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Abstract

The paramyxoviruses represent a diverse virus family responsible for a wide range of human and
animal diseases. In contrast to other viruses, such as HIV and influenza virus, which use a single
glycoprotein to mediate host receptor binding and virus entry, the paramyxoviruses require two
distinct proteins. One of these is an attachment glycoprotein that binds receptor, while the second
is a fusion glycoprotein, which undergoes conformational changes that drive virus-cell membrane
fusion and virus entry. The details of how receptor binding by one protein activates the second to
undergo conformational changes have been poorly understood until recently. Over the past couple
of years, structural and functional data have accumulated on representative members of this
family, including parainfluenza virus 5, Newcastle disease virus, measles virus, Nipah virus and
others, which suggest a mechanistic convergence of activation models. Here we review the data
indicating that paramyxovirus attachment glycoproteins shield activating residues within their N-
terminal stalk domains, which are then exposed upon receptor binding, leading to the activation of
the fusion protein by a ‘provocateur’ mechanism.

Introduction

The Paramyxoviridae are enveloped, negative strand RNA viruses that infect both humans
and animals [1]. The family is divided into two major subfamilies, the Paramyxovirinae and
the Pneumovirinae (Figure 1) and includes, among others mumps virus, measles virus,
respiratory syncytial virus (RSV), metapneumovirus (MPV), parainfluenza viruses (P1V)
1-5, and Newcastle disease virus (NDV). The paramyxoviruses are associated with
significant health and economic burdens worldwide.

Paramyxovirus entry into cells requires the fusion of the virion envelope with a host cell
membrane. For nearly all paramyxoviruses, membrane fusion is triggered at the cell surface
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in a receptor-dependent, pH-independent manner [1-3] and two viral glycoproteins mediate
this process — an attachment protein referred to as HN, H, or G (HN/H/G), depending on the
virus, and the fusion (F) glycoprotein [1,2]. The F proteins form trimers and are class I viral
fusion proteins [1-6]. F initially folds to a metastable, pre-fusion conformation, and upon
activation, it refolds to catalyze membrane fusion, juxtaposing the target cell and viral
membranes (Figure 1). Proteolytic cleavage of F is required for fusion activity, but does not
induce any major structural changes in the prefusion structure (Figure 1) [7].

Most paramyxoviruses, excluding the Pneumovirinae subfamily (RSV and MPV) (Figure 1),
require both F and the receptor binding attachment protein for membrane fusion [8-13].
Early studies suggested that F and the receptor binding protein have to physically interact
for fusion to occur [9,12,14-16]. Two distinct models have arisen for the membrane fusion
triggering mechanism, explaining how F is regulated to refold at the right time and right
place.

In the “dissociation” or “clamp” model (Figure 2) the attachment protein retains F in its
metastable, prefusion form. F and HN/H/G associate intracellularly, arriving at the cell
surface as a complex to be incorporated into virions. When HN/H/G binds to its receptor, F
is released and triggered to refold and drive membrane merger [15,17,18] (Figure 2).

In the second model, known as the “association” or “provocateur” model [19], HN/H/G
actively triggers the metastable F protein by destabilizing it after receptor binding. In this
model, HN/H/G is not required to stabilize the prefusion F conformation. HN/H/G could
preassociate with, but not activate, F or alternatively, HN/H/G may only associate with F
after receptor binding. A major difference between the clamp and provocateur models is that
in the clamp model HN/H/G stabilizes prefusion F whereas in the provocateur model
HN/H/G destabilizes prefusion F (Figure 2).

The interactions of F and HN/H/G have been extensively investigated. For measles virus and
henipaviruses, mutant analyses have indicated an inverse correlation between fusion
promotion and the strength of the F-H/G interaction [20-22]. These results have been
interpreted to support the clamp model, although the data may be consistent with alternative
explanations. For NDV, certain mutations that decrease fusion also decreased F-HN
interactions [23]. However, other mutations in both measles virus and NDV attachment
glycoproteins decrease fusion while retaining F binding [24-26]. To accommodate these
somewhat diverse observations, it has been suggested that paramyxoviruses that use
proteinaceous receptors have a different triggering mechanism from those that use sialic acid
as a receptor.

One of the principal tenets of the provocateur hypothesis is that F can be expressed in its
prefusion form without HN/H/G. This has been demonstrated by using monoclonal
antibodies (mAbs) that specifically recognize prefusion or postfusion PIV5 F [19,27]. In
addition, elevated temperatures convert prefusion PIV5 F to postfusion F in the absence of
HN expression, with heat providing a surrogate trigger, in support of the provocateur
hypothesis [19,27]. Recent data show that measles virus, canine distemper virus and
henipavirus F are all expressed in the prefusion form in the absence of H or G and that heat
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converts prefusion to postfusion F [24,28,29]. These data indicate that the prefusion F
conformation can be maintained in the absence of a clamp, supporting a generalizable
provocateur model for paramyxoviruses.

Although the majority of available data supports a coalescence of activation models, two
recent publications suggest that hPIV3 F is stabilized in its pre-triggered state as long as the
HN interaction is prolonged [30,31]. However, the hPIV3 data do show that when F was
coexpressed with influenza virus HA as an irrelevant receptor binding protein to tether
effector and target cell membranes, over 70% the level of fusion of HN/F coexpression was
observed [31]. This result raises the question of what triggered hPIV3 F: spontaneous
activation at 37°C or interaction with an unknown receptor? In any case, the data
demonstrate that functional, prefusion hPI1V3 F is expressed without HN, consistent with the
provocateur model.

Paramyxovirus attachment proteins show diversity in receptor binding.

The two major subfamilies of the Paramyxoviridae, the Paramyxovirinae and the
Pneumovirinae (Figure 1), also delineate a structural division in the attachment proteins.
The Paramyxovirinae subfamily attachment glycoproteins, HN/H/G, are structurally related,
but engage different cellular receptors. Three genera (Rubulaviruses, Respiroviruses and
Awvulaviruses), which include mumps virus, PI1V5, hP1V1-4 and NDV, encode a
hemagglutinin-neuraminidase (HN) protein (Figure 1). HN both binds to and cleaves sialic
acid receptors, promoting virus attachment during entry and budding after infection,
respectively. Viruses in the morbillivirus (e.g. measles virus) and henipavirus (Nipah/
Hendra) genera encode attachment proteins, H and G respectively, that are structurally
related to HN, but which bind to protein receptors rather than sialic acid. By contrast, the
Pneumovirinae, which includes RSV and MPV, encode a distinct attachment glycoprotein
(G), which bears no apparent structural relationship to those in the Paramyxovirinae
subfamily (Figure 1).

The Paramyxovirinae HN/H/G proteins are all type Il integral membrane proteins,
consisting of a membrane proximal stalk and a C-terminal globular receptor binding domain
(RBD). The RBDs adopt a six-blade beta propeller fold characteristic of sialidases, with
individual structural adaptations and variations (Figure 3). The glycoproteins form tetramers
and share common functional characteristics [32-42]. Receptor engagement by the C-
terminal RBD is thought to initiate conformational changes, leading to F activation, with F
specificity encoded in the N-terminal stalk. Since the Pneumovirinae G proteins are not
structurally related to the Paramyxovirinae HN/H/G proteins and are also not required for F
activation, the Pneumovirinae subfamily entry mechanism appears to differ substantively.

Crystal structures of receptor complexes of the RBDs from PIV5 HN, measles virus H and
Nipah/Hendra virus G have been determined (Figure 3) [32,37,38,41-43]. HN binds sialic
acid in a central pocket at one face of the beta propeller barrel, within an active site that
conserves essential catalytic residues found in other neuraminidases. HN catalytic activity is
reduced at neutral pH, enabling attachment and entry, but is activated at lower pH, enabling
sialic acid removal during biosynthesis and budding. The Nipah virus G receptor is ephrin
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B2/3 (EphB2/3). The Nipah virus RBD also engages receptor in the central pocket of the
beta propeller domain, using vestiges of the sialidase active site [32,37]. Measles virus H
utilizes SLAM or nectin-4 as physiological receptors. A subset of measles virus variants
adapted to using CD46 to trigger entry, likely as a result of passaging virus in tissue culture.
In contrast to HN and henipavirus G, measles virus H engages all three protein receptors to
the side of the beta propeller domain (Figure 3) [41-43].

The relationship between receptor binding and F activation is incompletely understood, but
the receptor structures indicate that any general features of the F activation mechanism
should be consistent with the different types of receptors (protein or carbohydrate), the
different affinities of receptor engagement and the different geometries of the RBD:receptor
complexes. Comparisons of unbound and bound RBDs indicate only minor structural
changes upon engaging receptors. Measles virus entry can be reengineered by inserting a
6His tag into the RBD and utilizing an anti-his tag antibody as the entry receptor, or by
appending other binding domains to H [44-46]. Thus any model for receptor dependent
entry must take into account the ability of the attachment glycoproteins to recognize diverse
input signals and convert these to a common output to activate F.

Structures of HN ectodomains indicate that RBDs shield the N-terminal

stalk region involved in F activation.

Considerable evidence indicates that the stalk domains of paramyxovirus HN/H/G proteins
directly interact with F [14,21,23,26,30,47-55]. However, until recently, no structural
information was available on these domains.

Crystal structures of the NDV HN ectodomain [56], the PIV5 stalk domain by itself [47] and
the PIV5 ectodomain [57] have provided insights into the stalk region, and unanticipated
interactions with the globular RBDs (Figure 4). All three crystal structures show that the
stalk forms a parallel 4-helix bundle (4HB). The PI1V5 stalk and ectodomain structures show
adjacent segments of undecad (11-mer) and heptad (7-mer) hydrophobic repeat regions, with
a kink at the junction of the distinct coiled coil regions [47]. The stalk structures contain key
residues defining an F binding and activation site (Figure 4) surrounding the kink. Mutations
that block F activation map to the surface of the stalk and a subset have been shown to
disrupt binding to F. Other stalk mutations block F activation, but retain F binding,
suggesting that binding is necessary but insufficient for activation and that additional
interactions between the stalk and F may be required for F triggering. These observations
suggest that F activation may involve two steps, F binding followed by F activation
(reviewed in ref. [13]).

The NDV and PIV5 HN crystal structures also revealed interactions between the RBD and
stalk (Figure 4) [56,57]. In both, an extensive interface is observed between the base of an
RBD beta propeller domain and the 4HB, partially covering residues implicated in F binding
and activation. Pairs of HN RBDs associate as dimers, with only one of the RBDs
interacting with the stalk (Figure 4). The arrangement of the NDV HN protein is 2-fold
symmetric about the stalk, with RBD dimers flanking the 4HB, forming a ‘4-heads down’
state. The receptor binding sites point away from the stalk-RBD interface. By contrast the
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PIV5 HN structure reveals a hybrid, asymmetric conformation, with one pair of the RBDs
arranged above the 4HB stalk, and the other pair arranged as in NDV HN (Figure 4). The
PIV5 pair of RBDs in the ‘up’ conformational state reorient their receptor binding sites
away from the stalk and TM domains, consistent with a reorientation to bind sialic acid
receptors on target cells. The PIV5 HN conformation thus appears to represent a potential
intermediate along the pathway from a pre-receptor bound ‘4-heads down’ conformation to
a post receptor bound ‘4-heads up’ conformation. These structures suggested that receptor
engagement could reorient the RBDs away from the stalk 4HB, thereby facilitating F
engagement and activation in a receptor dependent manner. The conversion of the
attachment glycoprotein from a ‘4-heads down’ to a ‘4-heads up’ conformation does not
necessarily require receptor induced conformational changes within the globular RBD, but
the reorientation away from the N-terminal stalk may be achieved by optimizing multivalent
receptor interactions within the tetramer. This may explain the apparent flexibility in
receptor specificity and binding site location on the RBD, highlighted by the variety of
naturally occurring receptors, as well as retargeting studies with engineered measles virus H
[44-46].

The stalk regions constitutively activate F mediated membrane fusion.

The HN ectodomain crystal structures raised the possibility that HN initially adopts an
autoinhibited prefusion state, with inhibitory RBD-stalk interactions, suggesting that a
truncated, ‘headless’ stalk lacking the RBDs might be constitutively activating. Consistent
with this hypothesis, we showed that the PIV5 HN stalk (residues 1-117) is sufficient to
activate F for fusion, indicating that the RBDs are dispensable for PIV5 F triggering [58].
The PIV5 HN stalk does not activate other non-cognate F proteins and mutants with N-
linked carbohydrate sites on the outer surface of the PIV5 HN stalk ablate fusion, consistent
with the inhibition of direct F-stalk interactions [58].

Two lines of evidence indicate that the expression of PIV5 HN stalk, in comparison to wt
HN, more readily overcomes an energy barrier to fusion activation. First, the stalk triggers
fusion to a greater extent at 33°C than wt HN at 33°C. Second, the stalk triggers fusion of
the hypofusogenic mutant F-P22L [59], orders of magnitude more readily than wt HN. This
suggests a distinct energy requirement of the PIV5 HN, possibly for the RBDs to undergo
structural rearrangements. The HN stalk may be able to better activate F-P22L because of an
unlimited dwell time for the interaction with F.

It has recently been shown that F mediated fusion can be similarly triggered by ‘headless’
stalk constructs from measles virus H [60], Nipah virus G [61], mumps virus HN and NDV
HN (Bose et al., 2014 in preparation). Thus, constitutive stalk activation is a general
property across HN/H/G receptor binding proteins. It remains unclear why only specific
lengths of stalk activate F [58]; [60,61], why in some cases the stalk requires stabilization
[60] and why the introduction of disulfide bonds either inhibits fusion or can stabilize the
stalk [49,62,63], (Bose et al., 2014 in preparation).

Little is known concerning the region of F that interacts with the HN/H/G stalk, but recent
studies implicate residues near the base of the prefusion measles virus F head [64]. Chimeric
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F proteins generated between PIV5 F and simian virus 41 F have also been used to map the
HN interaction site [65], but the identified region is relatively large. Finally, multiple
hydrophaobic residues in the PIV5 F immunoglobulin-like (lg-like) domain 11 may
potentially interact with HN [66] and some of these residues map to the same general
location on PIV5 F as identified for measles virus F [64,66].

A comprehensive stalk exposure model for fusion activation.

We previously proposed a simple model for paramyxovirus fusion activation [58], in which
exposure of the F-activating stalk region is triggered by receptor binding. In this model, the
attachment glycoprotein RBDs adopt a prefusion ‘4-heads down’ state and protect the F-
activating stalk region. On binding receptor, the heads move to attain ‘up’ positions, fully
exposing the stalk, allowing F to interact and triggering fusion as anticipated by the
provocateur model.

The generality of this stalk exposure model is supported by three consistent sets of
observations across multiple paramyxoviruses: (1) Two (NDV and PIV5) crystal structures
show analogous RBD-stalk interactions near the F-interaction sites that could restrict F
binding, (2) F proteins of many paramyxoviruses adopt a prefusion conformation in the
absence of their attachment glycoproteins, and (3) ‘headless’ stalks from the attachment
glycoproteins of many paramyxoviruses can constitutively activate their respective F
proteins. These accumulating data are most consistent with a ‘provocateur’ model for F
activation, but at odds with the ‘clamp’ model initially proposed for measles virus and
henipaviruses. Importantly, mutagenesis studies have revealed that F binding can be
separated from F activation, indicative of a two-step process for initiating membrane fusion,
involving a step of F binding followed by a subsequent step of F activation mediated by
distinct residues in the attachment glycoprotein stalk.

A possible reconciliation of the different models associated with different paramyxoviruses
is shown in Figure 5. PIV5-like paramyxoviruses may exhibit no HN-F complex formation
prior to receptor binding, which triggers exposure of the HN stalk region enabling the two
steps of F binding and activation (Figure 5A). Measles or henipa-like viruses form H/G:F
complexes prior to receptor binding, but these complexes may not trigger until RBDs
reorient and fully reveal key activating residues of the stalk, following a distinct but related
two-step pathway for membrane fusion (Figure 5B). In both of these model scenarios,
engagement of the fully exposed stalk instigates the refolding of F, and this could
conceivably involve stalk conformational changes as well. In summary, a convergence of
structural and functional data indicate that receptor-binding by the paramyxovirus
attachment glycoproteins leads to the exposure of N-terminal stalk residues that can
constitutively bind and activate refolding of F to trigger membrane fusion, consistent with a
‘provocateur’ role for the stalk region that is regulated by interactions with the receptor
binding domains.
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Figure 1. The attachment and fusion glycoproteins of the Paramyxoviridae
(A) Pseudo phylogenetic tree of examples of the Paramyxoviridae. No evolutionary distance

is implied by the lines. Genera are listed to the right and associated attachment glycoprotein
abbreviations are indicated to the far right. NDV, Newcastle disease virus; HeV, Hendra
virus; NiV, Nipah virus; MeV, measles virus; CDV, canine distemper virus; MuV, mumps
virus; PIV5, parainfluenza virus 5; SeV, Sendai virus; PIV3, parainfluenza virus 3; RSV,
respiratory syncytial virus; MPV, metapneumovirus. (B) Structure of distinct conformational
states of the F protein ectodomain. Side-view ribbon diagrams of prefusion PIV5 F protein
in its uncleaved (PDB ID code: 2B9B) [67] and protease-cleaved states (PDB ID code 4GIP)
[7], as well as the uncleaved postfusion structure of the hPIV3 F ectodomain (PDB ID code:
17TM) [68]. Arrowheads indicate the position of protease cleavage sites in the prefusion
structures for two of the three chains (the third is hidden from view). Arrows indicate the
progression of F through its various conformational states. An exception for the uncleaved
postfusion hPIV3 F structure is noted by square brackets as cleavage activation is a
biological requirement for fusion activity, although not for refolding of the F ectodomain
into the postfusion form. Each structure is color-coded by domain (DI, yellow; DII, red;
DIll, magenta; HRB, blue). Reproduced from Welch and coworkers (2012) [7].
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Figure 2. Schematic diagram illustrating the ‘Clamp’ hypothesis and the ‘Provocateur’
hypothesis
(A) In the "Clamp’ hypothesis the attachment protein HN, (H or G) and the F protein interact

during their transport through the exocytic pathway and at the cell or viral surface dissociate
upon receptor engagement with the attachment protein, allowing the F protein to trigger in a
manner analogous to a loaded spring. (B) In the ‘Provocateur’ hypothesis, the attachment
protein and the F proteins do not associate inside the cell but do associate at the cell or viral
surface, and dissociate after the attachment protein engages with the receptor. The protein-
protein interaction between HN (H, G) and F triggers the F protein. The receptor binding
protein is illustrated in orange as a globular head linked, via a flexible linker, to a four helix
bundle stalk. The receptor binding site is shown as a blue triangle. The F protein is
illustrated as a purple trimer with the domain that refolds in green. The receptor molecule is
illustrated as a light brown cylinder with a red triangle as the attachment point. Potential
changes in the HN/H/G stalk on receptor engagement are not illustrated.
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Figure 3. Receptor complexes of paramyxovirus attachment glycoprotein receptor binding
domains
For all panels, the receptor binding domains (RBDs) are shown in cartoon format, colored in

a rainbow from N (blue) to C (red). The receptors are shown in solid surface format colored
light pink. The RBDs all show a characteristic 6-bladed beta-propeller domain that is
observed in sialidases and neuraminidases, although the Nipah virus G and measles virus H
proteins do not bind sialic acid as their receptors. Pairs of panels are shown with two views
of each receptor complex, related by a 90° rotation as indicated. (A, B) Two views of the
PIV5 HN:sialylalactose complex (PDB ID code 1Z4X). (C, D) Two views of the Nipah
virus G:EphB2 complex (PDB ID code 2VSM). (E, F) Two views of the measles virus
H:SLAM complex (PDB ID code 3ALZ). (G, H) Two views of the measles virus H:CD46
complex (PDB ID code 3INB). (I, J) Two views of the measles virus H:nectin complex
(PDB ID code 4GJT).
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Figure 4. Structures of the NDV and P1V5 HN ectodomain and stalk regions
(A) The NDV HN crystal structure (PDB ID: 3TIE) [56] representing the “4-heads-down”

conformation is shown in cartoon format. Active site residues (E400, R415, and Y525) are
shown as yellow, blue and red spheres. The locations of the second sialic acid binding sites
are not shown. The stalk/RBD interface is circled and labeled. (B) Structure of the PIV5 HN
4HB stalk domain encompassing residues 56-108 (PDB ID code 3TSI) [47] . Residues in ‘@’
‘d’ and “h’ positions of the hydrophobic core of the 4-helix bundle (yellow) are numbered.
(C) Structure of the “2-heads-up/2-heads-down” conformation revealed by the PIV5-HN
ectodomain crystal structure (PDB ID code 4JF7) [57]. The two dimers of RBD head
domains (2-heads up and 2-heads down) are indicated.
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Figure 5. Models for receptor-dependent fusion activation for paramyxoviruses within the
Paramyxovirinae subfamily
Current experiments indicate that the attachment glycoproteins from many paramyxoviruses

within the Paramyxovirinae subfamily adhere to a general set of features. The attachment
glycoproteins are structurally related and have a globular, C-terminal RBD that can interact
with various receptors with diverse complex architectures. The attachment glycoprotein
specificity for F activation lies within the N-terminal, tetrameric stalk and the ‘headless’
stalk domains constitutively activate F. The F proteins fold to a functional, prefusion state in
the absence of the attachment proteins, indicating that a stabilizing clamp is not required for

Curr Opin Virol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jardetzky and Lamb

Page 18

their function. The structures of two different attachment glycoprotein ectodomains show a
stalk-RBD interaction that occludes residues implicated in F binding and activation. Stalk
residues that are separately responsible for F protein binding and F protein activation have
been identified, suggesting two distinct steps in F activation, which could be energetically
different in different viruses. These data indicate that F binding is not absolutely required for
F stabilization, disfavoring a clamp model, and that F binding Is necessary but insufficient
for F activation. The data appear most consistent with a provocateur model, where residues
in the HN/H/G stalk domain are specifically involved in destabilizing the prefusion F protein
to undergo conformational changes that drive membrane fusion. Two related models that
capture these features for PIV5-like and Henipa/measles virus-like activation pathways are
shown in panels (A) and (B). The grey panels and arrows indicate low probability pathway
steps based on available functional data. Red atoms in the post-receptor bound HN/H/G
stalk represent F interacting and activating residues. *Activated” prefusion F is indicated by
CPK atoms for residues that undergo large conformational changes to the post-fusion
conformation (far right panels). (A) PIV5-like fusion activation involves weak or no
interaction between prefusion F and prefusion HN proteins. Binding to receptors on target
cells would fully expose the stalk region, allow F to bind and then to be activated at the
appropriate time and place. (B) Henipa/measles virus-like fusion activation involves
preformed complexes between prefusion F and H/G proteins that does not expose activating
residues with the H/G stalk to F. Receptor binding would reorient the H/G RBDs, allowing
full binding to the stalk and subsequent destabilization of prefusion F. The two pathways
show significant functional conservation, as revealed by extensive comparative data that has
been collected. Differences in the nature and stability of the prefusion HN/H/G complexes
with F may reflect evolutionary differences in the strength of these interactions but these
differences are not in and of themselves indicative of fundamentally different activation
mechanisms or pathways. On the contrary, the accumulating data suggest an overall
conserved mechanism of receptor-dependent activation across the Paramyxovirinae
subfamily of the paramyxoviruses.

Curr Opin Virol. Author manuscript; available in PMC 2015 April 01.



