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Figure 1. A model of viral membrane fusion function. Th is figure depicts a model of fusion mediated 
by a Class I viral fusion protein; however, related pr ocesses occur in the case of cClass II and III viral 

fusion proteins as well. (A) The fusion protein situates itself in  the viral membrane (yellow). The first 

step of viral fusion is a priming event; in the case of Class I proteins, the protein itself undergoes the 
proteolytic processing to prime it for fusion. For Class II fusion proteins, it is a companion protein 

that gets proteolytically processed; (B) Once primed, the viral fusion protein remains in a metastable, 

pre-fusion conformation until it receives a triggering signal; ( C) Upon receipt of the triggering signal, 
the protein extends out, forming a pre-hairpin struct ure, allowing for the fu sion peptide or fusion 

loop (dark blue) to enter the target membrane (red); (D) This extended structure then begins to fold 

back on itself, bringing the N-terminal and C-term inal heptad repeats closer (dark green and light 
green, respectively), and in turn pulling the vi ral membrane and target membrane together; (E) As 

the N-terminal and C terminal heptad repeats zipper together to form a six-helix bundle, the target 

and viral membrane reach a hemi-fusion state, in which the outer leaflets have started to mix (orange); 
(F) Finally, the fusion peptide and transmembrane domain (light blue) come into close proximity to 

complete the merging of the two membranes and opening of the fusion pore. This final structure of a 

trimer of hairpins is a common conforma tion among all viral fusion proteins [9]. 

2.1. Influenza 

The fusion protein of IAV, also known as hemagg lutinin (HA), is one of the best studied viral 
fusion proteins. HA is a homo-trimeric protein that requires proteolytic processing to cut the protein 
into two subunits, HA1, important for binding to target cell receptors, and HA2, which facilitates 

Figure 1. A model of viral membrane fusion function. This figure depicts a model of fusion mediated
by a Class I viral fusion protein; however, related processes occur in the case of cClass II and III viral
fusion proteins as well. (A) The fusion protein situates itself in the viral membrane (yellow). The first
step of viral fusion is a priming event; in the case of Class I proteins, the protein itself undergoes the
proteolytic processing to prime it for fusion. For Class II fusion proteins, it is a companion protein
that gets proteolytically processed; (B) Once primed, the viral fusion protein remains in a metastable,
pre-fusion conformation until it receives a triggering signal; (C) Upon receipt of the triggering signal,
the protein extends out, forming a pre-hairpin structure, allowing for the fusion peptide or fusion
loop (dark blue) to enter the target membrane (red); (D) This extended structure then begins to fold
back on itself, bringing the N-terminal and C-terminal heptad repeats closer (dark green and light
green, respectively), and in turn pulling the viral membrane and target membrane together; (E) As
the N-terminal and C terminal heptad repeats zipper together to form a six-helix bundle, the target
and viral membrane reach a hemi-fusion state, in which the outer leaflets have started to mix (orange);
(F) Finally, the fusion peptide and transmembrane domain (light blue) come into close proximity to
complete the merging of the two membranes and opening of the fusion pore. This final structure of a
trimer of hairpins is a common conformation among all viral fusion proteins [9].
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2.1. Influenza

The fusion protein of IAV, also known as hemagglutinin (HA), is one of the best studied viral
fusion proteins. HA is a homo-trimeric protein that requires proteolytic processing to cut the protein
into two subunits, HA1, important for binding to target cell receptors, and HA2, which facilitates
membrane fusion. Previous work on the TMD of HA has implicated this region as playing a functional
role, as there is a specific amino acid length requirement for this region and it was shown to be critical in
late stage aspects of membrane fusion, such as fusion pore formation and enlargement [31,32,35,41,42].
Recent studies have continued to elucidate the important role of the HA TMD in the function of the
full-length protein. In this section, we will discuss the contemporary findings that provide insight into
the structure of the HA TMD, its role in the dynamic intermediates, the post-fusion conformation, and
in HA interactions with the membrane environment during the fusion process.

While structures of the ectodomain of HA have been available for several decades [11,12,43–50],
the first structure of the full-length HA protein, including the TMD, was published in 2018 [51]. When
compared to previously published structures of the HA ectodomain alone, the ectodomain of the
full-length HA structure is very similar, indicating that inclusion of the TMD does not profoundly
affect the ectodomain conformation. Interestingly, the TMD was found at angles between 0◦ and 52◦,
with respect to the ectodomain region (Figure 2A), revealing the presence of a flexible linker region
between the ectodomain and the TMD. This flexible linker region consists of a conserved glycine
followed by a small five-residue α-helix and a four-residue extended chain (residues 175–184). When
the structure was solved in complex with a FISW84 Fab, this angle was restricted to 20◦ or less. Analysis
of the structure showed that the base of the ectodomain lies in a horizontal orientation relative to the
membrane. Conserved glycine residues at the C-terminus of the ectodomain and the end of the helix
in the flexible linker allow for side chain turning to facilitate flexibility in this region. A conserved
isoleucine begins the bundled α-helices of the TMD, which extend for 16 residues to a conserved
leucine, then glycine residue. Within this α-helical bundle, a tyrosine residue provides a linkage point
between the helices. Although the TMD extends seven residues past the conserved glycine, the helices
become less ordered in this region. It is likely that the three conserved glycine residues are critical
to allow the large degree of tilt of the TMD with respect to the ectodomain observed in the solved
structures. Furthermore, in these different tilted forms, the helices in the TMD maintain their secondary
structure but rotate with respect to the other helices in the trimeric bundle. In all the tilted forms,
there are consistent contacts with the central tyrosine, indicating this may be crucial for maintaining
inter-helix contacts.

This independent movement of the individual TMDs of HA is consistent with previous molecular
dynamics simulations of the TMD in isolation which found that, when inserted into a DMPC lipid
bilayer, there was no direct contact observed between multiple TMDs [52]. Additionally, a single HA
TMD peptide exhibited a tilt angle of about 60◦ in the membrane in molecular dynamics simulations.
When three TMD peptides were present, the tilt angle increased by 10◦, and the peptides arranged in a
triangular manner, similar to the arrangement in the full-length structure [51]. When mutations were
introduced into the TMD peptide, the helicity of the peptides was altered, but no overall effect was
seen on the tilt angle of the peptide in the membrane. These studies indicate that the tilt of the TMD
of HA with respect to the membrane may play a role in membrane fusion, as different angles may
be needed to compensate for the large conformational change experienced by the ectodomain of the
protein. Additionally, the finding that the TMD peptides alone arranged into trimers suggests that the
TMD may play a role in the overall trimerization of the protein.
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Figure 2. Full-length structures of viral fusion proteins. While the ectodomain structures of numerous 
viral fusion proteins have been solved, only a few solved structures of full-length viral fusion proteins, 
including the transmembrane domain (TMD) have been solved. (A) Full-length influenza 
hemagglutinin (HA) was solved in 2018 [51]. Two structures were published, 6HJQ (far left) and 
6HQR (far right). The first is HA in its pre-fusion conformation, and the ectodomain is in line with 
the TMD helices (middle left, zoomed in). In the second structure, the ectodomain is tilted 52° with 
respect to the TMD helices (middle right, zoomed in); this likely represents a scenario that is an 
intermediate state of fusion. In each zoomed-in area, a linker region is indicated (slate), and this region 
remains flexible to help compensate for this tilt. (B) In 2013, the structure of full-length Dengue virus 
E protein was solved [53]. This structure showed the hetero-tetramer complex of two E proteins (light 
and dark purple) and 2 M proteins (gray) with their respective TMD helices (3J2P). Flavivirus E 
proteins have two TMDs that have extensive hydrophobic interactions between them. The structure 
also includes three peri-membrane helices that lie on the outer surface of the viral membrane, 
approximately perpendicular to the TMD helices. (C) Full-length Herpes simplex virus 1 gB protein 
was published in 2018 [54]. This structure (5V2S) shows the three TMD helices situated in a triangular 
teepee structure; the MPER (dark grey) is a helix that lies almost perpendicular to the orientation of 
the TMD helices. The solved structure also includes a large portion of the cytoplasmic tail (CTD, light 
gray). Each CTD has two helices, the first of which is a small helix that links to a larger helix which 
then angles back towards the inner leaflet of the viral membrane. Because of the orientation, these 
CTDs may act as a clamp that assists in holding the gB TMDs in specific conformation, and the angle 
of the CTD may work in concert with the TMD helices to dictate the overall conformation of the 
protein. Figure made with PyMOL (Schrödinger®, Neo York, NY, USA). 

Figure 2. Full-length structures of viral fusion proteins. While the ectodomain structures of numerous
viral fusion proteins have been solved, only a few solved structures of full-length viral fusion proteins,
including the transmembrane domain (TMD) have been solved. (A) Full-length influenza hemagglutinin
(HA) was solved in 2018 [51]. Two structures were published, 6HJQ (far left) and 6HQR (far right).
The first is HA in its pre-fusion conformation, and the ectodomain is in line with the TMD helices
(middle left, zoomed in). In the second structure, the ectodomain is tilted 52◦ with respect to the TMD
helices (middle right, zoomed in); this likely represents a scenario that is an intermediate state of fusion.
In each zoomed-in area, a linker region is indicated (slate), and this region remains flexible to help
compensate for this tilt. (B) In 2013, the structure of full-length Dengue virus E protein was solved [53].
This structure showed the hetero-tetramer complex of two E proteins (light and dark purple) and 2 M
proteins (gray) with their respective TMD helices (3J2P). Flavivirus E proteins have two TMDs that have
extensive hydrophobic interactions between them. The structure also includes three peri-membrane
helices that lie on the outer surface of the viral membrane, approximately perpendicular to the TMD
helices. (C) Full-length Herpes simplex virus 1 gB protein was published in 2018 [54]. This structure
(5V2S) shows the three TMD helices situated in a triangular teepee structure; the MPER (dark grey) is a
helix that lies almost perpendicular to the orientation of the TMD helices. The solved structure also
includes a large portion of the cytoplasmic tail (CTD, light gray). Each CTD has two helices, the first of
which is a small helix that links to a larger helix which then angles back towards the inner leaflet of
the viral membrane. Because of the orientation, these CTDs may act as a clamp that assists in holding
the gB TMDs in specific conformation, and the angle of the CTD may work in concert with the TMD
helices to dictate the overall conformation of the protein. Figure made with PyMOL (Schrödinger®,
Neo York, NY, USA).
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In the cascade of HA viral membrane fusion, there are likely a series of intermediate protein
arrangements between the metastable pre-fusion HA conformation and the post-fusion form, but these
have been difficult to capture. Recent studies have succeeded in identifying protein intermediates in
the fusion process [55], and two have used the full-length protein [26,56], providing important new
information. The first used cryo-microscopy and cryo-tomography to visualize viral particles fusing
with liposomes upon low pH treatment [56]. Images captured showed that prior to full viral-liposome
fusion, the viral particle has several contacts with the liposome membrane. These contacts were seen
as thin, continuous lines between the viral particle and the liposome, with the length of these lines
consistent with an extended conformation of the HA protein, with the TMD still embedded in the viral
particle and the FP in the liposome membrane. Around these zones, the liposome membrane exhibited
a dimpling effect out towards the viral particle, potentially as a result of multiple FP insertions into
the target membrane. Additionally, bent versions of the extended structure were observed, consistent
with the protein folding back on itself as it moved towards the post-fusion structure. Radiating
outward from the central dimpled region were dense bars of HA protein. These bars appeared even
before full fusion pore formation, which may be the result of either already folded back HA proteins
or HA proteins that triggered but did not insert in the target membrane. This work confirms the
presence of a full extended intermediate of HA along the fusion cascade and demonstrates several
other intermediate forms.

Another study analyzed conformational changes of the protein that occur prior to the full extension
intermediate of HA. To analyze the HA protein in a single molecule study, a Forester resonance energy
transfer (FRET) HA protomer, which includes the full-length HA from the strain H5N1, with its TMD,
was created [26]. The addition of two fluorophores to the HA2 subunit allowed for reporting of
a pre-fusion conformation (high FRET) or a post-fusion conformation (low FRET). Analysis of this
tagged HA protein within the context of a single viral particle found that even at neutral pH (pH
= 7.0), the protein spent time in three distinct conformations, a high FRET, an intermediate FRET,
and a low FRET state. As the pH was decreased from neutral pH, the HA protein demonstrated an
increase in occupancy of the low FRET state in a stepwise manner. The amount of protein found
in the intermediate state stayed consistent regardless of the pH. Interestingly, samples that were
exposed to low pH for short periods of time were able to revert back to high FRET states upon
return to neutral pH. However, those that were exposed to low pH for extended times (30 minutes or
more), were unable to return to high FRET states. This indicates that the protein may sample low pH
conformations prior to irreversibly converting to the post-fusion conformation. FRET experiments
were also completed in the presence of stalk-targeting antibodies, the HA receptor sialic acid, and a
target membrane. Co-expression with stalk-targeting antibodies prevented transition of the protein to
the low FRET state while increasing the occupancy of the protein in both the high and intermediate
FRET states. The presence of sialic acid increased the overall kinetics of the conversion between high
and intermediate to low FRET states, while the presence of a target membrane increased the amount
of protein that was found in the irreversible low FRET state. This suggests that there is a breathing
movement of the full-length HA protein prior to the extended intermediate in the fusion cascade. This
dynamic movement may help temporally control the fusion process by allowing HA to sample its
environment, thus ensuring conditions are correct for a full fusion event to occur. Movement of the
TMD with respect to the ectodomain, conferred by the flexible linker region [51], may be important for
these dynamic intermediates to occur.

In the post-fusion form of the HA protein, the FP and the TMD are in close proximity. Previous
work has demonstrated that these regions can form a complex within the membrane environment [57],
though the role of this complex is unknown. To address this, a recent study examined the effect of the
HA FP and TMD both alone and together on membranes using electron spin resonance [28]. Both the
FP and TMD alone have an ordering effect on several different types of membranes, with a synergistic
effect observed when both the TMD and FP are present in the same membrane. When FP is alone,
pH affects the membrane ordering, but the FP-TMD membrane ordering is not affected by changes in
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pH. While it has been previously shown that the TMD alone induces distinct micro-domains in the
membrane [58], the FP-TMD complex is also able to induce these, to a greater extent than the TMD
alone [28]. To further examine the FP-TMD relationship, mutations known to affect membrane fusion
were made to FP residues. When an FP with a G1S mutation, known to block fusion at the hemi-fusion
step [59], is present, some lipid ordering still occurs, but no synergistic effect was observed when the
wildtype TMD peptide was added. In contrast, addition of the fusion-blocking mutation G1V to the
FP resulted in complete loss of lipid ordering, suggesting this glycine residue in the FP is critical for
the FP-TMD complex formation. A mutation at Y14, also previously shown to block fusion, was still
able to induce membrane ordering when the TMD was present, suggesting that this mutation does not
block the FP-TMD interaction. In the TMD, mutations K183E and L187A have been demonstrated to
abolish the membrane ordering effect of the TMD itself [58]. Analysis of these mutations using electron
spin resonance to measure membrane ordering in the presence of the FP suggested that L187 played a
key role in the FP-TMD interaction, while the mutant K183E did not. This suggests that the FP-TMD
interaction is strongly influenced by the N-terminal portion of the FP and the hydrophobic segment of
the TMD. Furthermore, the insertion depth into the membrane of the N-terminus of FP was found to
increase in the presence of the TMD, again supporting an interaction between the two.

Contrary to the work described above, a study from 2018 on the FP-TMD did not provide evidence
of complex formation [60]. Using hydrogen–deuterium exchange mass spectrometry (HDX-MS),
Ranaweera et al. studied the full-length HA2 subunit or the HA2 ectodomain with either the FP or the
TMD present. Extensive exchange was observed when the FP region was present in both the full-length
and the truncated protein, while the TMD demonstrated very little, supporting a model in which the
FP lies along the membrane face a portion of the time, allowing for exchange, while the TMD traverses
the membrane. The results did suggest, however, that the orientation of the FP and TMD with respect
to each other and the HA ectodomain may play a role in creating positive membrane curvature to help
with fusion pore expansion. The contrasting results from these two studies warrant further research
into the relationship between the HA FP and TMD.

Since the TMD does not exist in isolation but in the context of the membrane environment, several
studies have examined the relationship between HA and the lipids of the membrane [61–64]. HA
contains two raft targeting signals, one on the outer leaflet of the TMD and one at the interface of the
TMD and cytoplasmic tail [65–69]. Mutation of the signal in the outer leaflet of the TMD caused slower
transport through the Golgi, whereas mutation of the second signal did not delay transport [61], and
both mutants displayed reduced association with rafts at the plasma membrane. To further delineate
the relationship between membrane lipids and HA, a study analyzed the effect of mutating a conserved
cholesterol binding motif, YKLW, found at the interface of the TMD and the flexible linker in HA
proteins from the phylogenetic group 2 [62]. This work demonstrated cholesterol directly binds to
HA through this region. Mutation of this motif to alanines resulted in a reduction in viral replication,
HA and cholesterol incorporation into viral particles, and HA fusion activity. This mutation appears
to specifically affect the extent and kinetics of lipid mixing during the hemi-fusion state, suggesting
that an HA TMD-cholesterol interaction is critical for this aspect of membrane fusion. However,
work completed in 2015 suggests these interactions may not be critical for all subtypes of HA. Using
high-resolution secondary ion mass spectrometry on stable cell lines expressing HA (H2 subtype,
phylogenetic group 1), the colocalization of HA with common membrane lipids was assessed [63]. HA
demonstrated little colocalization with either cholesterol or sphingolipids, suggesting HA, at least
from this subtype, does not associate with membrane raft domains. These contrasting data may be
due to the difference in HA subtypes used, but further exploration of the interactions of HA with the
surrounding membrane is warranted.

Recent work has illuminated the influenza HA TMD structure and has characterized a flexible
linker region that lies between the ectodomain and the TMD [26,51,52,56]. Additionally, studies have
shown that some subtypes of HA bind cholesterol in the TMD, suggesting that, together with the FP,
the TMD plays a role in the membrane manipulation needed to facilitate the merging of the viral and


