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Paramyxovirus membrane glycoproteins F (fusion protein) and HN, H, or G (attachment protein) are critical for virus entry,
which occurs through fusion of viral and cellular envelopes. The F protein folds into a homotrimeric, metastable prefusion form
that can be triggered by the attachment protein to undergo a series of structural rearrangements, ultimately folding into a stable
postfusion form. In paramyxovirus-infected cells, the F protein is activated in the Golgi apparatus by cleavage adjacent to a hy-
drophobic fusion peptide that inserts into the target membrane, eventually bringing the membranes together by F refolding.
However, it is not clear how the attachment protein, known as HN in parainfluenza virus 5 (PIV5), interacts with F and triggers F
to initiate fusion. To understand the roles of various F protein domains in fusion triggering and metastability, single point muta-
tions were introduced into the PIV5 F protein. By extensive study of F protein cleavage activation, surface expression, and ener-
getics of fusion triggering, we found a role for an immunoglobulin-like (Ig-like) domain, where multiple hydrophobic residues
on the PIV5 F protein may mediate F-HN interactions. Additionally, destabilizing mutations of PIV5 F that resulted in HN trig-
ger-independent mutant F proteins were identified in a region along the border of F trimer subunits. The positions of the poten-
tial HN-interacting region and the region important for F stability in the lower part of the PIV5 F prefusion structure provide
clues to the receptor-binding initiated, HN-mediated F trigger.

The Paramyxoviridae family is a large group of clinically and
economically important viruses of humans and animals and

includes parainfluenza viruses 1 to 5 (PIV1 to -5), mumps virus,
Newcastle disease virus (NDV), Nipah virus, Hendra virus,
measles virus, canine distemper virus (CDV), respiratory syncytial
virus (RSV), and human metapneumovirus (hMPV) (1).
Paramyxoviruses are enveloped viruses harboring a nonseg-
mented RNA genome that is negative stranded. These viruses ini-
tiate infection by fusion of the viral membrane with a cellular
membrane, and the process occurs at neutral pH (except in some
strains of hMPV) (2). Membrane fusion is brought about by two
viral surface glycoproteins, the fusion (F) protein and the attach-
ment protein, variously named HN, H, or G. The attachment pro-
teins are structurally related despite the fact that HN binds to sialic
acid as a receptor, whereas H and G use cell surface proteins as
receptors. It is generally believed that HN (H or G) and F physi-
cally interact (3–7) and that HN (H or G) triggers the F protein for
fusion in a receptor-dependent manner by lowering the activation
energy of F refolding. The role of HN, H, or G protein in overcom-
ing the energy barrier required for triggering can be supplanted by
using elevated temperature as a surrogate means of activation, as
has been shown for PIV5 F, CDV F, and Nipah virus F protein
(8–11).

F proteins are synthesized as a precursor (F0) that assembles
into a metastable homotrimer known as the prefusion form. To be
biologically active, F0 has to be cleaved by a cellular protease into
disulfide-linked chains F2 and F1. Cleavage releases covalent re-
straints on the hydrophobic fusion peptide (FP), which becomes
the new N terminus of F1 and is free to relocate and insert into the
target cell membrane. Membrane fusion is driven by irreversible
protein refolding, involving a series of conformational changes,
going from the prefusion to the postfusion form and linking fu-
sion protein refolding to membrane merger. Ultimately, the pro-

cess results in the formation of a stable, low-energy, postfusion
conformation of the F protein (12–14).

Atomic structures of soluble forms of prefusion F of PIV5 and
RSV show considerable similarity with a globular head situated
above a membrane-proximal stalk region (15, 16). The primary
sequence of F predicts two heptad repeat regions, HRA and HRB,
separated by �250 amino acid residues, with HRA abutting the
fusion peptide and HRB abutting the transmembrane domain. In
the PIV5 F prefusion structure, HRB domains form a trimeric
coiled coil that forms the stalk region, and the globular head is
made up of domains I to III (15). Domain II contains a region that
folds into an immunoglobulin-like (Ig-like) fold, comprising
seven interwoven beta strands held together by disulfide bonds
(Fig. 1A and B). In the prefusion form of PIV5 F, the FP lies
partially solvent exposed and partially buried and is juxtaposed to
the Ig-like domain II, bounded by adjacent protomers. Cleavage
to expose the N-terminal hydrophobic end of the FP does not
significantly change the overall structure of the PIV5 F prefusion
form (17).

Analysis of the atomic structures of postfusion F of human
PIV3 (hPIV3) (18), NDV (19), and RSV (20, 21) and biochemical
experiments (22) indicate that refolding of the triggered F protein
occurs through a series of well-coordinated large-scale conforma-
tional rearrangements resulting in translocation of the HRB do-
main by �180° relative to the prefusion head domains, refolding
of much of domain III, and formation of an extremely stable 6-he-
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lix bundle (6HB). A transient intermediate with the fusion peptide
inserted into the target membrane, known as the prehairpin inter-
mediate, has been visualized by electron microscopy (23).

Biochemical and structural data on HN, H, or G from NDV,
hPIV3, PIV5, measles virus, Hendra virus, and Nipah virus indi-
cate that these attachment proteins form homotetramers, with
each protomer consisting of a globular head containing the recep-
tor binding site and a stalk participating in a 4-helix bundle (4HB)
that is anchored in the membrane (24–34). Substantial evidence

indicates that the F and HN (H or G) interaction takes place
through the stalk domain (34–46), and recent studies indicate that
the site of F and HN interaction is through a central region of the
HN (or H) stalk 4HB, located in HN at the junction of a straight
helix (11-mer repeat) and a left-handed supercoiled helix (7-mer
repeat) (34, 36, 47, 48).

The structural data indicate that the tetrameric PIV5 and NDV
HN head domain is formed by a dimer of dimers (26, 28). The
PIV5 HN structure (26) is described as “four heads up” and the

FIG 1 Design of single point mutations in PIV5 F. (A) PIV5 F prefusion trimer showing the positions of mutations (purple) in Ig-like domain II and domain I,
designed to disrupt the interaction of PIV5 F with PIV5 HN. One of the PIV5 F protomers is shown as a cartoon representation, while the other two are surface
representations. PIV5 F trimer domains are colored as follows: domain I, yellow; domain II, red; domain III, magenta; HRB, blue; fusion peptide, light pink. (B)
Enlarged view of panel A, showing the Ig-like domain in cartoon representation. (C) Ribbon representation of the PIV5 F trimer, showing positions of mutations
designed to destabilize F (black box). The PIV5 F protomers are colored differently. (D) Enlarged view of the boxed area in panel C, showing the positions of the
mutations designed to destabilize F (purple). The previously characterized hyperfusogenic mutation (S443P) is shown in red. (E) Sequence alignment of various
paramyxovirus F proteins showing a part of domain II, including the Ig-like domain. �, hydrophobic stretch in the PIV5 F sequence. Strongly conserved residues
are highlighted in black; moderately conserved residues are highlighted in gray. Numbers indicate PIV5 F residues. MuV, mumps virus; MeV, measles virus; NiV,
Nipah virus; HeV, Hendra virus.
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NDV HN structure (28) as “four heads down.” Taking together
biochemical and structural studies on PIV5 and NDV HN, we
proposed a simple model for fusion activation. The HN stalk har-
bors the region for fusion activation, but the HN heads in the
4-heads-down form protect the HN stalk, making it unable to
interact with the F protein. Upon HN binding sialic acid through
sites in the globular head, the heads move to attain “up” positions.
This movement exposes the F activation region on the stalk and
allows F to interact with the HN stalk to trigger fusion (9). A
PIV5 HN stalk only (headless HN) was able to activate F, sup-
porting this hypothesis (9). Additionally, changes in the central
part of the stalk to attain an F-triggering conformation have
been implicated as being critical for the fusion trigger in mor-
billiviruses (36, 47, 48).

The region of the PIV5 F protein that interacts with the PIV5
HN stalk is not known. In a recent study, using a homology model
of the measles virus F protein based on the atomic structure of the
prefusion PIV5 F protein (15), residues near the base of the mea-
sles virus F model were postulated to be involved in the H inter-
action (49). Certain measles virus F mutant proteins that were
expressed on the surfaces of cells lost the ability to coimmunopre-
cipitate H protein and were unable to promote fusion, supporting
the notion that the mutations were in a region of F that interacts
with H. Also, in a separate study, regions of specificity of F pro-
teins involved in HN interaction were identified based on chime-
ric proteins generated between PIV5 F and simian virus 41 (SV41)
F proteins (50, 51).

In the study reported here, using the prefusion atomic struc-
tures of PIV5 F (15, 17) (Protein Data Bank identifiers [PDB ID]
4GIP and 2B9B) to guide mutagenesis, we investigated specific
domains of the PIV5 F protein for their ability to be activated by
HN. We infer that PIV5 F and HN do interact through specific
regions of contact, as we show here that mutations in the Ig-like
domain of PIV5 F cause a specific loss in the ability of HN to
activate fusion, yet these PIV5 F mutants maintain their ability to
be triggered by heat (42°C) as a surrogate for HN. We also show
that the metastable nature of the F protein is, likely, in part depen-
dent on interactions between protomers at the trimer interfaces.

MATERIALS AND METHODS
Cells and antibodies. Vero cells and 293T cells were maintained in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). BHK-21F cells were grown in DMEM containing
10% FBS and 10% tryptose phosphate broth. BSR-T7/5 cells were grown
in DMEM containing 10% FBS, with 500 �g/ml G418 added every third
passage. Antibodies specific for PIV5 F used were monoclonal antibody
(MAb) F1a (52) and PIV5 F polyclonal antibody (PAb) R9176 serum,
raised in rabbits against the purified PIV5 F ectodomain expressed by a
recombinant baculovirus in insect cells. Fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse antibodies or FITC-conjugated goat
anti-rabbit antibodies (Jackson ImmunoResearch, West Grove, PA) were
used as secondary antibodies for detection by flow cytometry.

Cloning and mutagenesis. pCAGGS-HN and pCAGGS-F expression
constructs harboring the PIV5 (W3A) F and HN genes were used as de-
scribed previously (53). Mutations in pCAGGS-F were constructed by
four-primer PCR. After introduction of the desired point mutation into
the PCR fragment, the PCR fragment was digested using KpnI and SacI
and ligated into a pCAGGS vector cut with the same restriction enzymes.
The nucleotide sequence of the entire F open reading frame for each of the
generated mutants was verified using an Applied Biosystems 3100-Avant
automated DNA sequencer (Life Technologies Corp., Carlsbad, CA).
pT7-luciferase was obtained from Promega Corp. (Madison, WI). The

creation of the PIV5 HN “headless” stalk (HN 1-117) construct in
pCAGGS was described previously (9).

Expression of PIV5 F and HN glycoproteins in mammalian cells.
PIV5 F and HN proteins were expressed from the pCAGGS-F and
pCAGGS-HN constructs in Vero, BHK-21F, and 293T cells by transient
transfection using the Lipofectamine Plus transfection reagent (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s protocol. Transfec-
tions were carried out in OPTIMEM media and cells incubated with DNA
and transfection reagents for 5 h at 37°C, following which DMEM con-
taining 2% FBS was added and the samples were incubated for an addi-
tional 18 h at 37°C.

Immunoprecipitation and SDS-PAGE. 293T cells were seeded onto
BD PureCoat amine 6-well dishes (Becton, Dickinson, Franklin Lakes,
NJ) overnight. The cells were then transfected with pCAGGS-F wt and
pCAGGS-F containing mutations. Eighteen hours posttransfection, the
cells were starved in DMEM deficient in cysteine and methionine for 30
min, followed by labeling with 50 �Ci [35S]Promix label in the same
medium for 30 min (pulse). The cells were then incubated for 90 min with
complete DMEM containing 10% FBS (chase). The cells were subse-
quently lysed in cold radioimmunoprecipitation assay (RIPA) buffer (54)
containing protease inhibitors, 50 mM iodoacetamide, and 2 mM phen-
ylmethylsulfonyl fluoride (PMSF). The lysates were then clarified in a
Beckman TLX ultracentrifuge in a Beckman TLA 120.2 rotor at 55,000
rpm for 10 min at 4°C. Clarified lysates were incubated with the PIV5 F
polyclonal antibody R9176 for 2 h at 4°C, following which protein A-
Sepharose beads were added and the immuno-complexes allowed to bind
the beads at 4°C for 30 min. The antibody-antigen complexes were washed
three times with RIPA buffer (54) containing 0.3 M NaCl, twice with RIPA
containing 0.15 M NaCl, and once with 50 mM Tris-HCl, pH 7.4, 0.25
mM EDTA, and 0.15 M NaCl. The proteins were eluted from the beads by
boiling them for 2 min in protein lysis buffer containing 15% dithiothre-
itol and separated on a 15% acrylamide gel. Radioactivity was detected
using a Fuji FLA-5100 image reader with Multi Gauge v3.0 software (Fuji
Medical Systems, Stamford, CT).

Flow cytometry. To quantify the amount of PIV5 F wt and mutant F
protein present on the surfaces of cells, 293T cells were transfected as
described above with plasmids encoding the PIV5 wild-type (wt) F or F
mutant proteins (1 �g DNA each). At 18 h posttransfection, the mono-
layers were washed with phosphate-buffered saline (PBS) containing
0.02% sodium azide. Nonspecific antibody binding was blocked by incu-
bating the cell monolayers in PBS containing 1% bovine serum albumin
(BSA) and 0.02% sodium azide for 1 h at 4°C. Plates were then incubated
with the PIV5 F MAb F1a or PIV5 F PAb R9176 at a dilution of 1:100 in
PBS containing 1% BSA. The monolayers were washed extensively with
PBS to remove unbound antibody and incubated with FITC-conjugated
goat anti-mouse IgG (1:200 dilution) or FITC-conjugated goat anti-rab-
bit IgG (1:200 dilution) (Jackson ImmunoResearch, West Grove, PA).
Cells were washed extensively with PBS and resuspended in PBS contain-
ing 0.5% formaldehyde. The mean fluorescence intensity (MFI) of 10,000
cells was recorded for each sample using a FACSCanto II flow cytometer
(Becton, Dickinson, Franklin Lakes, NJ). Flow cytometry data were col-
lected using the FACSDiva software (Becton, Dickinson, Franklin Lakes,
NJ) and analyzed using BD Cell Quest Pro software (Becton, Dickinson,
Franklin Lakes, NJ).

Syncytium formation. BHK-21F cells were transfected as described
above using 1 �g (each) of pCAGGS-HN and pCAGGS-F or pCAGGS
containing the PIV5 F point mutations. Eighteen hours posttransfection,
the cells were fixed and stained using a Hema3 staining protocol (Fisher
Scientific, Pittsburgh, PA) according to the manufacturer’s instructions.
The monolayers were photographed using an AMG EVOS xl inverted
microscope (Fisher Scientific, Pittsburgh, PA).

Luciferase reporter assay. To quantify the fusion observed in the syn-
cytial assay, Vero cell monolayers were transfected with 1 �g (each) of
pCAGGS-HN, pCAGGS-F, or pCAGGS containing the PIV5 F point mu-
tations and pT7-luciferase, a plasmid that expresses firefly luciferase un-
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der T7 polymerase control. BSR-T7/5 cells, expressing T7 RNA polymer-
ase, were laid over the Vero cell monolayer 15 h following transfection at
a BSR-T7 cell/Vero cell ratio of 1:2 and incubated further for 7 h at 37°C or
42°C. Glo lysis buffer (Promega, Madison, WI) was used to lyse the cells.
Cell debris was removed by centrifugation (13,000 rpm for 3 min), and
150 �l of the cleared lysates was then added to a 96-well dish along with
150 �l of the luciferase assay substrate (Promega, Madison, WI). The
luciferase activity in relative luciferase units (RLU) was then determined
using a SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA).

RESULTS
Design of single point mutations in the parainfluenza virus 5 F
protein. To understand the role of PIV5 F protein domains I and
II in fusion, single point mutations were introduced into the PIV5
F protein based on the atomic structure of the prefusion PIV5 F
protein (15). One set of these mutations is located within domain
II, which has a characteristic immunoglobulin-like (Ig-like) fold.
Mutations within this set are also located within an adjoining hy-
drophobic pocket formed by residues from both domain I and
domain II (Fig. 1A and B). The other set of mutations were located
in domain I, near the junction of protomers in the F trimer (Fig.
1C and D).

The PIV5 F Ig-like domain has a typical topology and is char-
acterized by two �-sheets made up of 7 anti-parallel �-strands
with crossover strands in between the two sheets, creating a very
stable tertiary motif (15). In the majority of similar Ig-like do-
mains, disulfide bridges provide additional stability to the do-
main. The PIV5 F Ig-like domain contains three disulfide bonds
between residues C348 and C356, C324 and C333, and C385 and
C387. It is interesting to note that the paramyxovirus fusion pro-
tein Ig-like domain is minimally altered between the PIV5 F pre-
fusion structure and the hPIV3 F postfusion structure (15, 18). A
similar observation was recently made after comparison of the
matched RSV F prefusion (16) and postfusion (20) pairs. The
presence of disulfide bonds and the interwoven �-strands of
the Ig-like domain of paramyxovirus F proteins suggest the struc-
tural integrity of the domain.

To investigate the role of the Ig-like domain and the adjacent
hydrophobic pocket in domains I and II further, PIV5 F con-
structs in the mammalian expression vector pCAGGS, bearing
single point mutations resulting in F295L, N298D, R368L, S382A,
L384T, A392T, V393T, I394N, L395N, and Q396L were created
(Fig. 1A and B and Table 1). In these PIV5 F mutants, the mu-
tations S382A, L384T, A392T, V393T, I394N, L395N, and
Q396L are located within the Ig-like domain of domain II,
whereas the mutations N298D, F295L, and R368L are located
in domain I and form a part of the hydrophobic pocket created
between domains I and II.

Interestingly, residues 391 to 395 of PIV5 F form a stretch of
significantly hydrophobic residues (�) in the Ig-like domain (Fig.
1B), which, rather unusually, are solvent exposed. When a se-
quence alignment with F proteins of other paramyxoviruses was
done (Fig. 1E), an isoleucine (I394) within this stretch and a glu-
tamine at position 396, adjacent to the hydrophobic stretch, was
found to be highly conserved. However, there is considerable vari-
ation in sequence between the other residues within this hydro-
phobic stretch among paramyxovirus F proteins. The unusual hy-
drophobic nature of this exposed stretch of residues within the
Ig-like domain suggests a potential protein-protein interaction
surface, and the sequence variability across paramyxoviruses may
indicate a specificity of this interaction.

To examine the unusual nature of the surface-exposed hydro-
phobic stretch, � (residues 391 to 395), these residues were
changed to polar or charged amino acids, and each mutated
amino acid was chosen to be the closest in size to the parent amino
acid to minimally interfere with structure and folding. The highly
conserved polar residue at the end of this stretch (Q396) was mu-
tated to a leucine to study the effect of lengthening the hydropho-
bic stretch. The roles of residues in the adjoining hydrophobic
pocket of domain I were investigated by changing a wt, charged
polar residue within the hydrophobic pocket to a hydrophobic
residue (R368L), by reversing the charge of a polar residue
(N298D) or by changing the physical dimensions of a hydropho-
bic residue (F295L) to probe the nature of a possible protein-
protein interaction in this region.

In recent studies with the measles virus F protein, residues near
the base of the F protein head were implicated to interact with the
measles virus receptor binding protein H (49). In this study, the
PIV5 F prefusion atomic structure was used to model a measles
virus prefusion F protein and guide mutagenesis. It was found that
some of the measles virus F mutants that expressed well on cell
surfaces and disrupted F-H interactions were located in the Ig-like
domain or near the hydrophobic pocket created by the Ig-like
domain in the measles virus F prefusion model. Other residues
postulated to disrupt measles F-H interactions were located along
the base of the measles virus F head model in domain I. Also, in a
separate study, switching domain I fragments of PIV5 F with those
of SV41 F converted the HN specificity of PIV5 F, resulting in
partial triggering of this PIV5-SV41 chimeric F protein by the
SV41 HN protein (51). Thus, to probe further the role of domain
I of the PIV5 F prefusion structure in HN interaction and fusion
promotion, mutations were generated within domain I, near the
region of interaction between two protomers. Accordingly, the

TABLE 1 Summary of properties of F point mutantsa

Serial
no.

F protein
mutation

Surface
expression

Cleavage
(% of wt F
cleavage)

Fusion

With
HN At 37°C At 42°C

With the
HN stalk

1 A392T ***** 105.09 ** ** ***** ******
2 V393T ***** 104.44 * * ***** —
3 I394N — ND — — — —
4 L395N ***** 105.94 * * ***** ******
5 Q396L — ND — — — —
6 A392T/L395N ***** 103.48 * * ***** **
7 S382A **** 34.63 **** * ******* ******
8 L384T ***** 71.16 * * ***** **
9 N298D ***** 105.52 * * ***** *****
10 F295L — ND — — — —
11 R368L — ND — — — —
12 T312A ***** 61.69 * — * ND
13 S314A ***** 41.12 **** * **** ND
14 Q339A ***** 54.47 *** — * ND
15 V340A ***** 54.34 ******* ******* ND ND
16 V362A ***** 59.53 ******* ******* ND ND
17 S364A ***** 36.72 ******* ******* ND ND

a List of point mutations generated in the PIV5 F protein, along with the surface
expression of each protein measured by flow cytometry as fusion in the presence of HN
and fusion with F alone in cells transfected at 37°C and 42°C. The fusion of F point
mutants with the HN headless stalk is also shown. Cleavage as a percentage of wt F
cleavage was determined as follows: total quantified cleaved F protein (F1 � F2)/total F
protein (F0 � F1 � F2). Asterisks denote approximate fusion relative to that of wt F
and wt HN (percentages), as follows: *******, 120 to 160%; *****, 90 to 100 %; ****, 70
to 90%; ***, 50 to 70%; **, 30 to 50%; and *, 10 to 30%. � signs denote approximate
percentages of expression of mutant F proteins on cell surfaces, in comparison to wt F
surface expression, as follows: �����, 90 to 100%; ����, 70 to 90%; ���, 50 to
70%; ��, 30 to 50%; and �, 10 to 30%. —, not expressed on the cell surface; ND, not
determined.
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following PIV5 F mutants in pCAGGS were created: the T312A,
S314A, Q339A, V340A, V362A, and S364A mutants (Fig. 1C and
D and Table 1).

Expression of PIV5 F mutants on the cell surface as measured
by flow cytometry. To investigate surface expression of the PIV5 F
point mutants in transiently transfected 293T cells, flow cytom-
etry was performed using antibodies specific to the PIV5 F pro-
tein. A monoclonal antibody specific to the PIV5 F protein in its
prefusion form (F1a) (52) or a polyclonal PIV5 F antibody, R9176,
was used to detect PIV5 F wt and mutant proteins on the cell
surface 18 h posttransfection (Fig. 2A and Table 1). The N298D,
S328A, L384T, A392T, V393T, and L395N mutants were ex-

pressed at levels slightly higher than or comparable to that of wt F
(Fig. 2A), as detected by either antibody, whereas the I394N,
Q396L, R368L, and F295L mutants failed to express at the cell
surface (Table 1). Interestingly, out of the four mutant proteins
that failed to reach the cell surface, three of them harbor muta-
tions at positions I394, Q396, and R368 that are highly conserved
among paramyxovirus F proteins (Fig. 1E). This suggests that
these residues may be involved in stabilizing the local structure
within these proteins. Changes at these residue positions may se-
verely compromise the ability of PIV5 F to fold correctly, hence, its
failure to be trafficked to the cell surface. Mutants that failed to
reach the cell surface were not examined further. The remainder
of the mutants appeared to be correctly folded and exhibited levels
of the prefusion form of F and total protein comparable to that of
wt F on the cell surface.

Of the F mutants with mutations in domain I, near the
protomer junction, the T312A, S314A, and Q339A mutants had
cell surface expression levels equivalent to those of wt F (Table 1),
whereas F-V340A, F-V362A, and F-S364A were expressed at the
cell surface at slightly lower levels (approximately 65 to 80% of
wt-F levels) (Fig. 2A and Table 1), when they were detected using
the F1a monoclonal antibody, specific to the prefusion form of F.
This reduction in surface expression, compared to wt-F expres-
sion, was statistically significant for mutants F-V340A and
F-S364A. However, as the F1a antibody specifically detects the
prefusion form of the PIV5 F protein, it was thought possible that
even in the absence of HN expression, there may be a reduction in
the prefusion F population on the cell surface at 37°C due to spon-
taneous conversion of F to the postfusion form. This seems likely
to be the case, as the mutant proteins F-V340A, F-V362A, and
F-S364A were present at the cell surface at wt-F levels when they
were detected with the polyclonal antibody to PIV5 F (R9176) that
recognizes both the pre- and postfusion forms (Fig. 2A). Addi-
tionally, to minimize damage to the cell monolayer due to a pos-
sible spontaneous triggering and fusion of F-V340A and F-V362A
mutants, the flow cytometry was also carried out after incubating
the cells at 33°C (Fig. 2B, white bars). For mutant F-V340A, there
was an increase in surface expression compared to that in the same
sample incubated at 37°C (Fig. 2B, gray bars); however, this in-
crease was not statistically significant (P � 0.0523). Thus, overall,
these data suggest that even though comparable amounts of
F-V340A and F-V362A mutant proteins are transported to the
surfaces of 293T cells, there may be less of these proteins in the
prefusion form than wt F.

Protein expression and cleavage activation of PIV5 F point
mutants. To examine F protein expression and F protein cleavage,
the PIV5 F single point mutations were expressed in 293T cells,
labeled metabolically with [35S]Promix label, and immunopre-
cipitated from cell lysates using F-specific polyclonal antibody
R9176. Immunoprecipitated polypeptides were analyzed on 15%
SDS-PAGE gels. Most PIV5 F mutant proteins bearing mutations
in the Ig-like domain were cleaved to F1 and F2 to an extent sim-
ilar to that in wt PIV5 F (Fig. 3A and Table 1). Mutants F-S382A
and F-L384T, however, had lower cleavage efficiencies (Table 1).
However, despite the defect in cleavage, especially for F-S382A,
there was no major variation in the levels of surface expression of
these mutants (Fig. 2A).

Analysis of PIV5 F mutants located in domain I indicated that
they were expressed in 293T cells at levels comparable to those of
wt F (Fig. 3B and Table 1), except for the V340A mutant. Cleavage

FIG 2 Expression of PIV5 F mutants on the surfaces of 293T cells. (A) Detec-
tion of proteins by flow cytometry at the surfaces of 293T cells transfected with
wt PIV5 F or PIV5 F point mutants. Surface proteins were detected using the
prefusion PIV5 F-specific F1a MAb (gray bars) or a PIV5 F R9176 polyclonal
antibody (PAb) (white bars). PIV5 F-positive cells were labeled using a fluo-
rescein-conjugated goat anti-mouse secondary antibody or a fluorescein-con-
jugated goat anti-rabbit secondary antibody. The mean fluorescence intensity
(MFI) of 10,000 cells is shown as a percentage of wt protein levels. Results are
from three independent experiments. (B) Detection of PIV5 F mutant proteins
F-V340A, F-V362A, and F-S364A with the PIV5 F polyclonal antibody R9176
by flow cytometry. Fluorescein-conjugated goat anti-rabbit antibody was used
to fluorescently label F protein-positive cells. Flow cytometry was performed
18 h posttransfection upon incubation of transfected cells at 37°C (gray bars)
or 33°C (white bars). ns, not significantly different (P � 0.05). Results are from
three independent experiments.
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of all domain I mutants were reduced to some extent (to �37 to
62% of wt F cleavage) (Table 1). Mutant V340A showed an overall
reduction in the intensity of bands. However, due to the cyto-
pathic nature (syncytium formation) of some of these mutant F
proteins at 37°C in the absence of HN, parts of the 293T cell
monolayers were lost. Hence, the total protein yields from cell
lysate generated from single wells of a 6-well dish varied signifi-
cantly. Thus, the band intensity of F species in Fig. 3B may not
reflect the expression level of the mutant protein F-V340A in com-
parison to that of wt F protein. Measurements using a flow cytom-
eter depend on a fixed number of cells of relatively uniform size
per sample, and thus, this effect was not observed in Fig. 2A. Ex-

pression at a lower temperature (33°C) to prevent selective exclu-
sion of multinucleated fused cells in flow cytometry also did not
seem to affect the protein expression of F-V340A in a statistically
significant way (Fig. 2B).

PIV5 F mutants in the Ig-like domain do not exhibit fusion
promotion by HN coexpression but are triggered for fusion us-
ing heat as a surrogate for HN. To understand the role of the PIV5
F point mutations located within the Ig-like domain and those
located in the hydrophobic pocket adjacent to the Ig-like domain
in fusion activation, the mutant proteins were coexpressed with or
without wt PIV5 HN in BHK-21 cells and incubated at 37°C.
These mutant F proteins were also expressed alone (without HN)
and were incubated at 42°C (Fig. 4A and Table 1). The cells were
fixed and stained, and cell-cell fusion was observed in the form of
syncytia. wt F protein caused significant syncytium formation
when coexpressed with HN at 37°C, and mutant F-S382A caused
moderate syncytium formation when coexpressed with wt HN.
For the A392T F mutant, some syncytia were detectable over back-
ground levels. The other mutants, F-N298D, F-L384T, F-V393T,
and F-L395N, which are located either within the Ig-like domain
or in the adjacent hydrophobic cavity, had no detectable fusion
activity when coexpressed with HN (Fig. 4A). In the absence of
HN expression, neither wt F nor the F mutants could be triggered
at 37°C to cause fusion beyond the low level observed previously
for wt F (4, 55). However, when cells expressing the N298D,
S382A, L384T, A392T, V393T, and L395N F mutants were incu-
bated at 42°C in the absence of HN, they produced significant
amounts of fusion on BHK-21 cells (Fig. 4A). The F-S382A mu-
tant, though producing fusion upon coexpression with HN at
37°C, produced much more extensive syncytia at 42°C in the ab-
sence of HN. Thus, these data suggest that even though the single
point mutants with mutations either within or near the Ig-like
domain could not be activated specifically by PIV5 HN, their mu-
tations did not render these F proteins incapable of causing fusion,
and they could be triggered at 42°C.

To investigate further the role of individual residues identified
in the above-described HN interaction, these F point mutants
were cotransfected with the PIV5 HN 1-117 headless stalk (9) and
cell-cell fusion was observed as syncytia (Fig. 4A, bottom panel).
Interestingly, the N298D, A392T, and L395N mutants caused an
increased amount of fusion with the HN 1-117 stalk but were
incapable of fusion when triggered by the full-length HN protein.
A possible explanation for this observation is that, as the PIV5 HN
1-117 headless stalk lacks its regulatory head domain, it is a more
potent activator of F because of the longer dwell time of F on the
HN stalk (9). Thus, the greatly increased number of F-HN stalk
interaction events may be able to trigger the N298D, A392T, and
L395N F mutant proteins. On the other hand, mutants F-V393T
and F-L384T could be activated efficiently only by heat, and nei-
ther the full-length PIV5 HN nor the headless stalk of PIV5 HN
could activate these mutant proteins, suggesting that these resi-
dues may have a more central role in the HN interaction. The
locations of residues V393 and L384 are close to each other on two
outer �-strands of the Ig-like domain (Fig. 4B), suggesting that
together they may constitute a specific HN interaction interface.

The A392T and L395N F mutants were not activated by wt HN
but, counterintuitively, were activated by the HN 1-117 stalk (Fig.
4A). We thought that the most likely explanation for this obser-
vation is that F-A392T and F-L395N contain mutations sufficient
to weaken the interaction of wt HN so that it does not activate F. In

FIG 3 Expression and cleavage of PIV5 F mutant proteins. PIV5 wt F or F
point mutants expressed in 293T cells were immunoprecipitated. The cells
were labeled with [35S]TranS label for 30 min (pulse) in medium lacking me-
thionine and cysteine, followed by incubation in complete medium (chase) for
90 min. Cells were then lysed in RIPA buffer, and proteins were immunopre-
cipitated using the PIV5 F polyclonal antibody R9176. Polypeptides were an-
alyzed by SDS-PAGE. Numbers indicate molecular masses (kDa). The posi-
tions of the uncleaved F protein (F0) and F protein cleavage products F1 and F2
are indicated. (A) PIV5 F wt and F point mutants with mutations located in the
Ig-like domain and the adjacent hydrophobic pocket. (B) PIV5 F wt and point
mutants with mutations located in domain I near the F-protomer junction.
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contrast, because the HN 1-117 stalk interacts constitutively with
F mutants, the prolonged but weakened interaction still permits F
activation. To test this hypothesis, a double mutant, F-A393T/
L395N, was constructed and expressed with wt HN or the HN
1-117 stalk. The double mutant F-A392T/L395N was expressed,
cleaved, and transported to the surfaces of cells at levels similar to
those of wt F (Fig. 2A and 3A and Table 1). As predicted, the F
double mutant failed to be activated (Fig. 4A) by wt HN or the HN
1-117 stalk, suggesting that the combined effect of mutations
A392T and L395N is sufficient to overcome the increased dwell
time with the headless stalk and prevent fusion activation. The
double mutant F-A392T/L395N, however, can still be activated by
heat at 42°C.

Mutants in domain I of PIV5 F are hyperfusogenic, and fu-
sion is HN independent. The proteins with single point muta-
tions in PIV5 F domain I were tested for their ability to cause
cell-cell fusion in BHK-21 cells in the presence and absence of HN
expression. As a comparison, mutant F-S443P, described previ-
ously as a hyperfusogenic mutant of PIV5 F, was also tested (53).
Mutants F-V340A, F-V362A, and F-S364A showed a very strong
hyperfusogenic phenotype, yielding more-extensive syncytia than
wt F when coexpressed with HN (Fig. 4C). The extent of fusion
produced by these mutants in the presence of HN is comparable to
that of the F-S443P mutant and probably reflects the location of
these mutations, which is close to S443P in domain I, bordering
the junction between two protomers in the F trimer (Fig. 1D). In
addition to producing significantly larger syncytia than wt F on

cotransfection with HN, mutants F-V340A and F-V362A pro-
duced large syncytia even in the absence of HN, similar to the
properties of the mutant F-S443P. This suggests that these muta-
tions destabilize F to such an extent that at 37°C, the activation
energy of these mutants is low enough to allow conversion to the
postfusion form even in the absence of HN. Mutant F-S364A was
triggered at 37°C without HN, though unlike mutants F-V340A
and F-V362A, it did not appear to be completely independent
of HN.

The other mutants with mutations in domain I, i.e., the T312A,
S314A, and Q339A mutations, had variable phenotypes (Table 1).
Mutation S314A did not affect the extent of fusion activation of
the F protein, and this mutant had fusion properties similar to
those of wt F. On the other hand, the Q339A and T312A mutants
failed to be triggered to wt levels of fusion by HN and were not
triggered by heat at 42°C when expressed in the absence of HN,
suggesting that the F-refolding process was probably disrupted in
these mutants (Table 1).

Results of the quantitative luciferase fusion assay of PIV5 F
mutants reflect the results of the syncytial assay only upon re-
ceptor engagement. To quantify the extent of fusion mediated by
the PIV5 F mutant proteins in the presence of PIV5 HN, a quan-
titative luciferase reporter assay was used. Vero cells were trans-
fected with PIV5 wt F or mutant F plasmids together with PIV5
HN and with a luciferase reporter gene under T7 polymerase con-
trol. The T7 polymerase is provided by BSR-T7 cells, which are
laid over transfected Vero cells. Upon receptor binding by HN and

FIG 4 Fusion mediated by the PIV5 F point mutants in baby hamster kidney cells. Baby hamster kidney (BHK-21F) cells transfected with PIV5 F or its point
mutants alone or cotransfected with PIV5 HN or the PIV5 HN 1-117 headless stalk were incubated at 37°C or 42°C. At 18 h posttransfection, cells were fixed,
stained, and imaged. (A) Point mutations in PIV5 F located in the Ig-like domain and in an adjacent hydrophobic pocket. (B) Locations of residues A392, V393,
L395, and L384 within the Ig-like domain in the PIV5 F prefusion structure. Green, single mutations at these residues disrupt the HN interaction; blue, combined
mutations at these residues disrupt the HN interaction. (C) Syncytial assay of point mutations in PIV5 F that are located in domain I near the protomer-protomer
junction of the F trimer; cells were transfected or not transfected with PIV5 HN.
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subsequent fusion of the two cell types, the luciferase reporter is
activated. F mutants with mutations near the Ig-like domain
showed little luciferase reporter activity when cotransfected with
HN, with the exception of mutants F-S382A and F-A392T (Fig.
5A). Mutant F-S382A produced fusion at about 75% of the level of
the wt, whereas mutant F-A392T showed only a small amount of
fusion. Thus, most of these mutants could not be triggered specif-
ically upon interaction with HN, reflecting the results observed in
the syncytial assay in Fig. 4A.

The luciferase reporter assay for hyperfusogenic mutants in
domain I reflected those of the syncytial assay (Fig. 4C) when these
mutants were cotransfected with HN (Fig. 5B). Mutants F-V340A,
F-V362A, and F-S364A exhibited levels of fusion 1.5 to 3 times
that of wt F, levels similar to those produced by the previously
characterized mutant, F-S443P.

When the F point mutations within the Ig-like domain (S382A,
L384T A392T, V393T, and L395N) and that within the adjoining
hydrophobic cavity (N298D) were tested for fusion promotion
without HN in the luciferase reporter assay, only small differences
of fusion activation between samples incubated at 37°C and 42°C
were observed (Fig. 5C). These differences did not correspond to
the dramatic variation of fusion activation at the two tempera-
tures observed in Fig. 4A. The explanation thought most likely is
that there is a major difference between syncytium formation in
cells in confluent monolayers and that in the luciferase assay,
where one cell type is laid over another cell type. In the latter assay,
luciferase reporter activity is generated only when BSR-T7 cells in
the overlay fuse, upon attachment with Vero cells in the adherent
monolayer below. Thus, in the absence of receptor-mediated at-
tachment, F triggering on the surfaces of Vero cells may not coin-
cide with fusion peptide insertion into the overlaying BSR-T7
cells, and thus a large proportion of F proteins may be triggered
but fail to mediate a successful membrane merger. This is in com-
parison to cells within a confluent monolayer in a syncytial assay,
which are involved in significant cell-cell contacts throughout the
duration of the assay. Hence, even though qualitative syncytial
assays agree with quantitative luciferase reporter fusion assays
when HN is present to bind the receptor (Fig. 5A and B), they do
not do so in the absence of receptor binding (Fig. 5C and D). This
was illustrated when fusion activation of the PIV5 F domain I
hyperfusogenic mutants were tested in the presence of HN, in the
absence of HN, or in the presence of the HN 1-117 stalk domain
(Fig. 5D). The previously characterized PIV5 HN 1-117 stalk do-
main cannot bind the receptor (9). Thus, in samples where there
was no receptor binding, namely, transfections without HN or
with the PIV5 HN 1-117 stalk, the hyperfusogenic mutants exhib-
ited much-reduced fusion activity, in contrast to the fusion activ-
ity observed in Fig. 4C (and data not shown). On the other hand,
cotransfection with full-length, receptor-binding-capable PIV5
HN yielded fusion 1.5 to 3 times that of wt F and wt HN, as
observed in Fig. 5B.

It was observed that fusion promotion in samples expressing
F-V340A and F-V362A with the HN 1-117 stalk was slightly lower
than in samples expressing the F-V340A and F-V362A mutant
proteins alone (Fig. 5D). It is possible that the PIV5 HN 1-117
stalk protein prematurely triggers the F-V340A and F-V362A pro-
teins upon reaching the surface, as a result of which fusion ob-
served in cotransfected samples is slightly lower than that of the
F-V340A and the F-V362A proteins expressed without HN. How-
ever, due to potential surface expression and protein transport

FIG 5 Quantitative luciferase reporter assay of cell-cell fusion activities of PIV5 F
point mutants. The fusion activities of PIV5 F point mutants were characterized by
using a quantitative luciferase reporter assay. wt PIV5 F or its point mutants were
coexpressed with PIV5 HN and luciferase under the control of the T7 promoter in
Vero cells, which were overlaid with BSR-T7 cells, 15 h posttransfection. Seven
hours postoverlay, the cells were lysed and luciferase activity (expressed in RLU)
was determined. Results are from three independent experiments. (A and B) Fu-
sion activities of PIV5 F point mutants in the presence of PIV5 HN. The fusion-
inducing capabilities of the F point mutants are shown, with those of wt F and HN
considered 100%. (A) Mutants located in the Ig-like domain and the adjoining hy-
drophobic pocket. (B) Mutants located in domain I near the protomer-protomer
junction of the F trimer. (C) Fusion activities of PIV5 F point mutants with mutations
located in the Ig-like domain hydrophobic pocket. Cells were transfected without HN
at 37°C (white bars) and 42°C (gray bars). The fusion of F point mutants is shown; wt
F fusion at 37°C was considered 100% fusion. (D) Fusion activation of PIV5 F hyper-
fusogenic mutants with (gray bars) or without (white bars) PIV5 HN or with the PIV5
HN 1-117 stalk construct (black bars). (E) Fusion activation of PIV5 F hyperfusogenic
mutants in the presence (white bars) or absence (gray bars) of an independent nonac-
tivating receptor-binding protein, influenza virus Udorn HA. Fusion is expressed in
RLU as a percentage of wt F fusion in the absence of a receptor-binding protein. *, P�
0.01to0.05;**,P�0.001to0.01.Results inallpanelsconstitutedatafromatleast three
independent experiments.
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differences between cells transfected with single proteins and
those transfected with multiple proteins, this conclusion cannot
be confirmed from the current data.

To illustrate further the importance of receptor binding in the
luciferase reporter assay overlay, wt F and the HN-independent
mutants F-V340A, F-V362A, and F-S364A were cotransfected
with or without a non-cognate receptor-binding protein. In this
case, the influenza A virus (A/Udorn/72) hemagglutinin (HA)
protein, which binds sialic acid but does not activate PIV5 F, was
used as the non-cognate receptor-binding protein (Fig. 5E). The
assay is carried out at neutral pH to prevent membrane fusion by
the influenza A HA protein. It was observed that luciferase re-
porter activity, indicating cell-cell fusion, was significantly in-
creased in the presence of the influenza A virus HA protein, sug-
gesting that fusion peptide insertion and membrane merger
increases upon receptor-mediated attachment of overlaying cells.

DISCUSSION

The nature of the F protein trigger, which is initiated by the at-
tachment protein upon receptor binding and which leads to de-
stabilization of the F protein to cause membrane fusion, is as yet
unclear. To understand presumed interactions between PIV5 F
and HN and the associated triggering of the metastable prefusion
F protein, we designed proteins with single point mutations in the
Ig-like domain II and in a hydrophobic pocket at the interface
between domain I and domain II of PIV5 F, based on the prefusion
PIV5 F atomic structure (15). The rationale for investigating the
role of the Ig-like domain in HN interaction is 3-fold.

First, Ig-like domains are known to be structurally robust,
forming protein-protein interaction interfaces. Multiple exam-
ples are found in the interleukin family of cell-signaling molecules
and in their interactions with interleukin receptors. Such interac-
tions represent contacts between Ig-like domains of interleukin
receptor molecules and the 4HB of interleukin ligands. The
atomic structures of multiple such receptor-ligand pairs have
been determined (56–58). This draws an interesting parallel to a
possible interaction between the 4HB of the paramyxovirus HN
stalks and the Ig-like domains of F proteins. Second, the Ig-like
domain of PIV5 F contains a hydrophobic loop (�) (residues 391
to 395) that is entirely solvent exposed, suggesting that this loop
may be involved in a protein-protein interaction. Additionally,
there is a hydrophobic pocket adjacent to the Ig-like domain,
which may also be involved in such contacts. Third, as is evident
from the prefusion F structure, the Ig-like domain protrudes from
the molecule such that the fusion peptide is sequestered immedi-
ately behind the Ig-like domain. We suggest that interaction of the
Ig-like domain loop with the HN stalk may lead to a possible
release of the fusion peptide.

The mutant PIV5 F proteins with single residue changes in the
Ig-like domain and the adjacent hydrophobic pocket created by
the Ig-like domain resulted in an almost complete loss of the abil-
ity of PIV5 F to be triggered by coexpressing HN. However, when
PIV5 F was expressed in the absence of PIV5 HN and the cells were
shifted to 42°C, extensive cell-cell fusion occurred (Fig. 4A). These
data suggest that even though the ability of the mutant F proteins
to be triggered by HN was lost, the mutant F proteins could be
triggered by heat. For mutant F-S382A, triggering by heat was
more effective than reduced triggering by HN, perhaps suggesting
a debilitated F-HN interaction. Coexpression of the mutant F pro-
teins with a headless PIV5 HN 1-117 stalk domain further nar-

rowed the potential region of interaction, implicating residues
V393 and L384 in the outer loops of the Ig-like domain as major
contact areas. A double mutation of two residues of the hydropho-
bic loop (F-A392T/L395N) showed that a combined effect of these
two mutations was sufficient to overcome triggering by the HN
1-117 headless stalk, further indicating the importance of the hy-
drophobic stretch (�) within the Ig-like domain in HN interac-
tion. As the F-HN interaction block in mutant F-N298D (adjacent
to the hydrophobic pocket) could be overcome by coexpression of
F and the HN 1-117 stalk, presumably by increasing the dwell time
of the HN stalk-F interaction, residues in the adjacent hydropho-
bic pocket probably play a more indirect role in the F-HN inter-
action. It is also possible that these residues are involved in an
overall movement of the Ig-like domain with respect to domain I
upon interaction of HN with the Ig-like domain. Notably, resi-
dues L384, A392, V393, and L395, which are believed to be in-
volved directly in HN interaction, are all located within the outer
two strands of the Ig-like domain (Fig. 4B), suggesting that these
residues can form a putative interaction interface.

A recent study using a model of the measles virus F protein
based on the PIV5 F atomic structure suggested that single point
mutations in the Ig-like domain of the measles virus F model
completely ablated fusion activation by the measles virus H pro-
tein and prevented the coimmunoprecipitation of measles F and
H proteins (49). A comparison of the measles virus F protein
model (49) with the PIV5 F protein prefusion structure (15) and
sequence alignment highlight important similarities and differ-
ences in the locations and functions of mutated residues between
the two viruses (Fig. 6 and Table 2). Interestingly, L394 of measles
virus F, one of the major residues implicated in H interaction (49),
corresponds to residue L384 of PIV5 by sequence alignment, a
residue implicated in PIV5 F-HN interaction (Fig. 4A and Table
2), suggesting a commonality between the interaction interfaces of
the two proteins. For residue Q383 of measles virus F, which has
been implicated in H interaction, the corresponding PIV5 F resi-
due (D373) abuts the Ig-like domain. On the other hand, though
residues Q322 and Y349 of measles virus F have been implicated in
H interaction, corresponding residues of PIV5 F domain I (T312
and Q339) do not affect fusion promotion significantly. It is pos-
sible that the contacts between F protein domains I and II of the
two viruses are different, resulting in different positioning of the
HN-H interaction sites, or that the overall region of paramyxovi-
rus F and HN, H, or G interactions may be reasonably broad, as
suggested by the extent of mutations that presumably affect HN
interaction, ranging from the hydrophobic pocket of the Ig-like
domain and extending across domain I (49, 51). The fact that the
fusion activity of the PIV5-SV41 chimeric F protein induced by
SV41 F amounts to only �20% of the activities of wt SV41 F and
HN indicates that there may be a larger surface of interaction on
paramyxovirus F proteins. However, an analysis of exact residue-
to-residue or domain-to-domain comparison between measles
virus F and PIV5 F requires an atomic structure of the measles
virus F protein in its prefusion form.

Despite extensive efforts, we have not been able to coimmuno-
precipitate PIV5 F and HN, as has been observed for other
paramyxoviruses, such as NDV, measles virus, CDV, and Nipah
virus (38, 43–45, 59, 60). This failure to coprecipitate PIV5 F and
HN suggests that the interaction is weak or transient in nature.
Thus, even though we cannot show directly an interaction be-
tween F and HN by coimmunoprecipitation, we propose that the
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reason that the PIV5 F Ig-like domain mutants cannot be triggered
by HN is due to the ablation of the site in the F hydrophobic loop
of the Ig-like domain that interacts with the HN stalk, but notably,
these mutants are able to undergo F refolding, fusion peptide in-
sertion, and membrane merger when triggered by heat.

It has been observed for other paramyxovirus F protein mu-
tants that when they fail to coimmunoprecipitate HN, H, or G,
they are also deficient for fusion when coexpressed with the ho-
mologous attachment protein (38, 44, 49). However, there have
been reports of fusion-dead F mutants that coimmunoprecipitate
with the attachment protein (47, 61, 62). Thus, the correlation
between the ability to cause fusion and the ability of F and the
receptor-binding protein to coimmunoprecipitate still lacks a
mechanistic explanation. Interestingly, the F Ig-like domain
structure remains essentially unchanged between the prefusion
and postfusion forms of paramyxovirus F proteins (15, 16, 18, 20).
Thus, it is possible that the protein-protein interaction observed
in coimmunoprecipitations persists or reforms after F refolds to
the postfusion form.

A previously characterized mutation (S443P) located at the
junction of the subunits within the F homotrimer in domain I
conferred a hyperfusogenic phenotype to PIV5 F (53). To probe
further the metastable nature of the F protein and its associated
refolding dynamics, we designed single point mutations in do-
main I to investigate further the role of this domain in the stability
of the F protein. Mutants F-V340A, F-V362A, and F-S364A
showed hyperfusogenic phenotypes similar to that of F-S443P.
Interestingly, as in F-S443P, these three mutations were located
between adjacent protomers of the F trimer, suggesting a critical

FIG 6 Model suggesting the role of Ig-like domains of PIV5 F in interactions with the HN stalk. Images are reconstructed from atomic structures by aligning the
PIV5 HN stalk structure (PDB ID 3TSI) (right panel) with the PIV5 HN 4-heads-up structure (PDB ID 1Z4X). The distance between the last residue visible in
the HN stalk structure and the viral or cellular membrane (gray bar) is estimated to be �28.5Å, if the assumption is made that these 20 residues are helical (dotted
lines). Cleaved PIV5 F-GCNt (PDB identfier 4GIP) was modeled adjacent to the constructed PIV5 HN in the 4-heads-up conformation described above. The
distance between the last residue before GCNt in the PIV5 F-cleaved structure and the viral or cellular membrane (gray bar) is estimated to be �10Å, if the
assumption is made that these residues are helical (dotted lines). The model predicts that the PIV5 F Ig-like domain corresponds in height to the middle region
of the PIV5 HN stalk, which has been implicated to be involved in F triggering (34). The adjoining key shows the color labeling of PIV5 F or measles virus F
residues, which are according to function and sequence alignment.

TABLE 2 Comparison of HN-H interaction residues of PIV5 F and
measles virus Fa

Serial
no.

Mutated
PIV5 F
residue

Corresponding
measles virus F
residue

Location in
PIV5 F
prefusion
structure

Possible PIV5
HN-interacting
residue

Corresponding
measles virus
H-interacting
residue

1 A392 T402 Domain II
(Ig-like)

Y ND

2 V393 I403 Domain II
(Ig-like)

Y ND

3 I394 I404 Domain II
(Ig-like)

ND

4 L395 N405 Domain II
(Ig-like)

Y ND

5 Q396 Q406 Domain II
(Ig-like)

ND

6 S382 S392 Domain II
(Ig-like)

Y ND

7 L384 L394 Domain II
(Ig-like)

Y Y

8 N298 S308 Domain I (h.p.) Y ND
9 F295 N305 Domain I (h.p.) ND
10 R368 R378 Domain I (h.p.) ND
11 T312 Q322 Domain I (h.p.) N Y
12 S314 Y324 Domain I (h.p.) N ND
13 Q339 Y349 Domain I (h.p.) N Y
14 V340 P350 Domain I N ND
15 V362 S372 Domain I N ND
16 S364 S374 Domain I N ND

a List of point mutants generated in PIV5 F and the corresponding residues of measles
virus F as shown by sequence alignment. The residues in PIV5 F or measles virus F (49)
that are implicated in interactions with HN or H are indicated. PIV5 F residues shown
in gray do not reach the surfaces of cells. Y, yes (possible interaction); N, no (possibly
not involved in direct interaction); h.p., hydrophobic pocket adjacent to the Ig-like
domain (Ig-like); ND, not determined.
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role for this region of domain I in the stability of the F protein. In
fact, these mutations cause the F proteins to become unstable to
such an extent that they are independent of the HN trigger and can
promote significant cell-cell fusion at 37°C, when expressed in the
absence of HN. Hence, unlike the Ig-like domain mutants, which
are HN insensitive, these mutants with mutations in domain I are
HN independent. In the study which conferred SV41 HN speci-
ficity to PIV5 F by replacing some PIV5 F segments with those of
SV41 F, amino acid replacements inducing a hyperfusogenic phe-
notype were also found at the junction of the protomers (51).

A model was created by aligning the PIV5 F prefusion structure
(15) with those of the PIV5 HN stalk 4HB (34) and the HN glob-
ular heads in the 4-heads-up conformation (26). The distances for
membrane-proximal regions for which no electron density was
observed were calculated under the assumption that these regions
are helical in nature (Fig. 6). Interestingly, the Ig-like domain of
PIV5 F lines up at approximately the same height as the central
part of the HN stalk, characterized by a transition from a linear to
a left-handed supercoiled region. Incidentally, this region has
been recently implicated in F interactions for various paramyxo-
viruses, including PIV5, measles virus, and CDV (34, 36, 47, 48).
The model suggests that F-triggering interactions between the
proposed site of F in the Ig-like domain and the HN (H or G) stalk
are plausible when HN globular heads are in the “up” position.
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