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ABSTRACT

Paramyxoviruses are a large family of membrane-enveloped negative-stranded RNA viruses causing important diseases in hu-
mans and animals. Two viral integral membrane glycoproteins (fusion [F] and attachment [HN, H, or G]) mediate a concerted
process of host receptor recognition, followed by the fusion of viral and cellular membranes, resulting in viral nucleocapsid en-
try into the cytoplasm. However, the sequence of events that closely links the timing of receptor recognition by HN, H, or G and
the “triggering” interaction of the attachment protein with F is unclear. F activation results in F undergoing a series of irrevers-
ible conformational rearrangements to bring about membrane merger and virus entry. By extensive study of properties of multi-
ple paramyxovirus HN proteins, we show that key features of F activation, including the F-activating regions of HN proteins,
flexibility within this F-activating region, and changes in globular head-stalk interactions are highly conserved. These results,
together with functionally active “headless” mumps and Newcastle disease virus HN proteins, provide insights into the F-trig-
gering process. Based on these data and very recently published data for morbillivirus H and henipavirus G proteins, we extend
our recently proposed “stalk exposure model” to other paramyxoviruses and propose an “induced fit” hypothesis for F-HN/H/G
interactions as conserved core mechanisms of paramyxovirus-mediated membrane fusion.

IMPORTANCE

Paramyxoviruses are a large family of membrane-enveloped negative-stranded RNA viruses causing important diseases in hu-
mans and animals. Two viral integral membrane glycoproteins (fusion [F] and attachment [HN, H, or G]) mediate a concerted
process of host receptor recognition, followed by the fusion of viral and cellular membranes. We describe here the molecular
mechanism by which HN activates the F protein such that virus-cell fusion is controlled and occurs at the right time and the
right place. We extend our recently proposed “stalk exposure model” first proposed for parainfluenza virus 5 to other paramyxo-
viruses and propose an “induced fit” hypothesis for F-HN/H/G interactions as conserved core mechanisms of paramyxovirus-
mediated membrane fusion.

Paramyxoviruses are enveloped, nonsegmented, negative-
stranded RNA viruses that infect their hosts by fusing the viral

membrane with a host cell membrane at neutral pH (1). The fam-
ily Paramyxoviridae includes many major clinically and econom-
ically important pathogens of humans and animals, including
parainfluenza viruses 1 to 5 (PIV1 to PIV5), mumps virus (MuV),
Newcastle disease virus (NDV), Nipah virus (NiV), Hendra virus
(HeV), measles virus (MeV), canine distemper virus (CDV), re-
spiratory syncytial virus (RSV), and human metapneumovirus
(hMPV). Paramyxoviruses are classified into two subfamilies:
Paramyxovirinae (including the genera Rubulavirus, Avulavirus,
Respirovirus, Morbillivirus, and Henipavirus) and Pneumovirinae.
In light of a large number of recently discovered novel, potentially
zoonotic paramyxoviruses (2, 3), studies highlighting core mech-
anisms of paramyxovirus entry have become critical to facilitate
the rational design of antiviral drugs and effective vaccine devel-
opment.

Paramyxoviruses mediate membrane fusion and cell entry by
the concerted action of two interacting viral glycoproteins: the
attachment protein (HN, H, or G) and the fusion protein (F). The
attachment protein binds cellular surface receptors, initiating a
sequence of events, involving interactions of the attachment pro-
tein with F, followed by activation of the fusion protein (1, 4, 5).
Upon activation, the cleaved, metastable, prefusion form of the F

protein (6, 7) rearranges to insert a hydrophobic fusion peptide
into the target cell membrane and through a pre-hairpin interme-
diate (8) ultimately refolds irreversibly into a stable, postfusion
form (9–12), resulting in viral and cellular membrane merger.

Atomic structures of the attachment proteins (HN, H, or G)
reveal a globular head, harboring a typical sialidase domain cre-
ated by a six-bladed �-propeller fold (13–22). PIV1 to PIV5, MuV,
and NDV have HN-type receptor-binding proteins possessing
both hemagglutinating and neuraminidase activities, and HN
binds sialic acid as a receptor through a central binding site within
the �-propeller fold. In contrast, H proteins of MeV and CDV and
G proteins of HeV and NiV bind cell surface-expressed protein
receptors through specific sites on the globular head. For HN pro-
teins, the neuraminidase activity cleaves sialic acid from complex
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carbohydrate chains of HN and F and cellular proteins, acting as a
receptor-destroying enzyme and preventing virus reattachment to
the same cell. The majority of evidence obtained to date suggests
that the attachment proteins exist as a dimer-of-dimers, with
dimerization occurring through covalent and noncovalent inter-
actions primarily within a stalk domain connecting the globular
heads to the transmembrane domain (19, 23–28). Recently ob-
tained atomic structures of HN stalk domains from NDV HN (23)
and PIV5 HN (29) showed the stalks to be four-helix bundles
(4HB), possessing a C-terminal linear coiled-coil region with an
11-mer hydrophobic central core repeat, adjacent to an N-termi-
nal left-handed supercoiled region with 7-mer repeats. A large
body of data suggests that F interacts with the attachment protein
through the HN, H, or G stalk domains (30–41); however, the
exact nature of the interaction and nature of the F activation pro-
cess are not clear.

HN, H, or G receptor binding is coupled to F activation to
ensure the correct timing of the F fusion peptide insertion into the
target membrane. The attachment protein globular heads upon
binding receptor are thought to initiate a conformational change
or rearrangement within the HN, H, or G proteins that is believed
to be responsible for F activation during or after F-HN/H/G in-
teraction (1, 42–45). However, the exact nature of these rearrange-
ments and that of the F-HN/H/G interaction are not well under-
stood. Multiple studies have shown that retargeted MeV H or
NDV HN heads binding noncognate receptors are able to trigger F
(45–49) and chimeric attachment proteins bearing globular heads
or stalks from different viruses in various combinations are func-
tional when paired with the cognate F protein corresponding to
the stalk domain portion of the chimeric attachment protein (31,
42, 49–53). Recent data have also shown that “headless” PIV5 HN,
MeV H, and NiV G proteins, lacking the globular head domains in
their entirety, are sufficient to trigger their cognate F proteins (42,
54, 55). Thus, counterintuitively, it appears that across the
paramyxovirus family in general, receptor specificity or even re-
ceptor binding by the HN, H, or G heads is not a major require-
ment for F triggering. However, the critical requirement of initi-
ating F activation at the correct time and place suggests that the
globular heads mediate an important regulatory role in F activa-
tion through receptor binding, whereas the stalks act as activation
domains (42).

Recently solved atomic structures of PIV5 HN and NDV HN
show distinct arrangements of the globular head domains (19, 23,
41), with the globular head dimers of HN either attaining a
“down” position, where one monomer of each dimer interacts
with the stalk 4HB (23), or an “up” position, where this interac-
tion is absent (19). A third hybrid arrangement of PIV5 HN glob-
ular heads “2 heads up, 2 heads down” was also observed recently.
When HN in the “2 heads up, 2 heads down” form was locked
together through disulfide bridges, its ability to trigger PIV5 F was
maintained (41), suggesting that only one dimer face of the stalk
needs to be exposed.

Based on these data we recently suggested a model (the stalk
exposure model) for the activation of paramyxovirus F proteins in
which binding of receptor by the attachment protein globular
heads results in exposure of an F activation domain in the attach-
ment protein stalk. F, on interaction with this region, is triggered
(destabilized), ultimately resulting in membrane fusion (41, 42).
Current modeling and mutagenesis data suggest that F-activating
regions are at or around the junction of the linear and superhelical

regions of 4HB stalks (29, 41, 43, 44). Very recently, Brindley et al.
(54) and Liu et al. (55), for MeV and NiV, respectively, provided
strong evidence that the “stalk exposure” model could be extrap-
olated to MeV and NiV. Thus, the “stalk exposure” model links
receptor binding to F activation, whereby correct timing of the
irreversible F refolding process is achieved by rearrangement of
the attachment protein globular head domains, with respect to the
attachment protein 4HB stalks.

Here we identified the F-activating regions of PIV5 HN and
MuV HN stalk domains and highlighted the roles of individual
residues, including that of a single charged amino acid, which
determines specificity of F activation between PIV5 and MuV. A
comparison of the critical residues identified in the F-activating
domains of PIV5 and MuV stalks, and residues identified in pre-
vious mutagenesis studies of the NDV HN stalk (33, 36), mapped
onto available HN stalk atomic structures revealed a largely hy-
drophobic F activation interface for PIV5, MuV, and NDV that is
sterically protected from F interaction by the globular heads. The
similarity of NDV and PIV5 HN stalk F-activating regions are
such that maintaining the relative positions of critical hydropho-
bic residues in the context of the 4HB is sufficient to activate NDV
F by a chimeric NDV HN protein containing part of the PIV5 HN
F-activating region. In addition, we show a requirement for stalk
flexibility at the F activation region of NDV HN similar to that
observed for MeV and CDV H proteins (43, 44, 56). Lastly, we
show that like PIV5 HN, MeV H, and NiV G, “headless” stalk
domains of MuV HN and NDV HN, can trigger F and cause cell-
cell fusion. Overall, these results strongly support a “stalk expo-
sure” model, certain features of which are likely to be at the core of
a general mechanism of paramyxovirus fusion activation.

MATERIALS AND METHODS
Cells and antibodies. 293T, BHK-21, BSR-T7/5, and Vero cells were
maintained in Dulbecco modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). BHK-21F cells were additionally sup-
plemented with 10% tryptose phosphate broth, and BSR-T7/5 cells were
grown with G418 added every third passage. A PIV5 HN specific poly-
clonal antibody (R471) (42) was used to detect PIV5 HN wild-type (wt)
and PIV5 HN mutant proteins. NDV HN full-length protein and other
NDV HN-based chimeric constructs and mutant proteins were detected
by using a NDV HN polyclonal antibody (R9722) serum raised in rabbits
against the soluble, purified NDV HN ectodomain (23) expressed by a
recombinant baculovirus in Sf9 insect cells. MuV full-length HN protein
and MuV HN mutant proteins were detected by using a mumps virus
neutralizing antiserum raised in rabbits (Denka Seiken Co., Ltd., Niigata-
ken, Japan). For the detection of proteins above by flow cytometry, a
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody
(Jackson ImmunoResearch, West Grove, PA) was used as a secondary
antibody.

Cloning and mutagenesis. pCAGGS-PIV5 HN and pCAGGS-PIV5 F
expression constructs harboring the PIV5 (W3A) F and HN genes were
used as described previously (57). Single point mutations in pCAGGS-
PIV5 HN were constructed by using the QuikChange mutagenesis kit
(Stratagene, La Jolla, CA) as described previously (29). The NDV-PIV5-
Fact HN chimeras, NDV HN “headless” stalk constructs and NDV HN
mutant proteins were constructed by using four-primer PCR, with
NDV-HN (Australia-Victoria strain) as the template. The MuV HN
“headless” stalk domains and MuV HN constructs bearing single point
mutants were generated from a pCAGGS MuV HN (Miyahara strain)
construct using four-primer PCR. The resultant PCR products bearing
the above modified NDV HN or MuV HN genes were cloned into the
pCAGGS vector using KpnI and SacI restriction enzyme sites. The nucle-
otide sequence of the entire HN open reading frames for each of the
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generated mutants was verified by using an Applied Biosystems 3100-
Avant automated DNA sequencer (Life Technologies Corp., Carlsbad,
CA). pT7-luciferase was obtained from Promega Corp. (Madison, WI).

Expression of PIV5, NDV, and MuV F and HN glycoproteins in
mammalian cells. PIV5, NDV, or MuV-F and -HN (wt and mutant)
proteins were expressed from pCAGGS constructs in Vero, BHK-21F, and
293T cells by transient transfection using the Lipofectamine Plus trans-
fection reagent (Invitrogen, Carlsbad, CA) according to the manufactur-
er’s protocol. For transfection, the cells were incubated with DNA and
transfection reagents for 5 h at 37°C, after which protein synthesis and cell
surface transport was allowed for 18 h at 37°C in DMEM containing 2%
FBS.

Immunoprecipitation and SDS-PAGE. 293T cells were seeded onto
BD PureCoat Amine six-well dishes (Becton Dickinson, Franklin Lakes,
NJ) overnight, after which the cells were transfected with PIV5, NDV, or
MuV HN wt or mutant proteins, as described above. At 18 h posttrans-
fection, the cells were starved in DMEM lacking cysteine and methionine
for 30 min, followed by labeling with 50 �Ci of Tran35S-label in the same
medium for 30 min (pulse). Tunicamycin, if required, was added at a final
concentration of 5 �g/ml to this 35S labeling medium. The cells were then
incubated for 90 min with complete DMEM containing 10% FBS (chase).
After the pulse-chase protocol, the cells were lysed in cold immunopre-
cipitation assay (RIPA) buffer (58) containing protease inhibitors, 50 mM
iodoacetamide, and 2 mM phenylmethylsulfonyl fluoride (PMSF). The
lysates were then clarified in a Beckman TLX ultracentrifuge in a Beckman
TLA 120.2 rotor at 55,000 rpm for 10 min at 4°C. Proteins in the clarified
lysates were allowed to bind with the PIV5 HN polyclonal antibody R471
or the NDV HN polyclonal antibody R4722 for 2 h or the MuV HN
neutralizing antiserum overnight at 4°C with rocking, after which protein
A-Sepharose beads were added, and the immunocomplexes incubated
with the beads at 4°C for 30 min. The antibody-antigen complexes were
washed three times with RIPA buffer (58) containing 0.3 M NaCl, twice
with RIPA buffer containing 0.15 M NaCl, and once with 50 mM Tris-HCl
(pH 7.4)– 0.25 mM EDTA– 0.15 M NaCl. The proteins were eluted from
the beads by boiling for 2 min in protein lysis buffer with or without 15%
dithiothreitol and separated on 10, 15, or 17.5% polyacrylamide gels (con-
taining 4 M urea). Radioactivity was detected using a Fuji FLA-5100 image
reader with Multi Gauge v3.0 software (Fuji Medical Systems, Stamford,
CT).

Flow cytometry. The amounts of PIV5 HN, NDV HN, or MuV HN wt
and mutant proteins present on the surfaces of cells were quantified using
flow cytometry. 293T cells were transfected with equal amounts of DNA
(1 �g/well of a six-well dish). At 18 h posttransfection, the monolayers
were washed with phosphate-buffered saline (PBS) containing 0.02% so-
dium azide to prevent new protein production and HN internalization.
Nonspecific antibody binding was blocked by incubating the cell mono-
layers in PBS containing 1% bovine serum albumin (BSA) and 0.02%
sodium azide for 1 h at 4°C. The cells were then incubated for 1 h at 4°C
with the PIV5 HN polyclonal antibody (PAb) R471 or NDV HN PAb
R4722 at a dilution of 1:200 or MuV neutralization antiserum at 1:100
dilution in PBS containing 1% BSA. The monolayers were washed thor-
oughly with PBS to remove unbound antibody and subsequently incu-
bated for 1 h at 4°C with FITC-conjugated goat anti-rabbit IgG (1:200
dilution) (Jackson ImmunoResearch). Cells were washed extensively with
PBS to remove nonspecifically bound secondary antibody and resus-
pended in PBS containing 0.5% formaldehyde to fix the cells. The mean
fluorescence intensity (MFI) of 10,000 cells was recorded for each sample
using a FACSCanto II flow cytometer (Becton Dickinson). Flow cytom-
etry data were collected using FACSDiva software (Becton Dickinson) and
analyzed using BD CellQuest Pro software (Becton Dickinson).

Syncytium formation. BHK-21F cells were transfected as described
above using 1 �g each of pCAGGS containing PIV5, NDV, or MuV HN
(wt or mutant constructs) and pCAGGS F from the above viruses. At 18 h
posttransfection, unless otherwise specified, the cells were fixed and
stained using a Hema3 staining protocol (Fisher Scientific, Pittsburgh,

PA) according to the manufacturer’s instructions. The monolayers were
photographed using an AMG EVOS �1 inverted microscope (Fisher Sci-
entific, Pittsburgh, PA).

Luciferase reporter assay. To quantify the fusion observed in the syn-
cytia assay, Vero cell monolayers were transfected with 1 �g each of the
pCAGGS-F and pCAGGS-HN wt or pCAGGS constructs containing mu-
tations in PIV5, NDV, or MuV HN and pT7-luciferase, a plasmid that
expresses firefly luciferase under T7 polymerase control. At 15 h post-
transfection, BSR-T7/5 cells, expressing T7 RNA polymerase, were over-
laid on the Vero cell monolayer (at a BSR-T7 cells to Vero cells ratio of
1:2), followed by further incubation for 7 h at 37°C. Subsequently, Glo
lysis buffer (Promega, Madison, WI) was used to lyse the cells, and cell
debris was removed by centrifugation (13,000 rpm for 3 min). Then, 150
�l of the cleared lysates was added to a 96-well dish, along with 150 �l of
the luciferase assay substrate (Promega, Madison, WI), and the luciferase
activity in relative light units (RLU) was determined using a SpectraMax
M5 plate reader (Molecular Devices, Sunnyvale, CA).

Hemadsorption assay. Monolayers of 293T cells were transfected
with pCAGGS PIV5, NDV, or MuV HN and HN mutants as described
above. At 18 h posttransfection, the cells were washed gently with cold
PBS. This was followed by incubation for 2 h with 1% chicken red blood
cells (RBCs) in PBS at 4°C to allow receptor binding but not fusion. Sub-
sequently, the monolayers were washed thoroughly to remove unbound
RBCs. The remaining bound RBCs were lysed in 0.5 ml of cold distilled
water by rocking for 2 h at 4°C. The lysate was cleared to remove debris by
centrifugation at 5,000 rpm for 3 min at 4°C, and the absorbance of the
lysed RBCs in the cleared supernatant was read at 410 or 540 nm on a 730
DU UV/Vis spectrophotometer (Beckman Coulter, Brea, CA).

Neuraminidase activity assay. 293T cells were transfected with PIV5,
NDV, or MuV wt HN and HN mutants (1 �g of plasmid each) as de-
scribed above. Cells were detached from the plates using 50 mM EDTA in
PBS. The cells were then centrifuged for 5 min at 3,000 rpm at 4°C, after
which they were washed once with PBS and centrifuged as described
above to remove the EDTA. The cell pellets were resuspended in 100 �l of
125 mM sodium acetate buffer (pH 4.75) containing 6.25 mM CaCl2.
Then, 4-methylumbelliferyl-N-acetyl-�-D-neuraminic acid (Sigma-Al-
drich, St. Louis, MO) was added at a final concentration of 5 mM, as the
neuraminidase substrate. The reaction was allowed to proceed for 30 min
at 37°C with occasional mixing to prevent the cells from settling. Next, 75
�l of 20 mM sodium carbonate buffer (pH 10.4) was added to stop the
reaction (59). The cells were pelleted by centrifugation at 14,000 rpm, and
180 �l of the cell-free supernatant was transferred to a black-walled, clear-
bottom 96-well plate. The fluorescence of the cleaved substrate was mea-
sured at excitation and emission wavelengths of 356 and 450 nm, respec-
tively, using a SpectraMax M5 plate reader (Molecular Devices,
Sunnyvale, CA).

RESULTS
Hydrophobic residues of the PIV5 HN stalk domain are crucial
for F activation. For most members of the Paramyxoviridae family
the attachment protein stalk domain is believed to interact with
and trigger the metastable F protein to initiate fusion. Recent
studies on PIV5 HN, NDV-HN, MeV H, and CDV H have impli-
cated the F-interacting and F-activating regions to be in the cen-
tral part of the HN or H stalk (29, 33, 41, 43, 44, 56, 60). Recently,
we identified residues located within and near the PIV5-F “Ig-
like” domain as putative HN-interacting residues (61). Given that
most of these identified residues were hydrophobic, the nature of
corresponding F-interacting residues on the HN stalk and their
roles in fusion activation were of great interest and have been
investigated here.

We have shown previously that mutation of residues Y77 and
T89 to alanine in the PIV5 HN stalk did not significantly alter the
F-triggering capabilities of the mutant proteins, whereas mutants
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PIV5 HN V81T and PIV5 HN L85Q completely ablated fusion
(41). These mutations also had similar phenotypes in the context
of a “headless” PIV5 HN 1-117 stalk (41). Thus, to understand the
role of specific residues in the central part of the PIV5 HN stalk,
PIV5 HN mutant proteins harboring single point mutations of
residues from positions 81 to 88 on the PIV5 HN stalk (amino acid
sequence VALPLQLD) were created. Each amino acid was mu-
tated to a residue similar in nature to the parent amino acid or to
a residue that was quite dissimilar in terms of charge or hydropho-
bicity. The proline at position 84 was mutated to an alanine or a
threonine. Previously characterized PIV5 HN mutants V81T and
L85Q were also included in this set.

The mutant proteins were expressed in mammalian cells, met-
abolically labeled and immunoprecipitated (Fig. 1A). A majority
of the PIV5 HN mutant proteins were expressed in cells at levels
comparable to that of the PIV5 HN wt control, except for the P84A
mutant protein and the D88L mutant, both of which showed less
than ca. 40 to 50% of the wt PIV5 HN levels (Fig. 1A). When the
cell surface expression of the PIV5 HN mutant proteins was mea-
sured using flow cytometry, most of the mutant proteins, includ-
ing D88L, showed surface expression levels between 70 and 120%
of the wt PIV5 HN protein (Fig. 1B). However, for mutants P84A

and P84T the cell surface expression (ca. 40 to 50% of wt PIV5 HN
protein), like its total protein expression in cells (Fig. 1A), was
reduced (Fig. 1B), suggesting a possible role for P84 in PIV5 HN
protein folding and surface transport.

To test the ability of the above PIV5 HN point mutant proteins
to promote fusion, a luciferase reporter assay was used (Fig. 2A).
Interestingly, the F-triggering abilities of these HN mutants varied
broadly from 3 to 300% compared to fusion measured on coex-
pression of wt PIV5 F and PIV5 HN.

These mutated HN stalk residues were mapped onto the
atomic structure of the PIV5 HN “2 heads up, 2 heads down”
model (41) (Fig. 2B showing the globular head protomer that is
associated with the 4HB stalk). The fusion assay data (Fig. 2A)
indicate residues L83 and L87 (yellow), which extend their hydro-
phobic side chains into the central core of the PIV5 HN stalk 4HB
(29), exhibit F activation levels comparable to wt levels or higher
than wt levels when the hydrophobic nature of these residues were
maintained (L83I or L87I). On the other hand, charged or polar
residues (L83S or L87K) at these positions completely ablated fu-
sion, suggesting a role of these residues in maintaining the central
core of the PIV5 HN stalk 4HB. Of the solvent-exposed residues
on the PIV5 HN stalk, mutating residues A82, Q86, and D88 to
either a similar or a dissimilar residue did not disrupt the F-trig-
gering function of PIV5 HN (Fig. 2B, blue). On the other hand, F
activation was strongly dependent on the nature of solvent-ex-
posed residues V81 and L85 (Fig. 2B red). Polar or charged resi-
dues at these positions completely block fusion promotion (V81T
and L85Q). Although a similar hydrophobic residue is tolerated at
position 85 (L85I), the valine at position 81 cannot be replaced by
alanine (V81A), a small hydrophobic residue (Fig. 2A). Indeed,
the L85I mutant, together with mutants in the 4HB central hydro-
phobic core (L83I and L87I), and surface-exposed A82Q, Q86
mutants, and D88 mutants appear to be more effective than wt
HN in activating F for fusion. The proline mutants (P84A and
P84T) at position 84 (Fig. 2B, red) also completely inhibit F trig-
gering, despite having ca. 40 to 50% proteins present on the sur-
face. Thus, overall, hydrophobic residues at positions V81 and L85
seem to be critical for F activation, whereas the P84 residue also
appears to have an effect on the integrity of the F activation region
in PIV5 HN.

To compare F activation regions between HN proteins within
the paramyxovirus family, single point mutations in the NDV-HN
stalk with known phenotypes (33, 36) were mapped onto the NDV
HN “4 heads down” structure (23) (Fig. 2C). For this analysis,
mutations that introduce N-linked carbohydrate chains on the
stalk were excluded since potentially they could inhibit F-HN in-
teractions through extensive steric effects. Of the mutated NDV
HN residues, L96 was found to be in the 4HB core (23) and as
expected, similar to the corresponding L83 and L87 residues of
PIV5 HN, NDV HN L96 requires a hydrophobic amino acid in
order to maintain function (36). Of the solvent-exposed residues
that are mapped onto the NDV-HN stalk domains (23), A89, L90,
P93, L94, and L97 appear to be critically involved in F interactions
and activation (33, 36).

A comparison of the PIV5 HN residues important for F acti-
vation to those of NDV HN through a gap-less sequence align-
ment revealed interesting features (Fig. 2D). Most of the critical
residues identified as primary F-activating residues for the two
HNs are hydrophobic in nature. The two hydrophobic PIV5 HN
stalk residues that are solvent exposed and critical for F activation

FIG 1 Expression and surface transport of PIV5 HN stalk point mutant pro-
teins. (A) Radioimmunoprecipitation of Tran35S-labeled 293T cell lysates,
transfected with PIV5 HN single point mutants in the HN stalk domain. Poly-
peptides were immunoprecipitated with a PIV5 HN polyclonal antibody
(R471) and analyzed on a 10% reducing SDS-PAGE gel. (B) Detection of PIV5
HN point mutant proteins at the surface of 293T cells at 18 h posttransfection.
Proteins were detected using the PIV5 HN PAb R471 and a goat �-rabbit
fluorescein isothiocyanate (FITC)-conjugated secondary antibody by flow cy-
tometry. The mean fluorescence intensity (MFI) is shown as a percentage of wt
PIV5 HN protein expression levels (n � 3).
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(V81 and L85) correspond by sequence alignment to NDV HN
residues (L90 and L94), which are also in similar positions on the
4HB stalk (Fig. 2B and C) and display similar phenotypes (33).
Additionally, the conserved prolines for both viruses (P84 for
PIV5 HN and P93 for NDV HN) appeared to have an effect on F
activation (Fig. 2A) (33). However, on the other hand, since the
negatively charged D88 residue of PIV5 HN (Fig. 2A) did not
affect F activation like the corresponding hydrophobic residue
L97 of NDV HN (36, 62), the hydrophobic F activation area of
NDV HN may be more extensive than that of PIV5 HN. Nonethe-
less, many of the critical core residues are conserved between the
two HN proteins.

To ensure the integrity of the HN “head” domain in the PIV5
HN stalk mutants the receptor-binding ability of the PIV5 HN
mutant proteins was tested by measuring hemadsorption. Overall,
most of the mutants had close to wt PIV5 HN levels of receptor-
binding activity (Fig. 2E). Mutant proteins P84A and P84T had a
somewhat lowered ability to bind RBCs, which is expected given
their lowered cell surface transport (Fig. 1B). However, there were
some unexpected variations. Mutants V81T, L85Q, and D88E had
significantly increased receptor-binding ability compared to that
of wt PIV5 HN, despite having normal levels of protein expression
and surface transport (Fig. 1A and B). Notably, all three are sur-
face-exposed residues on the PIV5 HN stalk, and V81 and L85 are
residues critical for F triggering (Fig. 2A). When these PIV5 HN
mutant proteins were analyzed for their ability to cleave receptor
in a neuraminidase assay, there were a few minor variations com-
pared to the neuraminidase activity of PIV5 HN wt. Mutants
V81T, A82Q, and L83I showed slightly higher neuraminidase ac-
tivity, whereas mutants V81A, L85I, and D88L had slightly lower
neuraminidase activity. As expected, the proline 84 mutants
(P84A and P84T) had lowered neuraminidase activity (Fig. 2F),

FIG 2 Hydrophobic residues of the PIV5 HN stalk domain form the basis of F
activation. (A) Luciferase reporter assay for cell-cell fusion in Vero cells
cotransfected with wt PIV5 F and wt PIV5 HN or PIV5 HN stalk point

mutants. The extent of cell-cell fusion was measured as relative luciferase units
(RLU), expressed as a percentage of wt PIV5 F and PIV5 HN fusion, with data
from three independent experiments. (B) Atomic structure of PIV5 HN in the
“2 heads up, 2 heads down” form (41) showing where the globular head
protomer (surface representation) makes contacts with a single helix from the
4HB stalk domain (diagram representation). Side chains of residues that were
mutated are shown as sticks on the stalk helix, and the mutated residues are
colored according to their ability to activate PIV5 F, as observed in panel A and
as previously described (41). Colors: red, complete block of F activation; blue,
no effect on F activation; yellow, core hydrophobic residue within the 4HB that
requires a hydrophobic substitution to be functionally active. (C) Atomic
structure of NDV HN in the “4 heads down” form (23) showing one globular
head protomer (surface representation) forming contacts with one helix of the
stalk (diagram representation). NDV HN residues functionally characterized
in previous studies (33, 36) are highlighted with their side chains shown as
sticks. Color coding is the same as in panel B. (D) Gapless alignment of PIV5
HN (W3A strain) and NDV HN (Australia-Victoria strain) protein sequences
showing the part of the HN stalk domains harboring putative F-activating
domains. Color coding of residues is the same as in panels B and C, with all of
the residues present within the hydrophobic core of the PIV5 HN and NDV
HN stalk 4HBs highlighted with a yellow box. (E) Receptor-binding activity of
PIV5 HN stalk point mutants, as measured by the ability of these mutant
proteins to bind chicken RBCs. Specifically bound RBCs were lysed, and the
hemoglobin absorbance (Abs) at 410 nm was expressed as a percentage of the
wt PIV5 HN protein hemadsorption activity. The results are from three inde-
pendent experiments. Asterisks indicate a significant variation in hemadsorp-
tion activity compared to that of wt PIV5 HN (P � 0.05). (F) Neuraminidase
(receptor-destroying) activity of PIV5 HN stalk point mutants was measured
using a fluorogenic substrate (MU-NANA). Emission of the cleaved fluores-
cent product was measured at 450 nm and is expressed as a percentage of wt
PIV5 HN neuraminidase activity (n � 3).
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possibly due to their reduced cell surface expression levels. Thus,
overall, the PIV5 HN mutant proteins that reached the cell surface
at levels comparable to wt PIV5 HN did not have any significant
defects in neuraminidase activity. Mutants V81T and L85Q were
unique in that they possess normal cell surface expression and
neuraminidase activity, while displaying increased receptor bind-
ing and an inability to activate F.

The PIV5 HN F activation region is able to substitute for the
NDV HN F activation domain. The major residues (V81, L85,
and P84) identified to be important for PIV5 F activation are
located in the central part of the PIV5 HN stalk structure (residues
81 to 87) (Fig. 3A); hence, we investigated whether replacing the
corresponding region of NDV HN (residues 90 to 96) with the
putative PIV5 HN F-activating region (residues 81 to 87) would
transfer the PIV5 F-activating capability to the NDV HN stalk.
A chimeric NDV HN construct (NDV-PIV5-Fact-HN) was cre-
ated that contained a sequence of seven amino acid residues
(VALPLQL) from the PIV5 HN F-activating region, replacing
NDV HN residues 90 to 96 (LESPLAL) (Fig. 3B). The relative
expression levels of NDV-PIV5-Fact-HN protein were compared
to that of wt NDV HN protein by metabolic labeling and immu-
noprecipitation (Fig. 3C), and it was found that the NDV-PIV5-
Fact-HN chimera protein was expressed in abundance similar to
that of wt NDV HN. The cell surface expression of wt NDV HN
and NDV-PIV5-Fact-HN proteins was analyzed by flow cytom-
etry and found to be very similar (Fig. 3D).

To examine the fusion promotion activity, the NDV-PIV5-
Fact-HN chimeric protein was coexpressed with NDV F or PIV5 F
proteins in a luciferase reporter assay (Fig. 3E). Interestingly, the
NDV-PIV5-Fact-HN chimera could still activate NDV F, despite
having most of the NDV F-activating region (LESPLAL) replaced
by the PIV5 F-activating region (VALPLQL). On the other hand,
this chimeric HN protein was unable to trigger PIV5 F (Fig. 3E). A
comparison of the sequence of the F activation region of the NDV-
PIV5-Fact-HN chimeric protein to that of the parent NDV HN
showed that an alanine at position 89, the highly conserved pro-
line at position 93, and leucines at positions 94 and 97 in the
NDV-PIV5-Fact-HN chimera are maintained in similar posi-
tions, whereas the leucine at position 90 in NDV HN is replaced by
a valine in the NDV-PIV5-Fact-HN chimera (Fig. 3A). Thus, de-
spite extensive mutagenesis of many residues in the NDV HN
F-activating region, the presence of a few critical residues in the
context of the 4HB of the NDV-PIV5-Fact-HN chimera stalk is
sufficient to maintain the ability of this chimeric HN to activate
NDV F. However, overall, the F-activating regions of NDV HN
and PIV5 HN are sufficiently different to prevent significant non-
cognate F activation (Fig. 3E). These results observed in the lucif-
erase reporter assay data were recapitulated in the syncytium assay
in BHK-21 cells (Fig. 3F).

To investigate the receptor-binding capability of the NDV-
PIV5-Fact-HN chimera, a hemadsorption assay was performed
(Fig. 3G). Interestingly, the NDV-PIV5-Fact-HN chimera showed
higher receptor binding compared to wt NDV HN despite having
wt levels of protein expression (Fig. 3C) and cell surface transport
(Fig. 3D). Neuraminidase activity was also measured. It was found
that despite having an increased receptor-binding activity, the
NDV-PIV5-Fact-HN chimera possessed wt levels of neuramini-
dase activity (Fig. 3H), suggesting that the increase in receptor-
binding activity (Fig. 3G) is not due to a failure of the globular
head domain active sites to cleave its receptor.

A single charged amino acid in the HN stalk domain deter-
mines F activation promiscuity across two rubulaviruses. Since
the F-interacting regions between NDV (genus Avulavirus) HN
and PIV5 (genus Rubulavirus) HN are similar in terms of the
hydrophobic F-activating residues, yet divergent overall to pre-
vent heterotypic F-HN interactions, we investigated whether cer-
tain F-HN heterotypic interactions observed in more closely re-
lated paramyxoviruses could be explained through point
mutations within their individual F-activating domains. Ito et al.
had demonstrated that MuV HN could activate PIV5 F protein
(W3A strain) to mediate cell-cell fusion (63), whereas heterotypic
combinations between many other rubulavirus F and HN pro-
teins were functionally inactive. Even the reverse combination of
MuV F coexpressed with PIV5 HN failed to initiate cell-cell fusion
(63). Thus, it seemed likely that there would be significant simi-
larity in the F-activating region between MuV HN and PIV5 HN
to enable both HN proteins to activate PIV5 F.

Examination of HN stalk sequences of rubulaviruses indicated
that the PIV5 HN F-activating region (VALPLQLD) appeared
very similar to the corresponding region of the MuV HN stalk
(VSLPLQIE), whereas corresponding regions for other rubulavi-
ruses such as hPIV2 or hPIV4 were quite different in sequence
(Fig. 3A). Interestingly, one of the major differences between the
two sequences above, A82 in PIV5 HN (corresponding to S99 in
MuV HN), did not appear to play a major role in F activation for
PIV5 HN (Fig. 2A). Thus, we reasoned that the similarity between
the MuV HN and PIV5 HN stalk sequence in the portion of the
PIV5 HN stalk containing the F-activating region is an explana-
tion for how MuV HN can trigger PIV5 F. Furthermore, the pre-
dicted transmembrane domains of PIV5 HN and MuV HN are the
same length (stretches of 19 residues each flanked by two charged
residues, underlined in red in Fig. 3A), and the alignment suggests
that the potential F activation regions of these two HN proteins
would be located at very similar distances from the membrane.

To understand the roles of MuV HN stalk domain residues that
correspond to the PIV5 HN F-activating residues, single point
mutants in MuV HN were created, i.e., V98T (corresponding to
PIV5 HN residue V81), L102T (corresponding to PIV5 HN resi-
due L85), and E105L (corresponding to PIV5 HN residue D88)
(Fig. 4A), and the mutants were expressed and analyzed. All of the
MuV HN mutant V98T, L102T, and E105L proteins were ex-
pressed at levels comparable to wt MuV HN levels (Fig. 4B). When
cell surface expression was analyzed by flow cytometry, the mu-
tant proteins MuV HN V98T, L102T, and E105L all showed sur-
face expression levels on 293T cells comparable to that of wt MuV
HN (Fig. 4C). As observed in a hemadsorption assay, the receptor-
binding abilities of these proteins were also relatively unaffected
(Fig. 4D). When the receptor-destroying ability of the MuV HN
single point mutants was tested using a neuraminidase assay, mu-
tants V98T and L102T had neuraminidase activities �85% of that
of wt MuV HN, whereas E105L had �60% of the wt activity (Fig.
4E).

The ability of the MuV HN mutant proteins bearing mutations
V98T, L102T, or E105L to promote fusion when cotransfected
with MuV F (gray bars) was tested using a luciferase reporter assay
for fusion (Fig. 4F). It was found that replacing the MuV HN
hydrophobic residues V98 and L102 with polar residues com-
pletely blocked the fusion promoting ability of MuV HN. On the
other hand, replacing the negatively charged E105 with a hydro-
phobic residue (E105L) had minimal effect on fusion promotion.
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FIG 3 The PIV5 HN F activation region is able to substitute for the NDV HN F activation domain. (A) Gapless protein sequence alignment of portions of HN,
H, or G stalk domains from various paramyxoviruses. Predicted transmembrane domains (TM), identified as a stretch of hydrophobic residues flanked by
charged residues, are underlined in red. The sequence of seven residues of the putative F-activating domain of PIV5 HN and those replaced in the NDV HN stalk
domain to create the NDV-PIV5-Fact-HN chimera, are shown enclosed within black boxes. Color coding of boxes highlighting individual residues correspond
to that described in Fig. 2B. Negatively charged aspartic acid or glutamic acid residues of rubulaviruses, including D88 of PIV5 HN and E105 of MuV HN, are
colored red. (B) Schematic representation of the NDV HN wt and the NDV-PIV5-Fact-HN chimera proteins. The PIV5 HN region (residues 81 to 87) that
replaced the corresponding NDV HN region (residues 90 to 96) is highlighted in black on the NDV-PIV5-Fact-HN stalk. CT, cytoplasmic tail. (C) NDV HN wt
and NDV-PIV5-Fact-HN expression in 293T cells labeled with Tran35S-label. The proteins were immunoprecipitated from transfected cell lysates using a NDV
HN polyclonal antibody (R4722). The proteins were analyzed on a 10% reducing gel. Numbers on the right are molecular masses in kilodaltons. (D) Surface
expression of the NDV-PIV5-Fact-HN chimera protein compared to wt NDV HN surface expression determined by flow cytometry. Proteins were detected on
the surfaces of transfected cells using the NDV HN R4722 antibody and labeled with a goat �-rabbit FITC-conjugated secondary antibody. The results from three
independent experiments. (E) Cell-cell fusion mediated by the NDV-PIV5-Fact-HN chimeric protein when cotransfected with PIV5 F or NDV F, as measured
using a luciferase reporter assay for fusion. Fusion activity was measured as RLU and is expressed as a percentage of wt NDV F and wt NDV HN fusion activity.
Results from three independent experiments are shown. (F) Representative micrographs showing cell-cell fusion in BHK-21 cells transfected with NDV F or PIV5
F alone or in combination with wt NDV HN, PIV5 HN, or the NDV-PIV5-Fact-HN chimera. Cells were fixed, stained, and photographed at 18 h posttransfection.
(G) Receptor-binding ability of the NDV-PIV5-Fact-HN chimera protein as measured using a hemadsorption assay. Absorbance of hemoglobin from RBCs
specifically bound by the expressed proteins on 293T cells is measured at 410 nm and shown as a percentage of wt NDV HN hemadsorption activity. Asterisk
indicates a P value of �0.05 from three independent experiments. (H) Receptor-destroying activity of the NDV-PIV5-Fact-HN chimera protein as measured by
a neuraminidase assay using a fluorogenic substrate. The fluorescent emission is measured at 450 nm and expressed as a percentage of wt NDV HN neuraminidase
activity (n � 3).
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FIG 4 A single charged amino acid in the HN stalk domain determines F activation promiscuity of two rubulaviruses. (A) Sequence alignment of the PIV5 HN
F activation domain and the corresponding region of MuV HN. PIV5 HN residues critical for F activation are shown in red. Arrowheads mark the MuV HN
residues that were mutagenized. (B) Protein expression levels of MuV HN single point mutants, as observed after radioimmunoprecipitation of Tran35S-labeled
proteins from transfected 293T cell lysates using whole MuV polyclonal antisera. Samples were analyzed on a SDS–10% PAGE gel. Numbers on the left indicate
molecular masses markers in kilodaltons. (C) Protein expression and transport to the surface of 293T cells were quantified in cells transfected with MuV HN point
mutants. MuV HN proteins were detected on the surfaces of cells using the MuV antisera and fluorescently labeled with a goat �-rabbit FITC-conjugated
secondary antibody for detection by flow cytometry. MFI values were expressed as a percentage of wt MuV HN surface expression, and the results are
representative of three independent experiments (n � 3). (D) Hemadsorption assay of MuV HN stalk point mutants. Absorbance of hemoglobin from lysed
RBCs that were specifically bound to HN proteins expressed on 293T cells was measured at 410 nm and expressed as a percentage of wt MuV HN hemadsorption.
(n � 3). (E) Neuraminidase assay of MuV HN stalk point mutants. Emission at 450 nm on cleavage of MU-NANA was expressed as a percentage of the wt MuV
HN neuraminidase activity (n � 3). (F) Luciferase reporter assay for fusion showing quantitative cell-cell fusion for MuV HN point mutant proteins coexpressed
in Vero cells with MuV F (gray bars) or PIV5 F (white bars). The results are expressed in RLU as a percentage of the wt MuV F and MuV HN fusion activity (n �
3). (G) Representative micrographs showing cell-cell fusion observed when MuV HN point mutants are coexpressed with either MuV F or PIV5 F. Cells were
fixed, stained, and photographed at 18 h posttransfection.
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Interestingly, the corresponding residues of PIV5 HN F activation
region have the exact same phenotypes (Fig. 2A): PIV5 HN V81T
and PIV5 HN L85Q mutant proteins completely lack the capabil-
ity to activate PIV5 F, whereas the PIV5 HN D88L mutant does
not negatively affect F activation capabilities of PIV5 HN.

Given the close functional conservation between critical resi-
dues in the F activation region of PIV5 HN and MuV HN, we
reasoned that PIV5 F would be activated by MuV HN E105L but
not by MuV HN V98T and MuV HN L102T. Surprisingly, none of
the MuV HN stalk point mutants were able to activate PIV5 F
(white bars) (Fig. 4F), despite having good surface expression,
receptor-binding capability, and neuraminidase activity. The re-
sults obtained from the luciferase reporter fusion assay were re-
flected in a syncytium assay (Fig. 4G). Thus, even though the cor-
responding negatively charged residues, D88 in PIV5 HN and
E105 in MuV HN are not important for triggering their cognate F
proteins, the MuV HN E105 residue determines the ability of
MuV HN to effectively trigger the heterotypic PIV5 F and hence
governs the promiscuity of the MuV HN F-activating region.

Disulfide bonds introduced within the NDV HN 4-helix bun-
dle stalk F activation region abrogate fusion promotion. For
CDV and MeV the introduction of disulfide bonds in the central
portion of the H stalk have been shown to be critical for F activa-
tion (43, 44). Based on the atomic structure of the NDV HN stalk
4HB (23), we investigated whether the introduction of a targeted
disulfide bond within the F activation region could disrupt fusion
promotion. It was already known that a cysteine substitution at
position 92 (S92C) on the NDV HN stalk results in the formation
of dimers and tetramers of NDV HN protein on a gel filtration
column (23) and that NDV HN residue S92 lies within the F-ac-
tivating region of the NDV HN stalk, in close proximity to impor-
tant F-interacting residues A89, L90, P93, and L94 (Fig. 5A). Im-
portantly, Melanson and Iorio (33) showed that mutation of S92
to an alanine (A), a leucine (L), or even a charged residue, arginine
(R), did not significantly alter the ability of these mutant NDV HN
proteins to activate NDV F (33), suggesting that S92 itself is not
directly involved in the F activation process. To test the effects of
introducing a disulfide in the central core of the NDV HN 4HB,
the following constructs were created: NDV HN S92C (engi-
neered disulfide bond in the stalk, in addition to a natural disulfide
at C123), NDV HN C123S (no disulfide bonds in the stalk), and
NDV HN C123S/S92C (engineered disulfide bond in the stalk).

The NDV HN cysteine mutants were expressed in 293T cells.
Mutant proteins NDV HN-C123S, NDV HN-C123S/S92C, and
NDV HN-S92C exhibited protein expression levels comparable to
that of wt NDV HN protein and the mutants migrated on an
SDS-PAGE gel similar to wt NDV HN (Fig. 5B). To examine di-
sulfide bond formation, wt NDV HN and mutant proteins were
analyzed by SDS-PAGE under nonreducing conditions (Fig. 5C).
As expected, NDV HN-C123S, lacking any disulfide bonds in the
stalk, migrated as a monomer, whereas wt NDV HN migrated as a
dimer due to the presence of the natural disulfide bond at C123.
NDV HN-S92C migrated as a dimer similar to that of wt NDV
HN, whereas NDV HN-C123S/S92C protein migrated as a dimer
with a faster mobility on the gel. A possible explanation for the
aberrant mobility of the dimer species is that disulfide bond for-
mation results in an altered Stokes’ radius on SDS-PAGE. When
cell surface expression of the NDV HN cysteine mutants was mea-
sured by flow cytometry the mutants had nearly equivalent cell

surface expression levels comparable to that of wt NDV HN pro-
tein (Fig. 5D).

The fusion promoting activity of the NDV HN mutants was
tested in a syncytium assay in BHK-21 cells (Fig. 5E). NDV HN-
C123S, which has no disulfide bonds within the stalk 4HB, could
promote fusion at levels compared to wt NDV HN. However,
mutant proteins NDV HN-C123S/S92C and NDV HN S92C har-
boring the engineered disulfide bond in the stalk (S92C) had sig-
nificantly reduced fusion activation abilities (Fig. 5E, top row).
This suggests that introduction of a disulfide bond (S92C) within
the core of the 4HB of the NDV HN stalk F activation region
reduces fusion triggering, despite the likelihood that S92 does not
directly participate in interaction and activation of F.

The crystal structures of the wt and S92C NDV HN proteins
indicates that there are no major structural alterations of the F
activation area of HN stalk (23). We investigated whether the
complete loss of F activation caused by introduction of the disul-
fide bond (S92C) could be compensated by a destabilizing F mu-
tant. To test this, we used a previously characterized hyperfuso-
genic mutant of NDV F (L289A), which shows an overall reduced
stability and as a result increased fusogenicity (64, 65). Fusion
mediated on cotransfection of mutant NDV HN-C123S/S92C or
NDV HN-S92C with the NDV F-L289A hyperfusogenic mutant
showed some degree of fusion in cells cotransfected with NDV F
L289A (Fig. 5E, bottom row). These results are also reflected in the
luciferase reporter assay for fusion carried out with NDV F L289A
cotransfected with NDV HN-C123S, NDV HN-C123S/S92C, or
NDV HN-S92C (Fig. 5F). Thus, introduction of the S92C muta-
tion in the F-activating region of the NDV HN 4HB stalk does not
completely alter the F-activating surface of NDV HN but possibly
results in a loss of flexibility within the 4HB that prevents F acti-
vation. Attempts to restore full fusion of NDV HN-C123S/S92C
or NDV HN-S92C by reduction using dithiothreitol or tris(2-
carboxyethyl)phosphine were unsuccessful.

The receptor-binding abilities (Fig. 5G) and neuraminidase
activities (Fig. 5H) of the globular heads of these mutants were
tested in order to make sure that a loss of receptor-binding activity
or a defect in receptor cleavage due to the mutations in the NDV
HN-C123S/S92C and NDV HN-S92C mutant proteins were not
the primary reason behind the reduced fusion activity observed in
Fig. 5E and F. No major receptor-binding defect or neuraminidase
activity defect was detected for the any of the NDV HN mutant
proteins (Fig. 5G and H).

A destabilized NDV F protein mediates cell-cell fusion, when
triggered by an NDV HN “headless” stalk. The PIV5 HN “head-
less” stalk can activate PIV5 F (42), and similar data have been
obtained for the MeV H headless stalk (54) and NiV G headless
stalk (55). We were interested in investigating whether the stalk of
other paramyxoviruses that use sialic acid as a receptor could also
activate F. Therefore, we investigated whether the stalk of NDV
HN could function as an F-activating protein without its globular
head and in the absence of receptor binding.

Two headless NDV HN molecules, NDV HN 1-123 and NDV
HN 1-123 S92C were constructed (Fig. 6A). Both of these HN stalk
constructs contain the F-activating region as well as the natural
cysteine in the NDV HN stalk (C123) that forms a disulfide-linked
dimer and NDV HN 1-123 S92C contains a second cysteine in the
stalk activating region that in full-length HN inhibited fusion (Fig.
5). On expression both HN stalk constructs could be detected by a
polyclonal antibody specific for NDV HN (R4722) (Fig. 6B), and
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FIG 5 Disulfide bonds introduced within the NDV HN four-helix bundle stalk F activation region abrogate fusion promotion. (A) Top and side views of the
NDV HN “4 heads down” structure mapping the positions of surface-exposed residues that are critical for F activation (red) and the S92 residue (green) in the
core of the 4HB. (B) Immunoprecipitation of NDV HN point mutants from transfected 293T cell lysates with the NDV HN R4722 polyclonal antibody after
labeling with Tran35S-label. The proteins were analyzed on a 10% reducing SDS-PAGE gel. M, monomer. (C) Same as in panel B, but proteins were analyzed on
a 10% nonreducing gel. The numbers on the right indicate molecular mass markers in kilodaltons. D, dimers. (D) Surface expression of NDV HN mutants as
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both constructs were expressed as doublets by SDS-PAGE due to
glycosylation at residue N119, as shown by the shift of the slower-
mobility species to the faster-gel-mobility species of the NDV HN
1-123 protein after tunicamycin treatment of cells (Fig. 6C).

Both NDV HN stalk constructs were detected at the surface of
cells by flow cytometry using the NDV HN R4722 antibody (Fig.
6D). The stalk constructs were detected at relatively lower levels
compared to the full-length proteins, but this is likely to be a result
of differences in the number of antigenic epitopes recognized by
the polyclonal antibody on the full-length proteins and the “head-
less” stalk versions. When the receptor-binding abilities of the
NDV HN “headless” stalks were quantified by using a hemadsorp-
tion assay, as expected, the NDV HN stalk constructs in the ab-
sence of the globular heads failed to show any receptor binding
(Fig. 6E).

To test for fusion activation, the NDV HN 1-123 “headless”
stalk construct was coexpressed on BHK-21F cells with wt NDV F
in a syncytium assay. NDV HN 1-123 caused fusion from 24 or 28
h posttransfection (Fig. 6F). We hypothesized that the reduced
efficiency of NDV HN “headless” stalks in triggering NDV F in
comparison to PIV5 HN headless stalk triggering PIV5 F (fusion
by 18 h posttransfection) (61) could be due to the NDV “headless”
stalks adopting a conformation that is not optimal for fusion trig-
gering. To improve fusion promotion detection, the destabilized
NDV F-L289A mutant (64) was cotransfected with the NDV HN
“headless” stalk constructs and analyzed in a syncytium assay (Fig.
6G). It was observed that the NDV HN 1-123 stalk caused signif-
icant cell-cell fusion on BHK-21 cells even at 20 h posttransfection
when cotransfected with NDV F-L289A, suggesting that the
“headless” NDV HN 1-123 stalk was in a conformation capable of
efficient F activation. The destabilized F protein (F L289A) ap-
pears to reduce the overall energy barrier for the F trigger, leading
to increased F activation by the NDV HN 1-123 headless stalk and
an overall increase in cell-cell fusion. Coexpression of NDV HN
1-123 S92C with wt NDV F or NDV F L 289A did not cause
detectable fusion consistent with the data obtained with full-
length HN S92C.

A mumps virus HN “headless” stalk is able to trigger both
cognate and noncognate F proteins. We examined whether a
“headless” MuV HN stalk could trigger MuV F. We also tested
whether such a “headless” MuV HN stalk could trigger PIV5 F.
Five different MuV HN headless stalks of different lengths were
created (Fig. 7A), all of which contained the critical F-activating
residues (V98 and L102), as well as residue E105, which affects the
promiscuity of the mumps stalk in activating PIV5 F. Whereas the
MuV HN 1-119, MuV HN 1-122, and MuV HN 1-125 constructs
contained only one of the two disulfide bonds in the MuV HN
stalk (at C119), the other two MuV HN “headless” stalk con-
structs, MuV HN 1-128 and MuV HN 1-132, harbored both the
disulfide bonds (at C119 and C128). Expression of the MuV HN
constructs was detected by immunoprecipitation and SDS-PAGE

(Fig. 7B), and the anticipated difference in size of the species could
be observed. Cell surface expression on 293T cells was examined
by flow cytometry using a MuV polyclonal sera (Fig. 7C).

When the MuV HN stalks were tested for their ability to pro-
mote MuV F triggering using a luciferase reporter assay for fusion,
only one of the MuV HN headless stalks (MuV HN 1-132) was
able to produce readily detectable fusion with coexpression of
MuV F, suggesting that the length of the stalk 4HB and/or the
conformation attained by the MuV HN 1-132 “headless” stalk is
critical for triggering MuV F (Fig. 7D). When the MuV HN 1-132
construct was cotransfected with MuV F in BHK-21 cells, increas-
ing amounts of cell-cell fusion were observed from 20 to 26 h
posttransfection (Fig. 7E).

We tested whether the MuV HN 1-132 stalk protein retained
the ability to trigger PIV5 F like the capability of full-length MuV
HN protein. As shown in Fig. 7E (second row), on coexpression of
the MuV HN 1-132 headless stalk with PIV5 F at 24 to 26 h post-
transfection a small amount of cell-cell fusion was observed. Al-
though the amount of cell-cell fusion observed was low, it was
reproducibly distinguishable from spontaneous fusion caused by
PIV5 F expression alone (Fig. 7, third row). Unfortunately, intro-
duction of single point mutants V98T, L102T, and E105L into the
MuV HN 1-132 headless stalk background resulted in defects in
protein trafficking (data not shown), and thus we could not ana-
lyze whether these mutations in the headless MuV HN stalk had
similar effects as that in the full-length mutant MuV HN proteins.

In a hemadsorption assay, as expected, the MuV HN 1-132
headless stalk was unable to bind receptor (Fig. 7F). Thus, taken
together, these data suggest that the MuV HN 1-132 “headless”
stalk maintains the F-interacting region in a “triggering confor-
mation” that allows the activation of both MuV F and PIV5 F
proteins to cause cell-cell fusion.

DISCUSSION

Recently, we proposed a model to explain paramyxovirus mem-
brane fusion by which receptor binding can be closely coordinated
with F activation (41, 42). In this “stalk exposure” model, the HN,
H, or G globular heads, upon binding receptor, undergo rear-
rangements that expose an F-activating domain on the attach-
ment protein stalk 4HB by disruption of head-stalk contacts. This
rearrangement of the heads allows for the HN, H, or G protein
stalk domain to interact with F in a manner that subsequently
triggers F to undergo refolding from a prefusion state to a postfu-
sion state to mediate membrane merger. In the present study, we
highlight critical residues in the PIV5 HN and MuV HN stalk
domains that are responsible for F activation and identify a region
containing charged or hydrophobic amino acids that determine
specificity of the F-HN interaction. When mutants in the stalk of
NDV HN with known phenotypes (33, 36) were mapped onto the
NDV HN 4HB stalk structure (23), they showed great similarity to
the F-activating region of PIV5 HN (and by inference MuV HN).

detected using the above antibody and analyzed by flow cytometry. Mean fluorescent intensities (MFI) of the NDV HN mutant proteins expressed on the surface
of 293T cells are shown as a percentage of wt NDV HN (n � 3). (E) Syncytium fusion assay showing cell-cell fusion of the NDV HN mutants cotransfected with
NDV F or the NDV F L289A mutant in BHK-21 cells. Samples were fixed, stained, and imaged 18 h posttransfection. (F) Luciferase reporter assay for fusion
showing cell-cell fusion activity for NDV HN point mutants cotransfected with the NDV F L289A mutant. The luciferase reporter activity generated in fused cells
(RLU) is expressed as a percentage of NDV F L289A and wt NDV HN fusion (n � 3). (G) Hemadsorption assay of NDV HN mutants. RBCs bound specifically
to HN proteins on transfected cells were lysed, and the hemoglobin absorbance was measured at 410 nm. The absorbance values are represented as a percentage
of the wt NDV HN hemadsorption activity (n � 3). (H) Neuraminidase activity of NDV HN mutant proteins. Emission at 450 nm upon cleavage of MU-NANA
by the NDV HN mutant proteins is represented as a percentage of the wt NDV HN neuraminidase activity (n � 3).
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For all three HN proteins, hydrophobic residues appear to be key
activity determinants within the F activation domains. For NDV
HN, the F-activating region includes the hydrophobic residue
L97. However, for PIV5 HN and MuV HN the corresponding
residues are D88 and E105, respectively, and even though they are
charged residues they have limited effects on F activation. Inter-
estingly, we have recently identified on PIV5 F a putative region of
HN interaction that is composed mostly of hydrophobic residues
(61), a finding that provides further support for the idea that
F-HN interactions probably are primarily hydrophobic in nature.

An important observation from the mutational (33, 36) and
structural analyses of the NDV HN and PIV5 HN stalks is that all
of the critical F-activating residues known are located in a region
that has extensive contacts with the globular heads, when the glob-
ular heads are in the “heads down” conformation (23, 41). This
suggests that the HN globular heads in this conformation would
prevent these residues from interacting with F proteins. It was
observed that some point mutants in the PIV5 HN stalk or NDV
HN stalk (33, 36), as well as the NDV-PIV5-Fact-HN chimera,
showed increased receptor binding. These increases in receptor-

FIG 6 A destabilized NDV F protein causes significant cell-cell fusion, when triggered by an NDV HN “headless” stalk. (A) Schematic representation of NDV
HN full-length and “headless” stalk mutant proteins NDV HN 1-123 and NDV 1-123 S92C. CT, cytoplasmic tail; TM, transmembrane domain. (B) NDV HN
“headless” stalk mutants were expressed in 293T cells. The cells were labeled with Tran35S-label and lysed, and proteins were immunoprecipitated with the NDV
HN polyclonal antibody R9722. Polypeptides were analyzed by SDS-PAGE on a 15% gel. Numbers indicate molecular masses in kilodaltons; M, HN monomer.
(C) 293T cells expressing the NDV HN 1-123 “headless” stalk protein grown in the presence of 5 �g of tunicamycin/ml. Radiolabeled polypeptides were
immunoprecipitated and analyzed as in panel B; M, HN monomer; D, HN dimer. (D) Surface expression of NDV HN mutants as detected by the above NDV HN
polyclonal antibody on the surface of transfected 293T cells. MFI of the NDV HN mutants are represented as a percentage of wt NDV HN surface expression (n �
3). (E) Receptor binding of the NDV HN full-length and “headless” stalk mutants analyzed using a hemadsorption assay. The ability of the mutant proteins to
bind chicken RBCs was quantified and is expressed as a percentage of the wt NDV HN absorbance at 410 nm. (F) Cell-cell fusion as observed in a syncytium assay
of NDV F cotransfected with the NDV HN 1-123 headless stalk. Samples were fixed, stained, and photographed at various times posttransfection as indicated. (G)
Syncytium assay showing the ability of the NDV HN headless stalk constructs, NDV HN 1-123 and NDV HN 1-123 S92C, to trigger NDV F or the hyperfusogenic
NDV F L289A mutant. Cells were fixed, stained, and photographed 20 h posttransfection.
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FIG 7 A mumps virus HN “headless” stalk is able to trigger both cognate and noncognate F proteins. (A) Schematic representation of MuV wt HN protein and
MuV HN “headless” stalks of various lengths. CT, cytoplasmic tail; TM, transmembrane domain. (B) Migration pattern of MuV HN “headless” stalk proteins on
a SDS–15% PAGE gel. Polypeptides were immunoprecipitated from radiolabeled lysates of transfected 293T cells using the MuV polyclonal sera. (C) Expression
of MuV HN “headless” stalk domains detected on the surface of transfected 293T cells using the MuV polyclonal sera. A goat �-rabbit FITC-conjugated
secondary antibody was used for flow cytometry. The mean fluorescence intensities of the MuV HN “headless” stalks were expressed as a percentage of wt MuV
HN surface expression (n � 3). (D) Luciferase reporter assay for fusion showing fusion promotion by the MuV HN “headless” stalk mutants cotransfected with
MuV-F, expressed as a percentage of wt MuV-F and wt MuV HN fusion (n � 3). (E) In the first row, representative micrographs of syncytia show cell-cell fusion
in BHK-21 cells transfected with MuV F and MuV HN 1-132 “headless” stalk at 18, 20, 22, 24, and 26 h posttransfection. For the second row, a syncytium assay
was performed to show the ability of the MuV HN 1-132 “headless” stalk to cause cell-cell fusion when cotransfected with PIV5 F. Cells were fixed, stained, and
photographed 18 to 26 h posttransfection. For the third row, a syncytium assay was performed to assess the expression of PIV5 F alone, so that spontaneous
cell-cell fusion could be compared to fusion (26 h posttransfection) caused by cotransfection of MuV HN 1-132 and PIV5 F. (F) Receptor-binding ability of the
MuV HN 1-132 mutant, as measured with a hemadsorption assay. The hemadsorption activity of the MuV HN 1-132 mutant was expressed as a percentage of
the wt MuV HN activity (n � 3).
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binding activity may be a result of potential changes in the head-
stalk contacts (23, 41).

We reasoned that a comparison of homotypic and the few
known heterotypic F-HN interactions in paramyxoviruses could
provide insight into residues that determine F specificity of the
HN stalk domain. To test whether the F-activating specificity of
the PIV5 HN stalk could be transferred to the NDV HN stalk
domain, a chimeric NDV HN protein that contained a stretch of
seven residues from the PIV5 HN F-activating region (NDV-
PIV5-Fact-HN), was created. Unexpectedly, given that a func-
tional heterotypic interaction between NDV F and PIV5 HN does
not occur, maintenance of the NDV HN critical F-activating hy-
drophobic residues in the context of the 4HB of a chimeric mole-
cule (NDV-PIV5-Fact-HN) allowed this chimeric protein with a
transplanted PIV5 HN “F-activating domain” to activate NDV F
to wt levels. On the other hand, the NDV-PIV5-Fact-HN chimeric
protein failed to activate PIV5 F. A gapless sequence alignment of
paramyxovirus HN, H, or G proteins (Fig. 3A) shows some vari-
ability in the putative distances at which F-interacting/activating
residues are found within these different attachment protein
stalks. From biochemical studies, F-activating regions in henipa-
virus G proteins are considered to be located higher up in the stalk
(30, 40, 66). It was also shown using a series of insertion and
deletion mutants of MeV H (35) that altering the distances of
F-activating residues from the membrane has major effects on
functionality. The highly similar PIV5 HN (residues 81 to 87) and
NDV HN (residues 90 to 96) F-activating regions differed in
heights by three residues. However, raising the height of the PIV5
HN F-activating region by 	3 residues within the NDV-PIV5-
Fact-HN chimera by inserting 3 residues near the transmembrane
domain resulted in defects in protein expression and transport to
the cell surface (data not shown). Thus, it is possible that the
NDV-PIV5-Fact-HN chimera is unable to activate PIV5 F due to a
mismatch of heights with respect to the HN interaction region of
PIV5 F. Alternatively, the seven amino acid region swapped may
not represent the physical F interaction region in its entirety, and
the above observations could be a result of long-range effects.
However, this cannot be confirmed from the current data.

Nonetheless, despite differences in heights of F-activating re-
gions in various paramyxovirus attachment protein stalks from
the membrane, recent evidence from biochemical, structural, and
modeling data, suggests that the F-activating regions of NiV G
(55), PIV5 HN (41, 42), NDV HN (23), and MuV H (44) could
potentially be shielded by the attachment protein globular heads,
presumably in the absence of receptor binding. However, this F-
activating region could be exposed by a movement of only two of
the globular heads (41, 67).

To further understand the residues of the F-HN stalk that de-
termine the specificity of interaction, we investigated a known
heterotypic interaction unusual among paramyxoviruses, where
MuV HN is able to activate PIV5 F (W3A strain) and cause cell-
cell fusion (63). Interestingly, a single negatively charged residue
(E105) was found to determine the promiscuity of the PIV5 F
interaction with the MuV HN stalk. The MuV HN mutant E105L
was not affected in its ability to activate MuV F, but the mutant
lost its ability to activate PIV5 F. On the other hand, the mutation
of the corresponding residue of PIV5 HN (D88) had no effect on
activation of PIV5 F. Notably, a negatively charged residue is pres-
ent across all rubulavirus HN proteins that are known be involved
in heterotypic paramyxovirus F-HN interactions (Fig. 3A), such

as hPIV2 HN being able to substitute for hPIV4a HN or SV41 HN
and MuV HN being able to substitute for hPIV2 HN (68, 69).
However, for NDV HN (an avulavirus), the corresponding resi-
due (L97) was found to be important for F activation, and the
NDV HN L97A mutant maintained its ability to interact with
NDV F (62). Overall, these data suggest that in rubulaviruses a
negatively charged residue located just above the F activation re-
gion can modulate F specificity. Although individual residues crit-
ical for F interaction and F activation have been determined for
HN, H, or G stalk domains, it is becoming increasingly clear that F
interaction with HN, H, or G stalk domain alone does not lead to
F activation. Although these two aspects of the F triggering process
are functionally linked, they can be separated by targeted mu-
tagenesis (62, 70, 71; reviewed in reference 72).

A number of recent studies have identified conformational
changes in attachment protein stalks that are linked to fusion pro-
motion. A requirement of some degree of conformational flexibil-
ity in the central part of the 4HB stalk of morbilliviruses (MeV and
CDV) (43, 44, 56), as well as energy-dependent conformational
changes possibly occurring between globular head dimers (42,
55), has been implicated as critical for the correct timing of F
activation on receptor binding. We demonstrate here that a resi-
due within the NDV HN F activation domain (S92) that does not
directly affect fusion activation when mutated singly (33) is able to
form disulfide-linked dimers and in the process blocks the activa-
tion of both NDV F and a hyperfusogenic mutant of NDV F
(L289A). Since the NDV HN wt and the NDV HN S92C stalk
differ only by the addition of a cysteine cross-link and structural
studies have shown little change in the 4HB conformation, these
observations suggest that productive F-HN interactions require
some additional flexibility within the F activation region of HN.
Interestingly, the requirement for stalk flexibility was observed
even when the globular heads of NDV HN were absent in a “head-
less” stalk protein (NDV HN 1-123) that can normally trigger
NDV F. Together, these data suggest that such flexibility within
the F-activating regions of the attachment protein stalk 4HB is a
more general phenomenon across paramyxoviruses.

It is possible that the F activation region allows for an “induced
fit” with the F protein, rather than undergoing specific active con-
formational changes, upon receptor binding being propagated
down the highly flexible head-stalk linkers from the head domains
of HN, H, or G. Through mixed oligomer experiments, a high
degree of flexibility of the F-activating region and higher up in the
PIV5 HN stalk has been illustrated by the ability of these regions to
tolerate large carbohydrates chain additions within the hydropho-
bic core of the 4HB (29). Furthermore, introduction of disulfide
bonds in the upper region of the MeV H stalk did not cause a
major functional disruption (56). Thus, neither the introduction
of rigid disulfide bridges nor the addition of bulky carbohydrate
moieties in the 4HB of the upper stalk appeared to disrupt any
putative conformational changes that may propagate down
through this upper stalk region. Chimeric HN, H, or G proteins
bearing different stalks and globular heads, as well as engineered
noncognate receptor-binding attachment proteins, can trigger F,
leading to the argument that specific conformational changes be-
tween the globular head domains on receptor binding are unlikely
to lead to corresponding specific changes within the 4HB after
translocation through a highly flexible stalk. These data suggest an
“induced fit” interaction with the F protein, with hydrophobic
and charged residues of a flexible central region of the attachment
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protein 4HB stalk acting as the F activation trigger. In morbillivi-
ruses, F-H glycoprotein complexes assemble during protein traf-
ficking but do not prematurely trigger F (73). Also, certain attach-
ment protein F activation region point mutants such as NDV HN
L97A, as well as others in morbillivirus H proteins (39, 43), asso-
ciate with their respective F proteins but fail to trigger fusion.
These observations could potentially be explained by a distinction
between nontriggering associations between F-H during intracel-
lular transport versus F triggering “induced fit” interactions at the
cell surface. The latter interaction, however, can only be produc-
tive when coupled with multiple spatiotemporal conformational
changes in the globular heads that exposes an F activation region
in the stalk (stalk exposure model), as proposed for PIV5 HN (42)
and NiV G (55).

We found that in addition to the PIV5 HN “headless stalk” that
could activate PIV5 F (42), a headless stalk of NDV HN and MuV
HN could also trigger NDV F and MuV F, respectively. Interest-
ingly, only one of five different headless-stalk constructs of MuV
HN could successfully activate MuV F to cause fusion. Similarly, it
was found for NiV G that only one of seven different stalk lengths
was active (55). Also, a “headless” MeV H protein required tags to
provide stabilization in order to achieve a “triggering” conforma-
tion (54). In the present study, since the F-triggering capabilities
for “headless” MeV H proteins were lowered significantly upon
lowering temperature, this result provides further support to the
notion that stalk flexibility depends on “breathing” or spontane-
ous movements within the F activation region (54). Thus, it ap-
pears for HN, H, or G “headless” stalks, a degree of flexibility at the
F-activating domain, rather than active rearrangements of the
stalk domain, could explain the mechanism for an F interaction
and F activation. In such HN constructs lacking the globular
heads, maintenance of a stalk 4HB conformation that can undergo
such F-induced rearrangements is probably dependent on factors
such as the length and nature of the stalk 4HB C-terminal residues,
which could be important for preserving the structural integrity of
the stalk 4HB. In light of the “stalk exposure” model, further sup-
port for an “induced fit” F-activating interaction can be provided
by the above observations. Headless attachment protein stalks do
not require the “stalk exposure” step, but many headless stalks,
despite potentially having their F-activating regions exposed, fail
to trigger F. Since an “F-triggering” conformation can be attained
in the absence of any receptor binding, the “stalk exposure” model
coupled with a very specific “induced fit” interaction of F with the
HN, H, or G can explain the productive triggering of paramyxo-
virus F proteins. Further investigation into the F-triggering pro-
cess is necessary, however, in order to confirm this hypothesis.

Overall, we provide evidence here in support of the “stalk ac-
tivation” model, extending our previous findings to other
paramyxoviruses. Taking together the available biochemical, bio-
physical, and atomic structure data, we propose that paramyxovi-
ruses from various different subfamilies share core features of the
“stalk activation” model. Also analogous to the “headless” influ-
enza virus construct (74), the antigenicity of the headless
paramyxovirus stalk domains and the ability of headless stalks to
prematurely trigger F proteins are important characteristics that
could aid rational drug design. In addition, similarities of F-acti-
vating regions across paramyxoviruses provide greater opportu-
nities for development of broadly neutralizing antibodies to HN,
H, and G proteins from known and emerging paramyxoviruses,

parallel to those recently developed for RSV and hMPV F proteins
(75).
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