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Hydrophobic fusion peptides (FPs) are the most highly conserved regions of class I viral fusion-mediating
glycoproteins (vFGPs). FPs often contain conserved glycine residues thought to be critical for forming struc-
tures that destabilize target membranes. Unexpectedly, a mutation of glycine residues in the FP of the fusion
(F) protein from the paramyxovirus simian parainfluenza virus 5 (SV5) resulted in mutant F proteins with
hyperactive fusion phenotypes (C. M. Horvath and R. A. Lamb, J. Virol. 66:2443–2455, 1992). Here, we
constructed G3A and G7A mutations into the F proteins of SV5 (W3A and WR isolates), Newcastle disease
virus (NDV), and human parainfluenza virus type 3 (HPIV3). All of the mutant F proteins, except NDV G7A,
caused increased cell-cell fusion despite having slight to moderate reductions in cell surface expression
compared to those of wild-type F proteins. The G3A and G7A mutations cause SV5 WR F, but not NDV F or
HPIV3 F, to be triggered to cause fusion in the absence of coexpression of its homotypic receptor-binding
protein hemagglutinin-neuraminidase (HN), suggesting that NDV and HPIV3 F have stricter requirements for
homotypic HN for fusion activation. Dye transfer assays show that the G3A and G7A mutations decrease the
energy required to activate F at a step in the fusion cascade preceding prehairpin intermediate formation and
hemifusion. Conserved glycine residues in the FP of paramyxovirus F appear to have a primary role in
regulating the activation of the metastable native form of F. Glycine residues in the FPs of other class I vFGPs
may also regulate fusion activation.

The class I viral fusion-mediating glycoproteins (vFGPs) of
retroviruses, lentiviruses, filoviruses, coronaviruses, orthomy-
xoviruses, and paramyxoviruses have evolved similar domain
architectures to cause the coalescence of viral and host cell
membranes. These vFGPs are synthesized as type I integral
membrane proteins which are folded into homotrimers, post-
translationally modified by the addition of carbohydrate chains,
and then in most cases cleaved by a protease into a metastable
complex of membrane-distal and membrane-anchored sub-
units. For example, the paramyxovirus precursor fusion protein
(F0) is cleaved into membrane-distal F2 and membrane-an-
chored F1 subunits (Fig. 1) which have an integrated and not
separate domain structure in the atomic structure of F (10).
The membrane-distal subunits from many class I vFGPs have
insertions of receptor-binding domains (12, 64); however, the
paramyxoviruses have evolved separate receptor-binding pro-
teins to regulate fusion activation (33). The membrane-proxi-
mal subunits contain two hydrophobic domains, the fusion
peptide (FP) and the transmembrane (TM) domain. The FP is
located at or near the new N terminus of the membrane-
proximal subunit and inserts into the target cell membrane
after being triggered by low pH and/or receptor binding (12,
64). The TM domain serves as an anchor for the ectodomain to
the viral membrane and is required for fusion pore formation
(1, 39). Adjacent to the FP and TM domains in the ectodomain

are two heptad repeat (HR) regions designated HRA and
HRB, respectively. Upon triggering, HRA forms a triple-strand-
ed coiled coil that mediates insertion of the FP into the target
membrane, thus forming the so-called prehairpin intermediate
(12, 64). Subsequently, HRB binds into the grooves between
adjacent HRA monomers in an antiparallel orientation, form-
ing a hairpin structure that brings the FP and TM domains into
juxtaposition (12, 64). Peptides derived from the HR regions
inhibit viral entry by binding specifically to their complemen-
tary regions in the vFGP (8, 54, 58), thereby preventing for-
mation of the hairpin structure which couples protein refolding
directly to membrane fusion (5, 38, 42, 57). While most class I
vFGPs have short linker regions between their HR regions, the
paramyxovirus F protein has a two-domain insertion of ap-
proximately 250 residues (10) which may serve as a molecular
scaffold to help control the release and refolding of the FP and
HR regions. The cytoplasmic tails of class I vFGPs can be
critical to virus assembly (59) and often help regulate activa-
tion of the ectodomain in an “inside-out” manner. Activation
of fusion may occur by cleavage of associated proteins (40, 76),
by cleavage of the cytoplasmic tail (7, 53), or by dissociation of
a cytoplasmic tail structure (63, 71). The hydrophobic FP do-
mains tend to be the most highly conserved domains within a
given virus family, suggesting that their structures and func-
tions are more highly constrained by selective pressures than
other domains.

In addition to containing a high percentage of nonpolar
residues, the hydrophobic FPs of the class I vFGPs often con-
tain numerous conserved glycine residues spaced at regular
intervals. For example, the FPs of influenza virus hemaggluti-
nin (HA) and human immunodeficiency virus (HIV) gp41 have
glycine contents of 29 and 26%, respectively. Several muta-
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tional studies on intact vFGPs are consistent with some con-
served FP glycine residues being critical for membrane fusion
activity while others are dispensable. A mutation of glycine 1 at
the N terminus of HA2 to alanine is tolerated for fusion activ-
ity, while mutations to the nonpolar residues valine, leucine,
isoleucine, and phenylalanine or to the polar or charged resi-
dues glutamine, histidine, glutamate, and lysine are not active
for fusion, despite the mutant HA proteins having wild-type
(wt)-like cell surface expression levels, trypsin cleavage, and
pH values of conformational changes (23, 50, 65). The HA2

mutation G1S leads to wt-like cell surface expression, trypsin
cleavage, pH of conformational change, and lipid mixing but
does not cause pore formation or content mixing and has a
propensity to revert to the wt sequence (15, 50). The HA2

mutants G4A, G4E, and G8A increase the pH threshold of
conformational changes, but only G4E and G8A abolish fusion
activity, while G4A causes fusion at levels similar to those of
the wt (23, 65). For HIV gp41, G10V and G13V mutations lead
to wt-like levels of gp160 synthesis, gp160 processing, and
gp120 shedding but greatly reduce cell-cell fusion and virus

infectivity, whereas G3V, G5V, and G20V mutations are better
tolerated (18). For Moloney murine leukemia virus p15E, mu-
tations to G13 lead to low cell surface expression, low cell-cell
fusion, and greatly reduced titers, whereas mutations to G24
have wt-like expression levels but are defective for cell-cell
fusion and virus rescue (79). Not all class I vFGPs have an
absolute requirement for multiple critical glycine residues. For
example, avian sarcoma and leukosis virus EnvA has an inter-
nal fusion peptide containing a central proline residue adjacent
to its only glycine residue, G30. EnvA proteins containing
G30P and G30V mutations have wt-like expression levels, have
reduced Env-Gag ratios of 2/3, and yield virus titers 34 and
84% of that of the wt, respectively (4). Biophysical studies of
short peptides (�25 residues) derived from the FP regions of
class I vFGPs are consistent with these peptides having some
membrane-perturbing activities (21, 41). A larger construct of
the HA2 ectodomain (HA2 residues 1 to 127) causes pH-
dependent lipid mixing which is inhibited by the G1E mutation
(35). An emerging consensus view is that glycine residues in
the FP are highly conserved because they maintain specific
structures in target membranes necessary for perturbing lipid
packing and facilitating lipid mixing (25).

The role of the three conserved glycine residues at positions
3, 7 (8 for the morbilliviruses and henipaviruses), and 12 in the
FP of paramyxovirus F1 (cf. Figure 1B) is unclear. For the
simian parainfluenza virus 5 (SV5) W3A isolate F protein, the
FP mutations G3A, G7A, and G12A promote syncytium for-
mation to extents 6 to 16 times greater than that of wt F,
despite having cell surface expression levels of 74, 15, and 23%
of wt expression levels, respectively (27). Moreover, the SV5
W3A G3A F protein causes lipid mixing at a higher initial rate
than wt F (2). In contrast, for Newcastle disease virus (NDV),
the comparable FP mutations G3K and G7K were reported to
greatly inhibit syncytium formation (extents of 10 to 1% of wt
syncytium formation, respectively), despite the F proteins hav-
ing cell surface expression levels of 87 and 216% of that of the
wt, respectively (62). A G12L mutation to NDV F1 causes a
complete loss of cell surface expression. Syncytium formation
and �-galactosidase reporter gene assays also show that the
NDV F1 mutations G7A and G12A cause cell-cell fusion to
extents �2% of that of the wt, despite having cell surface
expression levels approximately 70 and 50% of wt levels, re-
spectively (60).

In a separate avenue of experimentation, biophysical studies
on 33-residue peptides derived from the FP of Sendai virus F
are consistent with these peptides inserting into membranes
with high �-helical contents, inducing bilayer perturbations,
and causing lipid mixing (48, 52). G7A and G12A mutations to
these peptides cause increases in �-helicity and fusogenic ac-
tivity, suggesting that the increased fusogenicity of intact F
proteins with GxA mutations may be due to enhanced target
bilayer disruptions by the membrane-inserted FP (48). A high-
resolution X-ray crystal structure of the ectodomain of NDV F
does not contain interpretable density for the FP region (10);
however, the core structure of the six-helix bundle (6HB) con-
sisting of HR-derived peptides from SV5 F shows that the last
seven residues of the FP continue the central triple-stranded
coiled coil formed by the HRA peptides (3).

Researchers have recently identified two residues adjacent
to HRB in SV5 F, L447 and I449, that have distinct, dual-

FIG. 1. (A) Schematic diagram of the paramyxovirus F protein.
The positions of the FP, HRA, �-barrel domain, immunoglobulin-like
domain (Ig-like), HRB, and TM domain are shown. Identification of
the folds of the F protein domains is done according to the NDV F
crystal structure (10). The arrows indicate the site of cleavage of the F0
precursor protein into the F2 and F1 subunits. The lines between the F2
and F1 subunits show the location of the disulfide bond between the
subunits. The locations of the three amino acid residues in the SV5 F
protein that differ between the W3A and WR isolates (positions 22,
443, and 516) are identified. (B) Comparison of the amino acid se-
quences of the fusion peptides from the F proteins of representative
members of the family Paramyxoviridae. The boxed regions indicate
the conserved glycine residues. Gray shading denotes identity. In this
study, FP residues of the F protein are numbered from the N terminus
of the F1 subunit. The FP residues numbered by using a conventional
numbering scheme are shown to the left and right of the sequences
starting with the first residue of the unprocessed F0 protein. Shown are
SV5 (genus Rubulavirus; strains W3A, GenBank accession number
AF052755, and WR, GenBank accession number AB021962), NDV
(genus Avulavirus; strain Australia-Victoria, GenBank accession num-
ber M21881), HPIV3 (genus Respirovirus; strain NIH 47885, Protein
Data Bank accession number P06828), measles (genus Morbillivirus;
strain Edmonston B, GenBank accession number U03655), and Nipah
virus (genus Henipavirus, GenBank accession number NC_002728).
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functional roles: they regulate fusion activation and promote
6HB formation (58). Residues in influenza virus HA and hu-
man T-cell leukemia virus type 1 gp21 that have distinct roles
in prefusion and fusion-activated states have also been identi-
fied (16, 75). Based on these results, we have proposed that
some, if not many, conserved residues in the HR and FP
regions of class I vFGPs that have functional roles in target
membrane interactions and 6HB formation may also have crit-
ical roles in regulating the activation of the native states of
these proteins. We wished to test our hypothesis that the con-
served G3 and G7 residues in the FP of paramyxovirus F are
involved in stabilizing native F, with mutations to alanine res-
idues destabilizing the native state and thus resulting in hyper-
active fusion. We constructed the FP G3A and G7A muta-
tions into the backgrounds of the F proteins of SV5 (W3A
and WR isolates), NDV, and human parainfluenza virus type
3 (HPIV3). All of the mutant F proteins except NDV G7A
caused increased cell-cell fusion when the F proteins were
coexpressed with the homotypic hemagglutinin-neuraminidase
(HN) receptor-binding protein. Moreover, the SV5 WR F pro-
teins containing G3A and G7A mutations became fusion active
in the absence of HN-promoted fusion activation, consistent
with these mutations destabilizing native F. Finally, dye trans-
fer assays showed that the mutations lowered the energy re-
quired to activate native F, providing strong evidence that
these FP residues are critical for the regulation of F protein
activation in addition to any roles they might have in target
membrane interactions.

MATERIALS AND METHODS

Cells, virus, and plasmids. Monolayer cultures of Vero, BHK-21F, BSR T7/5,
CV-1, and HeLa cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). Monolayers of
BHK-21F cells were grown in DMEM supplemented with 10% FBS and 10%
tryptose phosphate broth. The recombinant vaccinia virus vTF7-3, which ex-
presses bacteriophage T7 RNA polymerase, was grown in CV-1 cells as described
previously (22). pGEM2X and pCAGGS plasmids encoding SV5 W3A F, SV5
WR F, the SV5 W3A FR3 cleavage site mutation, SV5 HN, and influenza virus
HA (A/Udorn/72) have been described previously (46). SV5 F proteins contain-
ing the G3A and G7A mutations were constructed by using consecutive rounds
of four-primer PCR with Tgo DNA polymerase and subsequently cloned into
pGEM2X SV5 W3A F, pGEM2X SV5 WR F, pCAGGS SV5 W3A F, and
pCAGGS SV5 WR F. pGEM3X plasmids encoding NDV F, NDV HN, HPIV3
F, and HPIV3 HN, described previously (28), were subcloned into the pCAGGS
plasmid. NDV and HPIV3 F proteins containing the G3A, G7A, and L289A
mutations were constructed by using consecutive rounds of four-primer PCR
with Tgo DNA polymerase and subsequently cloned into pGEM3X NDV F,
pCAGGS NDV F, pGEM3X HPIV3 F, and pCAGGS HPIV3 F. The nucleotide
sequences of the resulting constructs were determined by using a BigDye termi-
nator cycle sequencing ready reaction kit (Applied Biosystems, Foster City,
Calif.) and an Applied Biosystems 3100-Avant automated DNA sequencer.

Expression of viral envelope glycoproteins. Viral envelope glycoproteins were
expressed by using two different expression systems: (i) Vero, BHK-21F, and
HeLa cells transfected with pCAGGS DNA and (ii) CV-1 cells infected with the
recombinant vaccinia virus vTF7-3 and transfected with pGEM2X or pGEM3X
DNA. For expression of viral envelope glycoproteins from pCAGGS DNA,
Vero, HeLa, and BHK-21F cells were transiently transfected by using the Lipo-
fectamine Plus expression system (Invitrogen, Carlsbad, Calif.) according to the
manufacturer’s instructions. Transfected Vero, BHK-21F, and HeLa cells were
incubated for 4 h at 37°C before the addition of DMEM containing 10% FBS and
incubation for 16 h at 37°C. For expression of viral envelope glycoproteins from
pGEM2X and pGEM3X DNA, CV-1 cells in 6-well dishes with or without glass
coverslips were infected with the modified vaccinia virus vTF7-3, which expresses
bacteriophage T7 RNA polymerase (22), at an MOI of 10 PFU/cell. After a
30-min incubation at 37°C, appropriate amounts of pGEM2X or pGEM3X DNA
were transfected into the vTF7-3-infected cells by using liposomes prepared in

our laboratory (55). Infected-transfected CV-1 cells were incubated for 4 h at
37°C before the addition of DMEM containing 10% FBS and incubation for 16 h
at 33°C.

Flow cytometry. To quantify cell surface expression levels of the mutant SV5
F proteins, monolayers of Vero or CV-1 cells in 6-well dishes (70 to 80%
confluent) were transfected by using 1.0 �g of F DNA as described above. At
16 h posttransfection (p.t.), the 6-well dishes were washed five times with phos-
phate-buffered saline containing calcium and magnesium at 0.1 g/liter (PBS�),
overlaid with PBS� solution containing primary antibody, and incubated at 4°C
for 30 min. For SV5 F surface expression, the monoclonal antibody (MAb) F1a
(51) was used at a 1:200 dilution. To quantify the extent to which the F protein
mutations promoted conformational changes related to fusion activation, MAbs
6-7 and 21-1 (68) were used at a 1:100 dilution. The 6-well dishes were subse-
quently washed five times with PBS�, overlaid with PBS� solution containing
fluorescein isothiocyanate goat anti-mouse secondary antibody at a 1:100 dilu-
tion, incubated at 4°C for 30 min, and washed five times with PBS�. Cells were
removed from 6-well dishes with PBS containing 50 mM EDTA and were
fixed in suspension by the addition of methanol-free formaldehyde to a final
concentration of 0.5%. The cell surface fluorescence of 10,000 cells was mea-
sured by using a FACSCalibur flow cytometer (Becton Dickinson, San Jose,
Calif.). Mean fluorescence intensity values were normalized to the mean fluo-
rescence intensity value of the SV5 W3A wt F protein.

Cell surface biotinylation. For cell surface biotinylation experiments with SV5,
NDV, and HPIV3 F-expressing cells, monolayers of either HeLa cells or CV-1
cells in 6-cm-diameter dishes (70 to 80% confluent) grown in DMEM supple-
mented with 10% FBS were transfected as described above. At 16 h p.t., the
6-cm-diameter dishes were washed two times with PBS� and then starved with
methionine (Met)- and cysteine (Cys)-deficient DMEM for 30 min. The samples
were then labeled for 15 min with 100 �Ci of 35S-Promix (Amersham Pharmacia
Biotech, Piscataway, N.J.) in 1 ml of DMEM (Met and Cys deficient; 20 mM
HEPES buffer [pH 7.3]) before being washed once with PBS� and chased for 2 h
with 3 ml of DMEM (2 mM Met, 2 mM Cys, 20 mM HEPES buffer [pH 7.3]) to
allow newly synthesized F proteins to reach the cell surface. The samples were
subsequently biotinylated twice for 15 min at 4°C with 2 mg of EZ-Link Sulfo-
NHS-SS-biotin (Pierce) in 1 ml of PBS� (pH 8.0). Following washes with PBS�,
PBS� containing 50 mM Gly, and PBS�, the samples were lysed with 1 ml of
ice-cold radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris [pH 7.4],
2% deoxycholate, 2% Triton X-100, 0.2% sodium dodecyl sulfate [SDS]) con-
taining 0.15 M NaCl, 100 mM iodoacetamide, and protease inhibitors (45) and
clarified by centrifugation for 10 min at 55,000 rpm with a Beckman Optima TLX
ultracentrifuge. Samples were incubated overnight (18 to 22 h) at 4°C with
antibodies. Antisera used were as follows: 25 �l of rabbit polyclonal anti-F2
peptide antiserum for SV5 F, 25 �l of rabbit polyclonal anti-F1 F6 antiserum for
NDV F, and 4 �l of mouse MAbs C110 and C215 for HPIV3 F protein (kindly
provided by Brian Murphy, National Institutes of Health). Immune complexes
were adsorbed to protein A or G conjugated to Sepharose beads (protein A for
SV5 F and NDV F and protein G for HPIV3 F) for 3 h at 4°C. Samples were
washed three times with RIPA buffer containing 0.3 M NaCl, three times with
RIPA buffer containing 0.15 M NaCl, and once with 50 mM Tris buffer (0.25 mM
EDTA, 0.15 M NaCl [pH 7.4]). The samples were resuspended in 100 �l of 50
mM Tris buffer (0.5% SDS, pH 7.4), boiled for 5 min, and centrifuged for 1 min
at 14,000 rpm with an Eppendorf centrifuge 5417R. The supernatants were split
into two 50-�l fractions. One fraction was saved for direct loading onto the
SDS-polyacrylamide gel electrophoresis (PAGE) gel so that it would include the
total radiolabeled F protein. The other fraction was diluted to 1 ml with 20 mM
Tris buffer (0.15 M NaCl, 5 mM EDTA, 1% Triton X-100, 0.2% bovine serum
albumin [pH 8.0]) and incubated with streptavidin-agarose for 3 h at 4°C. The
samples were washed as described above for the immunoprecipitations, resus-
pended in SDS-PAGE sample buffer containing 2.5% (wt/vol) dithiothreitol, and
fractionated on SDS–15% polyacrylamide gels (45). Quantitation of the F1 bands
in the surface fractions was performed by using a Fuji (Stanford, Conn.) BioIm-
ager 1000.

Syncytium formation. To assay the abilities of the mutant F proteins to cause
syncytium formation, monolayers of BHK-21F cells in 6-well dishes (70 to 80%
confluent) were transfected with 1.0 �g of SV5, NDV, or HPIV3 F DNA with or
without 1.0 �g of SV5, NDV, or HPIV3 HN DNA, respectively, as described
above. At 20 or 24 h p.t., cells were fixed and stained with a Hema 3 staining
system (Fisher) according to the manufacturer’s instructions. Representative
fields were photographed with a Kodak DCS 760 (Eastman Kodak Company,
Rochester, N.Y.) digital camera attached to a Nikon (Garden City, N.Y.) Dia-
phot inverted phase-contrast microscope.

Luciferase reporter gene assay for content mixing. To quantify cell-cell fusion,
a luciferase reporter gene assay was performed as described previously (58).

VOL. 78, 2004 FUSION PEPTIDE REGULATES FUSION ACTIVATION 13729



Briefly, 6-well dishes containing Vero cells (70 to 80% confluent) were trans-
fected with 1.0 �g of luciferase control DNA (Promega), 1.0 �g of pCAGGS F,
and 1.0 �g of pCAGGS HN (or 1.0 �g of pCAGGS HA). At 16 h p.t., BSR T7/5
cells (expressing T7 RNA polymerase) were overlaid onto the Vero cells. Fol-
lowing a 6-h incubation at 37°C, the monolayers were washed, lysed, and clarified
by centrifugation. From each clarified lysate, 40 �l of solution was pipetted onto
a 96-well plate. The luciferase activity resulting from the fusion of the two cell
populations was quantified by using luciferase assay substrate (Promega) and an
Lmax luminescence microplate reader (Molecular Devices).

Dye transfer assays for lipid and aqueous content mixing. To measure the
temperature dependence of cell-cell fusion mediated by the SV5, NDV, and
HPIV3 F proteins, dye transfer assays were performed as described previously
(58). Briefly, human erythrocytes (RBCs) were single labeled with aqueous
6-carboxyfluorescein (CF; Molecular Probes) or dual labeled with CF and the
lipid probe octadecyl rhodamine B chloride (R18; Molecular Probes) as de-
scribed previously (58). Monolayers of CV-1 cells grown on glass cover slides in
6-well dishes (70 to 80% confluent) were infected with vTF7-3 and transfected
with pGEM DNA as described above. The CV-1 cells were incubated for 4 h at
37°C followed by 16 h at 33°C. To allow the binding of the dye-labeled RBCs but
to prevent temperature-induced fusion, 1 ml of ice-cold 0.1% hematocrit dye-
labeled RBCs was added to each sample, and the CV-1-RBC (effector-target)
complexes were incubated on ice at 4°C for 1 h. The effector-target cell com-
plexes were incubated at 37°C for 10 min to allow dye transfer to take place
before being washed five times with ice-cold PBS� to remove unbound RBCs.
Random microscopic fields were visualized by scanning confocal microscopy with
a Zeiss (Thornwood, N.Y.) LSM 410. Membrane fusion was quantified by count-
ing CF or R18 dye transfer events from labeled RBCs to CV-1 cells. To study
syncytium formation and F-dependent retention of RBCs, CV-1 effector cells
were labeled with 1 �M SYTO-17 nucleic acid dye (Molecular Probes) at 37°C
for 30 min, and single-labeled CF-RBCs were used as fusion targets. For the
temperature dependence of dye transfer, effector-target complexes were incu-
bated for 10 min at the reported temperatures before being washed with ice-cold
PBS�. To study dye transfer mediated by the SV5 W3A FR3 mutants containing
the trypsin-inducible cleavage site mutation of five Arg residues to three Arg
residues (47), CV-1 effector cells were incubated in the presence or absence of
TPCK (tosylsulfonyl phenylalanyl chloromethyl ketone)-treated trypsin (10 �g/
ml) at 37°C for 1 h before coincubation with single-labeled CF-RBCs.

RESULTS

The G3A and G7A mutations decrease SV5 F protein cell
surface expression. Introduction of the G3A, G7A, and G12A
mutations into the FP of the SV5 W3A F protein increases
syncytium formation despite reducing cell surface expression
levels of the mutant F proteins to 74, 15, and 23% of wt F
protein expression levels (27). The G3A and G7A mutant F
proteins have intracellular transport rates to the medial Golgi
apparatus similar to that of wt F, and both mutant F proteins
are cleaved by a host cell protease. In contrast, the G12A
mutant F protein does not become resistant to endoglycosidase
H digestion and has a low to undetectable level of F0 cleavage.
Therefore, we decided to focus this study on the effects of the
G3A and G7A mutations exclusively. The SV5 WR F protein
requires coexpression of its homotypic HN receptor-binding
protein to mediate cell-cell fusion under physiological condi-
tions (30), whereas the SV5 W3A F protein causes cell-cell
fusion in the absence of HN coexpression (28, 44), albeit to a
lesser extent than when HN is coexpressed (46). The amino
acid sequences of the F proteins from the W3A and WR
isolates differ at positions 22, 443, and 516 (Fig. 1A) (30, 43).
The identity of the amino acid residue at position 516 has
negligible effects on cell-cell fusion, whereas proline residues
at positions 22 and 443 contribute to a lower temperature
required for fusion activation, faster fusion kinetics, and HN-
independent fusion (30, 46, 58). The SV5 W3A F P22L protein
(no proline residues at positions 22 and 443) does not cause
cell-cell fusion under physiological conditions, whereas the SV5
W3A F S443P protein (two proline residues at positions 22 and
443) causes cell-cell fusion with faster kinetics, at lower tem-
peratures, and to greater extents than SV5 W3A F wt (46, 58).

TABLE 1. SV5 F protein cell surface expression and MAb reactivitiesi

Construct Surface expression
(% biotinylated F1)a

MAb F1a
MAb 6–7 reactivity

(MFI)d
MAb 21–1 reactivity

(MFI)eExpression
(% positive cells)b

Reactivity
(MFI)c

pCAGGSf W3A wtg 100 49.1 100 100 100
pCAGGS W3A P22L 92.6 47.6 94.5 1.9 8.4
pCAGGS W3A S443P 100.4 43.6 98.0 391.0 289.6
pCAGGS W3A G3A 85.6 50.9 85.5 171.1 153.9
pCAGGS W3A G7A 31.9 38.8 19.7 743.7 384.5
pCAGGS WR wt 96.4 43.0 106.2 20.3 19.0
pCAGGS WR G3A 100.9 51.6 73.3 55.5 52.0
pCAGGS WR G7A 54.0 46.1 39.9 532.3 104.0
pGEM2Xh W3A wtg 100 81.7 100 100 100
pGEM2X W3A P22L 96.4 86.1 98.6 9.7 8.2
pGEM2X W3A S443P 98.2 87.3 103.7 270.8 253.4
pGEM2X W3A G3A 85.0 76.4 94.5 195.1 135.6
pGEM2X W3A G7A 30.8 46.4 33.3 1,275.3 395.1
pGEM2X WR wt 94.1 84.7 99.1 14.1 6.8
pGEM2X WR G3A 66.8 83.7 69.4 37.9 37.0
pGEM2X WR G7A 41.3 76.7 46.1 337.2 92.0

a Cell surface expression level of the SV5 F1 polypeptide as determined by biotinylation, immunoprecipitation of radiolabeled lysates, and streptavidin-agarose
recovery. SV5 F DNA was transfected into HeLa cells.

b The percentage of cells expressing the SV5 F protein as determined by flow cytometry using MAb F1a.
c Cell surface expression level measured by flow cytometry using MAb F1a.
d Reactivity of cell surface-expressed F mutants to the conformation-specific MAb 6–7 as determined by flow cytometry.
e Reactivity of cell surface-expressed F mutants to the conformation-specific MAb 21-1 as determined by flow cytometry.
f pCAGGS DNA transfected into Vero cells.
g Values were normalized to SV5 W3A wt F protein.
h pGEM2X DNA transfected into CV-1 cells, vaccinia virus vTF7-3 coinfection.
i MFI, mean fluorescence intensity.
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We introduced the G3A and G7A mutations into the back-
grounds of both SV5 W3A and WR F proteins. If the G3A and
G7A mutations to WR F destabilize the native metastable
form of the F protein, one might anticipate that a large enough
decrease in the fusion activation energy of WR F would abolish
its requirement of HN coexpression for fusion activation. We
expressed the F protein mutants using both the pGEM-VacT7
and pCAGGS expression systems and measured F protein cell
surface expression levels by surface biotinylation and flow cy-
tometric analyses (see Materials and Methods). The expression
levels of individual F mutants did not vary significantly be-
tween the two expression systems and did not vary significantly
between the biotinylation and flow cytometry assays (Table 1).
As has been found previously (46, 58), SV5 W3A wt, SV5 WR
wt, SV5 W3A S443P, and SV5 W3A P22L all had similar cell
surface expression levels. The G3A mutations caused reduc-
tions in cell surface expression of approximately 70 to 95% of
the wt surface expression, and the G7A mutations caused re-
ductions of approximately 20 to 50% of that of wt F protein
(Table 1). The large reduction in cell surface expression of the
G7A mutants may be due to decreased F protein stability, as
SV5 W3A G7A has been shown to be degraded more rapidly
than wt F protein (27). None of the mutants had cell-cell
surface expression levels greater than those of the SV5 W3A or
WR wt F proteins.

The SV5 F proteins containing fusion peptide mutations
have altered reactivities to conformation-sensitive MAbs. The
conformation-specific MAbs 6–7 and 21-1 were raised to and
are highly reactive with the fusion-hyperactive SV5 WR L22P
F protein (equivalent to the W3A F protein S443P/V516A,
which is functionally equivalent to the W3A F protein S443P)
(68). Additionally, MAbs 6–7 and 21-1 show little reactivity to
the HN-dependent WR F protein and the fusion-defective
W3A F protein P22L unless the F proteins are briefly heated to
47°C and returned to 4°C prior to the addition of antibody. The
epitopes to MAbs 6–7 and 21-1 map to the N-terminal half of
F2 and the �-sheet domain in F1, regions located outside of the
FP and the region adjacent to HRB where S443P is located.
Thus, MAbs 6–7 and 21-1 can be used as sensitive probes for
F protein conformational changes related to heightened or
decreased fusion activation. The SV5 G3A and G7A mutant F
proteins were expressed in Vero and CV-1 cells in the absence
of HN coexpression, and surface-expressed F protein was
tested for reactivity to MAbs 6–7 and 21-1. The SV5 F proteins
containing G3A and G7A mutations had significantly higher
MAb reactivities than their corresponding wt F proteins, and
those in the W3A background had much higher MAb reactiv-
ities than those in the WR background (Table 1). The results
are consistent with the G3A and G7A mutations increasing the
extents of partial F protein triggering in the absence of HN
coexpression or target cell binding.

The G3A and G7A mutations increase the fusogenicity of the
SV5 F protein and convert SV5 WR F into an HN-independent
fusion-mediating glycoprotein. To examine the abilities of the
mutant F proteins to cause cell-cell fusion, both syncytium
formation and quantitative luciferase reporter gene assays
were performed. Representative photomicrographs of syncytia
formed between BHK-21F cells cotransfected with the SV5 F
protein mutants and SV5 HN are shown in Fig. 2A. In the
presence of HN coexpression, the G3A and G7A mutations

increased syncytium formation in comparison to syncytium for-
mation on expression of the SV5 W3A and WR wt F proteins.
In the absence of HN coexpression, the SV5 W3A F proteins
containing G3A and G7A mutations caused more extensive
syncytium formation than SV5 W3A wt F protein (Fig. 2B).
The SV5 WR F proteins containing G3A and G7A mutations

FIG. 2. Representative photomicrographs of syncytia formed be-
tween BHK-21F cells expressing the SV5 W3A and WR F proteins
containing G3A and G7A mutations at 20 h p.t. in the presence of SV5
HN coexpression (A) or at 24 h p.t. in the absence of SV5 HN
coexpression (B). For both panels, 1.0 �g of pCAGGS SV5 F DNA
was used. For panel A, 1.0 �g of pCAGGS SV5 HN DNA was used.
Bar, 200 �m.
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caused extensive syncytium formation in the absence of HN
coexpression, whereas the SV5 WR wt F protein did not cause
detectable syncytium formation (Fig. 2B). Thus, the G3A and
G7A mutations cause the WR F protein to be activated in the
absence of HN coexpression, consistent with the FP mutations
affecting an early intermediate in fusion activation.

To quantify cell-cell fusion mediated by the SV5 F protein
mutants, we used a luciferase reporter gene assay (Fig. 3A). In
the presence of HN coexpression, the W3A and WR F proteins
containing G3A and G7A mutations exhibited greater extents
of fusion than their corresponding wt F proteins (Fig. 3B)
despite having lower cell surface expression levels than the wt
F proteins (Table 1). To measure fusion activity in the absence
of HN coexpression, the F protein mutants were also coex-
pressed with a surrogate receptor-binding protein, influenza
virus HA0. In this experiment, HA0 serves as an attachment
protein only and does not contribute directly to fusion activity
as it is uncleaved and the pH is held at neutral. HA0 is coex-
pressed as a binding protein in this assay to maintain a constant
level of effector-target cell binding during the time course of
incubation. As shown in Fig. 3C, SV5 W3A G3A and G7A F
proteins caused increased fusion in the absence of HN coex-
pression. As in the syncytium assays, the SV5 WR F proteins
containing G3A and G7A mutations caused cell-cell fusion in
the absence of HN coexpression, whereas SV5 WR F wt did
not (Fig. 3C).

It was previously shown that the SV5 W3A wt F protein
causes increased cell-cell fusion at increased cell surface ex-
pression levels (58). As the G3A and G7A mutations decrease
cell surface expression levels (Table 1), it did not seem likely
that the lower cell surface expression levels of the mutant F
proteins would cause the hyperactive fusion phenotypes. None-
theless, to test the effect of lowering SV5 F wt expression levels
to those of the G3A and G7A mutants, we titrated decreasing
amounts of SV5 W3A and WR wt F DNA into transfection
mixtures and measured the resulting cell surface expression
levels and luciferase activities. The resulting reductions in
SV5 W3A and WR wt F protein cell surface expression levels
caused the expected decreases in cell-cell fusion (Fig. 3D),
indicating that the F proteins containing G3A and G7A mu-
tations have even greater fusion activities relative to wt F when
controlling for cell surface expression levels. These results are
consistent with the results from the MAb 6–7 and 21-1 binding
analyses (Table 1): the F proteins containing G3A and G7A

FIG. 3. (A) Schematic diagram of the luciferase reporter gene as-
say to measure cell-cell fusion mediated by the SV5 W3A and WR F
proteins containing G3A and G7A mutations. (B) A total of 1.0 �g of
pCAGGS SV5 F DNA and 1.0 �g of pCAGGS SV5 HN DNA was

used. (C) A total of 1.0 �g of pCAGGS SV5 F DNA and 1.0 �g of
pCAGGS influenza virus (A/Udorn/72) HA0 DNA was used. Un-
cleaved influenza virus HA0 protein at a neutral pH was used as a
surrogate receptor-binding protein and did not contribute directly to
cell-cell fusion (data not shown). (D) Cell-cell fusion measured as a
function of cell surface expression levels of SV5 W3A and WR wt F
proteins coexpressed with either 1.0 �g of pCAGGS SV5 HN DNA
(closed bars) or 1.0 �g of pCAGGS influenza virus HA0 DNA (open
bars). Cell surface expression of the SV5 W3A and WR wt F proteins
were varied by transfecting different amounts of pCAGGS F DNA (�g
DNA) and were measured by flow cytometry using MAb F1a (express).
The data in all three panels are normalized to 100% fusion corre-
sponding to the luciferase activity resulting from coexpression of SV5
HN and W3A wt F (1.0 �g of F and 1.0 �g of HN DNA), which had
an average luciferase activity of 411 � 14 relative light units (RLU).
Error bars represent standard deviations of triplicate experiments.
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mutations have increased MAb reactivities and cell-cell fusion
activities.

Fusion by the SV5 WR wt F protein is limited at a step
preceding both hemifusion and prehairpin intermediate for-
mation. Fusion mediated by the SV5 F protein includes the
following steps: F0 cleavage, HN binding to target cells, HN-
promoted activation of F, insertion of the FP into target mem-
branes (prehairpin intermediate formation), lipid mixing, and
content mixing (reference 57 and references therein). As the
G3A and G7A mutations convert the SV5 WR wt F protein
into an F protein that causes cell-cell fusion in the absence of
homotypic HN coexpression, we decided to test whether the
WR wt is inefficient at causing fusion because it is blocked at
a late or intermediate step in fusion, such as hemifusion or
prehairpin intermediate formation. To determine if the WR wt
F protein is blocked at hemifusion (positive for lipid mixing but
negative for content mixing), we colabeled target RBCs with

both the lipidic probe R18 and the aqueous probe CF, and we
performed dye transfer assays with CV-1 effector cells coex-
pressing SV5 HN and F proteins (Fig. 4A). For all of the
mutant F proteins, both lipid mixing and content mixing were
coincidental (Fig. 4B and C). The overall extent of dye transfer
promoted by the WR wt F protein was lower than that of W3A
wt F, WR G3A F, and WR G7A F. However, for each indi-
vidual lipid mixing event caused by WR wt F, there was a
corresponding content mixing event; thus, WR wt F mediates
full fusion and is not blocked at hemifusion. The addition of
the lipid stalk destabilizing agent chlorpromazine did not cause
increased dye transfer for any of the SV5 F proteins, indicating
that they are not blocked at the restricted hemifusion stage
either (data not shown). The small aqueous fluorescent dye CF
(molecular weight, 376) can readily pass through small, non-
enlarging pores such that it may not reveal all differences in the
abilities of mutant vFGPs to induce hemifusion and pore for-

FIG. 4. (A) Schematic diagram of the dye transfer (dye Xfer) assay used to monitor cell-cell fusion mediated by the SV5 W3A and WR F
proteins containing G3A and G7A mutations. Effector CV-1 cells were infected with vaccinia virus vTF7-3 and transfected with SV5 F DNA and
SV5 HN DNA for 4 h at 37°C. The CV-1 effector cells were incubated overnight at 33°C to decrease cytopathic effects due to vaccinia virus vTF7-3
infection. Syncytium formation occurred during the overnight incubation. Effector CV-1 cells were coincubated with target cell RBCs for 1 h at
4°C, incubated for 10 min at 37°C, and incubated on ice before visualization by confocal microscopy. (B) Representative images of dye transfer
caused by the mutant SV5 F proteins coexpressed with SV5 HN. RBCs were labeled with the lipidic probe octadecyl rhodamine (R18, red) and
the aqueous probe CF (green). The effector-target cell complexes were incubated at 37°C for 10 min. Cell-cell fusion is observed as the transfer
of red R18 and green CF from the small erythrocytes to the larger red-labeled syncytia formed by CV-1 effector cells. Bar, 200 �m. (C) Quan-
tification of lipid and content mixing by the SV5 F protein mutants. The means and standard errors are from six microscopic fields. (D) Binding
of RBCs to CV-1 cells expressing SV5 F protein mutants and SV5 HN. CV-1 cells were labeled with the fluorescent dye SYTO-17, and RBCs were
labeled with the fluorescent dye CF. Samples were washed six times both before and after the 37°C incubation to remove unbound RBCs. The
numbers of RBCs bound to effector CV-1 cells but not fused with CV-1 cells are reported. The means and standard errors are from three
microscopic fields.
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mation. The luciferase data shown in Fig. 3 shows that fusion
pores formed by WR wt F enlarge enough to allow the transfer
of T7 RNA polymerase from BSR T7/5 cells to Vero cells
containing the luciferase plasmid. The SV5 W3A G7A F pro-
tein did not cause any dye transfer (Fig. 4B and C), despite
having the highest fusion activity as measured by syncytium
formation (Fig. 2) and luciferase activity (Fig. 3). Such a phe-
notype is reminiscent of SV5 W3A F proteins containing aro-
matic mutations at residues L447 and I449 (58). These mutants
have a “do-or-die” phenotype and cause rapid cell-cell fusion
upon reaching the cell surface (e.g., in syncytium formation
and luciferase reporter gene assays) but become inactivated in
the dye transfer assay during the 16-h incubation period before
the addition of the RBC target cells (Fig. 4A). The W3A G7A
F protein was confirmed to have a similar do-or-die phenotype
(see below).

When RBCs are first bound at 4°C to cells expressing SV5
HN and the cells are then warmed to 37°C, most of the RBCs
are released (57). The loss of RBC-binding activity by SV5 HN
at 37°C is likely due to either the intrinsic neuraminidase
activity of HN or a decrease in the affinity of HN for sialic acid
as temperature is increased. The intrinsic neuraminidase ac-
tivity of HPIV3 HN causes a similar release of RBCs as tem-
perature is increased (49), and mutant NDV HN molecules
with mutations at the dimer interface have been reported to
have decreased affinity for the receptor sialic acid upon heating
to 37°C (13). Regardless, the SV5 F protein acquires the ability
to bind directly to target RBCs after the formation of the
prehairpin intermediate (57). As a result, the acquisition of
F-dependent (HN-independent) retention of target cell RBCs
at 37°C can be used as a test for prehairpin intermediate
formation (49, 57). As shown in Fig. 4D, neither WR wt F nor
any of the F protein FP mutants retained significantly larger
numbers of bound but unfused RBCs than the control when
HN was expressed alone. For all of the F protein FP mutants,
a majority of RBCs were released before F activation, a vari-
able amount of RBCs had fused to effector cells (as shown in
Fig. 4C), and there was a constant low level of bound but
unfused RBCs (�25 per field). The data strongly suggest that
the F proteins were not blocked at prehairpin intermediate
formation. Overall, the data are consistent with untriggered
SV5 WR wt F molecules being blocked at a step before both
hemifusion and prehairpin intermediate formation.

The G3A and G7A mutations decrease the energy required
to activate the SV5 F protein. Two alternative types of cell-cell
fusion can occur in the dye transfer assay. First, upon reaching
the cell surface, the F proteins can cause fusion between CV-1
effector cells (i.e., syncytium formation). Second, after coincu-
bation with target RBCs, the F proteins can cause dye transfer
from labeled RBCs to CV-1 effector cells. We performed an-
other version of the dye transfer assay by using CF-labeled
RBCs and SYTO-17-labeled CV-1 effector cells expressing the
mutant F proteins (Fig. 5A). When the assay is performed in
such a manner, both syncytium formation between CV-1 ef-
fector cells and dye transfer from RBCs can be observed. The
observed trend of increased syncytium size between BHK-21F
cells expressing F proteins containing G3A and G7A mutations
(Fig. 2A) was recapitulated upon expression of these mutants
in CV-1 cells (Fig. 5B). W3A G3A F and W3A G7A F proteins
caused larger CV-1 syncytia than W3A wt F, and WR G3A F

and WR G7A F caused larger syncytium formation than WR
wt F. Despite causing more extensive syncytia, the SV5 W3A
G7A F protein failed to cause dye transfer between the CV-1
effector cell syncytia and the RBC target cells, presumably
because all of the cell surface-expressed W3A G7A F proteins
had become inactivated during or after syncytium formation.
The do-or-die phenotype of W3A G7A was confirmed (see
below). To quantify the temperature dependence of F-medi-
ated fusion, the dye transfer assay was repeated at various
effector-target cell coincubation temperatures in both the pres-
ence and absence of HN coexpression (Fig. 5C and D, respec-
tively). Aside from W3A G7A F being inactive for dye transfer
after incubation at any of the temperatures tested, the temper-
ature dependence of F-mediated fusion recapitulates the re-
sults from the luciferase assay. The rank order for temperature
required to activate F in both the presence and absence of
homotypic HN coexpression was as follows: W3A S443P F �
W3A G3A F � W3A wt F � WR G7A F � WR G3A F � WR
wt F � W3A P22L F. HN coexpression resulted in slightly
larger maximum dye transfer extents and a shift of approxi-
mately 12°C in the fusion activation temperatures. The ob-
served decrease in temperature required to activate WR F due
to the G3A and G7A mutations is consistent with these mu-
tations destabilizing the native metastable conformation of the
F protein such that lower thermal energy is required to activate
enough trimers to cause dye transfer.

The SV5 W3A F protein containing a G7A mutation has a
do-or-die phenotype. In the RBC dye transfer assays, the SV5
W3A G7A F protein caused the formation of large syncytia in
CV-1 cells (Fig. 5B) but did not cause dye transfer (Fig. 4 and
5). It was previously found that SV5 W3A F proteins contain-
ing aromatic mutations at residues L447 and I449 had similar
phenotypes (58). We hypothesized that the G7A mutation in
the context of the SV5 W3A F protein not only destabilized the
mutant F protein upon surface expression (thereby enhancing
syncytium formation) but also inactivated the F protein rela-
tively quickly (thereby preventing dye transfer from RBC tar-
get cells coincubated with CV-1 effector cells hours after cell
surface expression of the W3A G7A F protein). To prevent the
suspected inactivation of W3A G7A F in the absence of CF-
labeled target cells, we performed the dye transfer assay using
W3A G7A F constructed into the background of an F protein
cleavage site mutant (i.e., FR3) that contains three arginine
residues in the F protein cleavage-activation site. FR3 can be
cleaved only by the addition of exogenous trypsin, and FR3/
G7A is not activated (and therefore not inactivated) until after
the addition of exogenous trypsin (47, 72). Here, we observed
that cleavage of the SV5 W3A F protein double mutant FR3/
G7A at 4°C followed by coincubation with CF-labeled RBCs
at 4°C and a warm-up to 29 or 37°C resulted in efficient dye
transfer (Fig. 6). In contrast, the pseudo-wt FR3 mutant (with
only the two-arginine residue deletion in the cleavage site) did
not cause efficient dye transfer at 29°C but instead required
heating to 37°C for efficient dye transfer. The data are consis-
tent with W3A G7A F having a do-or-die phenotype similar to
those of W3A L447F, L447W, I449F, and I449W F proteins
(58).

G3A and G7A mutations in the NDV F and HPIV3 F pro-
teins cause little or no reductions in cell surface expression.
There are conflicting reports on the roles of the conserved
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glycine residues in the FP regions of other paramyxovirus F
proteins. For example, NDV F proteins containing G3K, G7K,
and G7A mutations were reported to cause syncytium forma-
tion to only 1 to 10% of the extent of wt F syncytium formation
(60, 62). Alternatively, a G7A mutation in the context of a
33-residue peptide derived from the FP of Sendai virus F is
reported to increase peptide fusogenic activity (48). To test the
effects of G3A and G7A mutations on the F proteins from
other paramyxoviruses, we built these mutations into the back-
grounds of the NDV F and HPIV3 F proteins. We chose the F
proteins from NDV and HPIV3 because these paramyxovi-
ruses are significantly different enough from SV5, and each
other, to be classified into three different genera within the
paramyxovirus family but are still similar enough to have HN
receptor-binding proteins that are expected to be similar in
structure to that of SV5 HN (14, 34). Additionally, a high-
resolution structure of most of the NDV F ectodomain has
been reported (10). We also built an L289A mutation into the
background of NDV F for use as a positive control for hyper-
active fusion by NDV F, as NDV L289A has been reported
previously to cause syncytium formation more efficiently than
NDV wt F and also to cause a limited extent of syncytium
formation in the absence of NDV HN coexpression (61).

We expressed the NDV and HPIV3 F proteins containing
G3A and G7A mutations by using both the pCAGGS and
pGEM-VacT7 expression systems and measured their cell sur-
face expression levels by surface biotinylation (see Materials
and Methods). The FP mutations caused little or no reductions
in the cell surface expression levels of both NDV F (Fig. 7A)
and HPIV3 F (Fig. 7B). The relative amounts of the F1 subunit
in the surface biotinylated fractions were quantified as markers
for overall F protein cell surface expression. The NDV G3A
and G7A F mutations caused small reductions in cell surface
expression (approximately 95 and 92% of the wt, respectively).

FIG. 5. (A) Schematic diagram of the dye transfer (dye Xfer) assay
used to monitor cell-cell fusion mediated by the SV5 W3A and WR F
proteins containing G3A and G7A mutations. Effector CV-1 cells were
infected with vaccinia virus vTF7-3 and transfected with SV5 F DNA
and either SV5 HN or influenza virus HA0 DNA for 4 h at 37°C. The
CV-1 effector cells were incubated overnight at 33°C to decrease cy-
topathic effects due to vaccinia virus vTF7-3 infection. Syncytium for-
mation occurred during the overnight incubation. Effector CV-1 cells
were subsequently labeled with the fluorescent dye SYTO-17 (red) for
1 h at 37°C, coincubated with CF-labeled RBCs (green) for 1 h at 4°C,
incubated for 10 min at the indicated temperature, and incubated on
ice before visualization by confocal microscopy. (B) Representative
cropped one-quarter-field images of dye transfer caused by the mutant
SV5 F proteins coexpressed with SV5 HN. The effector-target cell
complexes were incubated at 37°C for 10 min. Cell-cell fusion is ob-
served as the transfer of CF (green) from the small erythrocytes to the
larger red-labeled syncytia formed by CV-1 effector cells, resulting in a
yellow appearance in the merge image. Bar, 200 �m. (C) Temperature
dependence of dye transfer caused by the SV5 W3A and WR mutant
F proteins coexpressed with SV5 HN. After coincubation of CV-1
effector cells with erythrocyte target cells at 4°C, the effector-target cell
complexes were incubated for 10 min at the reported temperatures.
The extents of dye transfer are reported as the percentages of CV-1
syncytia containing CF dye. The mean values and error bars are from
statistical analyses of three to five microscopic fields. (D) Temperature
dependence of dye transfer caused by the SV5 W3A and WR mutant
F proteins coexpressed with uncleaved influenza virus HA0. Conditions
were identical to those described above for panel C.
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The HPIV3 G7A mutation reduced cell surface expression to
approximately 80% of that of the wt, whereas the HPIV3 G3A
mutation did not significantly alter cell surface expression.

G3A and G7A mutations increase NDV F and HPIV3 F
protein fusogenic activity only when the F proteins are coex-
pressed with their homotypic HN receptor-binding proteins.
Syncytium assays were performed to qualitatively inspect the
abilities of the mutant NDV and HPIV3 F proteins to cause
cell-cell fusion. These assays were performed in the presence
and absence of homotypic HN coexpression for both the NDV
F protein mutants (Fig. 8A) and the HPIV3 F protein mutants
(Fig. 8B). In the presence of NDV HN coexpression, the NDV
F protein containing the G3A mutation caused more extensive
syncytium formation than wt F, whereas the NDV F protein
containing the G7A mutation caused syncytium formation to a
slightly reduced extent compared to that of wt F. Both of the
HPIV3 F proteins containing G3A and G7A mutations caused

FIG. 6. (A) Schematic diagram of the dye transfer (dye Xfer) assay
using effector CV-1 cells coexpressing the SV5 proteins HN and FR3
(trypsin-inducible cleavage mutation of five Arg residues to three Arg
residues at the cleavage site). Conditions were similar to those de-
scribed in the legend of Fig. 4 except that following overnight (o/n)
incubation at 33°C, the CV-1 effector cells were incubated at 4°C for
1 h in either the presence (�tryp.) or absence (	tryp.) of 10 �g of TPCK-
trypsin/ml before coincubation with target RBCs at 4°C for 1 h. (B)
Representative cropped one-quarter-field images of dye transfer caused
by the mutant SV5 FR3 proteins coexpressed with SV5 HN. The
effector-target cell complexes were incubated at either 29 or 37°C for
10 min. Cell-cell fusion is observed as the transfer of CF (green) from
the small erythrocytes to the larger CV-1 effector cells. Bar, 200 �m.

FIG. 7. Cell surface expression of the NDV F proteins (A) and
HPIV3 F proteins (B) containing G3A and G7A mutations. HeLa cell
cultures were labeled with 35S-Promix for 15 min and chased for 2 h to
allow newly synthesized F proteins to reach the cell surface. Cultures
were subsequently biotinylated at 4°C with NHS-SS-biotin. Following
immunoprecipitation, the samples were split into two fractions. One
fraction was directly loaded onto the SDS-PAGE gel to show the total
radiolabeled F protein (T). The other fraction was bound to strepta-
vidin-agarose to recover the fraction of the F protein that was biotin-
ylated on the cell surface (S). All of the samples were boiled under
reducing conditions and analyzed by SDS-PAGE. The reported cell
surface expression efficiencies (Surface F1) were determined by mea-
suring the intensities of the F1 bands in the surface (S) fractions and
normalizing them to a wt level of 100. Similar results were obtained by
expression of the NDV and HPIV3 F protein mutants in CV-1 cells by
using pGEM3-X DNA and infection with the recombinant vaccinia
virus vTF7-3 (data not shown). F0, uncleaved F protein; F1, cleaved F1
subunit; F2, cleaved F2 subunit.
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more extensive syncytium formation than wt F in the presence
of HPIV3 HN coexpression. However, neither NDV F wt,
HPIV3 F wt, nor any of the G3A or G7A mutant F proteins
caused significant syncytium formation when expressed in the
absence of coexpression of the homotypic HN receptor-bind-
ing protein. A limited extent of syncytium formation occurred

between BHK-21F cells expressing NDV F L289A in the ab-
sence of NDV HN (Fig. 8C), confirming previous results (61).
Moreover, the NDV F L289A mutation caused much more
extensive syncytium formation in the presence of homotypic
HN coexpression than NDV wt, G3A, and G7A, showing that
the L289A mutation, which is located in the core of the NDV
F protein (10), has a greater destabilizing effect than the G3A
and G7A mutations in the FP region.

We quantified cell-cell fusion mediated by the NDV and
HPIV3 F protein mutants by using the luciferase reporter gene
assay. The results recapitulate those obtained in the syncytium
assays. In the presence of homotypic HN coexpression, NDV
G3A F, HPIV3 G3A F, and HPIV3 G7A F caused small yet
significant increases in cell-cell fusion (Fig. 9). NDV G7A F
reduced cell-cell fusion to approximately 33% of that of NDV
wt F, whereas NDV L289A F increased cell-cell fusion by
approximately 200% of that of NDV wt F. In the absence of
HN coexpression, none of the wt or mutant F proteins (includ-
ing NDV L289A) promoted detectable cell-cell fusion as mea-
sured by the luciferase assay (data not shown). Therefore, even
though the NDV G3A F, HPIV3 G3A F, and HPIV3 G7A F
mutations cause an increase in cell-cell fusion, their effect on F
protein triggering is not sufficient to trigger NDV F or HPIV3
F in the absence of HN coexpression.

The NDV F G3A and HPIV3 F G3A and G7A mutations
lower the energy required to activate the F proteins. To test the
temperature dependence of fusion mediated by the NDV and
HPIV3 F protein mutants, we performed dye transfer assays
similar to those performed with the SV5 F protein mutants.
First, we measured dye transfer by using RBC target cells dual
labeled with lipidic R18 and aqueous CF. For all of the F
protein mutants coexpressed with their homotypic HN recep-
tor-binding proteins, both lipid mixing and content mixing

FIG. 8. Representative photomicrographs of syncytia formed be-
tween BHK-21F cells expressing the NDV F proteins containing G3A
and G7A mutations (A), HPIV3 F proteins containing G3A and G7A
mutations (B), and NDV F protein containing an L289A mutation (C).
Photomicrographs were taken at 20 h p.t. for cells coexpressing the F
and HN proteins (�NDV HN and �HPIV HN) and at 24 h p.t. for
cells expressing only the F proteins (	NDV HN and 	HPIV3 HN).
For all three panels, 1.0 �g of pCAGGS F protein DNA was used, and
1.0 �g of pCAGGS HN protein DNA was used where noted (�NDV
HN and �HPIV3 HN). Bar, 200 �m.

FIG. 9. Cell-cell fusion mediated by the NDV and HPIV3 F pro-
teins containing G3A and G7A mutations as measured by the lucif-
erase reporter gene assay. Conditions are identical to those described
in the legend of Fig. 3B except that 1.0 �g of pCAGGS NDV or
HPIV3 F DNA and 1.0 �g of pCAGGS NDV or HPIV3 HN DNA
were used. Cell-cell fusion is expressed as luminescence arising from
luciferase activity, with background luminescence due to NDV HN and
HPIV3 HN expression serving as a negative control. None of the NDV
or HPIV3 F protein mutants (even NDV L289A) caused luciferase
activity in the absence of coexpression with its homotypic HN receptor-
binding protein (data not shown). Error bars represent standard devi-
ations from triplicate experiments.
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were coincident: either both R18 and CF dye transfer occurred
together or no transfer occurred at all (Fig. 10A). None of the
NDV or HPIV3 F proteins (not even NDV L289A) caused dye
transfer in the absence of homotypic HN coexpression (data

not shown). NDV G7A F caused a greater number of dye
transfer events per microscopic field than NDV wt F despite
causing reduced syncytium formation and luciferase activity.
Observation of the phase-contrast images revealed that NDV

FIG. 10. Dye transfer assay used to monitor cell-cell fusion mediated by the NDV and HPIV3 F proteins containing G3A and G7A mutations.
(A) Quantification of lipid and content mixing by the NDV and HPIV3 F protein mutants. The assay was performed as described in the legend
of Fig. 4A by using RBC target cells colabeled with the lipidic dye R18 (red) and the aqueous dye CF (green). The means and standard errors are
from three microscopic fields. (B) Representative cropped one-quarter-field images of dye transfer caused by the mutant NDV F proteins
coexpressed with NDV HN and the mutant HPIV3 F proteins coexpressed with HPIV3 HN. The assay was performed as described in the legend
of Fig. 5A with CF-labeled target RBCs and SYTO-17-labeled CV-1 effector cells. The effector-target cell complexes were incubated at 37°C for
10 min. Cell-cell fusion is observed as the transfer of green CF from the small erythrocytes to the larger red-labeled syncytia formed by CV-1
effector cells, resulting in a yellow appearance in the merge image. Bar, 200 �m. (C) Temperature dependence of dye transfer caused by the NDV
mutant F proteins coexpressed with NDV HN. After coincubation of CV-1 effector cells with erythrocyte target cells at 4°C, the effector-target cell
complexes were incubated for 10 min at the reported temperatures. The extents of dye transfer are reported as the percentages of CV-1 syncytia
containing CF dye. The mean values and error bars are from statistical analyses of three to five microscopic fields. (D) Temperature dependence
of dye transfer caused by the HPIV3 mutant F proteins coexpressed with HPIV3 HN. Conditions are identical to those described above for panel
C. None of the NDV or HPIV3 F protein mutants (even NDV L289A) caused dye transfer in the absence of coexpression with its homotypic HN
receptor-binding protein (data not shown).
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wt F caused more extensive syncytium formation between
CV-1 cells than NDV G7A F in the dye transfer assay, thus
reducing the total number of possible dye transfer events per
field. Therefore, we decided to repeat the dye transfer assay
with CF-labeled RBCs and SYTO-17-labeled CV-1 effector
cells so that syncytium formation and dye transfer could be
visualized simultaneously (Fig. 10B). Additionally, the extents
of dye transfer could be normalized to the maximum possible
number of dye transfer events per microscopic field, thus con-
trolling for differential syncytium formation. The percentages
of syncytia with dye transfer are reported as the function of
incubation temperature for the NDV and HPIV3 F protein
mutants in Fig. 10C and D, respectively. The data show that
the NDV G3A and L289A mutations decrease the thermal
energy required to activate NDV F, while the NDV G7A
mutation causes a slight increase in the fusion activation en-
ergy. For HPIV3 F, both G3A and G7A mutations decrease
the fusion activation energy. None of the wt or mutant NDV or
HPIV3 F proteins (including NDV L289A) caused dye transfer
in the absence of homotypic HN coexpression (data not
shown). The fact that NDV L289A F causes a limited amount
of syncytium formation but no luciferase activity or dye trans-
fer in the absence of HN coexpression is consistent with the
syncytium assay being a more sensitive assay for poorly fuso-
genic F proteins, perhaps since its incubation time is longer (24
h p.t.) and its readout of heterokaryons may be less dependent
on synchronous events. Despite the inabilities of the NDV and
HPIV3 F proteins containing G3A and G7A mutations to
cause cell-cell fusion in the absence of homotypic HN coex-
pression, these mutations (except NDV G7A F) cause an in-
crease in F protein fusogenicity in the presence of HN coex-
pression due to a decrease in energy required for the activation
of the F protein for fusion.

DISCUSSION

The data presented here are consistent with the conserved
glycine residues at positions 3 and 7 in the FP region of the
paramyxovirus F protein serving critical roles in regulating the
activation of the native metastable form of the F protein. In the
contexts of both the W3A and WR SV5 F proteins, G3A and
G7A mutations cause increases in both F-mediated cell-cell
fusion and F protein reactivity to conformation-sensitive
MAbs. The G3A and G7A mutations also result in SV5 WR F
proteins that become triggered for fusion in the absence of the
receptor-binding protein HN, unlike SV5 WR wt F that re-
quires HN coexpression for triggering under biological condi-
tions (30, 46). The paramyxovirus F protein adopts a number
of unique structures that are important in the membrane fu-
sion process: (i) a fusion-inactive uncleaved F0 structure (20,
29, 32, 69), (ii) a native metastable F1 plus F2 structure (46, 73),
(iii) an activated intermediate triggered by HN binding its
receptor (24, 57, 67), (iv) a prehairpin intermediate in which
the fusion peptide interacts with target membranes (57, 58),
and (v) a fusogenic-postfusogenic form that has a 6HB formed
by HRA and HRB as its core (3, 78). The G3A and G7A
mutations in the FP could affect any or all of these F protein
conformations. Previous studies have shown that SV5 G3A
and G7A F proteins are synthesized, processed, and cleaved in
a manner similar to that of SV5 wt F (27, 72). Another study

showed that the fusogenicity and �-helicity of 33-residue pep-
tides derived from the FP of Sendai virus F are increased by
G7A and G12A substitutions (48). These results suggest that
fusion hyperactivity by intact F proteins with GxA mutations
may be due to increased membrane penetration and disruption
by the FP in late fusion intermediates. If the effects of the G3A
and G7A mutations were due solely to more favorable inter-
actions between the FP and target membranes in late fusion
intermediates, one would predict that such mutations would
have no effect on the fusion activity of F proteins blocked at
early steps in the fusion process before the FP inserts into
target membranes. Results of previous studies are consistent
with the decreased fusion activity of SV5 WR F compared to
SV5 W3A F being due to a kinetic block in the activation of an
early fusion intermediate (31, 46, 58). Moreover, the data
reported here show that preactivated SV5 WR F is blocked at
an early step in the fusion process, preceding both prehairpin
intermediate formation and lipid mixing. The G3A and G7A
mutations help overcome the kinetic block of WR F, presum-
ably by destabilizing native F, and thus contribute to increased
membrane fusion. Moreover, the destabilizing effects of the
G3A and G7A mutations are large enough to lead to WR F
triggering and membrane fusion even in the absence of HN
coexpression. Thus, in the context of SV5 WR F, the primary
effects of the G3A and G7A mutations are to more readily
trigger the preactivated native F protein. The present work
does not address secondary effects of the mutations due to
target membrane interactions.

The paramyxoviruses have evolved a number of strategies to
precisely regulate the activation of their protein machines to
cause membrane fusion for virus-to-cell entry and, in some
cases, cell-to-cell spread. First, the paramyxoviruses have
evolved separate receptor-binding proteins (HN, H, and G)
that trigger the F proteins after target cell binding. The F
proteins in naturally occurring paramyxoviruses are triggered
for fusion in the presence of their homotypic receptor-binding
protein, and most paramyxovirus F proteins require coexpres-
sion of their homotypic HN protein for fusion. Protein-protein
interactions between HN and F have been observed biochem-
ically (66, 77), and mutations that disrupt those interactions
also decrease membrane fusion (19, 24). Second, the paramy-
xoviruses have evolved metastable F proteins that couple the
energy released from protein refolding to the work of mem-
brane fusion (57). To activate the F protein at the right time
and place, the native metastable form of the F protein must
maintain a kinetic barrier which is large enough to prevent
indiscriminant inactivation yet small enough to allow triggering
after target cell binding. Several F protein residues and regions
have been identified as being critical for the regulation of the
kinetic barrier of the F protein. Mutations to these residues
cause increased activation, and in some cases indiscriminant
inactivation, of the F protein. These residues include SV5 WR
L22 (three residues from the amino terminus of F2 after signal
sequence cleavage) (30), SV5 WR K132 in HRA (31), NDV
L289 in the core of the F protein (61), a stretch of residues
adjacent to HRB in SV5 W3A F (including S443, L447, and
I449) (46, 58), and cytoplasmic tail extensions in SV5 SER F
(including L539 and L548) (63, 71). The present data show that
residues G3 and G7 in the FP regions of SV5, NDV, and
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HPIV3 also help regulate the kinetic barrier of the paramyxo-
virus F protein.

In some cases, paramyxovirus F proteins can be triggered
artificially in the absence of the homotypic receptor-binding
protein by the presence of a closely related heterotypic recep-
tor-binding protein (6, 70), by receptor-binding activity of the
F protein (11, 26), by destabilizing agents such as heat and urea
(46, 58, 73), or by destabilizing mutations (30, 31, 46). In such
cases, triggering in the absence of the receptor-binding protein
is less efficient than in its presence. The present data show that
G3A and G7A mutations in the FP circumvent the SV5 WR F
protein’s requirement for its homotypic HN protein for fusion
activation, presumably by destabilizing the native form of F.
Naturally occurring destabilizing residues in SV5 F that con-
tribute to HN-independent fusion activity in cell-cell fusion
assays are P22, E132, and P443 (30, 31, 46). Here, we show that
NDV G3A F, HPIV3 G3A F, and HPIV3 G7A F do not cause
cell-cell fusion in the absence of HN coexpression, despite
causing small yet significant increases in membrane fusion
compared to wt F in the presence of homotypic HN coexpres-
sion. One possible reason for the G3A and G7A mutations
circumventing the requirement of HN coexpression for activa-
tion of SV5 WR F but not for activation of NDV F or HPIV3
F is that the kinetic barriers of NDV F and HPIV3 F may be
much greater than those of SV5 WR F. If such is the case,
combinations of destabilizing mutations may result in mutant
NDV F and HPIV3 F proteins that can cause cell-cell fusion in
the absence of HN coexpression. Alternatively, the mecha-
nisms by which the HN protein promotes activation of the F
protein may differ between the SV5 F protein and other
paramyxovirus F proteins that may have absolute requirements
for HN coexpression (i.e., NDV F and HPIV3 F). For NDV F,
it has been proposed that NDV HN clamps down the F protein
and activates the F protein by releasing it after target cell
binding (37, 67). If such is the case, then the NDV F and
HPIV3 F proteins would be expected to be inactivated in the
absence of HN coexpression, and destabilizing mutations to F
would not lead to HN-independent fusion activation. In the
absence of NDV HN coexpression, the NDV L289A F protein
has been shown previously (61) and here to cause a limited
extent of cell-cell fusion in syncytium assays but not in reporter
gene and dye transfer assays. Further experiments will be re-
quired to better characterize the NDV L289A F protein and to
differentiate between the two proposed models for HN-pro-
moted fusion activation.

Structural analyses of the influenza virus HA are consistent
with its FP forming three critical structures: a surface loop in
HA0 that exposes the cleavage site to proteases (9), a chain
packed into a surface cavity in the native metastable form of
HA1 plus HA2 (74) that regulates the energy required to ac-
tivate HA (17, 56), and a kinked helical structure that binds to
and most likely disrupts target membranes (25). In the native
metastable structure, HA2 FP residues 1 to 9 form a two-turn
structure that packs into a pocket of charged residues (74). In
this amino-terminal portion of the FP, conserved glycine res-
idues are located at positions 1, 4, and 8, an approximately
four-residue spacing of glycine residues that is similarly found
in the amino-terminal portion of the FP of the paramyxovirus
F protein (Fig. 1B). The mutation of these HA FP glycine res-
idues to alanine residues results in HA proteins that are more

easily triggered but are less efficient at or incapable of causing
membrane fusion (65). To accommodate the addition of a
methyl group to the alpha carbons of these residues by virtue
of G1A, G4A, and G8A mutations, the main chain of the FP in
this region would have to alter its structure in an apparently
energetically unfavorable manner. Such structural perturba-
tions to the packing of the FP in the pocket thus lower the
energy required to activate HA. G3A and G7A mutations in
the FP of paramyxovirus F may have similar structural conse-
quences in its native structure. A crystal structure of the
ectodomain of NDV F does not contain interpretable density
for the FP residues (10). However, the structure reveals that
the carboxy-terminal residues of the F2 subunit terminate near
a prominent radial channel in which the FP could be seques-
tered from the aqueous environment (12). A cryoelectron mi-
croscopy structure of the Sendai virus F protein ectodomain
reveals a similar central cavity in which the FP might insert
after proteolytic cleavage (36). The results of the present work
are consistent with GxA mutations in the FP of paramyxovirus
F disrupting the packing of the FP into such a cavity on the
surface of the F protein, perhaps in a manner similar to that of
GxA mutations in the context of influenza virus HA. Further
high-resolution studies of the paramyxovirus F protein ectodo-
main will be required to confirm or refute this hypothesis.
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