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Abstract: Initiation of host cell infection by an enveloped virus requires a viral-to-host cell membrane
fusion event. This event is mediated by at least one viral transmembrane glycoprotein, termed the
fusion protein, which is a key therapeutic target. Viral fusion proteins have been studied for decades,
and numerous critical insights into their function have been elucidated. However, the transmembrane
region remains one of the most poorly understood facets of these proteins. In the past ten years, the
field has made significant advances in understanding the role of the membrane-spanning region of
viral fusion proteins. We summarize developments made in the past decade that have contributed to
the understanding of the transmembrane region of viral fusion proteins, highlighting not only their
critical role in the membrane fusion process, but further demonstrating their involvement in several
aspects of the viral lifecycle.
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1. Introduction

Enveloped viruses include many important pathogens, such as human immunodeficiency virus
type 1 (HIV-1), Ebola virus (EBOV), influenza (IAV), measles (MeV), rabies virus, and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). A critical early step for all enveloped viruses in
the entry and infection process is the fusion of the viral membrane with a target cell membrane [1–4].
This process is mediated by at least one viral surface glycoprotein, often referred to as the fusion
protein. Viral fusion proteins generally fall into one of three classes, based on structural similarities.
However, despite these structural differences, the overall mechanism of how fusion proteins facilitate
membrane merging is relatively conserved. Membrane fusion promoted by viral fusion proteins can
occur either at the surface of the cell or within an endosome [5], and the location of this event is often
determined by factors within the fusion protein or viral attachment protein ligand.

For most viral fusion proteins, two key steps are needed to allow for the large conformational
changes which bring the viral membrane and cell membrane together [3]. The first is a priming step, a
proteolytic cleavage by a cellular protease that exposes the highly hydrophobic fusion peptide (FP)
or fusion loop (Figure 1A). This cleavage can occur in the trans-Golgi network as the viral protein
traffics to the cell surface, in recycling endosomes after initial transport to the cell surface, upon
receptor binding or viral particle endocytosis into a target cell, or as the virus is released from a cell.
Additionally, this cleavage can occur to either the fusion protein itself (Class I fusion proteins) or
an accessory viral protein (Class II). The second step is a triggering event. Triggering of the protein
can be completed in a number of ways, including the fusion protein binding to a ligand, the viral
attachment protein binding to a ligand and subsequent interaction of the attachment protein with
the fusion protein, or exposure of the fusion protein to the low pH environment of an intracellular
compartment (Figure 1B). Once a fusion protein has been activated and receives a triggering signal,
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the large, essentially irreversible conformational changes begin. The protein first extends away from
the viral membrane to insert the FP or loop into the target membrane (Figure 1C). The merging of
the viral envelope with the target cell membrane involves a high kinetic barrier, despite ultimately
being a thermodynamically favorable reaction [2,3,6–8]. Because of this kinetic barrier, the energy
contained in the fusion protein must help drive this process. While the depiction in Figure 1 is a Class I
fusion protein, all the classes of viral fusion proteins share a similar end to the fusion pathway. This
similarity arises during the pre-hairpin intermediate, where all fusion proteins studied to date share a
homo-trimeric association [9]. The subsequent steps of fusion are hypothesized to involve a refolding
of the protein back on itself to bring the fusion peptide and transmembrane regions into close proximity,
and thus the two opposing membranes together (Figure 1D–F). During the membrane merger, there is
likely first a hemi-fusion state between the viral and target cell membrane (Figure 1E), which then
continues to a complete integration of the membranes resulting in the formation of a fusion pore which
allows the genetic material of the virus to enter the cell (Figure 1F). Structures for the pre-fusion and
post-fusion forms of multiple viral fusion proteins have been published [10–24], and the intermediate
steps of this process, while previously unknown, are now being analyzed in a number of single particle
studies, some of which will be discussed later [25–29]. Due to this intricately orchestrated process,
studying all regions of these viral fusion proteins is critical for understanding the overall mechanism
and forces that drive these processes.

The transmembrane domain (TMD) of viral fusion proteins remains one of the more poorly
understood components of the membrane fusion process. Over time, the views of fusion protein TMDs
have evolved as the field has shifted from considering them as simple membrane anchors to active
players in membrane fusion [30]. In the 1990s, several seminal studies on influenza hemagglutinin
(HA) and parainfluenza virus fusion proteins demonstrated that replacing this region of the protein
with a glycosylphosphatidylinositol (GPI) membrane anchor resulted in loss of fusion but not outer
leaflet mixing [31–34], suggesting the need for a proteinaceous membrane-spanning region for the
hemi-to-full fusion transition. Subsequent studies analyzed sequence-specific requirements by creating
chimeric fusion proteins in which the native TMD was replaced and found that some fusion proteins
have sequence requirements while others do not [35–40]. Additional results suggested that there is
a TMD length requirement for viral fusion proteins, as the TMD of these proteins needs to be long
enough to span both leaflets of the viral envelope to facilitate the fusion process [35]. These studies
suggest that TMDs of these viral fusion proteins play several functional roles in viral entry, including a
role in the hemi-fusion to full-fusion transition, in promotion of outer leaflet mixing, and in fusion pore
enlargement. Recently, significant advances have been made in understanding TMD interactions and
the role of the TMD in fusion protein stability, structure, and function. In this review, we will discuss
findings from the last decade that broaden our knowledge of the viral fusion protein TMD and the
important role it plays in the overall membrane fusion process.

2. Class I Fusion Proteins

Some of the most studied viral families, including orthomyxoviruses (IAV), paramyxoviruses,
retroviruses (HIV), coronaviruses, filoviruses, and arenaviruses, possess Class I fusion proteins. Class I
fusion proteins exhibit a homo-trimeric association in both the pre-fusion and post-fusion states, and
most of the secondary structure of these proteins is α-helical in both states. While these fusion proteins
have been extensively studied for decades, there have been numerous advances on their mechanisms
of action in the past ten years including work aimed at structurally and functionally characterizing
the TMDs.
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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]. 

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 

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



Viruses 2020, 12, 693 7 of 27

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
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target membrane [28,60–63]. While this section reflects the immense amount of work completed on
HA TMD over the past several years, it is clear from the number of conflicting studies that more work
needs to be completed. Though there is some conservation of the TMD of different HA subtypes [70],
the TMD of each subtype may have its own unique properties that need to be investigated.

2.2. Human Immunodeficiency Virus (HIV)

The fusion protein of HIV is known as the Envelope protein (Env). Similar to the influenza HA
protein, HIV Env (gp160) consists of two subunits, a gp120 receptor-binding domain and a gp41
membrane-spanning domain that mediates viral fusion. There is a high degree of conservation in the
TMD of gp41 from different HIV strains, and that conservation was first used to implicate the TMD as
more than just a membrane anchor [71]. Similar to influenza HA, there has been extensive work over
the past decade on the gp41 TMD. In this section, we review studies which illuminate the structure of
the TMD, the dynamic nature of FP-TMD interactions, the role of the TMD region as a modulator of
immune function, and the role of the TMD in overall protein trafficking.

The number of structural studies of the TMD or TM proximal regions of Env gp41 exemplify the
considerable amount of work recently completed in this area. In the past decade alone, there have
been studies examining the TMD in isolation [72–74], the TMD with the membrane proximal external
region (MPER) [75–77], the gp41 ectodomain with the FP proximal region and the MPER [78], as well
as a full-length structure of gp41 (including the TMD) [79]. All-atoms molecular simulation models
and nuclear magnetic resonance (NMR) have been used to probe the structure of the HIV Env TMD
in isolation [72–74]. These studies suggested that the TMD forms a closely assembled trimer [72,73].
The conserved residue R696 serves as a midpoint between two distinct domains in the TMD, an
N-terminal coil-coiled domain, and a C-terminal hydrophilic core domain. The N-terminal coil-coiled
contains a GXXXG oligomerization motif, but the data showed that only the first G in the motif lies at
the interface of the trimer, while the other lies away from it [72]. This suggests that for trimer formation
using a GXXXG motif, only the first G is essential. Further analysis demonstrated that the N-terminal
half of the TMD appeared to be less structurally stable than the C-terminal half [73]. These studies did
not report on the orientation of the TMD with respect to membrane, though an all-atoms molecular
dynamics simulation determined that a single protomer of the TMD formed a stable tilted α-helical
region [74].

To situate the TMD in relation to the ectodomain of gp41, a series of structural studies were
completed with peptides containing both the TMD and the MPER of gp41 [75–77], but interestingly the
findings vary. The earliest study found that the MPER and N-terminal portion of the TMD create an
aligned α-helix, while the C-terminal region of the TMD is also α-helical, but is not in frame with the
rest of the protein [77]. Subsequent work demonstrated that the MPER exists in two distinct α-helices
which are connected to the TMD through a kink at residue K683 [75]. In agreement with this, another
study demonstrated a turn at residue 683, but their data suggested that both the MPER and TMD
consisted of a single α-helical region each [76]. These discrepancies may be due to the use of bicelles
in the first two studies [75,77] and phospholipid bilayers in the latter [76], differences in the peptide
purification method, and the use of a tag on the peptide [77], or the differences may reflect different
states of these regions along the fusion cascade. Regardless, further work is needed to delineate the
structure of these regions in context to each other, and studies using the full-length protein may help
better understand the relationship of these regions.

Work that includes the entire full-length protein, or just portions of the ectodomain, does not
yet resolve these questions [78–81]. When the entire protein was present, the TMD and MPER were
unable to be resolved, suggesting either different conditions are needed for structural analysis or there
is an increase in flexibility in this region when the entire ectodomain is present [79]. When all protein
domains, other than the FP and the TMD, are structurally determined in the post-fusion form gp41, the
ends of the FP proximal region and the MPER splay outward from each other [78], suggesting the FP
and TMD may not be in close proximity to each other in the post-fusion structure. The structure of an
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MPER trimer in isolation also supports this by demonstrating a splaying out of the helices of the trimer
as they approach the membrane [80]. Both of these studies also found some MPER insertion into the
detergent micelle, suggesting that the MPER has some degree of interaction with the membrane.

During the viral-membrane fusion process, the ectodomain of gp41 undergoes a large
conformational change, moving from a pre-fusion state and refolding to a post-fusion conformation.
This change brings the TMD and FP in close proximity, similar to HA, but there is some debate as to
whether these hydrophobic regions physically interact. One study demonstrated that gp41 FP- and
TMD-derived peptides directly associated with each other and together were able to induce lipid
mixing in membranes [82]. Work with a synthetized protein that included the FP, a small region of
the ectodomain at the C-terminus of FP, MPER, and TMD with a short flexible region connecting the
FP proximal region and the MPER, revealed that the FP has mostly β-sheet structure and is partially
inserted into the membrane, while the TMD region is α-helical and traverses the membrane [83].
In contrast to the previous work, this study showed no evidence for FP-TMD interactions. These data,
however, do suggest that protein conformations associated with a hemi-fusion intermediate step exist
between the pre-fusion and post-fusion conformations of the protein.

While the dynamic nature of the gp41 ectodomain is apparent by the differences in pre-fusion and
post-fusion structures, the dynamic nature of the TMD is just beginning to be uncovered. Work that
replaced the TMD of gp41 with a TMD of another viral fusion protein or another membrane-spanning
protein found that fusion inhibition occurred, likely due to alterations in the ectodomain conformation
of the protein, suggesting differences in interactions within the TMD play a critical role in the overall
protein conformation [84]. Further illuminating the dynamics of the TMD, several studies have
investigated conformational changes that occur in the TMD during the fusion process, with many
of these focusing, at least in part, on a mid-TMD arginine residue (R696). R696 is highly conserved
among different HIV subtypes and has been implicated as critical for membrane fusion [85]. Molecular
dynamic simulations suggest the position of R696 with respect to the membrane leaflets likely plays
a role in facilitating the fusion event. R696 can snorkel to interact with the inner leaflet of the
membrane, allowing for water penetration into the membrane and membrane thinning needed for
membrane fusion [86]. Additional simulations investigated the relationship between cholesterol and
R696 [87]. It was determined that R696 allows for water penetration in a variety of membranes,
but cholesterol-containing membranes help localize the overall membrane thinning associated with
this water penetration to the mid-span arginine residue, likely by regulating the tilt angle of the
TMD relative to the membrane. There is evidence that R696 also acts in concert with the C-terminal
hydrophilic core of the TMD to allow for water penetration into the membrane [88]. This concerted
action is consistent with R696 snorkeling to the inner membrane leaflet (towards the C-terminus),
allowing for membrane perturbations consistent with those needed to facilitate viral entry. There are
two additional conserved basic residues (K683 and R707) in the TMD of gp41 [86]. These residues
likely interact with the head groups of the outer and inner membrane lipids, respectively. Observations
from membrane dynamics simulations conclude that these head groups anchor the TMD to the edges
of the membrane so that when R696 snorkels, the pull on both of these residues also contributes to the
membrane thinning.

HIV-1 infection of cells disrupts normal immune responses, allowing the virus to avoid detection.
Both Toll-like receptor (TLR) activity and T cell receptor (TCR)/cluster of differentiation 3 (CD3)
complex formation are down-regulated in HIV infection, and gp41 can disrupt TCR and CD3 complex
formation to inhibit immune activity [89,90]. However, this disruption was only recently shown to be
due to direct binding of the gp41 TMD with the TMD of both TCRs and CD3. These interactions occur
within the membrane environment and specifically use the GXXXG motif found in the TMD of these
proteins [91,92]. Down-regulation of TLRs was also found to involve interaction with the TMD of
gp41 through the GXXXG motif, suggesting that this motif could play a role in other interactions that
disrupt the immune response during an infection [93]. The isolated peptides from the gp41 FP region
also interact with the TMD of TCRs through a similar motif, AXXXG, which suppresses TCR immune
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activity [90,94–96]. When the AXXXG motif was present in FP-mimicking peptides, lipid mixing could
be induced, but when this motif was mutated, lipid mixing did not occur, suggesting this motif may be
important in the transition from hemi-fusion to fusion pore formation during membrane fusion.

Induction of broadly neutralizing antibodies (bNAbs) is a critical part of current HIV vaccine
strategies. bNAbs to the HIV Env protein have several different targets, one of which is the MPER
region bordering the TMD. However, stabilized soluble trimer mimics of Env, termed SOSIPs, lacking
a majority of the MPER and all of the TMD are commonly used in HIV vaccine development. Recent
research has demonstrated that antibody binding differences may be dependent on which regions of
the Env protein are present [97,98]. A direct comparison of a SOSIP trimer to a full-length Env trimer
showed that SOSIP trimers had less complex and less processed glycans compared to the full-length
protein. Glycans are part of several binding epitopes for bNAbs, and the differences in complexity
in SOSIP trimers resulted in lower binding affinity of these antibodies compared to the full-length
Env. This comparison also revealed that the full-length protein had more conformational flexibility
than SOSIPs and therefore exposed epitopes that also bound the non-neutralizing antibodies tested.
Inclusion of the TMD with an MPER peptide has been shown to increase the binding affinity of bNAbs
to these peptides, although there is conflicting data on whether a trimeric TMD further increases this
affinity. One set of binding assays completed in nanodiscs suggests that the addition of a trimeric-TMD
recapitulates the bNAb binding of native-like Env protein [97], while another suggests inclusion of
a single MPER-TMD peptide in each nanodisc increased the percentage of antibody bound to that
peptide [99]. It has been shown by both NMR modeling [77] and crystallography with molecular
dynamics simulations [100] that bNAbs targeting the MPER region of gp41 bind residues within the
TMD as part of their epitope, explaining why the presence of the TMD increases binding affinity.
Additionally, analysis of one specific MPER bNAb demonstrated that this antibody also interacted with
membrane lipids [100]. This suggests that the conflicting results on the effect of TMD oligomerization
on MPER-TMD bNAb binding may be due to the presence or absence of certain lipids. Taken together,
these studies suggest that efficient testing and analysis of bNAbs targeting Env MPER should include
the TMD and potentially a representative membrane environment. Beyond just enhancing the testing
efficacy of MPER-targeting bNAbs, utilizing versions of the full-length protein may be a way to further
improve current vaccine candidates.

During an HIV infection, Env is synthesized in the endoplasmic reticulum and traffics through
the Golgi and secretory pathway to reach the plasma membrane [101]. The TMD of the Env (gp41)
protein has been implicated in this protein trafficking. As previously described, the TMD contains
both a GXXXG oligomerization motif and a mid-span arginine that are highly conserved. When the
distance between the last G in the GXXXG motif and the mid-span arginine is increased by the addition
of an alanine residue, a defect in membrane fusion is seen [102]. This was shown to be due to a defect
in protein transport through the endoplasmic reticulum (ER) and Golgi. This transport delay may
be due to disrupted contacts of the individual trimer TMs with each other or through disruption of
protein-membrane interactions. Further analysis of this region demonstrated that R696 does not confer
a strict ER localization on the gp41 protein, despite the presence of charged residues within a TMD
being a well-recognized ER localization motif [103]. Therefore, other elements in the HIV Env TMD,
including its length, override the potential retention signal.

It is clear that the HIV gp41 TMD plays an essential part in the structural stability, function, and
trafficking of the gp41 protein. This recent work has demonstrated that the gp41 TMD is critical
for processes such as virus-to-cell fusion, immune modulation, antibody recognition, fusion protein
trafficking, and several aspects of the membrane fusion cascade. These studies also continue to uncover
vaccine and antiviral targets for this important human pathogen by understanding key molecular and
cellular interactions.
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2.3. Paramyxoviruses

Paramyxoviruses have Class I fusion (F) proteins that require both a proteolytic cleavage event
and receptor binding to facilitate fusion. However, unlike the previously discussed IAV HA and HIV
Env proteins, the receptor binding function of this process is executed by a separate viral surface
glycoprotein, the attachment protein (HN, N, or G). Work in the last decade has demonstrated a role
for the TMD in the overall structure of the fusion protein. In addition, it has also been shown to be
important for pre-fusion stability, membrane fusion, post-fusion FP-TMD interactions, fusion protein
trafficking, and viral particle assembly.

Crystal structures have been solved for the ectodomain portions of several paramyxovirus fusion
proteins [10,16,17,22–24], but structural insights into the TMDs of these proteins remain limited [104,105].
Solid-state NMR analysis of isolated TMD peptides of parainfluenza virus 5 (PIV5), separate from the
rest of the protein, found that portions of the TMD display some membrane-dependent conformational
plasticity. Both ends of the TMD adopt a β-strand conformation in phosphatidyl ethanolamine (PE)
rich (negative curvature) membranes but form a continuous α-helix with the central portion of the
peptide in phosphatidyl choline (PC)/cholesterol rich membranes [104,105]. These flexible regions of
the TMD are rich in β-branched residues. This indicates both termini of the TMD could play a role in
the membrane perturbation needed to mediate membrane fusion. The central portion of the TMD,
however, was shown to form a core α-helical region that associates as a trimer with neighboring TMDs
regardless of the membrane composition. This 12-residue, leucine-rich stretch may serve as the central
trimerization domain needed for overall protein oligomerization.

Despite limited structural data, biochemical and biophysical studies have also probed the trimeric
nature of paramyxovirus TMDs. Initial work that substituted the residues in the predicted TMD
of PIV5 F with cysteine residues to induce disulfide bonds within the membrane demonstrated
that the TMD of F existed as α-helices and formed a helical bundle with the other TMDs of the
protein trimer [106]. Further analysis of the TMD helical bundle was completed using sedimentation
equilibrium analytical ultracentrifugation (SE-AUC). Using this technique, the fusion protein TMD of
Hendra, human metapneumovirus (HMPV) (now in the Pneumoviridae family [105,107]), and PIV5
were demonstrated to exist in a monomer–trimer or monomer–trimer–hexamer equilibrium when
studied in isolation [108].

To examine the effect of this TMD association on overall protein folding and function, two common
oligomerization motifs, a AXXXG motif [108] and a Leucine-Isoleucine Zipper (L-I Zipper) [109], were
mutated in the Hendra F protein. Mutations of the glycine in the AXXXG motif led to a decrease in
cell surface expression and a decrease in fusion activity at levels consistent with the reduced protein
expression. Single alanine mutations of each residue in the L-I Zipper had varying effects on protein
expression and fusion activity, suggesting that each has a unique role. However, when all four residues
in the L-I Zipper were mutated to alanine, a decrease in the expression of the protein was shown, and the
fusion activity of the protein was abolished. Further analysis with SE-AUC showed a 1000-fold decrease
in the association constant in the monomer–trimer equilibrium, indicating TMD-TMD associations
were destabilized when the L-I Zipper was altered [109]. A heat-induced triggering assay demonstrated
that mutations which altered TMD-TMD association also led to a decrease in stability of the pre-fusion
form of the Hendra F protein, suggesting TMD-TMD associations are important for holding the F
protein in the prefusion conformation prior to triggering. Replacement of the TMD of Newcastle
disease virus (NDV) with either related or non-related viral protein TMDs demonstrated alterations in
conformation-specific antibody binding [110], suggesting that, similar to Hendra, specific TMD-TMD
associations are needed for the stability of the proper pre-fusion conformation of the fusion protein.
Interestingly, mutation of the L-I zipper motif in the TMD of PIV5 to alanine had no effect on the total
expression or pre-fusion stability of the protein and only a minor effect on surface expression, but fusion
activity was abolished [106,111]. Taken together, these data suggest that the contribution of leucine
zippers in fusion protein TMDs to the overall protein stability and function may be virus specific.
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Following triggering, the F protein of paramyxoviruses undergoes large conformational changes
that include insertion of the FP into the target membrane, followed by the protein refolding back
on itself to facilitate formation of the six-helix bundle. While the details of the TMD throughout
this process are still being investigated, there is clear evidence for an active role of the TMD and
TMD-TMD interactions along the fusion cascade [105,106,110–113]. Illustrating the role of the TMD in
the fusion process, replacement of the NDV F protein TMD with the TMD of a related viral fusion
protein abolished fusion, including hemi-fusion intermediates, despite the chimeric fusion protein
being expressed and cleaved at the cell surface [110]. This lack of fusion may be due to an inability of
these proteins to form complexes with the NDV HN protein which is critical for membrane fusion,
though other mechanisms are also possible.

To further probe specific residues of the TMD that are critical for fusion, several studies
performed mutagenesis on paramyxovirus F protein TMDs and analyzed differences in fusion
activity [106,108,109,111–113]. Alanine scanning mutagenesis found that β-branched or just branched
amino acid residues at the C-terminus of the TMD appear to play an important role in fusion in both
PIV5 [106] and Hendra [113]. Analysis of these branched residues in PIV5 demonstrated that mutating
them likely blocks fusion during the hemi-fusion or fusion pore formation stages, indicating they
may play a role in lipid mixing. This hypothesis is further supported by the structural analyses that
revealed conformational flexibility found in the β-branched-rich TMD termini of PIV5 and showed this
flexibility promotes changes within the membrane needed for fusion to occur [104,105]. Recent work
also suggests that TMD-TMD associations in paramyxovirus F proteins are important for controlling
the fusion cascade. Mutating the L-I Zipper motif in the F protein TMD completely suppressed fusion
activity in both PIV5 and Hendra, despite there being cleaved protein at the cell surface in both
cases [109,111]. Interestingly, introduction of disulfide bonds to prevent TMD-TMD dissociation also
disrupts fusion in Hendra [112], as does introduction of disulfide bonds directly N-terminal to the
TMD in PIV5 F [114]. These studies suggest that TMD-TMD association and dissociation must be
intricately controlled for membrane fusion to occur.

The final steps of fusion involve a zippering together of the N- and C-terminal heptad repeat
regions [2,3,115,116], and this refolding brings the FP and the TMD in close proximity to one another.
Solid-state NMR analysis of the FP and TMD of PIV5 F in a lipid membrane suggests these do not
form a tightly associated bundle. The data, however, did indicate weak interactions occur between
the FP and TMD, since when they are found in the same membrane, the conformation of both was
largely α-helical regardless of the membrane composition [117]. In contrast, using SE-AUC, the FP
was found to have a strong interaction with TMD peptides in detergent micelles [118]. Analysis of the
FP or TMD alone found that regions of both adopted β-strand conformations in a lipid-dependent
manner [105,119]. Furthermore, when the FP and TMD were in the same membrane, a synergistic
effect induced significant negative curvature in the membrane. When either the FP or TMD was alone,
induction of negative curvature occurred only in membranes that tend towards negative curvature
domains (PE membranes). These conflicting results suggest the need for additional analysis of the
FP–TMD relationship in paramyxovirus F proteins.

Recent studies have also implicated residues within the TMD as crucial for F protein trafficking
and therefore efficient viral particle assembly [120–122]. Hendra and Nipah F proteins have a unique
trafficking pattern. After synthesis in the ER, the F proteins traffic through the secretory pathway
to the plasma membrane as an uncleaved trimer. The F protein is then endocytosed and cleaved in
recycling endosomes by the protease cathepsin L before returning back to the surface in its activated
pre-fusion form [123–125]. Two polar residues within the TMD, S490 and Y498, were shown to be
critical for endocytosis and recycling of the F protein, specifically the hydroxyl group of S490 and
aromatic ring of Y498. Mutating Y498 decreased trimer association, as judged by association constants
from SE-AUC, indicating this residue participates in TMD-TMD associations [121]. Thus, changes
in the TMD association may contribute to alterations in intracellular trafficking decisions. Further
analysis showed that the proper endocytosis and recycling of the F protein, mediated by residues
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S490 and Y498, were critical for proper virus-like particle (VLP) formation [120]. This suggests that
residues in the TMD participate in viral assembly by facilitating specific intracellular trafficking in
Hendra and Nipah viruses, but the extent and mechanism remain unclear, as there are conflicting
results on the nature of F trafficking and incorporation in Nipah VLPs [126,127]. Residues in the F
protein ectodomain likely also assist in proper F protein incorporation into viral particles, since a
chimera of the Rabies virus particle ectodomain and NDV TMD and CTD demonstrated inefficient
incorporation into NDV viral particles [122].

Over the past decade, the understanding of the roles of the TMD of paramyxovirus fusion
proteins has significantly expanded, demonstrating the critical nature of this region. These studies
have shown that the TMDs of paramyxovirus fusion proteins have an active role in both spatial and
temporal regulation of the F protein, mediating viral entry, and may be important for efficient viral
particle assembly.

2.4. Other Class I Viral Fusion Proteins

The above sections review recent findings on the three most intensively studied families of Class
I fusion proteins, but additional important studies on the fusion proteins from the Filoviridae and
Coronaviridae families, as well as on Env proteins from retroviruses other than HIV have illuminated
the roles of TMDs. The fusion proteins of EBOV and coronaviruses (CoV), such as SARS-CoV and
MERS-CoV, are known as GP (for glycoprotein) and S (for Spike), respectively. Both proteins have dual
functions in receptor binding and membrane fusion, similar to the HIV Env protein.

The TMDs of both EBOV GP and the SARS-CoV S proteins have been shown to exhibit
monomer–trimer–hexamer oligomerization equilibrium when analyzed in isolation by SE-AUC [128].
Analysis of the EBOV GP MPER and TMDs using NMR revealed that both regions appear to be
continuous helices independent of the pH, with a turn in between the two adjacent regions [129],
similar to the MPER-TMD HIV structure discussed previously [75–77]. The MPER of the GP protein
appears to lie on the membrane face, with tryptophan and threonine residues mediating contact with
the membrane interface. This orientation may represent only one of several potential conformations
of the MPER in relation to the TM, as an in situ structure of the full-length EBOV GP protein within
the membrane demonstrated that the MPER helices and TMD helices are in line with each other in
some conformations of the protein [130]. Biochemical analysis of the GP protein from Marburg virus
(MARV), a virus closely related to EBOV, showed MARV GP existed as a monomer in lipid-mimicking
environments, further indicating that protein conformations and oligomerization may be dependent
on host environmental factors such as lipid composition or pH [131]. While structural analysis has
not been completed on the TMDs of CoV S proteins, modeling predictions place a tryptophan-rich
region immediately proximal to the TMD [132]. This tryptophan-rich region and its location with
respect to the highly hydrophobic coil of the S protein TMD is critical for S-mediated membrane fusion.
This study also suggests there is flexibility in the region adjacent to the membrane region [133], with
flexibility in the region between the MPER and the TMD critical for large-scale conformational changes
of the overall protein. Flexibility between the TMD and the upstream region is characteristic of many
Class I fusion proteins, as it has been demonstrated for several different families (Flexible linker IAV,
MPER-TMD HIV), though data from paramyxovirus F proteins do not support flexibility for that
system [134].

The TMD region of the EBOV GP protein also plays a role in counteracting the host protein
tetherin, which can inhibit viral particle release from infected cells [135], in contrast to the mechanism
used by HIV-1, which counter-acts tetherin using an accessory viral protein (Vpu) [136]. The first
characterization of the role of the EBOV GP protein TMD in counteracting tetherin showed that
substituting the TMD of EBOV GP with the Lassa virus GP TMD prohibited EBOV VLPs from
inhibiting tetherin activity [137,138]. Further analysis discovered that a GXXXA motif within the EBOV
GP protein TMD was responsible for counteracting tetherin activity [139]. This motif was also found
to be critical for EBOV filamentous particle release from cells. Mutating this GXXXA motif in EBOV
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GP decreased viral particle release in a cholesterol-dependent manner [140]. Together, these data
suggest a model in which GP trimers, aided by GXXXA motifs within the TMD region, form a lattice
along the surface of infected cells in cholesterol rich regions of the membrane. This lattice serves as a
particle budding site, eventually closing around actin filaments that are driving this region outward.
Particle release then relies in part on this same GXXXA motif interacting with tetherin present within
the membrane to counter-act its particle tethering ability.

Using cryo-electron tomography and cryo-electron microscopy (cryo-EM), the structure of
full-length Foamy Virus Env was determined [141]. Foamy Virus Env is composed of the gp18
leader peptide, the gp80 surface subunit, which contains the receptor binding site, and the gp48
transmembrane subunit. TMD helices were observed in both the gp48 subunit and the gp18 leader
peptide. This structure showed three central coiled helices that were in contact with one another, likely
one from each gp48 of the protein trimer. Outside of this coiled-coil, TMD helices from gp18 each
appeared to interact with a single helix from the gp48 subunit. Since the TMDs of gp48 likely need
to dissociate to mediate membrane fusion, this structure suggests a model in which the gp18 TMD
helices block the dissociation of the gp48 until the fusion cascade promotes movement of the entire
TMD complex. Computational analysis of the TMD subunits of several Foamy virus strains revealed a
conserved lysine–proline motif that suggests a break may exist in the gp48 TMD helix [142], but this
was not observed in the structural analysis. However, this motif could serve as a flex point during the
conformational changes of the fusion process. Predictions also place a tryptophan-rich region of the
protein in the MPER, similar to the MPER in other Class I fusion proteins [75,132].

The fusion proteins (GPs) from arenaviruses have an additional membrane spanning component
to consider, the stable signal peptide (SSP). Unlike HIV Env and IAV HA, GPs of arenaviruses form
three distinct subunits, G1, responsible for receptor binding, G2, responsible for membrane fusion, and
a 58-amino acid SSP [143]. These SSPs have been shown to play a role in the pH-dependent membrane
fusion process [144]. Analysis of SSPs has demonstrated they have two membrane-spanning domains,
and residues within the membrane participate in interactions with the TMD of the G2 subunit [145–147].
These interactions likely serve to prime the G2 subunit for the membrane fusion event.

The past ten years have yielded numerous insights into the TMD of Class I fusion proteins: the
first TMD structures have been solved, the active role of this region in several steps of the fusion
cascade has been better characterized, and this region has been implicated in protein trafficking and
immune function. While these contributions have been groundbreaking, contradictory studies indicate
that important work remains to understand this important TMD.

3. Class II Fusion Proteins

In 2001, a new class of viral fusion proteins was created because of the large difference in structure
of these fusion proteins from Class I fusion proteins [148]. Class II viral fusion proteins include
members from the togavirus, flavivirus, and bunyavirus families. While a large amount of α-helical
secondary structure is found in Class I fusion proteins, Class II fusion proteins contain three distinct
ectodomain regions consisting almost entirely of a β-sheet secondary structure with helical TMDs.
These viral fusion proteins associate as homodimers upon synthesis but also form heterodimers with a
companion protein. This creates a four-protein complex consisting of two fusion proteins and two
companion proteins. Interestingly, for Class II viral fusion proteins, it is the companion protein, not
the fusion protein, that requires a proteolytic cleavage event. The companion protein cleavage event
primes the fusion protein for the low pH-triggered fusion reaction that occurs in all Class II fusion
proteins. To facilitate fusion after exposure to the low pH environment of the endosome, the fusion
protein homodimers dissociate into monomers, exposing the previously buried fusion loop, allowing
for insertion of this hydrophobic loop into a target membrane. After insertion of the loop into the target
membrane, there is a re-association of the monomers into trimers. They remain in a trimeric association
throughout the rest of the fusion reaction, completing a series of steps similar to the refolding of the
trimer hairpin structure described previously for Class I [149]. In contrast to the extensive work that has
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been completed on the TMDs of Class I viral fusion proteins over the last decade, only a small number
of studies have been performed on the TMDs of Class II viral fusion proteins. These data do, however,
provide important structural insight into the TMDs of several Class II fusion proteins [53,150–152] and
demonstrate a functional role for this region in membrane fusion [153,154].

Using cryo-EM, studies have solved the structures of complete viral particles from Dengue virus,
Zika virus (both Flaviviruses), and Venezuelan equine encephalitis virus (VEEV) (Alphavirus), which
include the in situ full-length fusion proteins, E and E1, respectively [53,151,152]. The structure of
E proteins for Dengue (Figure 2B) and Zika show two anti-parallel TMD α-helices, as well as three
peri-membrane α-helices that lie perpendicular to the TMD helices on the exterior surface of the
viral membrane, with each helix connected to the next by a loop [53,151]. Analysis of the Dengue E
protein structure showed that the loops of the TMD helices are buried within the head-group region of
the inner leaflet of the viral membrane. The two TMD helices form a coiled-coil, with hydrophobic
residues facing outward, and multiple serine/threonine hydrophilic residues facing inward on the
coiled-coil [53]. These highly hydrophilic interactions appear to have a role similar to the leucine
zipper oligomerization motifs found in some Class I fusion proteins [109]. The VEEV E1 protein TMD
is composed of two α-helices, with a highly conserved glycine–glycine (GG) kink between them [152].
Since these studies encompassed the full viral particle, they also provide data for TMDs of their
respective companion proteins, M for Dengue and Zika and E2 for VEEV. The M protein, similar to E,
has two TMD helices that lie anti-parallel to one-another. Despite being situated in close to proximity
to the TMD helices of E, the data did not demonstrate any protein-protein contacts between M and E
within the membrane space. It was revealed, however, that the presence of both the M and E TMDs
provided some lateral order to the membrane, and the membrane was bent to accommodate the short
length of the TMD helices, indicating that protein–lipid interactions were likely occurring. The TMD
of VEEV E2 was visualized as a long, straight α-helix. When VEEV E1 and E2 were analyzed together,
the GG kink in the TMD of E1 appeared to allow TMD flexibility so that the lower portion of the E1
TMD could associate with the E2 TMD helix.

Computational modeling has also provided structural insights into the TMDs of the surface
glycoproteins from a pestivirus known as bovine viral diarrhea virus (BVDV) [150]. The two surface
glycoproteins of BVDV, E1 and E2, are required for viral entry, with charged residues in the TMD
critical for this process [154]. E2 has two TMD α-helices (tmH1 and tmH2), with extensive hydrophobic
interactions between them and an arginine residue (R1047) in the loop between the helices which
interacts with the phospholipid head groups on the inner leaflet of the membrane. Additionally,
hydrogen bonding between the helices at serines S1035 and S1060 may further stabilize the TMD-TMD
interactions occurring between tmH1 and tmH2. The TMD of the second surface protein, E1, has two
peri-membrane α-helices (pmH1 and pmH2), as well as a single transmembrane α- helix (tmH). As
shown by modeling of the E1-E2 hetero-tetramer complex based on ectodomain structural constraints
and previously published biochemical constraints, the TMD helix of E1 is in close proximity to the
tmH1 of E2, with hydrophobic contacts and a single hydrogen bond (T688 from E1 and Y1056 E2)
occurring between the two. This suggests that TMD-TMD associations between E1 and E2 may be
important for overall complex formation. Similar to membrane disruptions caused by the TMDs
of the Dengue E and M proteins [53], residue R1047 of E2 and charged residues in E1 appear to
interact with the phospholipid head groups of the membrane, potentially causing thinning of the
membrane which could further assist the viral fusion process. These data together present a model
for Class II fusion proteins in which TMD-TMD interactions occur between the fusion protein TMD
and the companion protein TMD, with residues in both of these regions interacting with membrane
phospholipid headgroups. These interactions may play a role in fusion protein stability and the
membrane distortion needed for proper viral entry.

The role of TMD-TMD interactions in the Class II fusion process is also suggested by biochemical
studies of the flavivirus E protein, which showed the functional relevance of the second TMD helix [153].
To probe the role of this region in tick-borne encephalitis virus (TBEV), mutants were created with the
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second TMD helix deleted, or one or both TMD helices substituted with the corresponding helix of the
closely related flavivirus, Japanese encephalitis virus (JEV). None of the mutants, even a full deletion of
the TMD2, affected early steps in fusion. However, each of these mutants was found to destabilize the
post-fusion E trimer which did not allow for the formation of a fusion pore. Interestingly, the chimeras
which substituted the full length of both TMDs with a related virus were still able to facilitate the
full fusion process, albeit less efficiently than the wild type protein. This suggests a concerted role
for interactions between the TMDs in late steps of the fusion pathway, potentially through intra-helix
interactions or interactions with the fusion loop in the post-fusion conformation of the protein [153].

While less information is available on Class II fusion proteins compared to recent studies on Class
I fusion proteins, critical structural insights into the unique TMDs of these fusion proteins have recently
been made. Furthermore, this work has begun to illuminate the extensive TMD-TMD interactions
that occur in Class II fusion proteins, potentially similar to those in Class I fusion proteins that may
be required for fusion complex formation and complex stability in the fusion process. These recent
studies also demonstrate the joint effort of the fusion protein TMD and the TMD of the companion
protein in mediating viral entry.

4. Class III Fusion Proteins

In 2006, ectodomain structures of fusion proteins from both vesicular stomatitis virus (VSV) [18]
and herpes simplex virus type 1 (HSV-1) [13] were solved. The VSV G and HSV-1 gB proteins have
remarkably similar structures despite a lack of sequence homology. These fusion protein structures are
distinct from both Class I and Class II, prompting the creation of a new class of fusion proteins, Class
III [155]. This class now encompasses fusion proteins of viruses in the rhabdovirus, herpesvirus, and
baculovirus families [156].

Since 2006, ectodomain structures of the post-fusion forms of HSV-1 gB [13], Epstein–Barr Virus
gB [157], and baculovirus gp64 [158] have been solved, and both pre- [19] and post-fusion structures [18]
have been solved for VSV G. In the post-fusion form, these fusion proteins are trimeric in nature,
similar to both Class I and II proteins. Each fusion protein ectodomain consists of five distinct domains.
Starting with domain I that contains fusion loops that lie on the end of extended β-sheet structures,
to domain V which forms an α-helical structure that serves as an interacting interface between the
proteins in the trimer, and serves to connect the ectodomain with the TMD and cytoplasmic tail portion
of these fusion proteins [156]. Unlike the fusion processes in Class I and II, the conformational changes
experienced by Class III fusion proteins appear to be reversible in nature. Initial work completed on
Class III fusion proteins provided limited insight into the TMD. However, several studies over the past
decade have provided structural details and evidence for a role of the TMD in membrane fusion and
viral particle assembly.

Recent work demonstrated the crystal structure of a full-length fusion protein from Class III, HSV
gB, in its post-fusion form. This structure includes the MPER, TMD, and cytoplasmic tail domain
(CTD), all of which were absent in previous structures [54]. The MPER-TMD-CTD regions form a
pedestal-like structure through the membrane, with the ectodomain resting on top. The MPER regions
of a gB trimer form dynamic helices that lie along the surface of the membrane. At the C-terminus of
these helices is a linker with conserved proline and glycine residues that likely contribute to flexibility
in this region. C-terminal to this linker lies the TMD, which forms a straight helix that extends through
the membrane, with each TMD of the trimer contributing to one side of an inverted teepee structure.
The N-terminus of these regions is splayed apart, and each TMD crosses the others at a ~46◦ angle.
The C-terminal portions of the three TMDs do not have cross-promoter linkages, but are in close
proximity, in a structure stabilized by knob-and-hole packing and the presence of conserved, small
glycine and alanine residues which allow for close fit of the helices. Residues at the C-termini of TMD
likely participate in hydrophilic interactions with the CTD. The CTD of each gB monomer in the trimer
forms two α-helices (h1a and h2) and one 310 helix (h1b). Immediately following the TMD, h1a and
h1b form a zig-zag with proline residues at the interfaces between each helix. Then, an unresolved
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linker connects to the h2 helix that extends back up toward the membrane. Each CTD region has
several contacts with other CTDs of the gB trimer, further stabilizing this base (Figure 2C).

Characterization of the location of mutations within the TMD or CTD previously shown to
either enhance or reduce cell–cell fusion allowed for additional insight into gB fusion regulation.
Most hyperfusogenic mutants were found to be at residues or regions that would disrupt the
trimeric interfaces or the membrane binding of the CTD. Mutants that reduced fusion mainly shorten
hydrophobic side chains that participate in interactions at the CTD trimer axis, thus reducing CTD
trimer stability and likely causing protein misfolding. Taken together, this suggests that this structure of
the CTD also exists in the prefusion conformation of the gB protein, forming a triangular base that may
serve as a clamp to hold the TMDs in place until appropriately stimulated, leading to conformational
changes required to mediate fusion. This would suggest a model for Class III membrane fusion in
which a release of the gB CTD clamp is needed for viral entry to occur, seemingly serving a similar
latch role to that of the M protein for flavivirus E [53]. The release of this clamp may be facilitated in
part by TMD-TMD interactions between the gH protein and the gB, as work that replaced the gH TMD
in pseudorabies virus rendered the virus non-fusogenic [159].

Even before the creation of the new class of fusion proteins, several studies demonstrated the
functional role of the TMD of VSV G in membrane fusion [160,161], highlighting specifically that
glycine residues in the TMD of VSV G were critical for fusion activity [162]. In the past decade,
additional studies have further characterized the contribution of the TMD in rhabdovirus fusion protein
function. Substituting the TMD and CTD of rabies virus (RV) fusion protein (G) with similar regions
from NDV fusion protein to attempt to aid with incorporation in NDV viral particles as a vaccine
vector strategy, showed lower incorporation of this chimera protein in NDV viral particles, despite the
chimeric protein having overall cellular protein levels similar to the wild type RV G protein [122,163].
Surface expression of the chimeric protein was not analyzed. Additionally, when mice were vaccinated
with NDV particles containing the chimeric RV G protein, virus-induced neutralizing antibodies to
rabies virus were lower than those induced by vaccination with NDV particles with the WT RV G
protein. This may suggest that successful incorporation into particles relies in part on the TMD or CTD
of RV G protein, indicating that signals in the TMD or CTD of RV may play a role in overall particle
assembly. These regions may also have a role in the host immune response to viral infection, similar to
the production of bNAbs specific to the MPER-TMD produced during HIV infection [77,99].

Analysis of the VSV G TMD in isolation demonstrated a role of this region as a catalyst for
membrane fusion [163]. In early stages of membrane fusion (the transition to hemi-fusion), addition of
the VSV G TMD increased positive curvature stress and membrane disorder by facilitating acyl-chain
movement into the space between the two bilayers. In later stages of fusion, the VSV G TMD created
further positive curvature stress at the edges of these induced regions, allowing for the transition
between hemi-fusion and fusion pore formation. This suggests that the TMD of VSV G proteins could
serve in part to help overcome the large energy barrier to a membrane fusion event by creating physical
changes to the membrane.

5. Targeting the TMD

As work continues to show the importance of TMDs in viral fusion protein function, it is not
surprising that there has also been tremendous growth in the understanding of the role of TMD in
the function of other proteins. TMD-TMD interactions are important in the creation of amyloid-β,
an important factor in Alzheimer’s disease [164]; the dimerization of both neuropilin-1 [165] and
tyrosine kinase receptor ErbB2 [166]; the inhibitory function of the IgG Fc receptor, FcγIIB [167]; and
induction of the signaling cascade by frizzled receptors [168]. The growing understanding of a role for
TMD-TMD interactions has led to the development of a unique area of therapeutic research studying
small molecules that disrupt TMD-TMD interactions [169]. Disrupting the dimerization of neuropilin-1
has been shown to suppress glioma tumor growth in vivo [170]. Plexin-A1 TMD-mimicking peptides
disrupt complex formation between neuropilin-1 and Plexin-A1, a complex that forms in gliomas with
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poor prognoses, and the Plexin-A1 TMD peptides slow both tumor growth and metastasis in cell culture
models [171]. Overexpression of p75NTR has been associated with advanced stages of melanoma
progression, but a small molecule was able to inhibit tumor growth in a mouse model by targeting
the TMD of p75NTR to disrupt oligomerization and downstream signaling of this receptor [172].
Additionally, small molecules targeting the TMD of Epstein–Barr virus latent membrane protein 1
prevent trimerization of the protein, blocking oncogenic activation [173].

TMDs of viral fusion proteins have also been investigated as a novel anti-viral therapeutic
strategy. Targeting TMD-TMD interactions as a potential anti-viral therapeutic has been successfully
demonstrated for both Class I (paramyxovirus F and HIV Env) and Class II fusion proteins in initial
studies. HIV-1 virions that were treated with peptides derived from the FP or TMD of HIV Env
exhibited a dose-dependent decrease in infectivity. The Env TMD peptides were able to directly
associate with WT full-length Env protein, suggesting that the decrease in virus infectivity is due
to the peptide disrupting the native TMD-TMD association [82]. Similarly, co-expression of small
proteins mimicking the TMD of the Hendra F protein led to de-stabilization of the full-length F
protein, consistent with the presence of additional TMDs reducing the trimeric interactions needed for
pre-fusion stability [174]. The TMD proteins also disrupted cell–cell fusion when co-expressed with
WT full-length Hendra fusion protein. The ability of TMD peptides to interfere with fusion protein
function was also demonstrated in viral infection, as TMD peptides homologous to the TMD of the
PIV5 F protein decreased PIV5 infection when incubated with the virus prior to cellular infection. This
inhibition was sequence specific, as pre-incubation with PIV5 F TMD peptides did not decrease the
infection of a related virus (HMPV) [174]. A similar antiviral strategy was demonstrated using peptides
derived from the MPER of Flavivirus E protein. Inclusion of hydrophobic residues corresponding to
the TMD of the E protein to the C-terminus of MPER-derived peptides increased the viral inhibitory
function of these peptides [175]. These inhibitory effects occurred in a sequence-specific manner,
similar to the study completed in paramyxoviruses [174].

Apart from specifically targeting the TMD of fusion proteins as a method to inhibit viral entry,
inclusion of the TMD appears to be useful for other viral inhibition strategies. The binding strength
of neutralizing antibodies to the MPER region of HIV-1 Env increased when the TMD of the protein
was included. Furthermore, when a trimeric TMD was included with the MPER peptide of HIV Env,
binding was similar to that of binding the native protein [97,98]. These studies suggest that targeting
the TMD or including portions of the TMD in anti-viral therapeutic development may be important.

6. Conclusions and Questions

The past decade has provided significant insight into the TMDs of viral fusion proteins from all
three classes, further building our understanding of the intricate nature of these regions. Structures
have been elucidated for TMDs of each class of fusion proteins, and a function for the TMD in viral
fusion has been shown for each class, whether it be in early, intermediate or late stages of the fusion
cascade. Significant work has also demonstrated the role of the TMD of fusion proteins outside of
the membrane fusion process, implicating it in antibody recognition, host immune responses to viral
infection, overall viral particle assembly, and protein trafficking. Despite the large amount of work,
critical questions remain unanswered concerning the TMD of viral fusion proteins. How does the
conformation of the fusion protein TMD change throughout the membrane fusion cascade? What
membrane components influence the TMD for each virus? Are there other interactions between viral
or host proteins with the TMD of the fusion protein? Do interactions with the fusion protein TMD
exist that influence the overall viral lifecycle? Hopefully, future studies over the next decades will
provide answers to these questions.
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