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Membrane fusion is required for diverse biological functions ran-
ging from viral infection to neurotransmitter release. Fusogenic
proteins increase the intrinsically slow rate of fusion by coupling
energetically downhill conformational changes of the protein to
kinetically unfavorable fusion of the membrane–phospholipid
bilayers. Class I viral fusogenic proteins have an N-terminal hydro-
phobic fusion peptide (FP) domain, important for interaction
with the target membrane, plus a C-terminal transmembrane
(C-term-TM) helicalmembrane anchor. The role of thewater-soluble
regions of fusogenic proteins has been extensively studied, but
the contributions of the membrane-interacting FP and C-term-TM
peptides are less well characterized. Typically, FPs are thought to
bind to membranes at an angle that allows helix penetration but
not traversal of the lipid bilayer. Here, we show that the FP from
the paramyxovirus parainfluenza virus 5 fusogenic protein, F, forms
an N-terminal TM helix, which self-associates into a hexameric
bundle. This FP also interacts strongly with the C-term-TM helix.
Thus, the fusogenic F protein resembles SNARE proteins involved
in vesicle fusion by having water-soluble coiled coils that zipper
during fusion and TM helices in both membranes. By analogy to
mechanosensitive channels, the force associated with zippering
of the water-soluble coiled-coil domain is expected to lead to
tilting of the FP helices, promoting interaction with the C-term-
TM helices. The energetically unfavorable dehydration of lipid
headgroups of opposing bilayers is compensated by thermo-
dynamically favorable interactions between the FP and C-term-TM
helices as the coiled coils zipper into the membrane phase, leading
to a pore lined by both lipid and protein.

The basic mechanisms of viral membrane fusion have been stu-
died extensively, but major gaps remain in our understanding

of the relative roles of lipidic intermediates and viral fusogenic
proteins in lowering the energy barrier for the overall process
(1–4). The most common mechanistic hypothesis concerning
enveloped viral fusion is that fusogenic proteins primarily serve
to bring the target cell and viral membranes into proximity.
Fusion occurs in a multistep process, in which the virus first binds
to a specific receptor; this event and/or other environmental cues
then cause a conformational change in the protein, leading to a
metastable state with an exposed hydrophobic fusion peptide
(FP) that binds to the target membrane. Once engaged with the
bilayer, a second energetically favorable conformational change
in the fusogenic protein then exerts a force pulling the FP toward
the viral membrane, in effect reeling the host and viral mem-
branes together.

The conformational changes involved in the water-soluble
portions of viral fusogenic proteins have been largely elucidated,
but the roles of the membrane-binding FP and the C-terminal
transmembrane (C-term-TM) anchor are less clear. After the
crystal structure of the prefusogenic form of influenza hemagglu-
tinin (HA) was solved (5), experimental studies suggested that
its FP inserted into the bilayer (6). The FP helix was thought to
bind sufficiently deeply to act as a hydrophobic wedge that not

only served as an anchor but also destabilized the bilayer and
facilitated fusion. Many biochemical, biophysical, and mutagen-
esis studies on the fusion proteins of the influenza virus, HIV,
and other viruses are consistent with, and have added consider-
able detail to, this initial suggestion (7–34). However, a number
of intriguing findings suggest that the FPs and C-term-TM helices
might play additional, more specific, roles in bilayer fusion than
mere membrane binding and disruption.

Surprisingly subtle mutations in the C-term-TM sequence of
fusogenic proteins can be quite deleterious to their ability to
induce fusion, while retaining normal processing and the ability
to change conformations (35–38). Also, replacing C-term-TM
helices of fusogenic proteins with lipid anchors results in a loss
of fusion (39–42) and, surprisingly, FP sequences often show
greater conservation than might be expected from the functional
requirements for membrane binding (43). Moreover, the very
strong conservation of polar and small residues at regularly
spaced intervals as found in GXXXG (44–46), glycine zippers
(47), and GAS (glycine-alanine-serine) motifs (48) (Table S1),
is intriguing. These patterns are known to stabilize TM helix
association and also figure in the helix–helix packing of proteins
that undergo large-scale conformational changes in response
to lipidic environment, such as in mechanosensitive (MS) chan-
nels (49).

Thus, we investigated whether FPs might adopt TM helical
rather than surface orientations, and how this might relate to
their mechanisms of action. If indeed FPs adopt a TM orienta-
tion, then one might envision a mechanism akin to SNARE
proteins (50–53), in which both the target and vesicular proteins
have TM helices that associate as membrane fusion progresses.
Accordingly, we investigate herein a class I fusogenic protein,
F, from parainfluenza virus 5 (PIV5), which, like influenza virus
HA and HIV gp41, has an N-terminal FP in the mature, cleaved
protein (3). High-resolution structures are available for both
the pre- and postfusion forms of the ectodomain of the F protein
(54–56), and the structure and function of its C-term-TM domain
has been extensively investigated by scanning mutagenesis and
Cys crosslinking (57). The sequence of the FP suggests that it
also forms a TM helix (58). Moreover, it has a single polar Gln
residue, a residue known to promote helix–helix interactions in
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membranes (59), plus glycine and alanine residues in a heptad
repeat pattern (Fig. 1B), known to stabilize TM helix–helix as-
sembly (60–62) and pore formation (47). The sequence variability
of the FP across homologous viruses shows a heptad repeat in
phase with the heptad repeat of the long water-soluble coiled
coil, which directly follows it (Fig. 1 C and D), interrupted only
by a highly conserved region (residues 112–117) that is con-
strained by packing in the prefusion trimer (55, 63). Consistent
with this, the postfusion structure of PIV5 (54) showed that
the C-terminus of the FP is helical. Here, we show that this FP
adopts a TM orientation in phospholipid membranes, specifically
oligomerizing into a homohexameric bundle (6HB), and it also
associates with the C-term-TM domain in micelles. Computa-
tional studies suggest that conformational changes involving
zippering of the water-soluble coiled coil in the ectodomain
drive changes in helix-crossing angles that may lead to an initial
heteromeric contact or “pinprick” between the FP and the
C-term-TM leading to a fusion pore possibly lined by both protein
and lipid.

Results
Association of Fusion and C-term-TM Peptides in Detergent Micelles.
Analytical ultracentrifugation (AUC) of the FP from PIV5 F
protein in phospholipid micelles reveals cooperative assembly
into hexamers (Fig. S1A). The FP was dissolved in dodecylpho-
sphocholine (DPC) micelles, and the density of the solution was
adjusted to precisely match that of the DPC detergent (64) so that
only the protein component contributes to the sedimentation
equilibrium. Three samples prepared at differing peptide-to-de-
tergent ratios were each centrifuged at four to five rotor speeds,
respectively, for the wild-type and mutant Q120A. The data were
then globally analyzed to extract the number of peptides per
oligomer as well as the free energy of association (62, 64, 65).
The data conform very well to tightly associating and fully coop-
erative monomer-hexamer equilibrium (Fig. S2). The addition of
lower-order intermediate states failed to improve the quality of
the fit, indicating that the association was highly cooperative and
specific for the formation of hexamers relative to other possible
association states.

The mutant Q120A also forms hexamers (Figs. S1 C and D
and S2B), but its association is weaker than that of the wild-type

peptide by 13.4 kcal∕mol of hexamer, or 2.2 kcal∕mol of mono-
mer. Glutamine (Gln) is well known to stabilize the association of
TM helices (59), and the magnitude of the effect is similar. Thus,
it is likely that the Gln helps stabilize TM helix association within
the structure, although this residue is not absolutely essential for
forming the 6HB. Q120 is strongly conserved in related viruses
(Table S1) and is a promising target for future studies using
reverse-engineered viruses.

Although the C-term-TM domain has been shown to associate
in the full-length protein (57), the C-term-TM peptide alone does
not associate in DPC micelles (Fig. S3A). However, when unla-
beled wild-type FP is introduced at a 1∶1 ratio, the C-term-
TM-peptide strongly associates (Fig. S3B), perhaps adopting a
structure relevant for the postfusion state. Analysis of the sedi-
mentation curves indicates that the TM peptide self-associates
with the FP at least 20-fold less tightly than the corresponding
heteromeric interaction with the C-term-TM peptide.

FPs Adopt a TMOrientation in Lipid Bilayers.The secondary structure
and orientation of the wild-type and mutant FP in micelles
and deuterium oxide (D2O) hydrated bilayers were evaluated
using circular dichroism (CD) and attenuated total reflection IR
spectroscopy (ATR-IR), respectively. The CD spectra of both
peptides in DPC micelles are typical of an α-helix (Fig. S4) indi-
cating that the association observed by AUC corresponded to the
formation of helical bundles. The IR spectra in the amide I region
of the FPs shows a single, sharp peak at 1656 cm−1, indicative of a
dehydrated helical conformation (66) in bilayers (Fig. 2 A and B).
The dichroic ratio for parallel versus perpendicularly polarized
light was 3.2 and 3.6 for the wild type and mutant, respectively.
These values correspond to an orientation of approximately
29° and 22° relative to the membrane normal (67, 68), assuming
the entire peptide is fully helical and the bilayers are well ordered.
Deviation from helical geometry or disorder of the bilayer would
result in somewhat lower dichroic ratios. In this case, the true
angles would be even closer to parallel to the bilayer normal.

Fig. 1. Sequence conservation suggests a continuous helix including HRA
and the FP. (A) Postfusion crystal structure of the soluble domain of closely
related hPIV3 virus F protein (54). Shown in magenta is HRA. Below HRA, in
the postfusion membrane, is the predicted location of the FP. (B) Heptad
repeat of the FP and HRA. The beginning of the crystallographic resolved
region of HRA is shown in magenta. Heptad repeats of small residues in
the FP are boxed. (C) Sequence entropy of the FP and HRA can be fit to a
single sinusoidal function with period of 3.47� 0.02 residues∕turn (r ¼ 0.51).
(D) Sequence entropy of the FP alone can be fit to a single sinusoidal function
with a period of 3.51� 0.08 residues∕turn (r ¼ 0.59).

Fig. 2. ATR-IR of FP wild-type (A) and mutant Q120A (B) in phopholipid
(POPC) bilayers. The sharp peak at 1656 cm−1 is indicative of alpha helical
secondary structure. The TM orientation is demonstrated by the much great-
er intensity of the 1656 cm−1 amide I bond for parallel (0°) versus perpendi-
cular (90°) polarized incident light (relative to the membrane normal).
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Thus, both peptides have a strong preference to adopt a TM
orientation relative to other possibilities in which the helix was
either randomly oriented or oriented parallel to the membrane
surface.

Computational Modeling of the 6HB.To model the FP 6HB, the pos-
sible structural space was systematically sampled and scored using
a protocol akin to the conformational search of Brunger, Arkin,
and coworkers (69). The strong heptad repeat (Fig. 1 C and D) is
indicative of a left-handed helical bundle. A left-handed bundle
also would be consistent with a continuous helical structure
beginning in the soluble heptad repeat A (HRA) and continuing
directly to FP, as the conservation pattern suggests (Fig. 1C).
Moreover, the nature of viral fusion, with asymmetric insertion
of peptides into the target membrane, suggests that the FPs com-
prising the 6HB should adopt a parallel orientation. Symmetric,
parallel coiled coils can be described by a limited number of
variables (70). Three of these—α-helical phase (ϕ), pitch angle
(α), and superhelical radius (R)—were allowed to vary and were
sampled systematically in search of optimal coiled-coil structures.
For each structure, optimal rotamers were selected, and the
structure was then minimized. Each structure was scored using
the CHARMM energy function in an implicit membrane envir-
onment (71, 72) to select candidate models.

The energy of a particular 6HB conformation depends primar-
ily on the phase, ϕ. Multiple energy minima are observed as the
helices are rotated (Fig. S5A). Five left-handed structures were
selected, corresponding to the lowest energy basins, for further
refinement using molecular dynamics (MD) simulations in an
explicit fully hydrated lipid bilayer. The lowest predicted energy
for an antiparallel orientation 6HB was selected as a negative
control. It was less stable in MD simulations than the low-energy
parallel models and was not further pursued (Figs. S5 and S6).

MD simulations on the five parallel 6HB structures (labeled
according to their phases, ϕ ¼ 40°, 43°, 88°, 196°, and 300°,
respectively) show that the orientation of the Gln side chain is
crucial for 6HB stability. Two closely related structures,
ϕ ¼ 40° and 43° (Cα rmsd ¼ 1.6 Å), place the Gln in a “d” posi-
tion within the coiled coil, whereas the phase 88° structure places
the Gln in an “a” position. The remaining two structures have Gln
facing the lipid (phases 196° and 300°), are much less stable than
the interior-facing ones (Figs. S5B and S6), and rapidly depart
from their initial structures (as measured by Cα rmsd), whereas
structures with an interior Gln are stable near the initial structure
for 50 ns of MD simulation.

Of the interior-facing Gln structures, the phase 40° and 43°
models are most stable during the MD simulation and best main-
tain a symmetric coiled-coil structure (Fig. S6). These models
form a highly stable hydrogen bond network in the interior of
the 6HB coiled coil (Fig. 3A), consistent with the important role

Gln plays in oligomerization (Fig. S1). The periodically conserved
small residues of the FP are found at the helix interface in this
model. Of note is the penetration of water into the core of the
6HB from the viral side of the membrane (Fig. 3B). It is possible
that the formation of the FP 6HB structure may reduce the bar-
rier to fusion by initiating formation of a nucleus for expansion
into the later, much larger fusion pore. In the less stable models
(phases 88°, 196°, and 300°) the water distribution is not stable
because of either a less favorable arrangement of the Gln side
chains (88°) or their location outside the pore (196° and 300°)
(Fig. S7).

The most stable 6HB (ϕ ¼ 40°) structure was then used to
compute an FTIR dichroism ratio following the method of Arkin
and coworkers (73, 74) where the individual residue dipoles are
combined. The computed dichroism ratio is 2.95� 0.07 (mean
and standard deviation over the MD simulation), in good agree-
ment with the experimental value (Fig. 2).

Discussion
Comparison of the Properties of the FP from PIV5 with Other Systems.
Here, we provide experimental evidence that the FP from the
PIV5 F protein is able to adopt a TM helical conformation
when incorporated into lipid bilayers, and that it associates with
the C-term-TM helix. Similarly, a FRETassay (75) suggested the
C-term-TM domain of influenza HA interacts with its FP,
although the orientation of the peptide in the complex was not
determined. These findings extend the structural and mechanistic
similarity between the PIV5 fusogenic F protein and SNARE
proteins to include not only their water-soluble coiled-coil do-
mains, but also their membrane-interactive domains. Recent
biochemical and structural studies on SNARE proteins (50)
suggest a zippering motion of the water-soluble coiled coils that
continues into the TM domains promoting a heteromeric inter-
action between the two TM helices to provide part of the driving
force for bilayer fusion.

The conformation and TM orientation of the FP from the
PIV5 F protein is clearly defined by IR dichroism (Fig. 2), which
showed an average helical tilt of 20° to 30° relative to the mem-
brane normal, and also ruled out the possibility of significant
amounts of β-structure. The situation is less clear for other FPs,
which often are found to adopt more “oblique-oriented” or
“tilted helical conformation” (76), in which the helix is oriented
at 30° to 70° relative to the bilayer normal, either spanning the
bilayer or penetrating a single leaflet, depending on the length
of the synthetic peptide investigated (12–14, 25, 32–34). For
example, the N-terminal peptide of gp41 has been reported to
adopt a TM (15), tilted (28–30), and beta (19, 26–28, 31) confor-
mation in various membrane mimetics. Synthetic versions of
the FP from influenza virus HA2 span approximately half of the
bilayer width, but as a bent helix (12) or helical hairpin (18) in
micelles. However, the hydrophobic region of the FP in the
intact virus spans residues up to Arg25, and NMR studies have
been conducted with peptides spanning between 20 to 23
residues, with an artificial oligo-Lys tail added to enhance water
solubility. The dynamics and conformational properties of the
20- versus 23-residue peptide differ significantly (18), as expected
for a finely tuned system with multiple low-lying energy wells
that are progressively populated during fusion. These distinct
structural states, and their sensitivity to small changes in sequence
and environment, may be both functionally relevant and reflect
the energetic fine-tuning of the landscape and the dynamic nature
of fusion.

Within a family, the FPs of viral fusion proteins have highly
conserved sequence motifs, such as heptad repeats of small resi-
dues, that are similar to those important for association of other
oligomeric TM helical bundles (45, 47, 48) (Table S1), suggesting
that TM helix–helix association might be relevant to fusion. In
this regard, it is interesting to compare the avidity of homo-

Fig. 3. Computational model of the PIV5 F FP hexameric bundle. (A) The
Q120 residues form hydrogen bonds with one another as well as waters
on the interior. (B) Side view shows the bundle oriented with the N-terminal
end (which presumably faces the cellular interior) up. Water is shown in blue.
Not shown for clarity are the phospholipids as well as one helix closest to the
viewer.
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and heterooligomer formation for the C-term-TM and FP of the
PIV5 F protein. Isolated FPs homooligomerize strongly and spe-
cifically to a 6HB. The C-term-TM peptide also engages in
helix–helix interactions, which have been experimentally demon-
strated using disulfide crosslinking of the full-length protein
(57). However, the present study shows that the C-term-TM helix
homooligomerizes more weakly than the FP in the absence of the
trimeric ectodomain, but associates tightly with the FP (Fig. S3).
The hierarchy of association strengths mimics the assembly pro-
cess of the ectodomains, in which the weakly associated parallel
C-terminal coiled-coil trimer (contiguous with the C-term-TM
helix) dissociates and zippers up along the N-terminal coiled
coil (contiguous with the FP) to form the final antiparallel bundle
(1–4). The C-term-TM and FP may likewise zipper as an antipar-
allel bundle in forming the postfusion state.

A Provisional Model for Membrane Fusion by Class I Proteins: Lipid-
Centric and Pinprick Mechanisms. In the absence of fusion proteins,
the process of bilayer fusion is a physical process with multiple
high-energy intermediates (77, 78) corresponding to: (i) diffusion
of the membranes together, (ii) dehydration of the bilayers as
the headgroups of opposing bilayers come into still closer proxi-
mity, (iii) formation of a lipidic stalk, (iv) hemifusion, (v) pore
formation and expansion. Viral fusion proteins and SNARE
proteins utilize essentially irreversible, energetically favorable
conformational transitions to lower the activation energy for
membrane fusion (50, 51, 77, 78). Thus, they are active partici-
pants that shape the energy landscape. There are multiple classes
of fusogenic proteins, and there is significant variation in the
number of fusion proteins per particle, suggesting additional
biological requirements, presence of accessory proteins, or lipid
compositions (2). Here, we consider how the class I fusogenic
proteins might orchestrate energetic landscape-shaping mechan-
isms. The present observations provide molecular detail to two
limiting hypothetical models, representing extremes in a conti-

nuum of kinetic pathways that depend on the protein and experi-
mental variables.

In a lipid-centric model of viral fusion, the proteins hold the
bilayers in close proximity to promote the progression through
lipidic intermediates of fusion (Fig. 4A). The FP and C-term-
TM domains are hypothesized to remain outside of the point
of membrane apposition, which is instead made up exclusively
of lipids. The ability of the FP to embed deeply into the mem-
brane and engage in favorable C-term-TM to FP interactions
provides a mechanism for forcing the two bilayers into close
proximity within a very small area, as the coiled-coil domains of
preassociated proteins zipper through the water-soluble regions
and extend into the membrane. Favorable FP to C-term-TM
interaction provides a continuously downhill process for the
protein component, facilitating bilayer–bilayer apposition. More-
over, for systems in which many fusion proteins are required
for fusion, the association of the FP in target membranes might
bring sufficient fusion proteins near the protein-free zone.

A second model of fusion envisions that fusion proceeds via an
initial contact between the TM domains in the two bilayers. The
central point of protein contact can be thought of as a pinprick
that expands into a fusion pore. This model is in contrast to those
that propose a gap junction-like pore (23) as only the initial con-
tact is mediated solely by protein domains. The 6HB is hypothe-
sized to be at the center of the contact region between the two
membranes. Subsequent pore formation involves the initial
protein contact expanding with recruitment of additional lipids
with their headgroups facing the growing fusion pore (note the
incursion of phospholipids in Fig. 4B).

To probe the hypothesized mechanism further, we built models
of two bilayers in the process of fusion and asked how the pre-
viously defined structural intermediates of the water-soluble and
membrane domains of the protein might map onto likely lipid
intermediates, lowering the activation energy of the process.
Fig. 4 (and Movie S1) shows how a hexamer of the PIV5 FPs

Fig. 4. Provisional model of PIV5 fusion. (A) Schematic diagrams of the limiting extremes of lipid-centric and pinprick fusion. (B) Shown is a model of the
conformational change of the F protein (FP) hexamer (6HB) from a prehairpin, extended intermediate (Left) to a point of membrane apposition (Center) and
finally to the postfusion state (Right). Proposed conformations of the FP 6HB are shown in the Insets along with 90° rotations. Note the increased tilt of the FP
moving from the extended intermediate to the point of membrane apposition as well as the recruitment of lipid headgroups to the nascent pore. FPs are
shown in red and blue, C-term-TMs are shown in magenta and yellow. The C-term-TM in the middle image contains two trimeric structures (57).
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might serve as a pinprick to nucleate a pore at three critical
points: the extended prehairpin intermediate (Left), membrane
apposition (Center), and postfusion (Right). As the conforma-
tional change progresses, the TM bundles formed by the C-term-
TM and FP helices first dock, then coalesce into heteromeric
bundles. The initial zone of intermembrane contact involves
favorable protein–protein interactions rather than energetically
unfavorable dehydration of the bilayer headgroups, and the
fusion of these two helical bundles provides a low-energy pathway
to direct fusion of the bilayers, which remain associated with the
TM bundles throughout the process.

The latter mechanism provides a rationale for the multiple
conformational forms and strong intrafamily conservation in
the FP sequences, which must associate with graded affinities
in a homomeric as well as heteromeric fashion. It also explains
how the addition of various shaped lipids can either promote or
inhibit fusion. As the protein conformational change proceeds,
the C-term-TM and FP become more tilted (relative to the nor-
mal of the initial bilayer). The driving force for tilting includes
the zippering of the coiled coil and favorable heteromeric TM
interactions. The recent structure by Rees and coworkers of
theMscLMS channel (49) illustrates howmechanical forces from
external domains and lipid-specific effects result in changes in
helical tilt and channel radius. Changes in the membrane lateral
surface pressure profile cause helices comprising the MscL chan-
nel to slide relative to each other, increasing their tilt and opening
the channel like a diaphragm. In a similar manner, mechanical
forces from conformational changes as well as lateral surface
pressure effects associated with the lipid composition would cou-
ple to the energetics of protein-mediated bilayer fusion.

The highly conserved small glycine and alanine residues, which
are found in both MS channels and class I viral FP (Fig. 1 and
Table S1), are ideally suited for helix sliding because they present
relatively smooth interfaces (45, 46). The channel formed by
MscL also expands with these conformational changes, both
opening the channel and increasing the surface area available for
protein–protein interaction. The hypothetical tilting of the FP
and C-term-TM domains would increase the number of residues
in contact with the hydrophobic region of the bilayer beyond the
length of 20 residues typically seen for TM helices. This longer
membrane-suitable region is observed for the PIV5 C-term-TM

and contributes to fusion (57). It is also observed in other viruses
such as influenza (51) and HIV, where shortening the length of
C-term-TM helices can halt the fusion process (79, 80).

Fig. 4A compares the lipid-only and pinprick mechanisms; in
both cases, protein–protein interactions between membrane-
embedded helices bring the two bilayers into intimate contact.
After the bilayers are brought close together, different proteins
might take different pathways to achieve fusion. The zone of
adhesion can widen to create a hemifusion intermediate, particu-
larly for situations in which one of the two helices does not fully
span the bilayer (Fig. 4A). Alternatively, the protein might act
as a pinprick to nucleate the fusion pore (Fig. 4B). The require-
ments for tight and specific interactions between the membrane-
embedded helices will also vary depending on the specifics of the
mechanism.

Overall, it seems likely that a continuum of mechanisms is
needed, with protein-rich and lipid-rich patches in the fusion
pore for many proteins. This in turn will allow for failures leading
to lipid mixing-arrested hemifusion when the fusogenic peptides
are mutated. The present work favors a protein-centric but not
a protein-only fusion mechanism. The pinprick mechanism
should face a less difficult pathway for interbilayer interaction
to initiate the pore. In addition, it bridges SNARE-like and
virus-like mechanisms while explaining why different angles of
insertion have been observed for various FPs. Thus, this mechan-
ism provides a general framework for understanding protein-
mediated membrane fusion.

Methods
Wild-type and mutant PIV5 FPs and the C-term-TM were chemically
synthesized. AUC experiments in DPC used D2O to match the density
of the detergent. ATR-IR experiments used 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) lipids in a peptide to POPC ratio of 1∶20. Detailed
experimental and computational methods are available in SI Text.
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