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Abstract Membrane fusion is the critical step for infectious cell penetration by enveloped
viruses. We have previously used single-virion measurements of fusion kinetics to study the
molecular mechanism of influenza-virus envelope fusion. Published data on fusion inhibition by
antibodies to the 'stem’ of influenza virus hemagglutinin (HA) now allow us to incorporate into
simulations the provision that some HAs are inactive. We find that more than half of the HAs are
unproductive even for virions with no bound antibodies, but that the overall mechanism is
extremely robust. Determining the fraction of competent HAs allows us to determine their rates of
target-membrane engagement. Comparison of simulations with data from H3N2 and H1N1 viruses
reveals three independent functional variables of HA-mediated membrane fusion closely linked to
neutralization susceptibility. Evidence for compensatory changes in the evolved mechanism sets the
stage for studies aiming to define the molecular constraints on HA evolvability.

DOI: 10.7554/eLife.11009.001

Introduction

Membrane fusion is the mechanism for directed interchange of contents among intracellular com-
partments. Carrier vesicles fuse with target organelles, secretory vesicles fuse with the plasma mem-
brane, mitochondria fuse with each other. Enveloped viruses fuse with a cellular membrane to
deposit their genomic contents into the cytosol.

Lipid bilayer fusion is a favorable process but with a high kinetic barrier (Chernomordik and
Kozlov, 2003). Each of the examples of fusion just cited requires a protein catalyst. The SNARE
complexes catalyze vesicle fusion (Brunger, 2005); mitofusins catalyze mitochondrial membrane
fusion (Chan 2012); viral fusion proteins catalyze the fusion step essential for infectious cell entry
(White et al., 2008, Harrison 2008, 2015). The influenza hemagglutin (HA) is the best studied and
most thoroughly characterized of the viral fusion proteins. Crystal structures determined in the
1980s and 1990s captured the fusion endpoints and showed that extensive structural rearrange-
ments, triggered during entry by the low pH of an endosome, are part of the catalytic mechanism
(Wilson et al., 1981, Skehel et al., 1982, Bullough et al. 1994, Chen et al.,1998, 1999). Models
for the fusion process then ‘interpolated’ intermediate states between these endpoints, supported
by indirect evidence for specific features of these intermediates (Figure 1) (Daniels et al., 1985,
Godley et al., 1992, Carr and Kim, 1993, Harrison 2008, 2015).

Single-molecule techniques applied to studies of influenza virus fusion have yielded more direct
information about the HA molecular transitions that facilitate it (Floyd et al., 2008, Imai et al.,
2006, Ivanovic et al.,, 2012, Ivanovic et al., 2013, Otterstrom and van Oijen, 2013,
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elLife digest Influenza (or flu) viruses can infect humans and other animals and can lead to life-
threatening illness. To multiply, the virus particles must first enter a host cell. The final step in the
entry process is the fusion of the membrane that surrounds the influenza virus with the membrane of
the host cell. This event releases the core of the virus particle into the cell, where it can stimulate the
cell to make more copies of the virus.

To ensure that membrane fusion takes place at the right place and time, influenza virus decorates
the surface of its membrane with a protein called hemagglutinin. This protein senses cues provided
by the target cell and then undergoes a series of transformations that lead to membrane fusion.
During this process, hemagglutinin molecules insert into the target cell membrane to bring together
the viral and cellular membranes.

In 2013, a group of researchers developed a computer simulation algorithm to study the events
that lead to membrane fusion. In the model, the hemagglutinin molecules on a virus particle are
activated at random to insert into the cell membrane. Now, lvanovic and Harrison — two of the
researchers from the earlier work — compared the predictions of this model to experimental data
from previous studies of membrane fusion by influenza virus particles.

This approach shows that a substantial fraction of hemagglutinin molecules fail to contact the
target-cell membrane and are permanently inactivated instead. Fusion nonetheless proceeds
efficiently. lvanovic and Harrison suggest that these inactive hemagglutinins provide an evolutionary
backup store. For example, the proportion of hemagglutinins on a virus particle that insert into the
cell membrane affects how fast fusion occurs and how sensitive the virus is to attack by host
immune-system proteins called antibodies. Therefore, an ability to control how often hemagglutinins
insert into the membrane could allow the virus to adapt to host immune responses. In the future,
Ivanovic and Harrison’s findings could aid the discovery of drugs that inhibit the entry of influenza
into human cells.

DOI: 10.7554/eLife.11009.002

Otterstrom et al., 2014, Wessels et al., 2007). The following picture emerged from experiments
we described in 2013, in which we combined single-virion fusion observations with structure-guided
mutation of HA (Figure 1) (lvanovic et al., 2013). Trimeric HA ‘spikes’ densely cover the surface of
an influenza virus particle. The contact zone between virus and target membrane (a supported lipid
bilayer in the case of our experiments) contains between 50 and 150 HA trimers—a number that
may be even larger for filamentous virions. When the pH drops below a critical threshold, individual
HAs within the contact zone adopt an ‘extended state’, in which the fusion peptide at the N-termi-
nus of HA, engages the target membrane, while the C-terminal transmembrane anchor remains
embedded in the viral membrane. Note that the ‘extended state’ might represent an ensemble of
folded-back conformations (Figure 1A). The probability of this stochastic event increases with pro-
ton concentration over the range at which groups on the protein titrate. A single HA trimer in the
extended conformation cannot then fold back to its most stable, postfusion conformation, because
of elastic resistance from the two membranes. Only when several neighboring HAs have extended
and engaged can their joint action pull the two membranes together (Figure 1B). When the critical
number of extended neighbors is present, foldback is cooperative and progression toward fusion is
fast.

These observations led us to propose that the cooperativity of foldback comes simply from the
mutual insertion of the cooperating HAs in both fusing membranes and that the number of HAs
required is a function of the free energy released from individual HA fold-back events. When the
total free energy is enough to overcome the ‘hydration-force’ barrier to merger (Rand and Parse-
gian, 1984), fusion can ensue. We called this a ‘tug-of-war’ mechanism—(N-1) trimers are not
enough, but adding one more immediately precipitates a change, just as adding a critical extra team
member will promptly snap a rope pulled against a fixed force. The team members need not touch
each other as long as all are pulling on the same rope. An alternative model for cooperative action
of fusion proteins comes from structural observations on alphavirus membrane fusion proteins, which
suggest that a ring of five envelope-protein trimers might work as a single-unit fusion assembly
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Figure 1. Productive and non-productive HA refolding, and membrane fusion by cooperative action of multiple,
stochastically triggered HAs. (A) Proton binding increases the relative time HA spends in the ‘open’ conformation
allowing fusion peptides to project toward the target membrane. HA; is shown in green and HA; in magenta
(fusion peptides), gray (N-terminal ‘half’) and blue (C-terminal ‘half’). Right-hand arrow: Productive HA refolding
proceeds through an extended-intermediate state with fusion peptides inserted in the target membrane

(lvanovic et al., 2013). We illustrate a possibility that membrane-engaged HAs might represent an ensemble of
folded-back conformations; the corresponding distance between the two membranes might fluctuate around a
different value depending on how many HAs are cooperating. Left-hand arrow: Non-productive HA-refolding
event occurs if HA assumes the low-pH form without target membrane engagement, resulting in loss of that HA as
a potential fusion participant. (B) Individual-HA triggering and membrane insertion occur at random within a larger
virion area that contacts the target membrane (~50 HAs shown in green are contained within this interface for a
small, spherical influenza virion [Ivanovic et al., 2013]). Fusion ensues once a sufficient number of HAs — as
needed to overcome the resistance of membranes to bending and apposition — are pulling jointly on the same
membrane region (Ilvanovic et al., 2013). 3D coordinates (PDB ID) used for displayed HA cartoons: the pre-fusion
HA (2HMG), inactivated HA (1QU1); depicted intermediates are derived from a subset of either or both sets of
coordinates (2HMG and/or 1QU1).

DOI: 10.7554/eLife.11009.003

(Gibbons et al., 2004). This picture is a particular instance of mechanisms that require a defined, lat-
eral interaction between participating proteins.

The probability of assembling a group of HA neighbors inserted into the target membrane
depends on the fraction of active HAs. Some positions in the contact zone may be occupied by
uncleaved HAq, which cannot undergo the fusion-inducing conformational change (Chen et al.,
1998), and others, by the viral neuraminidase, NA (although NA appears to cluster on one side of
the budded particle: Harris et al., 2006, Calder et al., 2010, Wasilewski et al., 2012). Moreover,
the fusion peptides of some HAs that do undergo the low-pH induced conformation change might
fail to insert into the target membrane (Figure 1A). Exposure of unattached virions to low pH leads
to inactivation, with the fusion peptides of rearranged HAs inserted back into the viral membrane,
providing an experimental demonstration that non-productive conformational changes can indeed
occur (Weber et al., 1994, Wharton et al., 1995). Simulations we used to derive kinetic parameters
from single-virion fusion data can include estimates of inactive sites and unproductive events, and
we show below the usefulness of this extension (Figure 2).

Addition of neutralizing antibodies can create additional inactive HAs. Otterstrom et al. (2014)
recently used the single-virion assay together with fluorescently tagged IgGs or Fabs to study the
occupancy required to achieve complete inhibition of viral fusion. They found that occupancies short
of 100% were sufficient to reduce the yield of fusion to threshold. They concluded that these
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Figure 2. The functional variables of influenza membrane fusion modeled in this work. We modeled the kinetics
and the extent of membrane fusion with the following parameters: ( A) the number of HAs in contact with the
target membrane (patch size, PS), B) the rate (ksim) Of stochastic HA triggering, (C) the required number (N ) of
cooperating HA neighbors during fold-back (see Figure 2bfigure supplement 1 for the complete definition of
Figure 2 continued on next page
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