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The Paramyxoviridae include some of the great and ubiquitous disease-causing viruses of humans and
animals. In most paramyxoviruses, two viral membrane glycoproteins, fusion protein (F) and receptor
binding protein (HN, H or G) mediate a concerted process of recognition of host cell surface molecules
followed by fusion of viral and cellular membranes, resulting in viral nucleocapsid entry into the cytoplasm.
The interactions between the F and HN, H or G viral glycoproteins and host molecules are critical in
determining host range, virulence and spread of these viruses. Recently, atomic structures, together with
biochemical and biophysical studies, have provided major insights into how these two viral glycoproteins
successfully interact with host receptors on cellular membranes and initiate the membrane fusion process to
gain entry into cells. These studies highlight the conserved core mechanisms of paramyxovirus entry that
provide the fundamental basis for rational anti-viral drug design and vaccine development.
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Introduction

Paramyxoviruses are a diverse family of viruses, which includes
many human and animal pathogens that are of global importance
to public health and economy. Highly infectious pathogens like
respiratory syncytial virus (RSV), measles virus (MeV), mumps
virus (MuV), parainfluenza viruses 1-5 (PIV1-5) and human
metapneumovirus (hMPV) contribute significantly to the annual
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global disease burden in humans, infecting millions of individuals
worldwide and leading to a large number of deaths in areas having
inadequate health care resources. Many of these viruses are also
re-emerging in previously immune populations due to a decrease
in vaccination and corresponding breakdown of herd immunity
(Gahr et al., 2014; Munoz-Alia et al., 2014; Rubin et al., 2012; Yang
et al., 2014). Other paramyxoviruses are more sporadic in their
outbreaks and viruses like the zoonotic Nipah virus (NiV) and
Hendra virus (HeV) cause deadly localized outbreaks, resulting in
high morbidity and mortality in human populations around the
world. NiV and HeV are classified as Biosafety Level 4 (BSL-4)
select agents. Cases of human-to-human transmission of NiV have
become more prevalent in recent outbreaks in Bangladesh gen-
erating significant concern in terms of the epidemiology and
transmission of these diseases (Daszak et al., 2012; Luby et al.,
2009, 2006; Mahalingam et al., 2012). Animal viruses like the
Newcastle disease virus (NDV) cause severe and sometimes fatal
epidemics in poultry populations, leading to extensive economic
losses. Canine distemper virus (CDV) is a fatal, highly contagious
disease affecting canines. Many recent host reservoir sampling
studies have indicated that a large number of paramyxoviruses
remain undiscovered and uncharacterized, with no existing
knowledge of the zoonotic potential, spread or host range of
these viruses (Drexler et al., 2012; Lamb and Parks, 2013; Marsh
et al., 2012). Both well-characterized and yet undiscovered
paramyxoviruses highlight the considerable hazard posed by
such emerging pathogens in an era of increasing global popula-
tion, human-wildlife territorial conflicts and international
travel.

Paramyxoviruses are enveloped viruses harboring a negative-
sense RNA genome. Based on sequence homology and protein
functions, paramyxoviruses are classified into two sub-families -
Pneumovirinae and Paramyxovirinae, with the two sub-families
further divided into multiple genera (Fig. 1). Like most viruses,
paramyxoviruses utilize molecules present on cellular mem-
branes, to identify host cells. Attachment via these viral ‘recep-
tors’ leads to fusion of viral and cellular membranes and entry of
the viral genome in the form of a nucleocapsid, into the host cell
cytoplasm (Lamb and Parks, 2013). To infect host cells, most
paramyxoviruses depend on the concerted actions of two major
glycoproteins present on the viral membrane, namely the attach-
ment protein (HN, H or G), and the fusion (F) protein (Heminway
et al., 1994a; Horvath et al,, 1992; Hu et al., 1992; Morrison and
Portner, 1991; Yao et al., 1997). The membrane fusion event that
mediates viral entry appears to occur at neutral pH on the plasma
membrane for most paramyxoviruses. Unlike viruses of the
subfamily Paramyxovirinae, in members of the subfamily Pneu-
movirinae, the F protein was found to be sufficient for viral
propagation in cell culture (Biacchesi et al., 2005, 2004; Karron
et al., 1997) and the cellular pathway of entry for this subfamily of
viruses is yet unclear with membrane fusion at the cell mem-
brane (Srinivasakumar et al., 1991), clathrin-mediated endocyto-
sis (Kolokoltsov et al., 2007; Schowalter et al., 2009, 2006) or
macropinocytosis (Krzyzaniak et al., 2013), suggested as entry
routes for various members of this subfamily. Clathrin-mediated
endocytosis (CME) was proposed as an entry pathway for RSV
based on interactions with clathrin light chain proteins
(Kolokoltsov et al., 2007) and association with cholesterol micro-
domains and membrane Rho-GTPases, (San-Juan-Vergara et al.,
2012). Recently, Krzyzaniak and colleagues suggested macropi-
nocytosis as the initial uptake step of RSV, based on the
dependence of RSV infection on Rab5 and other
macropinocytosis-associated proteins (Krzyzaniak et al., 2013).
Thus Pneumovirinae appear to utilize one or more of these
pathways to gain access to the host cell cytoplasm, while
Paramyxovirinae primarily utilize the cellular surface entry route.

Family Paramyxoviridae

— Subfamily Paramyxovirinae

[ Genus Aquaparamyxovirus:
Atlantic salmon paramyxovirus

— Genus Avulavirus:
Newcastle disease virus,
avian paramyxoviruses (types 2-9)

—{Genus Ferlavirus:
Fer-de-Lance paramyxovirus

[—|Genus Henipavirus:
Hendra virus, Nipah virus, Cedar virus

—|Genus Morbillivirus:

measles virus, canine distemper virus, cetacean
morbillivirus, peste-des-petits-ruminants virus,
phocine distemper virus, rinderpest virus

- Genus Respirovirus:
Sendai virus, human parainfluenza virus (types 1 and 3),
bovine parainfluenza virus (type 3), simian virus 10

L—|Genus Rubulavirus:

mumps virus, parainfluenza virus 5, human parainfluenza
virus (types 2, 4a, 4b), Mapuera virus, porcine rubulavirus,
simian virus 41

—Subfamily Pneumovirinae

Genus Pneumovirus:
respiratory syncytial virus, bovine respiratory syncytial
virus, murine pneumonia virus

Genus Metapneumovirus:
human metapneumovirus, avian metapneumovirus

—Yet to be classified

Tupaia virus, Menangle virus, Tioman virus, Beilong virus,
J virus, Mossman virus, Salem virus, Nariva virus

Fig. 1. Family Paramyxoviridae. Classification of viruses in the family Paramyxovir-
idae, showing subfamilies - Paramyxovirinae and Pneumovirinae, along with the
various genera and representative examples of each genus.

Gaining access to the cytoplasm: viral membrane fusion
proteins

Paramyxovirus glycoproteins F and HN, H or G are important for
the initial infection step, as well as subsequent cell-cell spread. The
latter mode of transmission has being suggested as the major
clinical route of spread within tissues of a living host (Duprex et al.,
1999; Ehrengruber et al., 2002; Sattentau, 2008). F and HN, H or G
transiently expressed in cells are able to cause cell-cell fusion,
potentially creating a transmission route for the viral nucleocapsid
between adjacent cells (McChesney et al., 1997). Additionally, a
recent report shows a secondary route for cell-cell spread of PIV5
using actin-associated intercellular connections that may bypass
membrane fusion requirements between some cells of a tissue
(Roberts et al., 2015).

Paramyxovirus F proteins are Class I viral membrane fusion
proteins which are structurally and functionally similar to other Class
[ viral membrane fusion proteins from viruses that include Ebola
virus, human immunodeficiency virus (HIV), influenza virus and
severe acute respiratory virus-coronavirus SARS-CoV among many
others (Bartesaghi et al., 2013; Caffrey et al., 1999; Chan et al., 1997;
Julien et al,, 2013; Lee et al., 2008a; Li et al., 2005; Malashkevich et al.,
1999; Mclellan et al., 2013, 2011; Pancera et al., 2014; Swanson et al.,
2010; Varghese and Colman, 1991; Weissenhorn et al., 1998; Wiley
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and Skehel, 1977, 1987; Wilson et al,, 1981; Yin et al,, 2005, 2006;
Zhao et al., 2000), reviewed in (Lamb and Jardetzky, 2007). F proteins
on synthesis fold into a metastable, prefusion trimer conformation
(Fig. 2A-B). The transition of these metastable, higher energy prefu-
sion trimers to stable, low energy post-fusion trimers drives the
process of viral and cellular membrane merger down an energy
gradient without requiring ATP hydrolysis, making this transition
irreversible in nature (Lamb et al, 2006) (Fig. 2C). Ultimately F
proteins are converted to their stable post-fusion trimeric form on
completion of membrane merger (Fig. 2D-F). For the Paramyxovirinae
subfamily, the attachment proteins are believed to provide the trigger
for this refolding process by overcoming an activation energy barrier
when they bind a cellular receptor (Heminway et al., 1994a; Horvath
et al, 1992; Hu et al.,, 1992; Morrison and Portner, 1991; Yao et al.,
1997). Heat acting as a surrogate can also be used to artificially
overcome this thermodynamic barrier and convert prefusion F to its

post-fusion form (Ader et al., 2013; Bose et al., 2012; Chan et al., 2012;
Connolly et al., 2006).

Cleavage by cellular and tissue proteases converts F into an
active, pre-triggered form

Paramyxovirus F proteins, like the other Class I fusion proteins are
synthesized as a biologically inactive precursor (Fy) that has to be
cleaved to the biologically active form, F; and F,, which are linked
together by a disulfide bond. Cleavage releases a hydrophobic fusion
peptide at the N-terminus of the membrane anchored F; fragment.
The cleaved F; protein on activation by the attachment protein or
heat undergoes a refolding process that results in the fusion peptide
being inserted into the target membrane. Subsequent refolding,
through a ‘hairpin-like’ intermediate brings together the viral and

C D

1 2 3
Cell Membrane
Pre-fusion

Cell Membrane Cell Membrane

Open Stalk Pre-
hairpin

RSV

Viral Membrane Viral Membrane Viral Membrane

B
Refolded Post-
HRB linker fusion

G

i
NDV F
postfusion

PIV5 F prefusion

PIV5 F prefusion

Fig. 2. The fusion proteins of paramyxoviruses mediate merger of viral and cellular envelopes through molecular refolding. (A-B) Atomic resolution structures of paramyxovirus
F proteins in their prefusion forms, (A) RSV F (PDB ID: 4JHW), B) PIV5 F (PDB ID: 2B9B). The fusion protein domains are colored as follows: domain I, yellow; domain II, red;
domain III, purple; fusion peptide, pink; HRB domain, blue. C) Schematic model depicting proposed rearrangements of the activated prefusion F proteins leading to fusion
peptide insertion in the target membrane and refolding into a post-fusion form through a series of intermediates, eventually causing membrane merger. (D-F) Atomic resolution
structures of paramyxovirus F proteins in their post-fusion forms, (D) RSV F (PDB ID: 3RRT), (E) hPIV3 F (PDB ID: 1ZTM) and (F) NDV F (PDB ID: 3MAW). In addition to the color-
coding scheme described above, the HRA domain is colored green for (C-F). (G) Surface representation of the PIV5 F prefusion trimer (PDB ID: 2B9B) showing the potential areas
of attachment protein interaction. Positions of mutations in the Ig-like domain and the adjoining hydrophobic cavity and the bordering flexible strap are shown. Various colors
mark the residues that are important for interaction of PIV5 F with PIV5 HN (cyan) or MeV F and MeV H (black) (based on sequence alignment) or residues that affect both PIV5
F/HN and CDV F/H interactions (based on sequence alignment) (green) or residues that affect both MeV F/H and PIV5 F/HN interactions (slate) or those that align for all the three
F proteins above and disrupt all three pairs of F-HN or F-H interactions (silver). (H) Cartoon depiction of the PIV5 F structure showing the ‘strap’ region composed of beta sheets.
The protomers of the F are colored variously. The most dynamic peptides identified by FPOP labeling during the process of F-refolding are marked in red. A region of the strap
responsible for transfer of HN specificity between closely related paramyxoviruses is shown in blue. Point mutations that destabilize PIV5 F (green) or MeV F (pink) or CDV F
(yellow) are located on this ‘strap’ region or within the adjoining hydrophobic cavity at the junction of two protomers of F.
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cellular membranes for merger (Jardetzky and Lamb, 2014; Lamb and
Jardetzky, 2007; Lamb et al., 2006) (Fig. 2C). For most paramyxo-
viruses, the cleavage activation event is believed to occur in the trans
Golgi network, through the action of cellular furin-like proteases
during F protein transport to the cellular surface (Homma, 1971;
Homma and Ohuchi, 1973; Muramatsu and Homma, 1980; Scheid
and Choppin, 1974). For Henipaviruses, the Fy protein is recycled from
the cell surface by endocytosis into endosomes, where it is cleaved by
cathepsin L (Diederich et al, 2005; Pager et al, 2006; Pager and
Dutch, 2005). Most paramyxovirus Fo proteins have a single cleavage
site, but the RSV F protein is cleaved at two sites, releasing a short,
soluble peptide fragment (Gonzalez-Reyes et al., 2001). Recently,
Krzyzaniak and colleagues demonstrated a sequential cleavage of
RSV-F with the first cleavage occurring during its transport through
the exocytic pathway to the cell surface and a second cleavage, by a
furin-like protease, occurring after the virus particle is internalized
into endosomes by macropinocytosis (Krzyzaniak et al., 2013). This
second cleavage has been implicated to destabilize F and initiate
refolding leading to membrane fusion (Gonzalez-Reyes et al., 2001).
Interestingly, a similar hypothesis has very recently been suggested
for another Class I fusion protein - the Middle Eastern Respiratory
Syndrome Coronavirus (MERS-CoV) S (spike) protein, perhaps sug-
gesting a convergence of molecular mechanisms of fusion (Burkard
et al.,, 2014; Millet and Whittaker, 2014). Other examples of Class |
fusion proteins like SARS-CoV S and Ebola virus GP, are likewise
proteolytically activated in the endosomal compartment (Chandran
et al,, 2005; Simmons et al., 2004). Interestingly, transplanting the
two RSV F cleavage sites into Sendai virus (a member of the
Paramyxovirinae subfamily) F protein caused the Sendai F protein
to lose its dependence on the Sendai HN protein for activation
(Rawling et al., 2011, 2008) presumably because the sequential
cleavage of the RSV F cleavage sites destabilized the chimeric F
protein. Though the mechanism for F-activation is yet unclear for
RSV, taken together, these data suggest that perhaps F proteins from
some viruses of the Pneumovirinae subfamily, with their unique
sequential cleavage and the minimal requirement for an attachment
protein for fusion, might share the molecular mechanisms of F
activation more closely with viruses that utilize a single Class I fusion
protein for receptor binding and fusion.

Unlike the Pneumovirinae however, for the Paramyxovirinae sub-
family of viruses, the single cleavage event of F is not sufficient to
trigger F to refold from its prefusion to post-fusion form. A soluble
form of the PIV5 F protein when cleaved did not show significant
changes in the conformation of its metastable, prefusion form (Welch
et al,, 2012). In addition, biochemical data shows that cleaved F can be
detected on the surface of cells using prefusion F antibodies (Connolly
et al,, 2009, 2006). Thus for Paramyxovirinae, the timing and location of
membrane fusion is determined by interaction with the attachment
protein, when the latter binds to receptors on the host cell.

Atomic structures and biophysical studies of paramyxovirus F
proteins provide insights into the refolding process that lead to
membrane fusion

The exact steps involved in the refolding event converting F
from a prefusion form to a post-fusion form are not yet completely
understood, but biochemical and biophysical evidence, together
with X-ray crystal structures have started to provide a clearer
picture of how cellular and viral membranes are fused by F
proteins. Atomic structures of F proteins from various paramyx-
oviruses — hPIV3, RSV and NDV, have been obtained in their post-
fusion forms (McLellan et al., 2011; Swanson et al., 2010; Yin et al.,
2005; Zhao et al., 2000) (Fig. 2D-F). In addition, atomic structures
of stabilized prefusion forms of PIV5 F and more recently,
RSV F have been obtained (Fig. 2A-B) (McLellan et al., 2013; Yin

et al, 2006). The human metapneumovirus F (hMPV-F) was
co-crystallized with an anti-hMPV-F antibody, and it was found
that the hMPV-F structure partially resembled the prefusion form
(Wen et al., 2012). All the paramyxovirus F proteins known so far
are trimeric in nature. There was a strong structural conservation
across F proteins obtained from the various paramyxoviruses.
Comparison between prefusion and post-fusion atomic structures
of RSV F and comparison between the prefusion structure of PIV5 F
and the post-fusion structure of the closely related hPIV3 F show
that the prefusion F proteins assume a more rounded shape of the
globular heads, while the post-fusion F proteins' globular heads
are angular in shape. This difference in shape of the F protein
heads can also be observed through electron microscopy of
purified soluble forms of prefusion and post-fusion F (Connolly
et al, 2006). In the F protein structures the head domains are
composed of domains [, Il and IIl. Heptad repeat regions HRA and
HRB flank these domains. In the prefusion forms of F, HRA
domains remain globular with a series of short connected helices
and HRB domains form the C-terminal stalk of the trimer, which
leads into the transmembrane domain followed by a short cyto-
plasmic tail (Fig. 2A-B). On cleavage and activation, the HRA
regions convert from a set of compact helical structures into an
extended 107 A long helical trimeric coiled-coil domain with
hydrophobic fusion peptides at their end. Short peptides targeted
to trap F proteins during refolding, suggested that paramyxovirus F
proteins at this stage attain an extended intermediate conforma-
tion followed by a hairpin structure, during its transition along the
energy landscape towards a final stable post-fusion form (Chan
et al., 2012; Russell et al., 2001, 2003). The extended intermediate
stage is probably where the liberated fusion peptides of the F
trimer insert into the host cell membrane (Fig. 2C), and when
visualized by electron microscopy, show the F protein bridging
two cellular membranes at an average distance of 210 A (Kim et al.,
2011). The HRB domains on the other hand come apart from the
central core of the globular head and flip around 196° and ‘zipper
up’ with the HRA trimeric coiled-coil to form a stable 6-helix
bundle (6HB), which is characteristic of Class I fusion protein
structures obtained so far from a variety of viruses (Lamb and
Parks, 2007). However, a recent study has suggested that the final
step of full zippering up of the heptad repeat domains to form a
complete 6HB is not an absolute requirement for membrane
fusion. A partially completed 6HB is able to bring the membranes
close enough for merger (Brindley et al., 2014). A more detailed
insight into the refolding process of F has recently been obtained
(Poor et al, 2014). This study utilized oxidative footprinting,
followed by high performance liquid chromatography and tandem
mass spectrometry (HPLC-MS-MS) to observe the transitions of
the refolding process during F-activation by incubation of purified
PIV5 F protein at various temperatures. In this study, it was found
that the 'strap' peptide was the first region of F to be released
(Poor et al., 2014).

Once F is triggered, successful membrane merger requires that
the target membrane must be within the range of insertion of the
fusion peptide, estimated at a distance of ~210A (Kim et al.,
2011). The viral membrane attachment proteins HN, H or G, bound
to receptors on the host membrane presumably brings cellular and
viral membranes within this range such that productive insertion
of the F fusion peptide into the target membrane can occur to
initiate the fusion process. However, due to the irreversible nature
of the F refolding process, this event must be triggered only at the
correct time and location when the anchoring and target mem-
branes are physically within the above range. Recent structural
and functional studies of various paramyxovirus HN, H and G
proteins have yielded significant insights into this precisely
choreographed process between the fusion protein and the attach-
ment protein that results in viral entry.
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Multifunctional attachment proteins recognize and bind to
host cell molecules as receptors

To detect and bind the host cell, most paramyxoviruses have
evolved to recognize a variety of cellular surface molecules as viral
receptors through their attachment proteins. The Paramyxovirinae
subfamily viruses that bear HN as the attachment protein (e.g.
parainfluenza viruses 1-5, mumps virus and NDV) bind to sialic acid
as receptor. In addition, these HN proteins cleave sialic acid from
complex carbohydrate chains on glycoproteins and glycolipids (neur-
aminidase activity). This enzymatic activity occurs during egress
from the cell to prevent the progeny virus from re-associating with
the same cell or themselves. The affinities of different HN proteins to
their receptors vary according to the virus type (Villar and Barroso,
2006) and receptor binding preferences to different sialic acid end
glycans have been extensively studied in paramyxoviruses hPIV1-3
(Song et al., 2011). On the other hand, those viruses bearing H or G as
the attachment protein bind protein receptors. MeV H binds to cell
surface molecules CD46, CD150/SLAM or Nectin-4, depending upon
virus strain and tissue type (Dorig et al., 1993; Manchester et al.,
2000; Muhlebach et al., 2011; Naniche et al., 1993; Noyce et al., 2011;
Tatsuo et al., 2000, 2001). Receptors bound by the NiV and HeV G
proteins include Ephrin B2 and Ephrin B3 (Bonaparte et al., 2005;

1
1
1
1
1

Membrane I ———

Negrete et al., 2005, 2006). Viruses classified under the Pneumovir-
inae subfamily (e.g. RSV, hMPV) incorporate a G protein different
from those found in the Paramyxovirinae subfamily, in terms of size,
sequence and domain composition (Doreleijers et al., 1996; Langedijk
et al,, 1996). The available data suggests that RSV or hMPV G proteins
may be dispensable in tissue culture (Biacchesi et al., 2005, 2004;
Karron et al., 1997), but the presence of RSV G appears to somewhat
enhance cell-cell fusion activity of RSV F in transfected tissue culture
monolayers (Heminway et al., 1994b). These results suggest that RSV
or hMPV F could itself bind host cell receptors. Molecules including
intercellular adhesion molecule-1 (ICAM-1), heparin, annexin II,
integrins and heparan have been proposed as receptors for RSV F
or hMPV F (Behera et al, 2001; Chang et al., 2012; Krusat and
Streckert, 1997; Malhotra et al., 2003). However, the specific role of
those molecules in RSV or hMPV entry is not clear as multiple viruses
are known to bind to host cells initially through weak interactions
with these ubiquitously expressed cell surface molecules. Recently,
nucleolin was reported as a receptor for RSV F based on the
observation that expression of human nucleolin renders non-
permissive Spodoptera frugiperda (Sf9) cells susceptible to infection
(Tayyari et al, 2011). However, based on tissue and cell surface
distributions, the presence of nucleolin in a large 500 kD multi-
protein complex, the lack of membrane anchoring domains of

S

Membrane I ——

CT

Fig. 3. Various observed arrangements of paramyxovirus HN proteins in X-ray crystal atomic structures suggest a molecular mechanism of activation of the fusion protein.
(A) NDV HN ‘4 heads down’ arrangement (PDB ID: 3T1E), (B) PIV5 HN ‘2 heads up-2 heads down arrangement (PDB ID: 4JF7) and (C) PIV5 HN receptor binding domains in a
‘4 heads up arrangement’ (PDB ID 1Z4X) placed with respect to the PIV5 HN stalk 4HB domain (PDB ID: 3TSI). (D-E) Variations in interaction surfaces between the globular
head domains and the stalk 4HB domains of (D) NDV HN (PDB ID: 3T1E) and (E) PIV5 HN (PDB ID: 4JF7). The respective F-activation domains on the two stalk 4HBs are
highlighted in red. The single charged residue that determines specificity between Rubulaviruses is highlighted in blue on the PIV5 HN stalk. (F) Images reconstructed from
X-ray crystal structures by aligning the PIV5 HN stalk structure (PDB ID: 3TSI) with the PIV5 HN 4-heads up structure (PDB ID 1Z4X). The 20 ectodomain residues missing
from the PIV5-HN stalk structure have been replaced by dotted lines. Cleaved PIV5 F-GCNt (PDB ID: 4GIP) is modeled next to the constructed PIV5 HN ‘4 heads up’
conformation described above to indicate the approximate relative heights of the interacting surfaces of the two glycoproteins.
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nucleolin, and the fact that nucleolin-RSV F interactions are abolished
in the presence of heparin (Holguera et al., 2014; Srivastava and
Pollard, 1999), the specific role of nucleolin as a receptor in RSV entry
is as yet unclear.

Receptor binding by the attachment proteins initiates
activation of the fusion protein

Paramyxovirus attachment proteins are single-pass, type II
membrane proteins. X-ray crystal structures and electron micro-
graphs of soluble attachment protein ectodomains from a variety
of different paramyxoviruses have indicated that HN/H or G
ectodomains consist of a large globular head connected to a stalk.
The atomic structures of the HN, H or G globular head domains
have been determined for PIV5, NDV, NiV, HeV, MeV and hPIV3
(Bowden et al., 2008a, 2010; Colf et al., 2007; Crennell et al., 2000;
Hashiguchi et al., 2007, 2011; Lawrence et al., 2004; Santiago et al.,
2010; Xu et al., 2008; Yuan et al., 2012, 2011, 2005), and were
found to be highly conserved in terms of protein secondary
structure folds and overall shape. The globular head domain of
HN, H or G binds receptor through a typical six-bladed p-propeller
fold common to sialidases. In HN proteins, sialic acid is bound
through an active site in the center of the -propeller fold; NiV and
HeV G proteins bind Ephrin B2 or B3 through residues located on
the top of the G globular head (Bowden et al., 2008a; Xu et al.,
2008) and various binding sites were identified on the sides of the
MeV H heads that bind CD46, CD150/SLAM or Nectin-4 (Colf et al.,
2007; Hashiguchi et al.,, 2007, 2011; Mateo et al., 2013, 2014;
Santiago et al., 2010). In NDV HN and hPIV3 HN, evidence has been
presented of a second sialic acid binding site, which lacks
neuraminidase activity (Bousse et al., 2004; Mahon et al., 2011;
Porotto et al., 2012b; Zaitsev et al., 2004). An atomic structure of
the globular head domain of NDV HN from a low virulence
(lentogenic) strain (Ulster) (Yuan et al., 2012) showed a longer
C-terminal extension (Gorman et al., 1990; Nagai et al., 1976;
Sakaguchi et al., 1989) that was found to be involved in auto-
inhibition of receptor binding by obscuring both the primary and
secondary sialic acid receptor binding sites of NDV HN (Yuan et al.,
2012). Proteolytic cleavage of this C-terminal extension is required
for receptor binding and fusion in these NDV strains (Yuan et al.,
2012). However for hPIV3 HN, the second receptor binding site is
masked by an N-linked glycan at residue 523, and removal of this
N-glycan by mutating the residue at position 523 restores activity
of this second site (Mishin et al., 2010) making it difficult to draw
conclusive interpretations from results obtained in a study that
investigated the biological significance of the second site in hPIV3
HN (Porotto et al., 2006, 2007).

The atomic structures of the attachment proteins together with
numerous biochemical and biophysical studies (Bossart et al., 2005;
Bowden et al., 2008b; Brindley and Plemper, 2010; Ng et al., 1990;
Yuan et al., 2008, 2005) indicate that all of the HN, H or G proteins
show a tetrameric or more precisely, a dimer-of-dimer arrangement
of the globular heads, with the stalk domains playing a major
stabilizing role in the oligomerization process through covalent or
non-covalent associations (Ng et al.,, 1990, 1989; Parks and Lamb,
1990; Yuan et al.,, 2008). The two X-ray crystal structures of the stalk
domains of paramyxovirus attachment proteins obtained thus far
indicate that the stalk domains of NDV HN and PIV5 HN proteins are
4-helix bundles (4HBs), with strong central hydrophobic cores (Bose
et al., 2011; Yuan et al., 2011) (Fig. 3A-C). Based on these structures,
subsequent studies have shown that sequences of other paramyx-
ovirus receptor-binding protein stalks can also be modeled as 4HBs
(Ader et al., 2012; Maar et al.,, 2012; Porotto et al., 2012b). Though
receptor engagement occurs through the globular head domains of
the attachment proteins, an overwhelming amount of biochemical

and biophysical evidence suggests that HN, H or G proteins physically
interact with the F protein through these stalk domains. This
interaction presumably triggers the F protein into carrying out its
rearrangements leading to membrane fusion (Bishop et al., 2007;
Bose et al., 2014, 2011; Bousse et al., 1994; Corey and lorio, 2007;
Deng et al., 1999, 1995; Ennis et al,, 2010; Melanson and lorio, 2004,
2006; Paal et al., 2009; Porotto et al., 2003; Stone-Hulslander and
Morrison, 1999; Tanabayashi and Compans, 1996).

Interestingly, atomic structures of NDV HN (Fig. 3A) and PIV5 HN
(Fig. 3B) (Welch et al., 2013; Yuan et al.,, 2011) full-length proteins
displayed two drastically different arrangements of the globular head
domains with respect to the stalk, when compared to the previously
observed PIV5 HN dimer-of-dimer arrangement (Fig. 3C) (Yuan et al.,
2005). In all these arrangements, the individual monomers and the
dimer interface remain constant, while the dimer-of-dimer interface
is drastically altered. In a recent study by Hashiguchi and colleagues,
the atomic structure of MeV H protein bound to its cellular receptor
SLAM, suggested that the measles H dimer-of-dimers could poten-
tially be arranged into two different tetrameric conformations
(Hashiguchi et al,, 2011). Thus, taking together these data, along
with electron micrographs of purified HN proteins (Bose et al., 2012;
Yuan et al., 2008), it is evident that paramyxovirus attachment
proteins globular head domains are connected to the stalk domains
through flexible, unstructured linkers as a result of which, the
globular head domains can attain various different positions with
respect to the stalk domains.

Unlike the HN, H and G proteins of the Paramyxovirinae subfamily
viruses, atomic structures of G proteins of pneumoviruses like RSV or
hMPV have not been obtained to date. Biochemical studies of hMPV
G and bovine RSV G predict these to be made up of a hydrophobic
center between two large mucin-rich domains (Doreleijers et al.,
1996; Langedijk et al, 1996), which makes the protein appear
physically larger than F and possibly aids in the immune evasion
strategies of the virus (Leyrat et al., 2014). Though hMPV G has been
associated with binding to cellular glycosaminoglycans (Thammawat
et al., 2008), this was found to be a strain specific effect (Adamson
et al, 2012), suggesting that Pneumovirinae G proteins are not
intimately associated with membrane fusion like the HN, H and G
proteins from members of the Paramyxovirinae subfamily.

The fusion protein and the attachment protein physically
interact to mediate membrane fusion

For Paramyxovirinae subfamily viruses, the attachment protein
and the fusion protein are believed to directly interact with each
other, while resident on the same membrane and generally this
interaction requires homotypic pairs of fusion and attachment
proteins derived from the same virus. A few exceptions have been
identified where heterotypic paramyxovirus F-HN interactions are
functional in in-vitro assays. For example, hPIV2 HN is able to
substitute for hPIV4a HN, and SV41 HN or MuV HN are able to
substitute for hPIV2 HN or PIV5 HN in transfected tissue culture
cells (Bose et al., 2014; Tsurudome et al., 1998, 1995), suggesting
that the F-HN interactions may be conserved among closely related
viruses. The exact nature of the F-G/H/HN interaction and how this
interaction spatially and temporally couples receptor binding
mediated by HN, H or G, and membrane fusion mediated by F has
been a topic of considerable debate. Some HN, H or G stalk mutants,
that are deficient for fusion, block the attachment protein-fusion
protein interaction directly (as assessed by co-immunoprecipita-
tion) (Melanson and lorio, 2006; Paal et al., 2009; Stone-Hulslander
and Morrison, 1999). However, the cellular location, duration and
strength of the F-HN, H or G association have been found to differ
widely between viruses. Studies of MeV H and CDV H as well as NiV
G and HeV G proteins indicate that the strength of the F-G or F-H
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interaction is inversely related to their fusion activity, suggesting
a more intimate association between the two proteins prior to F
triggering (Aguilar et al., 2006; Bishop et al., 2008; Plemper et al.,
2001, 2002). On the contrary, certain mutations in the NDV HN stalk
showed a direct relationship between fusion activity and F-HN
binding, while other mutations in the NDV HN and MeV H stalk
domains decrease fusion, but retain F-association (Brindley et al.,
2012; Corey and Iorio, 2007; Melanson and lorio, 2004; Mirza and
lorio, 2013). In Henipaviruses, F-G complexes are also believed to
remain associated on cell surfaces and F is released to be endocy-
tosed, cleavage-activated and re-transported to the plasma mem-
brane (Diederich et al., 2005; Pager et al., 2006; Pager and Dutch,
2005). For morbilliviruses, F and H remain associated together in
fusion complexes during transport to the cell surface (Ader et al.,
2012; Lee et al., 2008b; Paal et al., 2009; Plemper et al., 2001, 2002),
unlike PIV5 and hPIV3 F and HN (Paterson et al., 1997).

Two distinct molecular hypotheses attempt to explain the
interaction between the fusion protein and the attachment
protein

Based on the above biochemical data, two distinct models have
emerged that could explain F-activation at the right place and the
right time. The ‘dissociation’ or ‘clamp’ model (Bossart et al., 2013;
Plemper et al., 2001; Sergel et al, 1993) proposes that the
attachment protein associates with F intracellularly and ‘clamps’
the F protein during transport to the cell surface, preventing F
from prematurely converting into the post-fusion form. On bind-
ing receptor, the attachment protein releases F allowing the
metastable F protein to be destabilized and undergo the refolding
process leading to membrane fusion. In the second model, known
as the ‘association’ or ‘provocateur’ model (Connolly et al., 2009),
the attachment protein, on binding receptor, actively triggers the
metastable F protein through destabilization. This destabilization
and F-activation can also be brought about by heat acting as a
surrogate for HN, H or G, which indicates that the attachment
protein interaction with F overcomes an energy barrier of
F-activation (Ader et al., 2013; Bose et al., 2012; Chan et al,
2012; Connolly et al., 2009). Based on the differences in the
biochemical data of F interactions with HN, H and G protein stalks,
it was suggested that for viruses binding protein receptors (with G
or H as attachment proteins), the closer F-G or F-H associations
indicate an F-stabilization through a ‘clamp’ hypothesis, while for
those that bound sialic acid (possessing HN as attachment pro-
tein), the more transient F-HN interaction destabilizes F and
activates it for fusion (provocateur hypothesis). However, recent
data for MeV, CDV, NiV, HeV, as well as PIV5 and hPIV3 are not
compatible with the ‘clamp’ hypothesis. Many of the F proteins
from the above viruses can be expressed in their prefusion form
without the attachment protein needing to stabilize F, suggesting
that prefusion F proteins that are involved in F-H, F-G or F-HN
interactions do not require the attachment protein ‘clamp’ for
stabilization (Ader et al., 2013; Bose et al., 2012; Brindley et al.,
2012; Chan et al., 2012; Connolly et al., 2006). Also many of these
prefusion F proteins could be converted to the postfusion form by
elevated temperature, consistent with the notion that the energy
barrier of metastable F proteins could be overcome by external
heat, according to the ‘provocateur’ hypothesis. However, the two
models can be reconciled if not all F-H or F-G interactions are
productive (Jardetzky and Lamb, 2014). Non-productive F-G or
F-H associations may occur through alternative interaction regions of
F and H/G (Liu et al., 2015, 2013) or through a conformation of the
attachment protein that does not allow productive triggering of F
(Avila et al., 2014; Brindley et al., 2015). Such interactions between
the attachment and fusion proteins in the ‘pre-receptor binding’

stage may perhaps be necessary for proper folding, cellular
transport or increased F-G or F-H concentrations in fusion com-
plexes that can be rapidly triggered (Avila et al., 2014; Brindley et
al.,, 2015). However, based on the above evidence, such ‘pre-
receptor binding’ F-G/H or HN interactions do not appear to be
essential to stabilize prefusion F, as proposed by the ‘clamp’
hypothesis.

In recent years, X-ray crystal structures of the fusion and
attachment proteins from various paramyxoviruses have signifi-
cantly aided in identifying the productive interactions between
F-HN, F-H or F-G that lead to membrane fusion. In particular,
atomic structures of HN stalk domains have helped to provide
residue-level information of the potential region of contact
between F and the HN protein stalks. The atomic structures of
the PIV5 HN and NDV HN stalk domains indicate that the stalk 4HB
arrangements have a strong hydrophobic core, with a kink in the
central portion of the stalks (Bose et al., 2011; Yuan et al., 2011).
Mutagenesis studies along the length of the HN, H or G stalks have
suggested that HN, H or G proteins productively interact with the F
protein broadly through this central region of the stalk domain
(Ader et al., 2012; Apte-Sengupta et al., 2013; Bishop et al., 2007;
Bose et al., 2014, 2011; Corey and lorio, 2007; Deng et al., 1999,
1995; Liu et al., 2013; Melanson and Iorio, 2004; Navaratnarajah
et al., 2012; Stone-Hulslander and Morrison, 1999; Wang and lorio,
1999; Yuan et al., 2011). A large proportion of these residues in the
central part of attachment protein stalks are hydrophobic in
nature. In closely related HN proteins, the F-interaction region
was narrowed down to a highly conserved stretch of 7-8 residues
flanking the kink region of the 4HB (Bose et al., 2014) (Fig. 3D-E).
Interestingly, a single acidic amino acid immediately adjacent to
this region determines the homotypic specificity of F-HN interac-
tion in the rubulavirus subfamily (Bose et al., 2014). A synthetic
antibody bound to this ‘F-activation’ region of the PIV5 HN stalk
domain, was found to strongly neutralize the fusion promotion
activity of PIV5 HN, without affecting the neuraminidase and
receptor-binding activities resident in the globular head domain
(Welch et al.,, 2014). Escape mutants generated in residues of the
F-activation domain abrogated the neutralizing activity of the above
antibody (Welch et al., 2014). In more distantly related paramyx-
oviruses, the F-activating region, though located close to the central
part of the stalk, appears to vary somewhat in its location or is more
extensive in nature (Aguilar et al., 2009; Lee et al., 2008b; Liu et al.,
2015; Maar et al.,, 2012; Paal et al., 2009). Insertion of structurally
rigid o-helical segments within the MeV H stalk to increase the
distance of the F-activating region of the stalk from the anchoring
membrane abrogated fusion, while insertion of these o-helical
segments above this region did not (Paal et al, 2009), suggesting
that this F-interacting region must be present at an optimal height
matching with the corresponding H-interaction region of MeV F.

Regions of the fusion protein involved in attachment protein
interactions offer insights into the F-triggering process

A number of regions on various paramyxovirus F proteins have
been found to potentially interact with the HN, H or G proteins.
Many of these regions harbor hydrophobic residues and are
surface exposed, suggesting a protein—protein interaction interface
with the hydrophobic F-interacting region on the central part of
the attachment protein stalks, discussed above (Apte-Sengupta
et al, 2012; Avila et al., 2014; Bose et al., 2013; Lee et al., 2007)
(Fig. 3F). A number of such residues identified on the PIV5 F
protein and the MeV F protein appear to be localized near an
immunoglobulin-like (Ig-like domain) fold of domain II and also
within an adjacent hydrophobic cavity (Apte-Sengupta et al., 2012;
Bose et al., 2013) (Fig. 2G). This cavity is created by residues from
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two adjacent protomers of F (Apte-Sengupta et al., 2012; Avila
et al., 2014; Bose et al., 2013), that juxtapose next to two long
[-strands forming a ‘strap’ that connects the HRA domains of the F
protein head (Fig. 2H). Mutations of residues in these three
adjacent regions - the Ig-like domain, the hydrophobic cavity
and the ‘strap’ regions of different paramyxovirus F proteins have
many effects including, transfer of HN specificity among different F
proteins (Tsurudome et al., 2011, 2013), complete abrogation of
F-activation or destabilization of the F protein, making F less
reliant on the attachment protein trigger (Avila et al., 2014; Bose et
al., 2013; Plattet et al.,, 2009). Through a more recent dynamic view of
PIV5 F refolding it was observed that only the outer loop of the Ig like
domain shows conformational mobility, while the rest of the Ig-like
domain remains unchanged. In contrast, the ‘strap’ regions under-
went some of the largest conformational changes as F protein
converted from its prefusion to its post-fusion form (Poor et al.,
2014). Based on these data an attractive hypothesis for F triggering
could be that HN, H or G interactions through the structurally well
defined Ig-like domain could dock the attachment protein stalk into
the adjacent hydrophobic cavity, which in turn destabilizes the F
protein by initiating structural rearrangements in the adjoining
‘strap’ regions and ultimately culminating in the sequential cascade
of refolding events that convert F into its postfusion form. Further
studies are required to tease out more of the details as to how HN
interaction with F leads to F destabilization and eventual membrane
merger (Fig. 2G-H).

Molecular cooperation between the different domains of the
attachment protein ensures timing of F-activation and
membrane fusion

In silico models of MeV F and H proteins (Lee et al., 2008b; Paal
et al.,, 2009) suggested that prior to fusion activation, the MeV
prefusion F and H protein heads are positioned at different levels
to each other (‘staggered heads’ arrangement), where the H
protein head rises above that of the F protein. However, conflicting
results from electron micrograph studies of virions suggested that
the glycoprotein spikes appear to be of the same height (“parallel-
head” model) (Jain et al., 2008). Recently obtained atomic structures
of HN proteins of PIV5 (Welch et al.,, 2013; Yuan et al., 2005) and
NDV (Yuan et al., 2011) and electron microscopy data of purified
proteins (Bose et al., 2012; Yuan et al., 2008) have suggested that
the attachment protein globular heads can attain various different
conformational arrangements. Of these, a ‘four heads down’ structure
observed for NDV HN has the globular head dimers folded back and
making contacts with the 4HB stalk domains (Yuan et al., 2011) thus
lowering the height of HN. This, or a similar arrangement could
represent the “parallel head” model observed by EM on virions. On
the other hand, the ‘four heads up’ arrangement of PIV5 HN globular
heads forming a dimer-of-dimer interface (Yuan et al., 2005) repre-
sents a taller form of the HN protein as proposed by the ‘staggered
head’ model. Interestingly, PIV5 HN was also crystallized in a third
arrangement, which showed a shifted dimer-of dimer interface and
appeared to represent a hybrid between the two HN arrange-
ments described above (2 heads up-2 heads down arrangement)
(Welch et al., 2013), with one dimer making contacts with the 4HB
stalk domain and the other maintaining the arrangement seen in
the 4-heads up structure. As there was very little change in
conformation of HN, H and G monomers when they bind receptor
(Bowden et al., 2008a; Colf et al., 2007; Lawrence et al., 2004;
Santiago et al., 2010; Xu et al., 2008; Yuan et al,, 2005), these data
suggested that the rearrangements of the attachment protein
globular head domains might have a role in translating the receptor
binding event into F-activation through the stalk domains. Notably
however, except for PIV5 HN (Yuan et al., 2005), all the other

receptor-ligand complexes studies were carried out with soluble
attachment protein globular heads.

A possible model of how the F-activation signal could be linked
to receptor binding proposed the globular heads of HN, H or G on
binding their specific receptors, transmit a series of specific
conformational changes through the linkers down into the stalk
domain. The stalk domain in turn undergoes a series of conforma-
tional changes that mediate a productive F-interaction leading to
F-activation (Plemper et al., 2011; Porotto et al, 2011, 2012a,
2012c). However, this model has been difficult to rationalize in
the light of some recent results. Firstly, measles H can be re-
targeted to bind alternative molecules on cells by inserting 6-His
tags or other protein-binding domains into the globular head
(Allen et al., 2006; Navaratnarajah et al., 2011; Paraskevakou et al.,
2007), suggesting that the specificity of the receptor-binding
interaction, though critical for determining the virus host range,
is not critical in transmitting specific conformational changes to
the stalk. Also measles H binds multiple receptors (e.g. SLAM,
Nectin 4 or CD46) through partially overlapping but very different
binding surfaces in the globular head (Colf et al., 2007; Hashiguchi
et al,, 2007, 2011; Mateo et al., 2013, 2014; Santiago et al., 2010),
but they eventually channel all these inputs into a single output —
F-activation and membrane fusion. Secondly, many different
functionally active chimeric proteins have been generated by
appending the globular head of one attachment protein to
the stalk of another (Bose et al., 2012; Deng et al., 1995; Farzan
et al., 2011; Porotto et al., 2011, 2012b; Talekar et al., 2013; Wang
et al., 2004). Importantly, in all of these chimeric proteins, the
F proteins that can be successfully activated are always homotypic
to the stalk domain of the chimeric attachment protein. Thus,
if a specific receptor-binding signal propagated down the flexible
linkers into the stalk these chimeric proteins should have failed
to maintain the conformational crosstalk between the head and
the stalk. Thirdly, as there is very little change in the globular
heads on receptor binding, the rearrangement generated would
not be substantial enough to propagate down into the 4HB
stalk through the highly flexible linker domains connecting the
head and the stalk domains. Fourthly, it was observed that a
headless stalk of PIV5 HN protein could successfully activate PIV5 F
(Bose et al, 2012), suggesting that productive F-activation is
possible even in complete absence of the head domains. In
addition, this PIV5 HN headless stalk domain could activate F
more efficiently at sub-optimal temperatures when compared to
the full-length HN protein and also activate a hypofusogenic
mutant of PIV5 F (P22L) at significantly higher levels compared
to full length HN (Bose et al., 2012), suggesting that the HN
globular heads are associated with an energy requirement for F
activation. Subsequently through the work of different groups,
fusion activation by headless stalks has now been extended to
other paramyxoviruses of different genera — MeV H, NiV G, MuV
HN and NDV HN (Bose et al., 2014; Brindley et al., 2013; Liu et al.,
2013) - demonstrating that the receptor binding event itself is not
specific in the process of F protein activation. Nonetheless, if
receptor-binding to the HN, H or G globular head domains are
not directly responsible for productive F-triggering, then what role
do they play in mediating the membrane fusion process and entry
of paramyxoviruses?

Taking together the above structural and functional data, a new
model for F activation has recently been proposed (Bose et al.,
2012) (Fig. 4). The ‘stalk exposure’ model suggests that prior to
binding receptor, the globular heads of HN, H or G proteins
physically restrict the access of the F protein to the F-activating
region residing on the HN, H or G stalk domains. This could be
possible if the attachment protein heads attain an arrangement
with respect to the stalk 4HB, similar to the ‘4 heads down’
arrangement observed for NDV HN (Yuan et al., 2011). Binding of
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Fig. 4. (A-C) Models of receptor-dependent fusion activation for paramyxoviruses of the Paramyxovirinae subfamily. Structural and functional data indicate that the HN, H or
G attachment proteins (yellow) of this subfamily are structurally related and have a globular, C-terminal receptor-binding domain (head) that can interact with various types
of host receptors, through receptor binding-sites in the globular heads (blue rings). Putative regions of F-interaction on HN, H or G proteins are indicated on the stalk
domains in red. The F proteins (purple) fold into a functional, prefusion state in the presence or absence of the attachment proteins, but without requiring the attachment
protein as a stabilizing ‘clamp’. The F proteins are cleaved by proteases to release a hydrophobic fusion peptide (light blue). The HRA domain of F, which refolds into
elongated helices post triggering is shown in dark green. (A) F and HN proteins are transported individually to the cell surface and biochemical data suggests that the F-HN
interaction is transient. Receptor binding by HN heads results in stalk exposure and possibly a ‘induced fit' mechanism between the F protein head and the exposed
F-activating region on the HN stalk that triggers F to undergo refolding. (B) In morbilliviruses, where F and H are intimately associated in fusion complexes during cellular
transport, it has been proposed that the H globular head domains maintain the stalk domains in a ‘pre-triggering’ conformation, possibly through H head-stalk contacts. Stalk
exposure, coupled with release of the stalk domains from the globular heads, allows the F protein to mediate productive interaction with the F-activating regions of the H
stalk. (C) In Henipaviruses, the initial F-G interaction may be mediated through F interacting with the globular head domains of G or the C-terminal upper portion of the G
stalk, which prevents premature F activation during cellular transport within F-G complexes. Stalk exposure and a switch of binding interfaces, allows F to undergo
productive interaction with the exposed F-activating domains in the G stalk and be triggered to undergo refolding. (D) For Pneumovirinae, the mechanism of F triggering is
yet unclear and it is likely that the distinct G protein does not play a role in this process. The F protein is believed to bind specifically to cellular receptors through binding
sites in the F globular head (white ring) and the timing of F-cleavage by both cellular and extracellular proteases is believed to play a role in the triggering process for some of
the Pneumovirinae.

receptor results in a molecular rearrangement of the dimer-of- conformation using engineered disulfide bonds (Welch et al,
dimer globular heads of attachment proteins, causing them to 2013) and that binding of only a single dimer of measles H to its
attain a conformation close to that observed in the PIV5 HN receptor was sufficient to trigger F (Brindley et al., 2012). The ‘stalk
4-heads up atomic structure (Yuan et al., 2005) or the PIV5 HN exposure’ model suggests that the globular heads of HN, H or G are
2 heads up -2 heads down atomic structure (Welch et al., 2013). involved in the critical role of ‘regulatory domains’, restricting
These conformations expose the F-activating regions of the HN, H access of F to interact with the ‘activating domains’ present in the
or G stalk domains, allowing the F protein to interact with this stalk. The restriction is only lifted when the head domains bind
region of the HN, H or G stalk and be activated to undergo receptor. The ‘stalk exposure’ model accounts for the fact that a
refolding and subsequent membrane fusion (Bose et al., 2014, diverse variety of natural host cell receptors or artificial molecules

2012). Interestingly, it was observed that the F-activating function can be recognized through different interfaces and multiple active
of the HN protein could be maintained even after the PIV5 sites of the HN, H or G proteins as inputs, all of which can then be
HN molecule was locked into its 2 heads up- 2 heads down converted into a common output that is, F-activation.
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Diverse inhibitory mechanisms found in different
paramyxoviruses appear to regulate access of the fusion
protein to the attachment protein stalk prior to ‘stalk exposure’

In Henipavirus and morbilliviruses, preformed F-G or F-H com-
plexes are transported to the cell surface respectively before incor-
poration into viral particles, while for those paramyxoviruses with
HN as the receptor binding protein F-HN interactions occur primarily
at the cell surface. Preformed F-G or F-H complexes likely increase
the efficiency of productive F interactions but increase the risk of
premature F-triggering within these complexes. Separate transport of
F and HN protein possibly keeps these two glycoproteins from
interacting prior to HN binding receptor. Recent studies in Henipa-
viruses and morbilliviruses have suggested that in addition to stalk
exposure, mechanisms involving the globular heads or the upper
parts of the stalk may prevent F from interacting prematurely with
the F-activating domain of the H and G stalks, (Avila et al.,, 2014;
Brindley et al., 2015; Liu et al., 2015, 2013).

In many mutagenesis studies involving HN proteins, the globular
head-proximal upper part of the stalks of these HN proteins were
shown to tolerate mutations and addition of carbohydrate moieties
within the 4HB, without affecting the F-activation process (Bishop et al,,
2007; Bose et al., 2011; Corey and Iorio, 2007; Melanson and Iorio,
2004; Stone-Hulslander and Morrison, 1999; Wang and lorio, 1999). On
the other hand, many lines of evidence have shown that the central
F-activating region of almost all the stalk domains of HN, H or G require
some structural rearrangements to interact with and activate F (Ader
et al,, 2012; Apte-Sengupta et al.,, 2013; Bose et al., 2014; Brindley et al.,
2012; Navaratnarajah et al,, 2012). This requirement of a ‘primed’ stalk
domain conformation that can successfully interact with and activate F
is also evident in the headless stalks. However, while MeV headless
stalks required an active stabilization through tags to keep them
functional (Brindley et al., 2013), the NDV HN headless stalk domains
were inhibited in their ability to activate F by engineering disulfide
bonds within the 4 HB, similar to that observed in full length NDV HN
(Bose et al, 2014). Thus for F-HN protein interactions it has been
proposed that the F proteins might interact with the central part of the
HN stalks through an ‘induced fit' mechanism, where the conforma-
tional changes in the stalk are passive and do not directly depend on
the presence of the globular head domains (Bose et al., 2014) (Fig. 4A).

For morbilliviruses, the F-interaction region on the H stalk domain
appears to be more extensive compared to those of HN proteins
(Apte-Sengupta et al,, 2013; Lee et al., 2008b; Navaratnarajah et al.,
2014; Paal et al., 2009), but overlaps with residues co-linear to those of
the HN stalk implicated for F triggering. The MeV H stalk also contains
a structurally stabilized region in the C-terminal part of the stalk that
extends beyond that of HN stalks (Navaratnarajah et al., 2014, 2012;
Paal et al,, 2009). This extensive contact region may provide clues to
how F-H interactions are mediated within the fusion complexes and
how F is prevented from triggering prematurely. A recent study has
suggested that the MeV H globular heads actively inhibit the structural
rearrangements required by the H stalk to trigger F (Brindley et al.,
2015). On receptor binding, the H globular heads undergo a con-
formational change, exposing the F-activating domain and releasing
the inhibition on the stalk to allow conformational changes in the stalk
that trigger F (Avila et al., 2014; Brindley et al., 2015). These studies
also demonstrated that during cellular transport of the associated F-H
glycoprotein complexes, F cleavage was found to weaken the F-H
interaction, following which F is primed for activation and dissociates
from the F-H complex. However, it is yet unclear whether the F-H
stalk contacts remain constant during this process or switch from less
productive to more productive interactions within the extensive
F-interacting domain of H. It may be possible for MeV F to form an
initial association with the H stalk while the globular heads of H are
folded down in a ‘4-heads down-like’ conformation. On F cleavage,
this interaction is weakened and as soon as at least one H dimer binds

receptor (Brindley et al., 2012) and the stalk is exposed, F could now
switch to a more productive interaction with the stalk. However,
importantly this switch should not be able to occur by stalk exposure
alone, as cleavage of F as well as rearrangements of the stalk appear to
be important for productive F interaction. An initial MeV F interaction
with the MeV H stalk could be possible considering that 'heads down'
orientations of the globular head monomers with respect to the 4HB
stalks of closely related NDV HN and PIV5 HN expose variable regions
of the stalk domain (compare Fig. 3D and E). This, and the various
observed MeV globular head arrangements in the atomic structure
(Hashiguchi et al., 2011) suggest that the extent of F accessibility to the
stalk in the ‘4 heads down’-like conformation may vary significantly
for morbillivirus H proteins. Though the exact details of how morbilli-
virus F-H complexes initially prevent premature F activation require to
be worked out in detail, biochemical and modeling studies of
morbilliviruses (Brindley et al, 2015; Navaratnarajah et al., 2014,
2012) suggest that the core paramyxovirus fusion mechanism is
conserved according to the ‘stalk exposure’ model, where the HN, H
or G head domains act as regulators and the stalks act as activating
domains (Bose et al.,, 2012).

Liu and colleagues recently proposed a 3-step process of
Henipavirus F activation, which suggests that, a bidentate G-F
interaction of the F protein head with the G protein upper stalk or
head prevents F from interacting with the G stalk F-activating
region prematurely (Liu et al, 2013). On G binding receptor,
globular head rearrangement and stalk exposure allows the F
interaction to switch to a more productive association with the
central part of the stalk, leading to F-triggering and membrane
fusion. Though atomic structures of full-length Henipavirus G
proteins have not yet been obtained, given that Henipavirus G
proteins possess a unique, highly structured, disulfide-stabilized
region in the upper stalk (Aguilar et al., 2009; Maar et al., 2012),
which was found to be important for fusion promotion; the initial
pre-receptor-bound G-F complex interaction could possibly occur
through this region (Fig. 4C) (Liu et al., 2013). A very recent study
by this group has identified a stretch of amino acids at the
membrane-distal portion of the NiV G stalk that are important
for G-F interactions, receptor induced conformational changes and
F-triggering (Liu et al., 2015). Similar to the F-H interactions, it is
possible for F-G interactions to occur through the upper
C-terminal part of the attachment protein stalk even when all
four heads are in a ‘down’ conformation as the shape of the G
heads and angle of contact with the stalk most likely varies among
paramyxoviruses (compare Fig. 3D and E).

Thus for paramyxoviruses that utilize two glycoproteins to
mediate cell entry, it is becoming increasingly clear that the core
molecular mechanism of membrane fusion is highly conserved. The
attachment protein globular heads act as regulatory domains, which
on the binding of host receptors determine the correct spatio-
temporal juncture at which the fusion protein must refold in order
to productively carry out membrane fusion. To prevent premature
F-activation, paramyxoviruses have evolved various different
mechanisms that either separate the glycoprotein pairs physically
during transport through the exocytic pathway to prevent F-HN
interaction or abrogate F-triggering through various intramolecular
and intermolecular exchanges between these glycoproteins. For
some Pneumovirinae, the spatio-temporal nature of F protein clea-
vage appears to play a role in activation of F, but significant details in
the mechanism of activation for membrane fusion in this subfamily
of paramyxoviruses remain unknown (Fig. 4D).
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