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Abstract

The paramyxovirus family contains established human pathogens such as measles virus and
human respiratory syncytial virus, and emerging pathogens including the Hendra and Nipah
viruses and the recently identified human metapneumovirus. Two major envelope glycoproteins,
the attachment protein and the fusion protein, promote the processes of viral attachment and virus-
cell membrane fusion required for entry. While common mechanisms of fusion protein proteolytic
activation and the mechanism of membrane fusion promotion have been shown in recent years,
considerable diversity exists in the family related to receptor binding and the potential
mechanisms of fusion triggering.

Introduction and overview

The paramyxovirus family is composed of enveloped, negative-stranded RNA viruses, many
of which are major human pathogens [1]. Members of this family include human respiratory
syncytial virus (hRSV), the leading cause of viral lower respiratory tract infections in infants
and children worldwide, and measles virus, which remains a significant source of morbidity
and mortality in developing countries. In recent years, a number of new paramyxoviruses

have been recognized, including the Hendra and Nipah viruses, which are highly pathogenic
in humans and are the only identified zoonotic members of the paramyxovirus family [2].

Paramyxoviruses contain between six and ten genes, encoding proteins involved in critical
processes including transcription/replication (L, large polymerase; N, nucleocapsid and P,
phosphoprotein), assembly (M, matrix protein) and viral entry. Paramyxovirus entry into
target cells is mediated by two glycoproteins present on the viral membrane: the attachment
protein (termed HN for hemagglutinin-neuraminidase, H for hemagglutinin, or G for
glycoprotein, depending on the virus) and the fusion (F) protein (Figure 1A). Recent
examination by cryo-EM indicated that these glycoproteins are packed in a dense layer on
the viral surface [3]. Primary adsorption of the virus to the target cell is generally promoted
by the attachment protein, with sialic acid residues or cell surface proteins serving as
receptors. The F protein is then responsible for fusion of the viral membrane with a host cell
membrane. Paramyxovirus F proteins are trimeric type | integral membrane proteins initially
synthesized as non-fusogenic Fq precursors which require subsequent cleavage into the
fusogenic disulfide-linked F;+F, heterodimer (Figure 1B). This cleavage event places the
conserved fusion peptide at the N-terminus of the newly created F; subunit, priming the
protein for fusion activity. Most paramyxoviruses require their homotypic attachment
protein for membrane fusion activity, suggesting a role for F-attachment protein interactions
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in control of fusion [4-9]. The Hendra and Nipah F proteins interchangeably utilize the
Hendra and Nipah G proteins in the fusion process, and this fully functional bidirectional
heterotypic fusion activity is unique among paramyxoviruses [10]. Interestingly, some
paramyxovirus fusion proteins can promote membrane fusion in the absence of their
homotypic attachment protein [8,11,12], making the role of paramyxovirus attachment
proteins in membrane fusion unclear and potentially virus specific. Despite varying
sequence homology among paramyxoviruses and the diverse requirement for the attachment
protein, the positional conservation of a number of structural elements suggests a similar
mechanism of fusion. Membrane fusion is thought to be driven by very large conformational
changes [13] following triggering of the F protein, leading to exposure and insertion of the
fusion peptide into the target membrane and subsequent fusion of the viral and cellular
membranes.

Attachment proteins and receptors

For the majority of paramyxoviruses, interaction of the attachment protein with a cellular
receptor is necessary for virus binding to target cells, and for the triggering of F protein-
promoted fusion. All paramyxovirus attachment proteins characterized to date are type 1l
integral membrane proteins that form homotetramers [1,14] (Figure 1B). Attachment protein
nomenclature is defined by two characteristics: the ability or inability to bind sialic acid, and
the presence or absence of neuramidase activity (or the ability to cleave sialic acid). The
Respirovirus, Rubulavirus and Avulavirus attachment proteins are denoted HN, because
they bind sialic acid-containing glycoproteins or glycolipids on the cell surface
(hemagglutinin activity (H)) and also remove sialic acid from carbohydrates on viral
glycoproteins and other cell surface molecules (heuraminidase activity (N)), thus preventing
viral self-agglutination during budding [15]. The HN proteins differ in their binding affinity
for varying sialic acid-containing molecules [15], likely contributing to their differing
pathogenesis. The Morbillivirus attachment proteins (H) lack neuraminidase activity and
utilize protein cellular receptors instead of sialic acid. Measles virus H binds to CD46 or
SLAM (signal lymphocyte-activating molecule) receptors [16,17], potentially accounting for
the restriction of measles infection to higher primates. Downregulation of CD46 and SLAM
in infected cells presumably prevents viral aggregation during budding [18]. The
Pneumovirus and Henipavirus attachment proteins lack both hemagglutinin and
neuraminidase activity, and are therefore termed G (for Glycoprotein). The Hendra and
Nipah G proteins have been shown to bind EphrinB2 and EphrinB3 cellular receptors
[19,20]. The hRSV G protein has been shown to bind heparin [21] and cell surface
proteoglycans [22].

The crystal structures of a number of paramyxovirus attachment proteins have been
determined, including the HN proteins from Newcastle Disease virus (NDV), parainfluenza
virus 5 (P1V5) and human parainfluenza virus 3 (hPIV3), the H protein from measles virus
and the G protein from Nipah virus [23-29]. In all cases, a C-terminal globular head which
contains the receptor binding and the enzymatic activity site is observed to sit on top of a
membrane-proximal stalk domain. The globular head is composed of four identical
monomers arranged with 4-fold symmetry, each of the monomers consisting of a six-blade
B-propeller fold [23-28]. For the majority of HN proteins, a single binding site on top of the
globular head domain has both hemagglutinin and neuraminidase activity [24]. However,
NDV HN has been demonstrated to contain two sialic acid binding sites, one in the globular
head, and one at an interface between two dimers [28]. Interestingly, for measles virus H
protein, the CD46/SLAM binding sites are located toward the sides of the H protein p-barrel
[26,29]. This altered placement of the receptor binding domain led to the suggestion that
differences in sialic acid versus protein receptor binding may lead to different mechanisms
of fusion initiation [30]. However, the binding site for ephrinB2/B3 on Nipah G was
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recently shown to reside at the top of the globular head domain, in a similar position to HN
protein sialic acid binding sites, and a co-complex with ephrin-B3 revealed extensive
protein-protein interactions, including insertion of a portion of ephrin-B3 into the central
cavity of Nipah G [27]. Thus, conserved positioning of the binding site is seen for at least
some protein-binding and sialic-acid binding attachment proteins.

Interestingly, recent data suggests that the Pneumovirus attachment protein may not be
obligatory for attachment and entry in all cases. An attenuated hRSV missing the G protein
or hRSV and bovine respiratory syncytial virus (0RSV) recombinants lacking the G protein
were found to replicate in cell culture [31-33], indicating that the RSV F protein can provide
sufficient binding to allow viral entry. Similarly, the G protein from the recently identified
human metapneumovirus (HMPV) has been shown to be dispensible for growth in both cell
culture and animal models [34]. The hRSV F protein has been shown to bind to heparin
[35], though a recombinant hRSV virus lacking the G protein has been found to be less
dependent on glycosaminoglycans (GAGs) for attachment than the wild type virus [36],
suggesting interactions with a receptor in addition to GAGs. No specific receptor for the
RSV F protein has been identified, but a recent study indicates a role for a5p1 integrin-
HMPV F protein interactions in HMPV entry [37]. Finally, studies have shown that the
human asialoglycoprotein receptor (ASGP-R, a mammalian lectin) may be an attachment
factor for the Sendai F protein [38]. Thus, it seems possible that the process of
paramyxovirus attachment may be more complex than had previously been thought,
potentially involving interactions beyond those of the well-characterized attachment protein-
receptor. Interaction between the F protein and the target cell might allow for a final
selection step prior to triggering fusion.

Proteolytic processing of paramyxovirus F proteins

Proteolytic processing of the non-fusogenic precursor forms (Fg) of paramyxovirus fusion
proteins into the disulfide-linked heterodimer F1+F, is essential for formation of
fusogenically active proteins, as it primes the protein for fusion by positioning the fusion
peptide at the newly formed N-terminus of F41 [39]. While the requirement for proteolytic
processing is conserved among paramyxoviruses, the protease responsible for cleavage of
the Fg precursor varies. Many paramyxovirus F proteins are cleaved during transport
through the trans Golgi network by the ubiquitous subtilisin-like cellular protease, furin
[40]. Furin-mediated proteolytic cleavage occurs following R-X-K/R-R sequences and has
been demonstrated to occur in the F proteins of several paramyxoviruses including hRSV
[41], PIV5 [40] and mumps virus [42]. Interestingly, hRSV F has recently been shown to
undergo two N-terminal furin-mediated cleavage events, both of which are required for
fusion promotion [43,44]. The Hendra and Nipah F proteins, however, lack the R-X-K/R-R
consensus sequence for furin mediated cleavage. Instead, both the Hendra and Nipah F
proteins are cleaved by the endosomal/lysosomal protease cathepsin L following a single
basic residue in the N-terminal sequences VGDVK g and VGDVR g, respectively [45-
47]. Finally, some viral F proteins, including F proteins from HMPV [48,49] and Sendai
virus [50], are cleaved by tissue-specific extracellular proteases such as tryptase Clara and
mini-plasmin. Despite containing a minimal furin cleavage sequence (R-X-X-R), HMPV is
not cleaved intracellularly but requires exogenous protease addition for activation [51,52],
though intracellular cleavage has been observed in laboratory-expanded strains [52].

Regardless of the protease responsible for F cleavage, this step is essential for both virulence
and pathogenicity. The presence of single or multiple basic residues has been demonstrated
to modulate proteolytic processing and thus acts in determining pathogen virulence. NDV F
proteins containing multiple basic residues in proximity to the cleavage site are more
virulent and exhibit higher levels of dissemination throughout the host as compared to their
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F counterparts containing only one basic residue [53,54]. Proteolytic cleavage of F proteins
can also result in structural rearrangement as peptide antibodies directed to the P15 heptad
repeats recognized primarily the uncleaved form [55]. Interestingly, insertion of both multi-
basic cleavage sites present in RSV F into Sendai F leads to a decreased dependency on the
Sendai attachment protein and increased cell-cell fusion [56]. Thus cleavage of viral F
proteins constitutes a pivotal point in the viral life cycle affecting both pathogenesis and
virulence, most likely by reducing the energy required to promote the structural
rearrangements of the protein needed for membrane fusion activity.

Triggering of membrane fusion

Many viral fusion proteins contain both receptor-binding and fusion activities, suggesting a
straightforward model for how fusion is triggered by receptor binding. However, the
separation of these two functions in paramyxoviruses makes control of fusion triggering
more complex. Fusion-associated conformational changes in the F protein are thought to be
irreversible, leading to a non-fusogenically active post-fusion form of the protein. Thus, it is
extremely important that triggering is properly regulated both spatially and temporally [57].
The majority of paramyxovirus F proteins promote membrane fusion at neutral pH, with the
exception of F proteins from certain HMPV strains shown to be triggered by exposure to
low pH [11,58]. Thus, alterations in pH are not the universal trigger for paramyxovirus F
protein fusion. Substantial evidence suggests that for most members of the family, fusion
triggering involves specific interactions of the cleaved, metastable F protein with its
homotypic attachment protein [59-64]. Upon receptor binding, the attachment protein
“transmits” a signal to the F protein, potentially through conformational changes in the
attachment protein and/or changes in the F protein-attachment protein interaction. Structural
analysis of the NDV HN protein suggested significant conformational changes upon ligand
binding [23,28], but similar changes were not observed in the PIV5 or hPIV3 HN following
sialic acid binding [24,25], or in Nipah G following ephrin B3 binding [27]. Thus, a model
where receptor engagement results in subtle rearrangements and reposition of the fusion and
attachment proteins has been proposed [27].

The requirement for a homotypic attachment protein for fusion triggering suggests a specific
interaction between the fusion and attachment proteins, and considerable research has
focused on characterizing the physical interaction between these key proteins. Both co-
immunoprecipitation studies and antibody-induced co-capping analyses have demonstrated
interactions for the fusion and attachment proteins from a number of paramyxoviruses
[59,60,62,64,65]. Numerous studies indicate that the membrane proximal stalk domain of
the attachment protein is important for interaction with the fusion protein [6,9,65-68], but
residues present in the globular head domain [60,69,70] or the transmembrane domain
[14,71] have also been implicated. Studies have also indicated a role for the F protein TM-
proximal heptad repeat B region [72] or a region within the F protein globular head [73] in
these critical glycoprotein interactions.

Triggering of F protein-promoted membrane fusion is clearly also modulated by factors
beyond the attachment protein. A number of F protein mutations have been shown to affect
fusion triggering and/or the requirement for a homotypic attachment protein. The NDV F
protein requires its homotypic HN protein, but a single amino acid change (L289A) [12] can
remove this requirement in some cell types [74]. Substitution of the extended hRSV
cleavage-site into the Sendai F protein can modulate attachment protein dependence [56].
Mutations in the cytoplasmic tail of the SER virus have also been found to confer HN
independence to this F protein [75]. Several specific regions in paramyxovirus F proteins
have also been implicated in triggering, including the linker region immediately preceding
heptad repeat B [76,77], portions of heptad repeat A [78] and a conserved region of F, that
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interacts with heptad repeat A in the prefusion form [79]. The F protein from the PIV5 strain
WR, which normally requires the presence of an HN protein for function, can promote HN-
independent membrane fusion when present at elevated temperature [80], suggesting that the
requirement for HN triggering of F can also be replaced by conditions which destabilize the
F protein. For the HMPV F protein, low pH can efficiently trigger fusion for some strains,
and no requirement for an attachment protein is observed [11,58]. Additionally, hRSV, PIV5
strain W3A, and Sendai virus F proteins can also mediate membrane fusion even in the
absence of their attachment protein [36,38,81], suggesting that their F proteins have a lower
energy requirement to transition from their metastable state [39], and do not require the
presence of an attachment protein to stabilize the prefusion form.

The time and place where the fusion and attachment proteins interact is critical to
understanding the mechanism of fusion control, but the details of these interactions are still
under investigation, and may vary between viruses. One proposed model (Figure 2, Model
1) suggests that the initial interaction between the two glycoproteins occurs within the
endoplasmic reticulum (ER) at the time of synthesis, potentially allowing the attachment
protein to hold the F protein in its prefusion conformation until after receptor binding.
Studies of measles virus [82,83] and NDV [62] support this model, but recent studies of the
Henipavirus glycoproteins suggest differential trafficking through the secretory pathway
[84,85]. In addition, fusion proteins which do not require their attachment protein for
function do not fit this model, as they clearly maintain their prefusion state independently.
The fusion and attachment proteins may instead traffic separately through the secretory
pathway, arriving at the cell surface independently. Interaction could then occur, with
subsequent disruption of the F protein-attachment protein interaction by receptor binding
leading to fusion triggering (Figure 2, Model 2). Recent studies of Hendra and Nipah fusion
support this model, as it was shown that G mutations that inhibit F-G interaction also inhibit
the fusion process [66], and that fusion promotion also correlates inversely with F-G avidity
[59,60]. Alternatively, interaction between the two proteins may not occur until after the
attachment protein binds its receptor (Figure 2, Model 3). Interactions between the NDV F
and HN protein have been demonstrated only in the presence of receptor, and mutations
which alter receptor binding decrease both fusion and F-HN interactions [86,87], supporting
this model. Finally, the attachment protein is not required to interact with F for fusion
promotion in some cases, although receptor binding likely facilitates the process by bringing
the two membranes into close proximity (Figure 2, Model 4). The HMPV F protein has
replaced the requirement for an attachment protein with a low pH-induced triggering [11],
with electrostatic repulsion in the HRB linker domain shown to be critical for the triggering
process [77]. It is unclear which factors drive triggering of other attachment protein-
independent paramyxovirus fusion proteins.

Paramyxovirus F protein-mediated membrane fusion

Fusion between the viral envelope and cell membrane presents a daunting challenge for
enveloped viruses. To drive membrane merger, the virus must provide sufficient energy to
deform opposing bilayers, ultimately resulting in the formation of a fusion pore and the
release of the viral genome inside the cell (Figure 3A). Promotion of this energetically
demanding process is driven by viral fusion proteins, including HIV env (envelope protein),
influenza HA and the paramyxovirus F proteins, which act as molecular machines driving
fusion through a series of dramatic conformational changes (reviewed in [88]). Despite little
sequence homology between these disparate class | fusion proteins, all share common
features including glycosylation, trimerization, the need for proteolytic cleavage and
conserved sequence motifs [39]. Thus, it is likely that they mediate membrane fusion
through very similar mechanisms.
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Paramyxovirus F proteins, like other class I fusion proteins, are present in their metastable,
prefusion conformation prior to fusion activation [88]. Following proteolytic processing and
triggering, a series of conformational changes lead to the formation of a more stable, post-
fusion form of the protein, with the energy released utilized to drive the fusion process.
Understanding of paramyxovirus F protein-mediated membrane fusion has increased greatly
with the recent crystal structures of the prefusion form of the PIV5 F protein [89] and of the
postulated postfusion forms of the NDV and hPIV3 F proteins [90-92]. Despite these
advances, many important questions related to key intermediates remain. Research to date
on a number of paramyxovirus F proteins suggests a model for membrane fusion which
demonstrates the importance of key conserved regions within the F protein (Figure 3B). In
the prefusion form, the heptad repeat A domains (HRA, blue) are separated, the hydrophobic
fusion peptide (FP) is buried, and the heptad repeat B regions HRB regions (HRB, red)
interact in a coiled-coil conformation. Following triggering, conformational changes result
in the release of the fusion peptide, formation of a long HRA coiled-coil, and subsequent
insertion of the fusion peptide into the target membrane [93]. The HRB regions separate,
and subsequent refolding leads to formation of a hairpin structure which positions HRB in
an anti-parallel fashion within the grooves of the HRA trimeric coiled-coil. It is
hypothesized that the formation of this six-helix bundle complex provides at least a portion
of the energy needed for the merging of the lipid bilayers [13]. Subsequently, the fusion pore
expands, and this expansion step is hypothesized to be the most energetically costly stage of
the membrane fusion process [94].

Route of paramyxovirus entry

Enveloped viruses can enter cells either via receptor-mediated endocytosis or by direct
fusion between the viral envelope and the plasma membrane. Viruses that require low pH
for fusion, such as influenza virus and vesicular stomatitis virus (VSV), utilize the cellular
endocytic machinery to enter cells, as vesicles from the major endocytic pathways converge
into acidified endosomes [95]. Other viruses such as Ebola require endocytosis to expose
their fusion proteins to pH-dependent proteases before membrane fusion can occur [96,97].
In these cases, viral-cell fusion occurs somewhere within the endocytic pathway. Viruses
with pH-independent fusion proteins, such as paramyxoviruses and retroviruses, are
generally thought to enter cells at the plasma membrane, as the majority of viruses from
these families can efficiently infect cells in the presence of agents such as ammonium
chloride that raise the endosomal pH. However, recent studies suggest that some viruses
with pH independent fusion proteins may still utilize endosomal entry routes [98]. Most
paramyxovirus F proteins can induce cell-cell fusion when expressed on the cell surface at
neutral pH, leading to the formation of giant multinucleated cells termed syncytia. These
experiments clearly indicate that the triggering for most paramyxovirus F proteins is pH-
independent, with the exception of the HMPV F protein [11]. However, these experiments
do not directly address the site of virus-cell fusion.

Though paramyxoviruses have generally been thought to enter at the plasma membrane,
recent evidence points towards a more complex mechanism of cell entry for at least some
members of the family. Internalization of viral particles prior to fusion has been noted for
Sendai virus [99] and Nipah virus [100]. Chemical agents that sequester cholesterol have
recently been shown to disrupt NDV infection, indicating that this paramyxovirus could be
utilizing caveolin-mediated endocytosis as an entry pathway [101]. Endocytosis has also
been implicated in hRSV entry, as hRSV infection was decreased in cells expressing
SiRNAs against key components of the clatrhin-mediated endocytosis pathway, namely the
clathrin light chain, the clathrin-adapter complex, dynamin 3, and the small GTPase Rab5A.
Further experiments utilizing chemical inhibitors as well as dominant negative proteins
further supported the hypothesis that hRSV may at least partially utilize clathrin-dependent
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endocytosis to establish an active infection [102]. Recent work indicates that HMPV may
utilize the cellular endocytic machinery for entry, as treatment with chlorpromazine, an
inhibitor of clathrin-mediated endocytosis, conferred protection against this virus.
Furthermore, dynasore, a small molecule inhibitor of dynamin, a protein required in the final
step of vesicle formation in both clathrin-and caveolin-mediated endocytosis, was highly
effective at blocking HMPV infection, reducing infection levels by up to 90% [77]. For
some strains, HMPV F protein triggering is strongly stimulated by low pH [11], suggesting a
role for the lower endosomal pH in entry, and inhibitors of endosomal acidification like
bafilomycin A1, concanamycin, ammonium chloride, and monensin have all shown some
efficacy at preventing HMPV infection [77]. Thus, reports to date indicate that at least some
members of the paramyxovirus family utilize endocytic entry routes. Endosomal entry could
potentially protect viruses from the host immune system and provide unique environments,
in addition to lowered pH, that assist in productive infection. Further work is needed to more
fully characterize the entry pathways utilized by paramyxoviruses.
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Figure 1. Schematic of paramyxovirus virion and surface glycoproteins

A) Schematic of a paramyxovirus; viral membrane shown in blue. B) Conserved domains of
paramyxovirus fusion and attachment proteins. Domain abbreviations: fusion peptide (FP,
orange); heptad repeat A (HRA, blue); heptad repeat B (HRB, red); transmembrane domain
(TMD, black); cytoplasmic tail (C-Tail, dotted box); disulfide bond (S-S).
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Figure 2. Potential mechanisms of paramyxovirus fusion protein triggering
Attachment protein shown with orange head domain and blue stalk, fusion protein shown in
blue/green head domain and red stalk region, receptor shown in grey.
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Figure 3. Models of lipid and protein fusion intermediates

A) Lipid intermediates culminating in the formation of a full fusion pore. B) Proposed
fusion protein intermediates with subsequent formation of the post-fusion six-helix bundle.
Fusion peptide,orange; heptad repeat A, blue; heptad repeat B, red; transmembrane domain,
black.
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