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For paramyxoviruses, entry requires a receptor-binding protein (hemagglutinin-neuraminidase [HN], H, or
G) and a fusion protein (F). Like other class I viral fusion proteins, F is expressed as a prefusion metastable
protein that undergoes a refolding event to induce fusion. HN binding to its receptor triggers F refolding by
an unknown mechanism. HN may serve as a clamp that stabilizes F in its prefusion state until HN binds the
target cell (the “clamp model”). Alternatively, HN itself may undergo a conformational change after receptor
binding that destabilizes F and causes F to trigger (the “provocateur model”). To examine F-HN interactions
by bimolecular fluorescence complementation (BiFC), the cytoplasmic tails of parainfluenza virus 5 (PIV5) F
and HN were fused to complementary fragments of yellow fluorescent protein (YFP). Coexpression of the BiFC
constructs resulted in fluorescence; however, coexpression with unrelated BiFC constructs also produced
fluorescence. The affinity of the two halves of YFP presumably superseded the F-HN interaction. Unexpectedly,
coexpression of the BiFC F and HN constructs greatly enhanced fusion in multiple cell types. We hypothesize
that the increase in fusion occurs because the BiFC tags bring F and HN together more frequently than occurs
in a wild-type (wt) scenario. This implies that normally much of wt F is not associated with wt HN, in conflict
with the clamp model for activation. Correspondingly, we show that wt PIV5 fusion occurs in an HN concen-
tration-dependent manner. Also inconsistent with the clamp model are the findings that BiFC F does not adopt
a postfusion conformation when expressed in the absence of HN and that HN coexpression does not provide
resistance to the heat-induced triggering of F. In support of a provocateur model of F activation, we demon-
strate by analysis of the morphology of soluble F trimers that the hyperfusogenic mutation S443P has a
destabilizing effect on F.

Most enveloped viruses use a single protein to bind to their
cellular receptor, and this protein also mediates fusion with a
target membrane (19, 68). In contrast, paramyxoviruses use
different glycoproteins for these two functions, with receptor
binding mediated by a protein variously called hemagglutinin-
neuraminidase (HN), H, or G, depending on the virus, and
with viral fusion mediated by a metastable F protein that un-
dergoes a refolding event to induce fusion (28, 54). The mech-
anism by which the receptor-binding protein communicates
with the fusion protein is not well understood. The general
requirement of a homotypic attachment protein indicates that
HN, H, and G function in fusion in more than their receptor-
binding capacities and that the receptor-binding protein must
interact specifically with F (6, 9, 21, 24, 39).

The structures of multiple receptor-binding proteins have
been resolved, and the similarity among the structures suggests
that they may trigger fusion though a common mechanism (7,
11, 14, 20, 30, 70, 75). The parainfluenza virus 5 (PIV5) HN
structure revealed a tetramer comprising a pair of dimers and
only very minor conformational differences between the native

and receptor-bound states (75). Similarly, the structures of
Nipah virus (NiV) G in its native and receptor-bound states did
not reveal a major conformational change (7, 70). These ob-
servations led to the proposal that a tetrameric rearrangement
of HN, H, or G after receptor binding may be the signal that
triggers the fusion protein (29, 75). Newcastle disease virus
(NDV) HN crystallizes in two dimeric orientations, one with
minimal dimer interactions and the other with an extensive
dimer interface (14); however, it is unlikely that a transition
between these forms triggers fusion because the addition of a
disulfide bond that precludes the formation of the minimal-
interface dimeric form does not prevent fusion activation (35).
The stalk was not resolved in any of the attachment protein
crystal structures; however, the HN stalk appears to be tet-
rameric, flexible, and predominantly helical (74). Multiple
studies using chimeric HN or H molecules have mapped the
F-interacting region to the stalk of the attachment protein (6,
15, 16, 31, 59, 65, 66). In addition, mutations in the stalks of
HN, H, and G have been shown to inhibit fusion activation (4,
13, 37, 38, 49, 58). Interpretation of the findings from muta-
tional studies is complicated by the fact that these proteins are
multifunctional and any mutation may alter simultaneously
attachment, fusion promotion, and in the case of HN, neur-
aminidase (NA) activity. Monoclonal antibodies (MAbs) that
bind the attachment protein and neutralize infection without
blocking receptor binding have been mapped to the stalk of
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PIV2 HN (76) and the base of the head of NiV G (1). Fur-
thermore, a change in NiV G conformation upon receptor
binding was detected using circular dichroism and was attrib-
uted to the stalk region (1).

Paramyxovirus F is a class I fusion protein, and the struc-
tures of prefusion PIV5 F (73) and postfusion NDV and
human PIV3 F proteins have been solved (10, 72). F is ex-
pressed as a trimer that is proteolytically cleaved to liberate the
N terminus of the fusion peptide. After triggering, helical re-
gion A (HRA) adjacent to the fusion peptide undergoes a
major conformational change that extends the fusion peptide
outward for insertion into the target membrane. This process
forms a prehairpin intermediate that is anchored in two mem-
branes. Helical region B (HRB) adjacent to the transmem-
brane domain then translocates to bind to HRA, forming a
six-helix bundle and the postfusion hairpin conformation. The
binding of exogenous peptides to the refolding intermediate
forms of F indicates that the HRB stalk region opens before
HRA extends. In the absence of HN, the open-stalk interme-
diate requires a temperature of 37°C to form; however, this
intermediate can form at 4°C when HN is coexpressed, sug-
gesting that HN can influence the conformation of the prefu-
sion HRB stalk (52). Studies of chimeric F molecules have
implicated residues in both the head and stalk of F in the
interaction with HN or H (31, 64).

Two models have emerged to describe the triggering mech-
anism for fusion and the way in which F is regulated to refold
at the right time and place. In the “clamp model,” the attach-
ment protein acts to retain the F protein in its prefusion meta-
stable form. In this model, HN and F are associated on the cell
surface and when HN binds the receptor, F is released and
triggered to refold to drive membrane merging. In the “pro-
vocateur model,” the attachment protein actively triggers the
metastable F by destabilizing it. After receptor binding, HN
undergoes a conformational change that destabilizes F. In this
model, HN may be preassociated with F, or HN may be in-
duced to associate with F after receptor binding. A major
difference between these models is that in the clamp model,
HN exerts a stabilizing effect on prefusion F whereas in the
provocateur model, HN exerts a destabilizing effect on prefu-
sion F.

Studies examining the triggering of paramyxoviruses have
focused on the coimmunoprecipitation (coIP) of F and its
receptor-binding partner, HN, H, or G. For measles virus
(MeV), NiV, and Hendra virus (HeV), analyses of mutants
have shown an inverse correlation between fusion promotion
and the strength of F-H or F-G interaction (2, 5, 48). These
results have been interpreted to support the clamp model of
activation, although the correlation of high affinity with low
fusogenicity does not demonstrate causation. In contrast, mu-
tations that decrease the fusion of NDV correlate with de-
creased F-HN interaction (38). It has been suggested previ-
ously that paramyxoviruses that use proteinaceous receptors
(via H or G) may have a different triggering mechanism from
those that use sialic acid as a receptor (via HN) (25), despite
the close structural homology of HN, H, and G.

Detecting a complex of PIV5 F and HN by biochemical
methods has been difficult. To examine the association of F
and HN during fusion, we employed yellow fluorescent protein
(YFP) in bimolecular fluorescence complementation (BiFC)

by linking the N-terminal region of YFP (Yn) to one protein
and the C-terminal region of YFP (Yc) to a second protein. If
the two proteins associate, the two YFP segments are brought
together to form a complete YFP that fluoresces. BiFC permits
the detection of transient or low-affinity interactions in intact
cells by monitoring a gain in fluorescence (27). The technique
has been used successfully to study the interactions of herpes-
virus glycoproteins (3), another set of interacting glycoproteins
for which coIP has proven difficult. Our results show that
enhancing the F-HN interaction promotes fusion and that HN
exerts a destabilizing effect on F, in support of the provocateur
model of fusion activation over the clamp model.

MATERIALS AND METHODS

Cells, antibodies, and constructs. Vero cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS). BHK-21 cells were supplemented with 10% tryptose phosphate broth.
BSR-T7 cells (BHK cells expressing T7 polymerase) were grown in DMEM–10%
FCS with 1 mg/ml G418 added on every third passage (8). HeLa-CD4-LTR-�-gal
cells (AIDS Research and Reference Reagent Program) were used for their high
transfection efficiency and were grown in the presence of 200 �g/ml G418, 100
�g/ml hygromycin, and 20 mM HEPES, pH 7.4. Sf9 cells were grown in Sf-900
medium supplemented with 10% FCS. High Five cells were grown in Express
Five medium with 18 mM GlutaMax medium (Invitrogen, Carlsbad, CA).

Antibodies specific for F included MAb F1a ascites fluid (50); MAb 6-7
hybridoma supernatant, an antibody raised against the equivalent to the hyper-
fusogenic PIV5 S443P mutant F (63); polyclonal antibody (PAb) vacF, a rabbit
serum raised against F expressed by vaccinia virus (44); and PAb anti-F2 peptide,
a rabbit serum raised against a mixture of peptides from F2 (22). Antibodies
specific for HN included MAb HN-1b and HN-5a ascites fluids and MAb HN-4b
hybridoma supernatant (50); PAb SDS-HN serum, raised against denatured HN;
and PAb R9721 serum, raised against the purified HN ectodomain expressed by
baculovirus (75).

The BiFC F and HN constructs were cloned into pCAGGS by four-primer
PCR. The Yn fragment (residues 1 to 174) and the Yc fragment (residues 174 to
239) of Venus YFP (41, 56) were derived from pBR771 and pBR772 templates
(3) and added to the cytoplasmic tails of F and HN via a diglycine linker. The
native HN start codon was removed and a new start codon was added for Yc-HN.

Flow cytometry. To quantify cell surface expression and determine F protein
conformation, HeLa-CD4-LTR-�-gal cells were transfected overnight with plas-
mids encoding the F or HN constructs by using Lipofectamine Plus (Invitrogen).
Cells were stained with undiluted MAb 6-7 or a 1:100 dilution of MAb F1a, PAb
vacF, or PAb R9721, followed by a fluorescein isothiocyanate-labeled secondary
antibody diluted 1:100. Prior to the addition of MAb 6-7, warmed phosphate-
buffered saline (PBS) was added to the cells and the plates were incubated at 37,
42, 50, or 60°C for 10 min and then washed with cold PBS. The fluorescence
intensity of 10,000 cells was measured by using a FACSCalibur flow cytometer
(Becton Dickinson, Franklin Lakes, NJ).

Cell-based enzyme-linked immunosorbent assay (ELISA). To confirm cell
surface expression, Vero cells were transfected overnight with plasmids encoding
the HN constructs as described above. Cells were replated at confluence onto
96-well plates, incubated overnight, and stained with serial dilutions of PAb
R9721. Cells were washed, fixed in 4% paraformaldehyde, and incubated with a
horseradish peroxidase-conjugated secondary antibody at 1:1,000. After being
washed, cells were rinsed with 20 mM citrate buffer, pH 4.5, ABTS [2,2�-azino-
bis(3-ethylbenzthiazolinesulfonic acid)] peroxidase substrate (Moss, Inc., Pasa-
dena, MD) was added, and the absorbance at 405 nm was detected with a
SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA).

Hemadsorption (HAd) assay. HeLa-CD4-LTR-�-gal cells in 12-well plates
were transfected in triplicate overnight with plasmids encoding the HN con-
structs by using Lipofectamine Plus (Invitrogen). The cells were rinsed, and 300
�l/well of 1% human red blood cells (RBCs) in DMEM containing 50 mM
HEPES, pH 7.4, was added for 1 h at 4°C on a rocker. Cells were washed three
times with cold DMEM and twice with cold PBS supplemented with 2 mM (each)
CaCl2 and MgCl2. RBCs were lysed in 250 �l/well lysis buffer (145 mM NH4Cl,
17 mM Tris-HCl, pH 7.4) for 10 min at room temperature on a rocker. Super-
natants (200 �l/sample) were transferred into 96-well plates, and absorbance at
410 nm was measured.
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NA assay. HeLa-CD4-LTR-�-gal cells in six-well plates were transfected in
triplicate overnight with plasmids encoding the HN constructs by using Lipo-
fectamine Plus (Invitrogen). Cells were released using 500 �l/well 530 �M
EDTA in PBS. Cells were resuspended in 1 ml of PBS supplemented with 2 mM
(each) CaCl2 and MgCl2 and pelleted for 5 min at 800 rpm and 4°C. The cell
pellets were resuspended in 100 �l of 125 mM sodium acetate buffer (pH 4.75)
containing 6.25 mM CaCl2, and then 25 �l of 5 mM 4-methylumbelliferyl-N-
acetyl-�-D-neuraminic acid (Sigma-Aldrich, St. Louis, MO) was added. Reaction
mixtures were incubated at 37°C with occasional mixing. After 30 min, 75 �l of
20 mM sodium carbonate buffer (pH 10.4) was added. Cells were pelleted at
14,000 rpm, and supernatants (180 �l/sample) were transferred into a 96-well
plate. Fluorescence was measured using excitation and emission wavelengths of
356 and 450 nm, respectively.

Fluorescence microscopy. HeLa-CD4-LTR-�-gal cells on coverslips were
transfected overnight as described above. When indicated, cells were treated
overnight with 100 mU/ml NA from Clostridium perfringens (Sigma, St. Louis,
MO), starting at 5 h posttransfection. Nonpermeabilized cells were fixed in 4%
formaldehyde in PBS, mounted in Prolong Gold (Invitrogen), and visualized
using an LSM5 Pascal confocal microscope (Zeiss, Thornswood, NY) with a 63�
objective. For immunofluorescence, cells were stained for 1 h with MAb 6-7 at
1:10 or MAb F1a at 1:100, followed by an Alexa-594-conjugated secondary
antibody at 1:200 for 1 h.

Fusion assays. For the syncytium formation assay, cells were transfected with
plasmids encoding the various F and HN constructs as described above. Cells
were incubated overnight and stained using Hema 3 (Fisher Healthcare, Hous-
ton, TX). For the initial luciferase assays, confluent Vero cells in six-well plates
were transfected using 4 �l of Lipofectamine, 4 �l of Plus reagent, and 800
ng/well each of pCAGGS-F, pCAGGS-HN, and pT7-luc, a plasmid encoding
luciferase under the control of the T7 promoter. After overnight incubation, cells
were overlaid with BSR-T7 cells and incubated for 8 h. Cells were lysed in 300
�l/well reporter lysis buffer (Promega, Madison, WI) and frozen overnight. To
read luciferase activity, 150 �l of a luciferase assay substrate (Promega) was
added to 200 �l of lysate and relative light units (RLU) were determined using
a SpectraMax M5 plate reader (Molecular Devices). For the luciferase assays
examining HN titration, DNA levels used in transfection were adjusted as de-
scribed in the legend to Fig. 6.

Radioimmunoprecipitation. To quantitate expression levels in the luciferase
assay, Vero cells were transfected as described above or infected with PIV5 strain
W3A at 3 PFU/cell overnight. Cells were starved for 30 min in methionine- and
cysteine-free DMEM and radiolabeled with a 1-h pulse of 100 �Ci/well 35S-
Promix followed by a 1.5-h chase. Cell surface proteins were biotinylated by two
10-min incubations on ice with 1.5 mg/ml EZ-Link sulfo-N-hydroxysuccinimide-
biotin (Pierce, Rockford, IL) in PBS, pH 8. The reaction was quenched by three
washes in 50 mM glycine, and cells were lysed in ice-cold RIPA buffer (1%
sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 10 mM Tris-Cl, pH 7.4)
containing 150 mM NaCl and protease inhibitors. The lysates were subjected to
ultracentrifugation for 10 min at 100,000 � g, and antibodies (20 �l of anti-F2
peptide or 10 �l of HN-1b, 10 �l of HN-5a, and 20 �l of HN-4b) were added.
After 2 h at 4°C, immune complexes were adsorbed onto 30 �l of protein A
Sepharose for 1 h at 4°C. Samples were washed twice with RIPA buffer contain-
ing 300 mM NaCl, twice with RIPA buffer containing 150 mM NaCl, and once
with 50 mM Tris buffer containing 150 mM NaCl and 2.5 mM EDTA. Samples
were resuspended in 50 �l/tube 50 mM Tris containing 0.5% SDS and boiled for
5 min. Supernatants were diluted in a 1-ml solution of 20 mM Tris, pH 8.0,
containing 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and 0.2% bovine
serum albumin, and 50 �l/tube streptavidin-agarose was added. After overnight
incubation at 4°C, samples were washed again as described above and boiled in
dithiothreitol (DTT)-containing loading buffer. Proteins were analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) on 10% acrylamide gels and visual-
ized using an FLA-5100 phosphorimager (Fujifilm, Stamford, CT). To examine
the coIP of F-Yn and Yc-HN, cells were transfected as described above, except
without the luciferase-encoding plasmid, and processed as described above.

To assess endoglycosidase H sensitivity, HeLa-CD4-LTR-�-gal cells were
transfected overnight and radiolabeled with 150 �Ci/well by a 15-min pulse.
After the chase times indicated below, total cell lysates were clarified as de-
scribed above. Antibodies (20 �l of anti-F2 peptide or 20 �l of PAb SDS-HN)
were added, and samples were immunoprecipitated and washed as described
above. Samples were resuspended in 50 mM Tris containing 0.5% SDS (45 �l/
tube) and boiled. Following the addition of a 45-�l/tube solution of 100 mM
sodium citrate, pH 5.5, containing 2 mM phenylmethylsulfonyl fluoride, super-
natants were divided into duplicate samples and 5 mU of endoglycosidase H
(Roche, Germany) was added to half of the samples. Samples were incubated
overnight at 37°C, and proteins were analyzed by SDS-PAGE as described above.

For clarity, the F-containing samples were boiled in a nonreducing loading buffer
that lacked DTT to allow F1 and F2 to remain disulfide linked.

To examine protein stability, HeLa-CD4-LTR-�-gal cells were transfected
overnight and radiolabeled with a 30-min pulse of 70 �Ci/well. After a chase of
1 to 3 h, cell lysates were clarified and immunoprecipitated as described above,

FIG. 1. Expression of BiFC constructs. (A) Schematic diagram of F
and HN BiFC constructs. The N- and C-terminal halves of YFP were
added to the cytoplasmic tails of W3A F and HN via a diglycine linker.
TM, transmembrane domain. (B to D) Levels of surface expression of
the F and HN constructs on transfected HeLa-CD4-LTR-�-gal cells
were determined by flow cytometry using the anti-F PAb vacF, the
anti-F MAb F1a, or the anti-HN PAb R9721. The mean fluorescence
intensity (MFI) is shown as a percentage of wt protein levels. (E) Lev-
els of surface expression of the HN constructs on transfected Vero
cells were determined by cell-based ELISA using the PAb R9721. Abs,
absorbance; 1/DF, reciprocal of dilution factor. (F) The HAd activities
of the HN constructs were determined by measuring RBC binding to
transfected HeLa-CD4-LTR-�-gal cells by spectroscopy. (G) The NA
activities of the HN constructs on transfected HeLa-CD4-LTR-�-gal
cells were determined using a fluorimetric assay. Em, emission.
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using anti-F2 peptide or HN-1b, HN-5a, and HN-4b. Samples were washed,
boiled in DTT-containing loading buffer, and analyzed by SDS-PAGE.

To assess the furin cleavage of F, HeLa-CD4-LTR-�-gal cells were transfected
and radiolabeled as described above. After chase times of up to 5 h, surface
proteins were biotinylated as described above. F was immunoprecipitated as
described above, and samples were boiled in 90 �l/tube 50 mM Tris containing
0.5% SDS. Supernatants were divided into duplicate samples, and half of the
samples were incubated with streptavidin-agarose and treated as described
above.

Baculovirus generation and expression. The purified soluble protein F-GCNt
used in this work is similar to the previously published F-GCNt (73), except for
the omission of a factor Xa site prior to the His tag and the use of a different
signal sequence. cDNA encoding the ectodomain of PIV5 F (from the W3A
strain) was cloned into the pBACgus vector (Novagen, Madison, WI) by PCR.
The signal sequence was replaced with that of baculovirus gp64, the F0 precursor
furin cleavage site was mutated to prevent intracellular processing, the trans-
membrane domain was replaced with a trimerization domain (GCNt) in heptad
repeat phase with HRB, and a six-His tag was added to the C terminus. Muta-
tions encoding P22L or S443P were added to the plasmid using the QuikChange
kit (Stratagene, La Jolla, CA). Recombinant baculoviruses were generated using
the BacVector 3000 transfection kit (Novagen) and plaque purified on Sf9 cells.
F-GCNt was expressed and purified essentially as described previously (73). High
Five cells were grown in suspension and infected with recombinant baculovirus.
Cell supernatants were harvested, dialyzed, and incubated with nickel-nitrilotri-
acetic acid resin (Qiagen, Valencia, CA). Proteins were eluted from the resin
using increasing concentrations of imidazole buffer (10 to 250 mM) in 50 mM
Tris–150 mM NaCl, pH 8.

EM. Electron microscopy (EM) was performed as described previously (69).
Samples were absorbed onto freshly prepared thin carbon film supported on
300-mesh copper grids that were glow discharged prior to use, and stained with
0.1% uranyl formate. Grids were examined with a JEOL 1230 transmission
electron microscope operating at 100 kV. The electron microscope was capable
of resolving the lattice plane spacing of catalase crystals (6.85 and 8.75 nm).

RESULTS

Cell surface expression of BiFC constructs is altered. To
examine PIV5 F and HN interactions by BiFC, the cytoplasmic
tails of each protein were fused to complementary fragments of
YFP (3, 56). The N-terminal (Yn) or C-terminal (Yc) portion
of YFP was added to the F and HN tails via a diglycine linker
(Fig. 1A). The cell surface expression of these proteins was
examined by flow cytometry. The F-Yn and F-Yc constructs
were expressed on the cell surface, but at a reduced level
compared to wild-type (wt) F, as judged by immunoreactivity
with both the prefusion conformation-specific MAb F1a (12)
and the PAb vacF (Fig. 1B and C). Coexpression with a com-
plementary HN BiFC construct did not enhance the surface
expression of the F BiFC constructs significantly (data not
shown). Yn-HN and Yc-HN surface expression was increased
compared to that of wt HN (Fig. 1D). The expression of the
HN proteins was confirmed also by using cell-based ELISA
because wt HN introduced by transfection yields low fluores-
cence intensity as measured by flow cytometry (Fig. 1E). In
accordance with the elevated levels of surface expression, cells
transfected with the BiFC HN constructs exhibited enhanced
HAd and NA activities compared to cells transfected with wt
HN (Fig. 1F and G).

All of the BiFC constructs exhibited delayed acquisition of
endoglycosidase H resistance compared to the wt (see Fig. S1

FIG. 2. BiFC analyses. Transfected HeLa-CD4-LTR-�-gal cells ex-
pressing the F and HN constructs were fixed at 20 h posttransfection
and examined for YFP fluorescence. (A) BiFC analyses of F or HN
oligomers. (B) BiFC analyses of F and HN complexes. NA-treated
samples were incubated with NA starting at 4 h posttransfection.

FIG. 3. BiFC with heterologous glycoproteins. Transfected HeLa-
CD4-LTR-�-gal cells expressing combinations of PIV5 or HSV glyco-
protein constructs were fixed at 20 h posttransfection and examined for
YFP fluorescence. For the negative controls, cells were transfected
with pairs of noncomplementary YFP halves.
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in the supplemental material); however, the BiFC constructs
were not more rapidly degraded than wt F and HN (see Fig.
S2A in the supplemental material). Although a minor, fast-
migrating band of Yc-HN was seen, it did not accumulate over
time. Furin cleavage of F-Yn and F-Yc was reduced, with the
cleaved F-Yn preferentially reaching the cell surface (see Fig.
S2 in the supplemental material). Thus, the BiFC modifica-
tions of the cytoplasmic tails of F and HN altered expression,
resulting in decreased levels of F and increased levels of HN on
the cell surface.

Coexpression of the F and HN BiFC constructs results in
fluorescence. To test the abilities of the BiFC constructs to
complement one another, cells were cotransfected with the
constructs. Oligomers of F-Yn–F-Yc or Yn-HN–Yc-HN
yielded fluorescence with a pattern indicating intracellular and
cell surface localization (Fig. 2A). When cells were cotrans-
fected with F and HN BiFC constructs carrying complemen-
tary YFP fragments, fluorescence was observed at the cell
surface and within the cells (Fig. 2B). Fluorescence occurred
both after fusion and when fusion was prevented by the addi-
tion of NA to destroy the receptor for HN. No fluorescence
was observed when the BiFC constructs were expressed indi-
vidually or together with a noncomplementary BiFC partner.

Coexpression of unrelated BiFC constructs also produces
fluorescence. The cotransfection of cells with the F and HN
BiFC constructs and herpes simplex virus (HSV) glycoprotein
BiFC constructs (3) also resulted in complementation. The Yn-
and Yc-containing F and HN constructs each interacted with
HSV gB, gD, or a gH-gL complex (Fig. 3 and data not shown).
This result was not anticipated and suggested that the affinity

of the two halves of YFP superseded the F-HN interaction.
Transfecting the cells with smaller amounts of plasmid to re-
duce expression levels did not eliminate the complementation
between unrelated constructs (data not shown). We attempted
to demonstrate the specificity of the F-HN interaction by ad-
justing the amount of the wt F plasmid in the transfection
mixture to displace F-Yn from an F-Yn–Yc-HN complex, but
the inclusion of up to 1.8 �g of wt F plasmid in the transfection
mixture did not disrupt the fluorescence produced by 75 ng
each of F-Yn and Yc-HN plasmids (data not shown).

Coexpression of F and HN BiFC constructs enhances fu-
sion. Unexpectedly, the coexpression of the BiFC F and HN
constructs in multiple cell types, including BHK-21, Vero, and
HeLa-CD4-LTR-�-gal cells, was observed to enhance syncy-
tium formation (Fig. 4 and data not shown). PIV5 F can me-
diate the fusion of BHK-21 cells in the absence of HN expres-
sion, but the coexpression of HN enhances fusion (Fig. 4) (53).
F-Yn and F-Yc did not mediate fusion in the absence of HN,
most likely due to low cell surface expression levels. The co-
expression of a complementary BiFC HN construct and F-Yn
or F-Yc increased fusion to levels even higher than that seen
with wt F and HN. On Vero and HeLa-CD4-LTR-�-gal cells,
wt F and HN produce only small and rare syncytia, but the
coexpression of complementary F and HN BiFC constructs
resulted in remarkable syncytium formation. While F-HN
complementation increased levels of fusion, fusion did not
become receptor independent. The removal of sialic acid by
NA still prevented cell-cell fusion (Fig. 2B).

The fusion mediated by the BiFC constructs was quantitated
using a luciferase assay. When cells were cotransfected with

FIG. 4. BiFC constructs mediate enhanced syncytium formation. BHK or Vero cells were transfected with plasmids encoding the F and HN constructs, and
the cells were imaged 24 h posttransfection. Syncytium formation is graded as follows from least to most: �, �, ��, and ���. Arrows indicate syncytia.
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the F constructs and wt HN, the levels of fusion mediated by
the F constructs correlated directly with the levels of surface
expression of the F proteins (Fig. 5A). Adding Yn or Yc to the
tail of F did not alter its fusogenicity inherently. When wt F
and the BiFC HN constructs were coexpressed, fusion medi-
ated by wt F was enhanced somewhat, most likely due to the
higher levels of surface expression of these HN proteins (Fig.
5B). When F-Yn was expressed with its complementary part-
ner Yc-HN, fusion was increased by 150-fold over the level
obtained by coexpression with wt HN (Fig. 5C). Similarly,
when F-Yc was expressed with Yn-HN, fusion was enhanced
50-fold (Fig. 5D). The coexpression of noncomplementary
Yn-HN and F-Yn (Fig. 5C) or Yc-HN and F-Yc (Fig. 5D)
resulted in a more moderate enhancement in fusion, most
likely due to the enhanced levels of surface expression of
Yn-HN and Yc-HN.

Fusion is HN-concentration dependent. We hypothesize
that the observed increase in fusion occurred because the BiFC
tags bring F and HN together more frequently or for a longer

duration than occurs with wt F and HN expression. If this is
true, then increasing the level of HN on the cell surface should
enhance F occupancy (HN association with F) and increase
fusion. Correspondingly, we have shown that wt PIV5 fusion
occurs in an HN concentration-dependent manner (Fig. 6A).
Fusion mediated by F-Yn also is dependent on the concentra-
tion of Yc-HN (Fig. 6B). As expected, transfecting cells with
more HN plasmid resulted in higher levels of HN surface
expression (Fig. 6C). The expression levels of F and HN in
these experiments were similar to those achieved during virus
infection. At high levels of HN expression, fusion begins to
plateau, presumably because the majority of the F trimers
available for fusion are occupied by association with HN. Al-
though the fusion mediated by wt F and HN and that mediated
by the BiFC constructs begin to plateau at similar levels of HN
expression, the F-Yn- and Yc-HN-mediated fusion reaches a
much greater maximum level, consistent with the higher levels
of fusion observed previously (Fig. 4 and 5).

Previously, PIV5 fusion was shown not to be dependent on
HN concentration (17); however, that work was performed
with different cells and a transfection protocol that required
vaccinia virus infection for expression. The present transfec-
tion protocol may have increased sensitivity for detecting the
effects of PIV5 HN expression levels on fusion, possibly due to
lessened cell cytotoxicity in the absence of vaccinia virus infec-
tion.

When Yc-HN was immunoprecipitated from cells, a slower-
migrating band coprecipitated (Fig. 6C). Further analysis dem-
onstrated that this band is the same size as F0-Yn (see Fig. S3
in the supplemental material). The coIP of F-Yn but not wt F
with Yc-HN is consistent with the BiFC tags increasing the
F-HN interaction.

HN coexpression does not alter the heat-induced triggering
of F. If the BiFC tags enhance fusion by bringing F and HN
together more frequently, this situation implies that normally
much of wt F is unoccupied by association with HN, a conclu-
sion in conflict with the clamp model for activation. In the
provocateur model, unoccupied F can wait at the surface in a
prefusion conformation for HN to bind the receptor and in-
teract with F to trigger fusion. In the clamp model, F expressed
in the absence of HN would be less able to retain a prefusion
conformation.

The conformation of F on the cell surface can be examined
using the postfusion conformation-specific MAb 6-7 (12, 63)
and the prefusion conformation-specific MAb F1a (12, 50). F
can be triggered to convert to its postfusion conformation by
using heat as a surrogate triggering mechanism (12). If HN was
a clamp for F, it might be expected to provide resistance to the
heat-induced triggering of F. Thus, transfected HeLa-CD4-
LTR-�-gal cells expressing F and/or HN were heated for 10
min at temperatures up to 60°C and analyzed by flow cytometry
using MAbs 6-7 and F1a. When F was expressed alone, it
showed greatly increased reactivity to MAb 6-7 at elevated
temperatures and a corresponding loss in reactivity to MAb
F1a (Fig. 7A and B). HN coexpression did not alter the heat-
induced MAb 6-7 reactivity (Fig. 7B). In fact, after treatment
at 60°C, MAb 6-7 reactivity may be enhanced slightly with HN
coexpression, possibly indicating that expression with HN
causes F to be more easily triggered by heat. To demonstrate
that 60°C does not denature the F protein, the morphology of

FIG. 5. BiFC constructs mediate enhanced fusion. Vero cells were
transfected with plasmids encoding F, HN, and luciferase under the
control of the T7 polymerase promoter. Cells were overlaid with
BSR-T7 cells at 20 h posttransfection. After 7 h, the cells were lysed
and the luciferase activity (expressed in RLU) was determined.
(A) Comparison of the degrees of fusion mediated by wt F, F-Yn, and
F-Yc when the proteins are coexpressed with wt HN. (B to D) Degrees
of fusion mediated by wt F (B), F-Yn (C), and F-Yc (D) when the
proteins are coexpressed with wt HN, Yn-HN, or Yc-HN. For each F
construct, the data were normalized by setting the RLU obtained after
coexpression with wt HN at 100%. All samples were analyzed in
parallel, and the standard deviations of results for triplicate samples
are shown.
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purified soluble F (F-GCNt) after heating was examined by
EM (Fig. 7C). As anticipated, the “ball-and-stem” morphology
of the prefusion trimers was converted to a “golf tee” postfu-
sion morphology after heating (12), but the protein did not
unfold or aggregate.

The conversion of F-Yn to a postfusion conformation de-
pends on Yc-HN coexpression and fusion. In contrast to the
HeLa-CD4-LTR-�-gal cells cotransfected with plasmids ex-
pressing wt F and HN, cells cotransfected with the BiFC con-
structs form large syncytia that are too fragile to be analyzed by
flow cytometry. Thus, the conformation of the BiFC F con-
structs was analyzed by immunofluorescence microscopy.
When F-Yn and Yc-HN were coexpressed in HeLa-CD4-LTR-
�-gal cells, MAb 6-7 reactivity was detected on the syncytia,
indicating the presence of the postfusion form of F (Fig. 8).
When cells were treated with exogenous NA, fluorescence
complementation was detected but fusion was blocked and
MAb 6-7 reactivity was not induced. Notably, F-Yn expressed
alone was positive for MAb F1a reactivity but negative for
MAb 6-7 reactivity. This finding indicates that in the absence of
HN, F-Yn was not expressed in a postfusion conformation, in
contrast to the predictions of the clamp model. This experi-
ment was also performed using cells transfected with plasmids
expressing wt F and wt HN (data not shown); however, no gain
in MAb 6-7 reactivity after incubation at 37°C was observed,

most likely because fusion was much less extensive and fewer
wt F trimers were triggered.

The hyperfusogenic mutation S443P is destabilizing. The
two models of activation have different implications for the
effect of HN on the stability of F; HN stabilizes F in the clamp
model and destabilizes F in the provocateur model. PIV5 F can
mediate HN-independent fusion at a low level (Fig. 4) (23). If
HN was required to clamp F in its prefusion conformation, this
HN-independent fusion would have to be explained by the
action of a subpopulation of F proteins able to retain a prefu-
sion conformation without HN. A destabilizing mutation in F
would diminish this surviving prefusion population and thus
reduce fusion.

To further investigate the mechanism of prefusion F trigger-
ing, we analyzed the effects of known hypofusogenic or hyper-
fusogenic mutations on the stability of prefusion F (26, 45). We
expressed and purified soluble F proteins (F-GCNt) carrying a
hypofusogenic P22L or a hyperfusogenic S443P mutation and
visualized the F-GCNt trimer morphology by EM (12). F-
GCNt and P22L mutant F-GCNt adopted a prefusion confor-
mation resembling a ball and stem (Fig. 9A and B), whereas
the S443P mutant F-GCNt protein adopted a postfusion con-
formation resembling a golf tee (Fig. 9C). Thus, as anticipated
(45), the hyperfusogenic S443P mutation destabilizes the F-
GCNt protein. If HN enhanced fusion by stabilizing F, as

FIG. 6. F-mediated fusion is dependent on the HN concentration. (A and B) Vero cells were transfected with plasmids encoding luciferase (400
ng/well) and wt F or F-Yn (400 ng/well) and increasing amounts of plasmid encoding HN or Yc-HN. Cells were overlaid with BSR-T7 cells at 20 h
posttransfection. After 7 h, the cells were lysed and the luciferase activity (expressed in RLU) was determined. The standard deviations of results
for triplicate samples are shown. (C) Vero cells were transfected as described in the legend to panels A and B or infected with PIV5 at 3 PFU/cell
for comparison. Cells were radiolabeled, surface proteins were biotinylated, and surface-expressed F or HN was immunoprecipitated (IP) and
visualized by SDS-PAGE. For the anti-F IP, the amount of HN or Yc-HN DNA used in cotransfection was 1,500 ng/well.
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proposed in the clamp model, the destabilizing mutation
S443P should have increased HN dependence. On the con-
trary, S443P mutant F mediates fusion better than wt F in the
absence of HN (26, 45, 53). The fact that this destabilizing
S443P mutation enhances fusion in both the presence and
absence of HN is consistent with the provocateur model and
argues against the clamp model. In accordance with an antic-
ipated stabilizing effect (26, 45), the hypofusogenic P22L mu-
tation did not convert F-GCNt into a postfusion conformation.
As with wt F, when Yn was added to full-length F carrying
P22L, complementation with Yc-HN facilitated more fusion
than wt HN (Fig. 9D).

DISCUSSION

Paramyxoviruses employ two separate proteins to achieve
receptor binding and fusion, but how the attachment protein
physically communicates with the fusion protein to mediate
membrane merging at the appropriate time and place is un-

clear. Receptor binding presumably triggers a conformational
change in the attachment protein that transmits a signal to F.
Two conflicting models of fusion activation exist. In the clamp
model, F and an attachment protein associate intracellularly
and this association stabilizes the prefusion conformation of F.
Upon receptor binding, the attachment protein disengages
from F, allowing F to trigger. In the provocateur model, bind-
ing to the receptor elicits an interaction between F and an
attachment protein on the cell surface that destabilizes F and
thereby triggers it. Although the provocateur model does not
necessitate intracellular association, it is not precluded.

Other class I fusion machines, such as human immunodefi-
ciency virus gp41, are proposed to be activated by disengage-
ment of the receptor-binding subunit (68); however, unlike
paramyxovirus F, gp41 is expressed with its receptor-binding
subunit gp120 as a single protein that is processed. When the
gp41 subunit is expressed alone, the protein adopts a postfu-
sion conformation (67). Although HN is always coexpressed
with F during virus infection, the requirement of HN for F
function is not absolute because cells transfected with PIV5 F
alone can form syncytia (23, 42). Similarly, respiratory syncytial
virus and metapneumovirus F proteins can mediate fusion in
the absence of an attachment protein (55, 61).

The interaction between F and its attachment protein has
been examined biochemically, and although the coIP of PIV5
F and HN has been difficult, coIP has been demonstrated for
multiple paramyxoviruses including PIV2, NDV, MeV, NiV,
HeV, and respiratory syncytial virus (5, 15, 18, 32, 34, 47, 57,
71). Results from studies comparing the effects of mutations on
coIP efficiency versus fusion promotion provide support for
both models of fusion activation. In support of the clamp
model, an inverse correlation between F-H or F-G affinity and
fusion promotion has been shown for MeV, NiV, and HeV (1,
2, 5, 13, 46, 48). In contrast, a direct correlation between F-HN
affinity and fusion promotion has been shown for NDV (15, 37,
38), in support of the provocateur model. Since fusion-defi-
cient MeV H stalk mutants show enhanced coIP with F (13)
and fusion-deficient NDV HN stalk mutants show decreased
coIP with F (38), it has been proposed that viruses with pro-
teinaceous receptors may employ a different mechanism of
fusion activation from those using the sialic acid receptor (25).
Regardless, these correlations prove neither model defini-
tively, and interpretation of the results is confounded by the
fact that some observations do not fit into this breakdown
easily. A mutation in the active site of NDV HN can block
fusion without preventing F-HN association (33), some HeV G
stalk mutants with decreased fusion lose F association (4), and
some MeV F transmembrane mutants with enhanced fusion
show improved F1-H association (40). In addition, NA treat-
ment of cells to remove the receptor resulted in enhanced
NDV F-HN coIP, consistent with the clamp model (36). The
clamp model obligates the intracellular association of F and its
attachment protein. Unfortunately, analyses of the intracellu-
lar association of F and H or HN by an endoplasmic reticulum
coretention approach have yielded conflicting results (43, 47,
60, 62).

To examine the mechanism of PIV5 fusion activation in an
intact cell without relying on coIP, we linked complementary
fragments of YFP to the cytoplasmic tails of F and HN and
examined the F-HN interaction by using BiFC. Unexpectedly,

FIG. 7. HN coexpression does not alter the heat-induced triggering
of F. (A and B) Transfected HeLa-CD4-LTR-�-gal cells expressing F
only (gray bars) or both F and HN (white bars) were heated to the
indicated temperatures for 10 min at 24 h posttransfection. Cell sur-
face reactivity with MAb 6-7 or MAb F1a was analyzed by flow cytom-
etry. MFI, mean fluorescence intensity. (C) A soluble form of PIV5 F
(F-GCNt) was expressed in insect cells by a recombinant baculovirus,
and secreted F protein was purified. Trimers were visualized by EM
before or after being heated to 60°C for 10 or 30 min.
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adding the BiFC tags enhanced F-HN association (see Fig. S3
in the supplemental material). The binding of the YFP frag-
ments to each other may have been aided by the fact that F and
HN are both oligomeric and anchored in a membrane that
restricts diffusion within a bidimensional space. Although we
were unable to monitor F-HN association during fusion be-
cause the affinity of the YFP fragments superseded the F-HN
interaction (Fig. 3), adding complementary BiFC tags to the
tails of F and HN vastly enhanced cell-cell fusion (Fig. 4 and
5). Unlike other mutants that exhibit enhanced fusion, the
BiFC constructs possess wt sequences for the entirety of F and
HN, excluding the addition to the cytoplasmic tails. The hy-
perfusogenic phenotype cannot be attributed to mutations that
alter the inherent stability of F because the phenotype is seen
only when the expressed F and HN BiFC constructs are com-
plementary. We propose that the fusion is enhanced because
BiFC brings F and HN together more frequently or for a
longer duration than occurs normally. Correspondingly, in-
creasing HN expression levels was shown to enhance PIV5
fusion (Fig. 6).

If PIV5 fusion was activated as described in the clamp
model, HN would exert a stabilizing force on F. In contrast, the
coexpression of HN did not provide resistance to the heat-
induced triggering of F (Fig. 7). In addition, F expressed in the
absence of HN did not spontaneously adopt the postfusion
conformation (Fig. 8). If the provocateur model of PIV5 fusion
activation is correct, HN exerts a destabilizing force on F.

Whereas F did not adopt a postfusion conformation when
expressed alone, F did convert to its postfusion form after the
coexpression of HN and syncytium formation (Fig. 8). In ad-
dition, elevating temperature can enhance fusion mediated by
F expressed in the absence of HN (45). The fact that a desta-
bilizing force such as heat can be used as a surrogate for HN
suggests that HN also supplies a destabilizing effect.

We previously suggested that the hyperfusogenic mutation
S443P has a destabilizing effect on the F protein (45). EM
analysis of purified soluble F protein carrying this mutation
confirmed that S443P is destabilizing because the mutant is
expressed in its postfusion conformation (Fig. 9). Thus, a de-
stabilizing mutation in F enhances fusion. The destabilizing
S443P mutation does not elevate the HN dependence of F, as
may be expected if HN was required as a clamp. In fact, the
opposite is observed; S443P mutant F mediates more extensive
HN-independent fusion than wt F. Accordingly, the hypofuso-
genic mutation P22L is not destabilizing. These findings are
consistent with the immunoreactivities of the S443P and P22L
mutants with the postfusion conformation-specific MAb 6-7.
S443P mutant F displays enhanced MAb 6-7 reactivity, and
P22L mutant F displays reduced MAb 6-7 reactivity (51).

The findings from our investigation of the energetics of the
F-HN interaction support the provocateur model of fusion
activation, a model that is consistent with the coIP results for
NDV F-HN complexes (25). It remains to be seen whether the
mechanism of fusion activation differs for other paramyxovi-

FIG. 8. BiFC constructs trigger postfusion-specific MAb 6-7 reactivity after fusion. HeLa-CD4-LTR-�-gal cells were transfected with F-Yn and
Yc-HN constructs and incubated overnight in the presence or absence of NA to block syncytium formation. Cells were stained with MAb 6-7 or
F1a and imaged by confocal microscopy.
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ruses. The difficulty in immunoprecipitating a PIV5 F-HN
complex implies that the interaction has low affinity or is tran-
sient. The dynamics and kinetics of the F-HN association, as
well as the specific conformational changes that occur in HN

after receptor binding and subsequently in F, remain to be
determined.
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