop in
contact with the host. This is consistent with experimental data indicat-
ing that fusion occurs readily for the 30% anionic PG composition
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studied here [29,27]. A closing motion of the E trimer may alter the
membrane shape toward the negative curvature required by the fusion
stalk (Figs. 1-2).

The flexibility of the Domain II hinge also suggests another possible
mechanism for sensitivity to the host membrane's lipid composition. If
the cluster of positively-charged arginine residues just above the fusion
loop gathers anionic lipids together around its outward edge, that
lipid rearrangement may compress the area normally taken up by the
anionic headgroups. This change in area would create a preference for
negative curvature in the host membrane at that site that favors fusion
(Fig. 1b—c). In this case, lipids that are both anionic and have positive in-
trinsic curvature would resist E-assisted fusion. The effect of protein
binding and insertion on membrane curvature awaits experimental
testing. Such a lipid rearrangement would occur on a longer time scale
than was simulated in the present study.

5. Conclusions

Both atomistic and continuum models present a consistent energetic
picture of virus-assisted membrane fusion (Fig. 4). Our results quantify
the initial binding strength between each E protein trimer and host
membranes enriched with anionic lipids. The insertion depth predicted
here can be experimentally confirmed using neutron reflectivity exper-
iments [90]. The binding free energy predicted here can be compared
with experimental values for peptides determined by quantifying
membrane-associated fractions [41,91].

At large separations (> 1 nm), both electrostatic and dispersion
interactions help pull E toward mixed neutral and anionic PC/PG mem-
branes. At contact distance, molecular packing and association interac-
tions fully counter the favorable electrostatic attraction, halting the
fusion peptide 0.13 nm into the hydrophobic core of the PC/PG mem-
brane. Combining continuum calculations with an all-atom potential
of mean force results in a binding free energy of — 15 kcal/mol per
trimer. The atomistic potential of mean force computed after 10 ns of
simulation time represents the free energy of a relatively stable inter-
mediate bound state. Large-scale structural changes due to membrane
relaxation occurring on longer time scales may further strengthen the
protein/membrane association free energy. Thus, the binding free
energy predicted here represents an upper bound.

Fig. 5. (a) Probability distribution (colored scale on right) computed for the area of the triangle between the three Phe108 (also notated F108) carbonyl oxygen atoms of E protein trimer as
a function of membrane to fusion loop separation distance, d. Length is given in nm units. (b) Superposition of fusion loop backbone trace and all heavy atoms of Trp101, Leu107, and
Phe108, viewed from the membrane. The 3 configurations shown are colored in order of decreasing distance to the membrane in the sequence red, green, blue. Lines highlight the increas-

ing distance between Leu107 and Phe108 from alternate subunits.
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When the host membrane is contacted simultaneously by 5 E tri-
mers from the viral surface, the total association free energy is at least
as strong as — 75 kcal/mol. This is overwhelmingly larger than the
free energy barrier for membrane fusion, which we estimate to be
22-30 kcal/mol. For the latter prediction, we used an elastic bending
model constrained by the geometries of the cryo-EM structures for
viral complexes 3C6D and 3IXY. That value is consistent with the dimple
formation free energies derived in recent calculations of the fusion stalk
structure, which range from 18 to 36 kcal/mol [36]. A free energy barrier
of 20 kcal/mol is sufficiently small to allow unassisted fusion over an
0(10 s) time scale, but only if the membranes are held in contact for
that long time period.

The free energy of the overall fusion process will be influenced
strongly by host membrane curvature. Elastic calculations show
that asymmetric membranes favoring positive curvature [79] reduce
the energy barrier for host dimple formation to around 3-21 kcal/
mol [34,33]. Long-wavelength membrane undulations will also
effectively increase the available thermal energy. The driving force
of a protein conformational change has to be interpreted with
these considerations in mind [81].

This study presents a novel pathway to computing the free energies
of membrane-associated processes. Future large-scale modeling of
protein-membrane and membrane-membrane interactions would be
improved by including membrane excluded volume and charge profiles
from all-atom simulations. Detailed atomistic calculation of interfacial
behavior is critical in those continuum descriptions [92,93]. In similarity
with most colloidal systems, the protein-membrane interactions
include weak long-range dispersive attractions, whose importance
increases with electrolyte concentration [50], as well as electrostatic
and short-ranged interactions. When combined with traditional mem-
brane curvature calculations as in Section 2.1, the model can be applied
to phenomena at biological length- and time-scales. Tying advances in
molecular models with continuum predictions requires robust, extensi-
ble simulation codes at both levels of description. Important develop-
ments continue to be made in electrostatics [61,94,95], high-fidelity
boundary-element methods [96,97], and models [34,73,98] for inter-
and intra-membrane interactions that will facilitate comparison with
experimental reference data [49,51,84,99,100]. Such developments
will be key to developing this model further to enable rapid prediction
of the effect of chemical environment on the process of viral protein-
assisted membrane fusion.

Particularly important future targets for these models include
extending the binding free energy calculations to different mem-
brane compositions to identify the minimum percentage of anionic
lipid needed to prevent detachment of E from the host membrane.
Similar calculations for cholesterol-containing membranes will es-
tablish the relative anchoring free energies provided by cholesterol
compared with anionic lipids. At close separation, there is an ener-
getic trade-off between the protein's conformation and its attraction
to the membrane vs. the host membrane bending needed to initiate
fusion. The protein-membrane binding free energies in alternative
protein positions, such as the side-on interaction during initial
protein-membrane recognition suggested by the alignment of
Fig. 1b, and membrane-membrane interaction are also open targets
for future work.
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