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Abstract

The Paramyxoviridae family includes many viruses that are pathogenic in humans, including
parainfluenza viruses, measles virus, respiratory syncytial virus and the emerging zoonotic
Henipaviruses. No effective treatments are currently available for these viruses, and there is a need
for efficient antiviral therapies. Paramyxoviruses enter the target cell by binding to a cell surface
receptor and then fusing the viral envelope with the target cell membrane, allowing the release of
the viral genome into the cytoplasm. Blockage of these crucial steps prevents infection and
disease. Binding and fusion are driven by two virus encoded glycoproteins, the receptor-binding
protein and the fusion protein, that together form the viral “fusion machinery”. The development
of efficient antiviral drugs requires a deeper understanding of the mechanism of action of the
Paramyxoviridae fusion machinery, which is still controversial. Here we review recent structural
and functional data on these proteins and the current understanding of the mechanism of the
paramyxovirus cell entry process.
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1. Introduction to paramyxoviruses

1.1 Classification and medical significance

The Paramyxoviridae family, among the Mononegavirales order, is composed of enveloped
viruses containing non-segmented negative strand RNA (reviewed in Refs. 1-3). Its
members are found worldwide (Fig.1) and infect a broad range of host species including
humans, pigs, horses and birds. Several paramyxoviruses such as measles virus (MeV),
mumps virus (MuV), human parainfluenza viruses (HPI1V) and respiratory syncytial virus
(RSV) continue to have a major impact on global health. These viruses cause severe
infections mainly affecting the respiratory tract of children and immunocompromised
patients (Table 1).



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Palgen et al.

Page 2

The Paramyxoviridae family is divided into two sub-families: Paramyxovirinae and
Pneumovirinae. The Paramyxovirinae sub-family consists of seven genera, Respirovirus
(which includes human parainfluenza virus type 3; HP1V3), Rubulavirus (which includes
MuV); Morbillivirus (which includes MeV), Avulavirus (which includes Newcastle disease
virus; NDV), Aquaparamyxovirus (which only includes atlantic salmon paramyxovirus;
ASPV4), Ferlavirus (which only includes Fer-de-Lance virus; FDLV?®), and Henipavirus
(which includes Nipah virus [NiV] and Hendra virus [HeV] as well as Cedar virus [CedPV]
recently discovered in bats in Australia®); Table 1. Other paramyxoviruses such as J-virus
(JPV) and Beilong virus (BeiPV), as well as some recently discovered bat paramyxoviruses,
are closely related, but remain unassigned to any sub-family”-8. The Pneumovirinae sub-
family consists of two genera: Pneumovirus (which includes RSV) and Metapneumovirus
(which includes human metapneumovirus; HMPV); Table 1.

Epidemiological studies have shown that HPIV is responsible for around 7% of
hospitalizations for fever and/or respiratory diseases in children under five®. RSV alone is
responsible for at least 3-9% (66,000 — 199,000) of deaths caused by acute lower respiratory
tract infection worldwide, mainly in children under the age of fivel®. Human
metapneumovirus (HMPV) also causes acute respiratory infections. Studies led on
hospitalized patients in Virginia revealed that HMPV is involved in 90% of wheezing cases
requiring hospitalization!®. In terms of the pathogens that do not infect humans but cause
problems to society, NDV infects poultry and is associated with a high mortality rate due to
respiratory tract infections, generally occurring in developing countries where this disease
has a negative economic impact (reviewed in Ref. 12).

The emerging henipaviruses NiV and HeV is associated with high mortality and/or lethal
outbreaks. In the first outbreak of NiV in Malaysia in 1999, 265 people were infected, and
105 patients died of fatal encephalitis. HeV first emerged in Australia in 1994 primarily
affecting horses, however, seven people have been infected resulting in four deaths. All
Henipaviruses are classified as Biosafety level 4 agents, due to the high lethality of infection
and the lack of established treatment. The main reservoir for Henipaviruses is fruit bats,
notably the Pteropus genus. These bats are mainly present in Africa, South-East Asia and
Oceania (reviewed in Refs.13,14). Recent studies have identified new paramyxoviruses in
European insectivorous bats® which produce symptoms resembling HeV infection. While
these viruses remain unassigned to any genus, they are more closely related to
Paramyxovirinae than to Pneumovirinae8.

The only preventive vaccines currently available for members of the Paramyxoviridae
family are those against MeV, MuV, and NDV (for poultry). Even these viruses are still a
major health concern. According to the World Health Organization (WHO), each year,
around 200,000 deaths are associated with MeV infection mainly in developing countries.
The Centers for Disease Control and Prevention (CDC) declares that more people have been
infected with measles in the United States during the first four months of 2014 than have
been infected in the first four months of the past 18 years.

In 2012, 687,000 cases of MuV infection were reported across the world. (WHO). Usually,
MuV infection is not lethal but it can lead to complications such as meningitis, encephalitis,
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and orchitis, with possible permanent sequelae (WHO). Furthermore, there are currently no
therapies to treat patients infected by any paramyxovirus (reviewed in Ref. 2), making these
viruses a significant public health issue.

1.2 Structure

Paramyxoviruses are 150 to 300nm in diameter with envelopes composed of host cell lipids
and viral glycoproteins (reviewed in Refs. 1,2). The genome is a non-segmented RNA strand
of negative polarity, between 15,210 (RSV type 2, GU591759.1, Kumaria et al.1) and
15,894 nucleotides (MeV, NC_001498.1, Takeuchi et al.16) with the exception of
Henipaviruses which contain a longer genome (NC_001906, Wang et al.17, Yu et al.18,
NC_007454.1, Jack et al.1®, NC_007803.1, Li et al.20). The length of the genome of each
paramyxovirus is always a multiple of six nucleotides, an organization required for efficient
replication by the viral polymerase!16. The genomic RNA strand is encapsidated by the
helical nucleocapsid protein, N or NP (Fig. 2). The Large protein (L) and the phospho
protein (P) constitute the viral RNA-dependent transcriptase / replicase complex. In the
virion, L and P are associated with the RNA-nucleocapsid complex (Fig. 2). The N or NP
protein also interacts with the matrix protein (M), a non-structural protein that lines the
envelope of the viral particle (Fig. 2). The lipid bilayer envelope of the virus is derived from
the host cell membrane, formed when the virus buds from a region of membrane expressing
the viral receptor-binding protein (HN/H/G) and the fusion protein (F). As for many other
enveloped viruses, the virions are labile, and can be easily inactivated ex vivo by heat,
organic solvents such as ethanol, or detergents.

The six proteins N/NP, L, P, M, HN/H/G and F are conserved among the Paramyxoviridae
family. In addition, some structural proteins are restricted to specific viruses and their roles
may be less clear, for example the small hydrophobic proteins (SH) and the transmembrane
(TM) proteins’-17-20, Paramyxoviridae also encode for non-structural proteins that are
involved in the inhibition of the interferon response?L. In addition, the alternative splicing of
the P-gene leads to the expression of C, V and W proteins, whose role is to counteract host
innate immunity (reviewed in Ref. 22).

1.3 Viral entry and life cycle

Paramyxovirus fusion is mediated by two different viral proteins that in most cases must
work in concert to accomplish viral entry. The receptor-binding protein first engages the
cellular receptor, then in most cases activates the fusion protein, and the fusion protein
inserts itself into the target cellular membrane, allowing the viral envelope and target
cellular membrane to merge. Upon fusion of the viral envelope with the target cell
membrane, the genetic material is released into the cytoplasm. The negative sense RNA,
which is present in the form of a nucleocapsid or RNA/protein complex, is converted into
positive sense message-length RNAs by the RNA-dependent RNA polymerase that is
provided by the virus. This step allows for translation of virally encoded proteins.
Replication of the viral genome occurs via transcription of a full length positive sense strand
which is then copied into a full-length negative sense new genome, and encapsidated by the
viral nucleocapsid protein. The matrix protein binds to the nucleocapsid and interacts with
the cytosolic tails of the membrane bound HN/H/G and F proteins, facilitating the process of
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budding of progeny virions. Release of new viral particles from the cell surface, in some
paramyxoviruses requiring a receptor-cleaving enzymatic function carried out by the
receptor binding protein23, permits infection of new target cells and spread of infection.

Most paramyxovirus fusion events occur in a pH-independent manner, at the cell surface,
however some viruses enter the cell via endocytosis (reviewed in Refs. 1,3). How the
receptor-binding protein and the fusion protein (together called “fusion machinery’) work
together to promote fusion has been an area of active investigation since it was first shown
that the paramyxovirus receptor binding protein plays an active role in the fusion process
during entry?4-26, Several models have been proposed, and the molecular details of the
fusion process mediated by the paramyxovirus fusion machinery remain controversial.
Previous models postulate a duality amongst Paramyxoviridae (reviewed in Refs. 1,3). It has
been proposed that for paramyxoviruses that bind a proteinaceous receptor, the role of the
receptor binding protein is mainly a repressive one2’-32 (reviewed in Refs. 33-35) and that
upon receptor binding, the fusion protein is released and proceeds to fusion ; on the other
hand, the receptor binding proteins of sialic-acid binding viruses have been thought to
interact with F only upon receptor engagement?7:28:36.37 (reviewed in Refs. 33,34,38,39).
Our data suggest that a common mechanism applies to all paramyxoviruses that use a
receptor-binding protein to activate a fusion protein, including those that bind a
proteinaceous receptor%4% The debate will be detailed in the sections below. In this chapter
we review recent advances in the field of paramyxovirus entry. We first summarize
structural data about Paramyxoviridae virions and specifically HN/H/G and F. The focus
then turns to receptor engagement and its effects on HN/H/G. We detail the interaction
between these two surface glycoproteins before, during, and after receptor engagement, as
well as the membrane fusion process mediated by F, and propose a potential unifying model
for Paramyxoviridae fusion.

2. Structure and function of the paramyxovirus glycoproteins

2.1 The receptor binding protein

The paramyxovirus receptor binding proteins present on different members of the virus
family are known as HN, H, or G. These proteins are distinguished by the type of receptor
they engage, their ability to cleave sialic acid (neuraminidase activity), and their ability to
agglutinate red blood cells (reviewed in Ref. 1). The HN protein carried by the Respirovirus,
Rubulavirus and Avulavirus genera (Table 1) possesses both sialic acid binding
(hemagglutinating) and sialic acid cleaving (neuraminidase) activities. Sialic acid binding is
active during viral entry while neuraminidase activity is involved in viral budding and
prevents the virus from self-aggregating. The H protein carried by the Morbillivirus genus
(Table 1) does not bind to sialic acid during viral entry. Both HN and H proteins have the
ability to agglutinate red blood cells, but the H binds proteinaceous receptors during MV
entry. The H protein lacks neuraminidase activity, suggesting that following viral release,
self-aggregation mediated by sialic acid binding does not occur. The G protein carried by the
Pneumovirinae and Henipaviruses genera (Table 1) does not bind sialic acid and does not
possess neuraminidase activity. Like H, G proteins bind proteinaceous receptors.
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The three types of receptor-binding proteins differ in the type of receptor they bind, but
share the same general architecture. HN, H, and G are type Il transmembrane proteins, with
N- termini inside the viral particle (Fig. 3). Each is present on the viral membrane as a
tetramer composed of two dimers, an arrangement known as a dimer of dimers. A dimer
consists of an association of two monomers (Fig. 3), each of which monomer contains a
cytoplasmic tail domain, a transmembrane domain, a stalk domain, and a globular head
domain (reviewed in Refs. 1,3).

Dimers of the receptor binding proteins are formed by disulfide bridges between the stalk
domains of two monomers#2-53 and are also linked via the stalk domain of the proteins, as
described for PIV5-HN*2, although the transmembrane domain may stabilize the tetramer,
as described for NDV-HN?®3. These inter-dimer links mainly involve non-covalent bonds
which are weaker than the intra-dimer disulfide linkages. Tetramers of HN/H/G are more
suitable for crystallization than dimers, as described for HeV-G®2, Alteration of disulfide
bridges via in vitro mutagenesis alters dimer and tetramer stability59-51, Interestingly, a
recent study from Navaratnarajah et al.>1 reported that the complete stalk domain of MeV-H
is not directly involved in the tetrameric structure, and the extent of involvement of the stalk
in formation of the tetramer for other members of the Paramyxoviridae family is unclear.

Crystallographic studies of the tetrameric globular heads show each monomer carriying an
N-terminal six-blade p-propeller, characteristic of neuraminidase enzymes#3-55,
Interestingly, HN, H and G share this structure, although only HN possesses neuraminidase
activity. H and G carry a structural vestigial neuraminidase site*3-47, consistent with the
hypothesis of a common evolutionary origin for these three receptor-binding proteins.

In the case of HN, the sialic acid binding site of each monomer, known as sialic acid binding
site 1, is located at the top of the globular head domain, in the center of the $-propeller. In
addition, a second sialic acid binding site (known as site I1) was identified
crystallographically at the dimer interface of NDV-HN.%® This site I1 is involved in receptor
binding®’:58. Functional analysis have suggested a second sialic acid site on HP1V15%:60 and
have identified a second sialic acid binding site on HPIV3 that is also important for
activating F52, although these sites have not been demonstrated crystallographically. The
receptor binding site of G shares the same location as site 14647 whereas the H binding sites
are located on the side of the p-propeller4>:55: 138, The structure of the tetrameric receptor-
binding protein ectodomain, comprised of the head and stalk domains, have been solved for
PIV548 and NDV?23, The stalk domain adopts a four helix bundle conformation (Fig. 3) with
a hydrophobic core located at the upper part of the stalk domain?&:53,

2.2 The fusion protein

The paramyxovirus fusion protein, F, is a type | transmembrane protein, with its N-terminus
outside the viral particle. It is synthesized as an inactive Fq precursor (reviewed in Refs.1,3).
Fg is then cleaved into its active form, F, which is composed of two sub-units, F; and F.
The two sub-units are linked by a disulfide bridge between the HRN of F1 and F, (Fig. 4).
The cleavage creates the hydrophobic fusion peptide, which is inserted into the target
membrane during the fusion process, once an activation step exposes the peptide at the
surface of the molecule.
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F acts as a homotrimer in which each monomer is linked to each other via a transmembrane
domain®2:63 and contains a cytoplasmic tail, a transmembrane domain, a heptad repeat C-
terminal domain (HRC), a heptad repeat N-terminal domain (HRN), and the fusion peptide
(Fig. 4). The heptad repeat domains are regions of 7-mer repeats in which every seventh
residue is either a Leucine, Isoleucine or Valine, and the whole structure is an amphipatic a-
helix.

The F cleavage step is crucial for the viruses, as uncleaved F proteins are unable to promote
fusion. For most Paramyxoviridae (with the exception of Henipaviruses) furin proteases
within the trans-Golgi network cleave FO at an R-X-K/R-R consensus motif (reviewed in
Ref. 1). Unlike most Paramyxoviridae, RSV F possesses two cleavage sites which are
required for efficient fusion®4. For Henipaviruses, Fq is cleaved in the endosomal
compartment by cathepsins L and B at a VGDVR/K consensus motif5-68, Henipavirus Fg is
expressed at the plasma membrane, re-internalized and then cleaved before associating with
the rest of the viral particle. The cleavage also seems highly dependent on the valine content
of the fusion peptide, as reported for HeV/%°,

The structure of cleaved PIV5-F in its pre-fusion state has been solved’®. The fusion peptide
is initially buried in a hydrophobic pocket, preventing premature exposure’?. This pocket is
composed of the HRN (Fig. 4). In this pre-fusion state, HRC forms an a-helix close to the
viral membrane’L. The crystallographic data suggested that few conformational changes
occurred after cleavage, when compared to uncleaved forms of PIV5 F and HPIV3 F72.73,
However, uncleaved F is fusion incompetent. Established models describe the state of pre-
fusion F as being metastable, and destabilized following activation by the receptor-binding
protein.

In the post-fusion state, the fusion peptide is exposed in an open a-helical domain, and the
heptad repeat domains associate, forming a highly stable 6-helix bundle. The formation of
this stable structure is a significant driver of the process of membrane fusion”7> (reviewed
in Ref. 76) (Fig. 4). Like the receptor binding proteins, F is highly glycosylated. For NiV-F,
it seems that some of these glycosylation sites decrease the fusogenicity of the virus’’. In
vivo these additional carbohydrates may protect the virus from recognition by the host
immune system?’.

3. Proposed mechanisms of receptor binding protein and fusion protein

interactions

3.1 The globular heads of the receptor-binding protein selectively engage specific cellular

receptors

The fusion process begins when the receptor-binding protein engages its receptor. HN
recognizes sialic acid bearing membrane proteins, whereas H and G bind proteinaceous
receptors. H binds different proteinaceous receptors for each virus. For example, MeV H
engages CD46, CD150/SLAM (signaling lymphocyte-activation molecule), and Nectin
4#5.55,78-82 D46 binding seems to be unique to laboratory-adapted strains. CD150 is
expressed on the cell surface of macrophages and dendritic cells, and MeV engages this
receptor to infect the host immune system82. Nectin-4 is expressed on the basal surface of
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the epithelium cells, allowing MeV to be spread from macrophages to epithelium and then
into the lung lumen.81:82 The neurotropic Henipavirus G engages Ephrin B2 and B3 on cell
surfaces6:46:47.84: these molecules are expressed in neurons in the brain. Ephrin B2 and B3
are also found in other cell types, and are conserved among many species, allowing
Henipaviruses to infect a range of species including humans, pigs, horses and bats.
Henipaviruses can spread within the host by binding lymphocytes and using them as
transporters8®. The G protein of Pneumovirinae binds heparan sulfate proteoglycans86-89,
RSV-G has been shown to interact with the chemokine receptor CXC3CR1, through a
CX3C motifP. While it is unlikely that this interaction would promote fusion, this
interaction strongly inhibits the host immune response®L. The diversity in receptor usage
confers paramyxoviruses the ability to adapt, gain access and infect new tissues and new
hosts.

3.2 The stalk domain the receptor-binding protein interacts with and activates F

HN/H/G is the driving force for fusion initiation and then for sustaining F’s role in
mediating viral entry*0 (reviewed in Refs.1-92). Under a variety of in vitro experimental
situations, F can fuse alone?0:58:93.94 or 3 “headless” HN/H/G may be sufficient to mediate
F activation41:94.99 - see specific examples below. However, as discussed in section 3.6 the
function of specific residues in the globular head of HN is essential for infection in the host,
and any subtle change at the dimer interface of the globular domain can affect HN dimer
association, impact the HN/F fusion machinery, and markedly alter host infection.

The globular heads of the HN/H/G proteins bind the cellular receptor. The stalk domains of
HN/H/G proteins are responsible for specific interaction with the homologous F proteins and
are critical for F activation once they receive the signal from the receptor bound globular
head?/:37.4249-51,53.95-98 After initial identification of the importance of the stalk of the
receptor binding protein for activating F, this stalk function has been assessed using a
variety of approaches including the use of the “headless” receptor binding proteins
mentioned above. A construct consisting of the PIV5 HN stalk domain (residues 1-117)
lacking the globular binding domain was sufficient to activate F. This activation seemed to
be specific; the PIV5 HN stalk could not activate heterotypic Fs, and required direct
interaction with F24, This set of experiments was used to postulate that for PIV5 HN,
activation of F requires that the stalk domain be “freed”. Receptor engagement would drive
the movement of the heads that would free the stalk. Similar experiments have been
performed using different “headless” stalks proteins with varied results. However, only very
specific MeV H, NiV G, and PIV5 stalk lengths can activate the F protein®496.99 and, for
MeV H, the stalk must be partially stabilized in order to be functional®. Only one out of
several different headless stalk constructs of mumps HN190, NDV HN20 and NiVv G% can
activate F suggesting that the specific sequence of the receptor binding protein stalk and the
F protein are crucial for this activity. For HPIV3, a headless HN does not seem to be capable
of activating HP1V3 F. Thus how the stalk domain of paramyxovirus HN/H/G activates F
remains to be further characterized, and as described below, we contend that the interaction
of the globular head of the receptor binding protein with its receptor provides a critical
signal to the stalk in the process of F activation.
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Chimeric proteins bearing the globular domain from NDV and the stalk domain of either
HPIV3-HN, NiV-G, or MeV-H revealed that receptor engagement by the NDV-HN globular
head is sufficient for transmitting the activating signal through the stalk domain of these
other paramyxoviruses and trigger the homologous fusion protein®8:101, These chimeric
receptor-binding proteins are only capable of triggering an F protein that is homologous to
the stalk domain of the chimeric protein. Thus a chimeric protein with an NDV-HN globular
head and an HPIV3-HN stalk can only activate HP1V/3-F28. The only exceptions are
Henipaviruses NiV-G and HeV-G whose stalks demonstrate enough sequence similarity to
activate both F proteins192, Closely related Henipaviruses, such as the recently discovered
Cedar virus®, may share the same property. The chimeric receptor-binding proteins reveal
one of the ways in which HN, H, and G protein function is conserved at least amongst the
Paramyxovirinae sub-family, and support the hypothesis of a unified model for the
paramyxovirus fusion machinery in which the globular head domain of the receptor-binding
protein acts as a receiving unit that is independent of the rest of the protein. The receptor-
binding protein engages its receptor and transmits a signal to the stalk domain. The stalk
domain likely undergoes conformational changes allowing it to activate its homologous
fusion protein®0:103 (reviewed in Ref.39).

3.3 The role of the receptor-binding protein before receptor engagement

Several distinct models describing the interaction between the HN/H/G protein and the F
protein have been proposed (reviewed in Refs. 1,3). One model, the dissociation or clamp
model, postulates that the HN/H/G and F proteins interact prior to receptor engagement and
that receptor engagement abrogates this interaction. Another model, the association or
provocateur model, suggests that HN/H/G only interact with the homologous F protein
following receptor engagement. Recent studies from our group have uncovered elements in
support of a unified model among paramyxoviruses*1104. We used a Bimolecular
Fluorescence Complementation (BiFC) strategy where HPI1V3 HN and HPIV3 F were
respectively fused with the N-terminus of YFP and C- terminus of CFP. Only if HN and F
proteins interact, the fluorescent protein is reconstitiuted and fluorescence is emitted upon
excitation. We observed that HPIVV3 HN interacts with F in the absence of receptor
engagement. Upon receptor engagement, HN and F continue to interact and cluster at the
point where the fusion pore will form*L. Whether clustering occurs before or after activation
of the F protein has not been firmly established, but recent data are more consistent with
clustering occurring first, and F activation occurring in the cluster (unpublished). HN and F
continue to interact throughout the fusion process*? and dissociate only once fusion is
complete (unpublished).

For HPIV3, it appears that non-receptor engaged HN protein stabilizes F, maintaining it in
the pre-fusion state. When HPIV3 F alone is exposed to high temperatures, it enters the post
fusion state (as assessed by acquisition of sensitivity to proteinase K digestion); however, in
the presence of non-receptor engaged HN, F remains in its pre-fusion state, resistant to
proteinase digestion194, These data support the idea that HPIV3 HN serves a “protective”
role for the fusion proteinl®4. Prior to receptor engagement the receptor-binding protein
stabilizes HPIV3 F and prevents it from premature activation. Ader et al.193 recently showed
that the F protein of some morbilliviruses is highly stable and suggested that it is unlikely
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that the H stabilizes F, however it cannot be excluded that in vivo, stabilization may be
required since many parameters could prematurely trigger fusion.

An intriguing role of pH in the NDV cell entry process has recently emerged19%, NDV entry
is reduced when caveolin-associated traffic is inhibited. Cholesterol seems to be important in
the process since the drug methyl-p-cyclodextrin, which inhibits cholesterol trafficking, also
diminishes NDV-HN binding. Moreover, NDV particles were shown to colocalize with
EEA1, a marker of early endosome formation suggesting that NDV could enter the cell
through caveolin-mediated endocytosis. Past work showed that HMPV, NiV, and RSV can
use the endosomal pathway to enter cells106-108 | ow pH exposure increases NDV fusion
and subsequent syncytia formation while, reciprocally, fusion decreases in the presence of
pH-acidification inhibitors199. Consistent with these results, the stability of NDV F
(assessed through fusion assays) decreases after exposure to low pH; F is more easily
activated under these conditions99. There may be an accessory pH-dependent pathway
through the caveolin-mediated endocytosis for NDV.

For some paramyxoviruses, the F protein can mediate fusion in the absence of the receptor-
binding protein, in some cases permitting viral infection110-116_ However very few viruses
are infectious when lacking their receptor-binding protein. Infectious virions that lack a
receptor-binding protein have been studied for RSV, HMPV, and laboratory adapted strains
of NDV, however in these cases, infectivity is enhanced when the receptor-binding protein
is present89.111.117.118 | the case of RSV, the F protein itself can bind nucleolin19, the
HMPV F can bind integrins!29, and both can engage heparan sulfate}21-123 potentially
permitting G-independent entry. It will be important to determine whether in these cases the
receptor binding protein serves a role in vivo in stabilization of F prior to receptor
engagement; an F-stabilizing role for HN/H/G protein may be a conserved feature at least
among the Paramyxovirinae sub-family.

3.4 The receptor-binding protein transmits a triggering signal to the fusion protein upon
receptor engagement

Upon receptor engagement, the HN/H/G protein activates the F protein to undergo its final
fusion-readiness structural changes. The mechanism whereby this activation occurs — where
the signal for activation originates, and how it is transmitted from the receptor binding
protein to the fusion protein — is a topic of significance. The stalk domain of HN/H/G
protein is critical to this activation process®1:95-97.100.124,125 Recent studies from our group
indicate that for NiV the domain that connects the globular head to the stalk domain is
required for transmission of the triggering signal to F124. Chimeric receptor-binding proteins
containing the globular heads of NDV and the stalk domain of NiV can efficiently activate
NiV-F only if specific residues are present in the head-stalk junctionl24.

A proposed model deriving from PIV5 postulated that the heads of HN/H/G could change
their position upon receptor engagement, shifting from a “heads-down” conformation, in
which the stalk domain is masked, to a “heads-up” conformation exposing the stalk domain.
A masked stalk domain would prevent HN/H/G and F interaction, and upon receptor
engagement the heads would move aside, allowing the stalk to activate the F
protein?2:48.53.94 However, recent analyses of the MV fusion process do not support this
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model, suggesting that at least this mechanism may not apply to other paramyxoviruses
(reviewed in Ref. 39). MeV H and MeV F interact prior to receptor engagement126,
indicating that an H head must be up to allow H/F interaction during transit to the cell
membrane. However F is not triggered prematurely (i.e., before receptor engagement during
infection), suggesting that for MeV the exposure of the stalk is not the crucial requirement
for F activation. It has been suggested that MeV receptor engagement with a “pulling” of the
H molecule could induce a conformational change in the stalk that triggers F27. Brindley et
al. noted that MeV H proteins with truncated globular heads promoted fusion in vitro%,
implying that the globular heads may mask a portion of the stalk domain responsible for
activating the F protein, consistent with a “heads-down, heads-up” model. However, the
truncated H proteins that were studied are highly specific, with truncation at precise sites on
H being required for fusion complementation. Headless Hs, to promote F-mediated fusion,
require stabilization at the C-terminus, e.g. by a yeast-derived GCN4 motif%, Thus it seems
likely that the specific truncated H proteins do not represent a general mechanism, except
when they are stabilized or otherwise modified to adopt a structure similar to the receptor-
engaged conformation that activates F. Finally, key residues on the MeV H that are involved
in F protein activation are located at the membrane-proximal part of the stalk domain, where
the globular heads of MeV H do not reach even when the protein is in a “heads-down”
conformation®1:95.100,124

How does receptor engagement affect the receptor binding protein and modulate the F
activation step? The first studies to analyze how receptor engagement modifies the receptor
binding protein structure showed that receptor engagement does not appear to affect the
monomer-monomer interfacel2’. Stabilization of NDV HN monomers by disulfide bridges
restricted monomer movement but enhanced HN’s fusion promotion activity, suggesting that
large movements between monomers are not needed for successful fusion promation.
Crystallographic data of MeV H bound to SLAM receptors revealed H present in two
tetrameric conformations. In the pre-F triggering conformation H is in a planar form and
upon receptor engagement, a “sliding” movement between the dimers occurs that gives rise
to the post F-triggering form#®. One recently proposed model suggests that upon receptor
engagement, after exposure of the stalk of the receptor binding protein, a specific
conformational change occurs in the complex formed by HN/H/G and F, to reach an
“induced-fit” state that leads to F activation190, In this case, the nature of the signal
activating F is a modulation of its interaction with HN/H/G rather than a loss or a gain of
interaction (except perhaps for PIV5).

Even after F activation and during the fusion process itself, the receptor-binding protein
continues to regulate the fusion process. For HPIV3, the presence of HN is crucial until
merger of the viral and cellular membranes*C. Using a mutant HN that lacks neuraminidase
activity and thus constitutively engages its sialic acid receptor, we specifically disrupted
receptor engagement at precise times using the small molecule zanamivir. Only when HN
continuously engages its receptor can F proceed through the fusion process. Even after
insertion of the fusion peptide into the target membrane, F still requires the activating signal
from HN/H/G to complete fusion0.
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3.5 The fusion protein inserts its hydrophobic fusion peptide into the target membrane
leading to the formation of the fusion pore

After activation, F undergoes several conformational changes (Fig. 4). Fusion can be
prevented by introducing disulfide bridges to stabilize F128, F acts as an indivisible unit. The
cytoplasmic tail of F protein must bear conserved Ser/Thr residues for fusion to properly
occur, and the cytoplasmic tail is likely to be virus-specific; it cannot be interchanged with
that of another virus122, The current model for F action is based on several available F
protein structures (Fig. 4), and predicts that F inserts its fusion peptide into the target
membrane by extending its a-helical domains. The amphipathic HRC and HRN domain then
interact with each other, driving fusion. Supporting this hypothesis, Donald et al found that
the a-helical domains on PIV5-F interact avidly with each other!30. The model postulates
that once the fusion peptide is inserted, the F protein is in a pre-hairpin intermediate state
(Fig. 5). This transient intermediate was recently observed for PIV57L, Kim et al. used
nanobeads bearing a lipid bilayer as targets for viral particles, and HRC-derived peptides
that interact with the HRN domain to prevent F from refolding after fusion peptide insertion.
They then measured the distance between the viral bilayer and the nanobead bilayer using
EM, and compared it to in silico predictions based on the hypothesis of the pre-hairpin
fusion intermediate. The experimental results fit the computational model, supporting the
existence of the intermediate state5%. F proteins blocked in the transient state were identified
by electronic microscopy by gold coupling of HRC-derived peptides, and were observed to
be present in clusters. This observation is consistent with our model for HPIV3, where
receptor-binding and fusion protein clustering is required in order for fusion to occur®l.
Attaining this unstable fusion intermediate is likely to be the event that is prevented by the
non-receptor-engaged HN/H/G proteinl04,

After the unstable intermediate state, F adopts a hairpin intermediate state (Fig. 5). In this
form, the two heptad repeat regions (HRN and HRC) interact with each other, leading to a 6
Helix-Bundle conformation, which mechanically forces the two membranes together (Fig.
5). In this process, the length of the HRC-linking region separating the HRC domain from
the membrane (Fig. 4) is crucial. Linkers that are too short or too long were associated with
fusion-incompetent F proteins, as described for NDV75. This is consistent with the
hypothesis that the HRC-linker contributes to the stabilization of the HRC domain and thus
can modulate its function, as previously described for HeV-F63,

A critical element of this refolding is that the HRN and HRC domains form a close
interaction. Inhibitors of this interaction an attractive strategy for blocking fusion and viral
entry, and peptides derived from the HRC domain of paramyxovirus F molecules have
recently been shown to inhibit the fusion process in vivol31:132_ The peptide inhibitors are
far more efficient when conjugated with lipids. This conjugation allows for peptide insertion
into target cell membranes, placing the anti-fusion peptides in close proximity to the viral
glycoproteins. These conjugated peptides can reach the brain and may be efficient against
neurotropic viruses such as NiV, or neurotropic variants of Me\/131-133,

At the end of the F refolding process, F is in its stable post-fusion state. Experimentally
expressed, soluble F protein naturally adopts this post-fusion state’3-134, The stability of this
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final state implies that the fusion process is irreversible, and supports the importance of the
“protective role”104 of the receptor binding protein in preventing premature initiation of the
activation process. Indeed, virions whose F proteins have been prematurely activated cannot
fuse and are non-infectious13%136,

3.6 The interaction between HN/H/G and F modulates infection in the natural host

A series of recent experiments showed that the communication between the HPIV3 HN and
F directly impacts infection in the natural host101:135° An HPIV3 virus bearing HN
molecules that trigger F rapidly or interact with F avidly are effective at fusing in cell
culture, but fare poorly in natural tissues or in vivo?6:41.61.135 Enhanced F-triggering by HN,
while advantageous in vitro, results in non-infectious viral particles in airway epithelium37,
in which the F protein may have been prematurely activated before contacting target
cells135136 Recent structural analysis of the HN molecules with specific biological effects
of revealed properties that are critical for infection in vivo. The second sialic acid binding
site that was identified by functional assays as a key operative site on HPIV3 HN (site 11)61
has a clear structural correlate and modulates viral growth in vivol9, Specific structural
changes at the HN dimer interface, where site Il exists, modulate the interaction between
HN and F, impact fusion triggering, and directly impact viral infection. For example, the HN
from a virus that is well adapted to growth in lung tissue has a wider separation across the
dimer interface near the regions of site Il than a variant that is restricted in growth in the
lung. These conformational changes are propagated to nearby loops at the dimer interface
and reduce dimer association in the lung-adapted virus’s HN, as measured by buried
interface areas, indicating that the dimer interface (and its modulation of HN/F interaction)
is critical to infection in the host191, The viruses that grow well in lung tissue and in vivo
bear a less active HN/F fusion machinery, with lower receptor avidity and less efficient
fusion triggering37. One may speculate that during natural infection in the host, receptors
may be widely available, and an overly fusogenic virus may prematurely trigger its F before
reaching the target membrane, a notion consistent with the evolution of laboratory-adapted
HPIV3 variants in vivo to become less fusogenic than reference strains'3. In support of this
concept, several highly fusogenic glycosylation mutants from NiV have not been identified
invivo’’. It seems apparent that most paramyxoviruses require a specific balance between
the various properties of the fusion machinery for viability in vivo.

Conclusions

A variety of models that reflect the diversity of the paramyxoviruses have been proposed for
the steps in entry. However, recent data may be taken together to support a common fusion
mechanism. Reviewing recent advances in the field of Paramyxoviridae entry, we propose a
unified model for the fusion process (Fig. 5). Before receptor engagement, the receptor-
binding protein interacts with the fusion protein and, if necessary, prevents its untimely
activation. After the globular heads of the receptor binding protein engage the target
receptor, an activating signal is transmitted via the stalk domain to the fusion protein. This
signal appears likely to be in the form of a conformational change in the stalk domain and --
in an “induced-fit” model -- induces a structural change in the fusion protein. The fusion
protein is destabilized and inserts its hydrophobic fusion peptide into the target membrane.
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The two heptad repeat domains of the fusion protein interact with each other as the molecule
progresses to its stable post-fusion state. This process drives the formation of the fusion pore

(Fig. 5).

Many open questions remain about the process of fusion activation. While the importance of
the HN/H/G stalk domain is well-established*2:95.96 the mechanism by which the signal is
transmitted to the homologous F protein is just beginning to be understood. Structural
analysis of the complete HN/H/G molecule both engaged to its receptor and free, has been
challenging in the face of the important hydrophobic domains#2:48:52.53  Measuring the
precise structural changes that trigger F protein activation will require novel approaches
including cryo-electron microscopic analysis of specific stages in the fusion activation
process.

Understanding the fusion and entry processs of paramyxoviruses is key for the design of
new therapies. The unifying model we suggest for the Paramyxoviridae fusion machinery
can support the development of new anti-viral strategies that may have broad-spectrum
potential for inhibiting entry. Potentially promising therapies that target the entry step
include small molecules that prematurely trigger the fusion protein136, or lipid conjugated
HRC-derived peptides!31132. Together with other antiviral approaches that target common
mechanisms, these strategies hold promise for wide applicability for preventing and treating
this important group of pathogens.
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Paramyxoviruses are found on every continent. Henipa- and Henipa-like viruses have been
found in Oceania, Asia, Africa and South America, but human infections have only been

reported in Oceania and South-East Asia. Data gathered from Enders et al.2, Ganar et al.12,
Croser et al.13 the World Health Organization, the World Organization for Animal Health,

and recent studies8. Abbreviations are as in Table 1.
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Figure 2. Schematic representation of the common structure of Paramyxoviruses

Bilayer

Paramyxoviridae are enveloped viruses. They contain single-stranded negative RNA coated
with nucleocapsid (N) protein as well as a large (L) protein and a phosphoprotein (P) that

carries out polymerase activity. The matrix (M) protein lines the viral lipid bilayer. The two
viral glycoproteins -- hemagglutinin-neuraminidase (HN)/ hemagglutinin (H)/ glycoprotein

(G) and fusion (F) -- protude from the viral membrane.
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Figure 3. Structure of the Newcastle disease vir us hemagglutinin-neuraminidase protein
3.1 Side view of the crystal structure of the tetramerized NDV-HN ectodomain showing the

stalk and the globular domains of each monomer. Each color represents one monomer of the
receptor-binding protein. One dimer is composed of green and yellow monomers, the other
of red and blue monomers. (PDB ID: 3T1E; Yuan et al.53). 3.2 Top view of the crystal
structure of the tetramerized NDV-HN ectodomain, showing sialic acid binding sites | and
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I1. Each monomer bears a site | and a site I1. (PDB 1D: 3T1E; Yuan et al.53) 3.3 Schematic
representation of the domains of NDV HN.
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Figure 4. Structure of the paramyxovirus fusion protein
4.1 Crystal structure of the pre-fusion state of the trimeric fusion protein of PIV5 showing

the fusion peptide (purple) in the hydrophobic pocket formed by ae hydrophobic domain
(deep green), the HRN domain (deep blue) and the F, sub-unit (yellow). (PDB ID: 4GIP;
Welch et al.”). 4.2 Crystal structure of the post-fusion state of the fusion protein of HPIV3
showing the 6-helix bundle structure formed by the HRN (deep blue) and HRC (red)
domains interacting together. (PBDB ID: 1ZTM; Yin et al’3). 4.3 Schematic representation
of the main domains of a monomer of the cleaved paramyxovirus fusion protein. HRC/
HRN: Heptad Repeat C-/N-terminal domain.
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See text for description. Pink: HRN domain and fusion peptide. HRC/HRN: Heptad Repeat

C-/N-terminal domain.
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