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Importance of Membrane Fusion in Biology
Membrane fusion is ubiquitous in biology, both in
natural cellular functions such as neurotransmission
and in pathological processes such as viral infection.
The fusion of lipid bilayer membranes involves mem-
brane contact, merger, and formation of an aqueous
fusion pore, allowing the merging of separate com-
partments (either extracellular or intracellular) and
mixing of their contents. For example, in neurotrans-
mission, the soluble N-ethylmaleimide–sensitive fac-
tor attachment receptor (SNARE) mediates fusion of
synaptic vesicles with the plasma membrane to re-
lease neurotransmitters, driven by zipping of the four-
helix bundle of the SNARE complex (1). Enveloped
viruses such as the influenza virus and HIV infect target
host cells through an analogous protein-mediated
membrane fusion process (2), releasing the viral con-
tents into the host cell. Hence, membrane fusion is of
fundamental importance and also of practical interest
for its potential role in efficient drug delivery, or the
prevention of viral infection by blocking the pathway
of entry into the cell. Membrane fusion has significant
activation barriers associated with accessing high-
energy, nonbilayer intermediate structures, arising
from dehydration of membrane surfaces and bending
the bilayer (1, 3, 4). The barriers for the two transitions
from separate membranes to a hemifused intermediate
and from there to pore formation have been estimated
fromexperiments and simulations to range from20 to 80
kBT, yielding a total energy barrier to achievemembrane
fusion of greater than 40 kBT (4). Fusion proteins may
lower these barriers and provide the necessary impetus
to overcome them, for example by refolding with the
release of substantial free energy.

Hemagglutinin as an Archetype
Influenza hemagglutinin (HA) has served as a paradigm
for understanding the mechanism of protein-mediated
membrane fusion (5–7), and it is also an important target
for antiviral drug development (8–12). Various mecha-
nisms have been proposed for HA-mediatedmembrane
fusion, based on equilibrium prefusion and postfusion

crystal structures and biochemical evidence, but the
details of this highly dynamic process are largely un-
known. In PNAS, Lin et al. (13) present important new
insight into the energetic landscape and the dynamics
of the pH-induced conformational changes that underlie
HA-mediated membrane fusion based on all-atom
molecular dynamics simulations of the full B-loop tri-
meric structure of HA2.

HA is postulated to undergo an astounding series of
refolding reactions triggered by lowered pH (Fig. 1).
The most remarkable aspect of the proposed mecha-
nism is that it appears to be driven byHA refolding from
a kinetically trapped, high-energy intermediate state
(14). At neutral pH, the HA2 subdomain adopts a
metastable structure having the fusion peptide (FP)
buried in the interior of the trimer. The activated
HA1 subdomain mediates attachment of the virion to
the host cell by binding to sialic acid receptors on the
host cell surface (Fig. 1, 1). This binding induces en-
docytosis and the virus is internalized in an endosome
where the pH is lowered, causing the HA1 subdomain
to dissociate from HA2 (Fig. 1, 2). Low pH in turn trig-
gers refolding of the HA2 subdomain to extend the
trimeric N-terminal coiled coil, exposing the FP, which
then inserts into the host membrane (Fig. 1, 3). The
protein is then anchored at either end into the viral and
host membranes. An even more dramatic refolding of
the C terminus of HA2 produces an antiparallel coiled
coil, six-helix bundle scaffold (Fig. 1, 4). Finally, the long
linker “leashes” to the viral transmembrane domain
(TMD) refold in a zipper-like fashion against grooves in
this scaffold, bringing the TMD and FPs to the same
end of the rod-like structure (Fig. 1, 4). This action pulls
the two membranes together and leads (somehow) to
membrane fusion. The final step likely involves the co-
operative merger of the TMD and FPs in the same
membrane, to stabilize a fusion pore. A nonfusogenic
state is produced if the second refolding step occurs
before insertion of the FP into the host membrane, with
the FP inserted instead into the viral membrane.
Therefore, the timing of the two major refolding events
is critically important. This model (and several close

aDepartment of Chemistry, Emory University, Atlanta, GA 30322
Author contributions: R.B.D. and M.W.E. wrote the paper.
The authors declare no conflict of interest.
Published under the PNAS license.
See companion article on page E7905 in issue 34 of volume 115.
1To whom correspondence should be addressed. Email: briandyer@emory.edu.
Published online August 20, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1811183115 PNAS | August 28, 2018 | vol. 115 | no. 35 | 8655–8657

C
O

M
M

E
N
T
A
R
Y

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1811183115&domain=pdf
http://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:briandyer@emory.edu
www.pnas.org/cgi/doi/10.1073/pnas.1811183115


variants), termed the “spring-loaded” mechanism of membrane
fusion, serves as a paradigm for understanding protein-mediated
membrane fusion in general, but it remains untested at many levels.
Despite the highly dynamic nature of this proposed mechanism,
most of it has been inferred from equilibrium structures of HA
fragments and from biochemical evidence (14–16). Thus, while the
structures of putative intermediates suggest a mechanism for
protein-mediated membrane fusion, the temporal and spatial
evolution of the process has yet to be elucidated, and the mech-
anism remains hypothetical.

Molecular Dynamics Simulations of HA Refolding
While the mechanism of HA refolding has been difficult to char-
acterize experimentally, molecular dynamics simulations offer a
tractable approach to the problem. Lin et al. (13) report all-atom,
explicit-solvent molecular dynamics simulations to characterize
the refolding of the trimeric B loop of the group 2 H3 HA. In the
spring-loaded model, the B loop functions as a pH-dependent
structural trigger that initiates and guides the initial HA refold-
ing process. The key first step in this model is the refolding of the
trimeric B loop from its prefusion loop structure to its postfusion
coiled-coil structure. The folding energy landscape of the B loop
derived by Lin et al. from thermodynamic sampling shows that at
low pH it rapidly refolds to an intermediate state consisting of
about one-half of the coiled-coil structure, but further folding to
the fully extended coiled-coil structure is unfavorable. The simula-
tions indicate that the N-terminal portion of the coiled coil is
destabilized by the burial of a polar residue, Thr59. This residue
breaks the canonical heptad repeat pattern of buried hydrophobic
groups that normally stabilize a coiled-coil structure and causes the
burial of watermolecules in the hydrophobic core. Lin et al. (13) also
performed microsecond timescale, constant-temperature kinetic
simulations that show partial formation of the coiled-coil structure,

but progress stops near Thr59, consistent with the thermodynamic
simulations. The A helix is observed to stabilize the coiled-coil
structure in experiments, but kinetic simulations of the B loop that
include the A helix are similar to those without it and are also
characterized by formation of significant nonnative β secondary
structures near the C terminus.

The spring-loaded model postulates a downhill drive toward
the formation of the extended coiled-coil structure, bringing the
FP toward the host endosomal membrane to initiate fusion. The
free-energy landscape derived from the simulations of Lin et al.
indicates that this initial refolding event is only partially downhill to
a half-formed coiled-coil structure and that the fully formed
coiled-coil structure is unstable in this context. Previously, the
Onuchic group (17, 18) proposed an alternative to the spring-loaded
model from simulations of a minimally frustrated structure based on
energy landscape theory. They discovered an order–disorder tran-
sition as themechanism for the release of the FP from its burial site in
the prefusion structure. This disorder quickly leads to a novel
metastable intermediate with a broken threefold symmetry. Kinetic
competition between the formation of the extended coiled coil and
C-terminal melting results in two routes from this intermediate to the
postfusion structure. On the energy landscape predicted by these
simulations, the unfolding of S5 becomes decoupled from forming
the HA2 coiled coil, allowing the S5 unfolding barrier to delay the
foldback transition.

These results support formation of a long-lived intermediate
state with broken threefold symmetry, having a frayed coiled coil
with flexible C-terminal structures containing the FPs (Fig. 1, 3,
path b). The frayed structure of this intermediate state might allow
for FP insertion into both the viral and host membranes. A func-
tional disadvantage of this intermediate is that it could lead to
inactivation of some HA trimers, if all of the FPs are inserted into
the viral membrane, consistent with experimental observation of a

Fig. 1. Proposed mechanism of HA-mediated membrane fusion: (1) prefusion HA structure at pH 7 (PDB ID code 1HGF); (1 → 2) low endosomal
pH triggers refolding of HA, swinging the binding domain HA1 (red) away from HA2; (2 → 3) B loop refolds, extending coiled-coil structure
(green), exposing the fusion peptides (FPs) (dark blue) to the host membrane; path a forms fully extended coiled coil, maintaining threefold
symmetry; path b partially extends coiled coil, forming a symmetry broken intermediate [Lin et al. (13)]; (3 → 4) foldback of S4, S5 to form
antiparallel coiled coil, six-helix bundle scaffold and zipping of linker leashes, bringing FP and TMD together and host and viral membranes into
apposition to promote fusion; (4 → 5) pore formation, possibly facilitated by interaction between TMD and FP; structure (5) is the postfusion
structure of HA (PDB ID code 1QU1). (Inset) Prefusion structure of HA (1HGF) with color legend identifying HA1 and each of the component
structures of HA2, including the FP, two β-strands (TBS), helix A (S1), B loop (S2), coiled coil (S3), hinge region (S4), and ectodomain and TMD (S5).
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significant fraction of unproductive HAs (19). In contrast, a possible
functional advantage of this fusion pathway is that it provides a
greater free-energy release in the second refolding step (transition
3→ 4) to drive dehydration and bending of the two membranes to
bring them into apposition. In path b of Fig. 1, the fully extended
B-loop coiled coil is stabilized much later in the fusion process by
interactions with the S1 coiled coil and contacts with S5. It is pos-
sible that this delayed formation of the extended coiled coil allows a
greater release of free energy at the critical step in which the
membranes are dehydrated and brought together.

The simulations of Lin et al. provide a glimpse of the initial
events in the refolding of HA. Additional work will be required to
fully elucidate this complex process. Experimental approaches

have been developed to initiate membrane protein dynamics of a
related influenza protein, M2, using a laser-induced pH jump
coupled with time-resolved fluorescence and infrared spectros-
copy (20). These methods can be applied to resolve the dynamics
of HA refolding initiated by rapidly lowering the pH. More ex-
tensive simulations involving the complete HA2 structure are likely
to become feasible as methodology and computing power con-
tinue to improve, allowing a better description of the entire
refolding process.
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