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The deadly paramyxovirus Nipah virus (NiV) contains a fusion glycoprotein (F) with canonical structural
and functional features common to its class. Receptor binding to the NiV attachment glycoprotein (G) triggers
F to undergo a two-phase conformational cascade: the first phase progresses from a metastable prefusion state
to a prehairpin intermediate (PHI), while the second phase is marked by transition from the PHI to the
six-helix-bundle hairpin. The PHI can be captured with peptides that mimic F’s heptad repeat regions, and
here we utilized a NiV heptad repeat peptide to quantify PHI formation and the half-lives (t1/2) of the first and
second fusion cascade phases. We found that ephrinB2 receptor binding to G triggered �2-fold more F than
that triggered by ephrinB3, consistent with the increased rate and extent of fusion observed with ephrinB2-
versus ephrinB3-expressing cells. In addition, for a series of hyper- and hypofusogenic F mutants, we quan-
tified F-triggering capacities and measured the kinetics of their fusion cascade phases. Hyper- and hypofuso-
genicity can each be manifested through distinct stages of the fusion cascade, giving rise to vastly different
half-lives for the first (t1/2, 1.9 to 7.5 min) or second (t1/2, 1.5 to 15.6 min) phase. While three mutants had a
shorter first phase and a longer second phase than the wild-type protein, one mutant had the opposite
phenotype. Thus, our results reveal multiple critical parameters that govern the paramyxovirus fusion cascade,
and our assays should help efforts to elucidate other class I membrane fusion processes.

Nipah (NiV) and Hendra (HeV) viruses are emerging mem-
bers of the new Paramyxoviridae genus Henipavirus (12, 19).
The Paramyxoviridae family comprises important viral patho-
gens, such as measles, mumps, human parainfluenza, respira-
tory syncytial, and Newcastle disease viruses and the henipa-
viruses (HNV), and NiV is its deadliest known member (4, 5).
NiV has a broad host range and causes respiratory and neu-
rological symptoms that often lead to encephalitis and a mor-
tality rate of up to 75% in humans (21, 47). It can also spread
efficiently and cause morbidity in economically important live-
stock (21). NiV is a biosafety level 4 (BSL4) pathogen and is
considered a select agent with bio- and agro-terrorism poten-
tial. Both animal-to-human and human-to-human transmis-
sions have been documented (4, 5), underscoring the need for
research and treatment development. Since microvascular en-
dothelial cell-cell fusion (syncytium formation) is a pathogno-
monic hallmark of NiV infection (50), understanding virus-cell
and cell-cell membrane fusion should assist in the development
of therapeutics to target this aspect of NiV pathobiology.

Paramyxovirus membrane fusion requires the coordinated
action of the attachment (G, HN, or H) and fusion (F) glyco-
proteins, and numerous canonical structural and functional
features of G/HN/H and F proteins are conserved among
paramyxoviruses (20, 23, 46, 48). G/HN/H proteins have a
receptor-binding globular domain formed by a six-bladed beta-
propeller connected to its transmembrane anchor via a flexible

stalk domain (10, 51). For NiV and HeV, both ephrinB2 (B2)
and ephrinB3 (B3) can be used as cell receptors (8, 33, 34),
although B2 appears to be the higher-affinity receptor (34). B2
or B3 receptors bind to and activate G, which in turn triggers
a conformation cascade in F that leads to membrane fusion
(1). HNV F proteins are trimeric class I fusion proteins with
structural/functional features common to their class (23, 52).
HNV F proteins are synthesized as precursors that are cleaved
and hence activated into a metastable conformation, poised for
enabling membrane fusion. Cleavage generates a new N ter-
minus that contains a hydrophobic fusion peptide (48). For
NiV and HeV, the precursor (F0) reaches the plasma mem-
brane uncleaved, but endocytosis exposes F0 to cathepsin L in
the endosomes, cleaving F0 to generate mature disulfide-linked
F1 and F2 subunits that are trafficked back to the cell surface
(14, 31). The structures of the retroviral Moloney murine leu-
kemia virus p15E, lentiviral human immunodeficiency virus
type 1 (HIV-1) gp41, Ebola virus GP2, influenza virus HA, and
paramyxovirus SV5 and NiV-F fusion proteins all share similar
trimeric coiled-coil core structures (6, 11, 17, 27, 53) and, in
general, similar membrane fusion mechanisms (22, 23, 48).

Receptor binding to paramyxoviral G/HN/H triggers a con-
formational cascade in F, leading to membrane fusion (Fig. 1).
Although the determinants for F triggering on G/HN/H have
not been defined clearly, evidence suggests that the stalk do-
main (7, 13, 24, 28, 29) and, at least for NiV, a region at the
base of the globular domain of G (1) are involved in F trig-
gering. Additionally, recent evidence indicates an interaction
between the stalk region of the measles virus H protein and the
globular domain of the cognate F protein (35). Once triggered,
F progresses through a prehairpin intermediate (PHI) (Fig. 1A
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and B). In the PHI conformation, the fusion peptide is har-
pooned into the host cell membrane, and the N- and C-termi-
nal heptad repeat domains (HR1 and HR2, respectively) are
exposed. The HR domains then coalesce into the postfusion
six-helix-bundle (6HB) hairpin conformation. In the 6HB, the
transmembrane and fusion peptide domains are juxtaposed,
bringing viral and target cell membranes together and driving
membrane fusion (Fig. 1C) (30, 48). Much evidence suggests
that 6HB formation is coincident with membrane merger and
that synthetic HR1 and HR2 peptides only bind to and inhibit
fusion intermediates (e.g., PHI) prior to 6HB formation (9, 30,
37, 43, 48). Additionally, HR1 peptides can inhibit an earlier
fusion intermediate than that inhibited by HR2 peptides (43),
and HR2 peptides are invariably more potent inhibitors of
fusion than HR1 peptides. HR2 peptides trap the PHI by
binding to the radial interstices formed by the trimeric HR1
core, inhibiting 6HB formation and membrane fusion (22, 23,
48). Altogether, there is much evidence to support the fusion
cascade shown in Fig. 1 and the use of HR2 peptides to phys-
ically capture fusion intermediates (9, 30, 43, 48).

We previously developed a fluorescence-activated cell sort-
ing (FACS)-based NiV-F-triggering assay by measuring the
amount of HR2 peptide binding to F/G-expressing cells trig-
gered by cell surface ephrinB2 (1). In this study, we further
optimized our assay for robust quantification of HR2 peptide

binding and used this assay to monitor the differential degree
of F triggering induced by B2 or B3. In addition, through
“time-of-addition” and “time-of-stopping” experiments (de-
scribed below), we show that this HR2 binding assay can mea-
sure the half-lives of various fusion intermediates, i.e., the
transition times from the prefusion (PF) state to PHI and from
PHI to 6HB. Using a panel of hyper- and hypofusogenic mu-
tants, we show that hyper- and hypofusogenicity can each be
manifested through distinct effects on the half-lives of these
fusion intermediates and/or the absolute amounts of F trigger-
ing. Thus, we elucidated the impacts of different mutations on
individual steps of the fusion cascade. Since HR2 peptides can
generally capture the PHI of class I fusion proteins, our assays
should help efforts to understand fusion processes mediated by
other class I fusion proteins.

MATERIALS AND METHODS

Expression plasmids. Codon-optimized NiV-G and NiV-F genes, tagged at
their C termini with hemagglutinin (HA) and AU1 tags, respectively, were
utilized. Their constructs were previously described (25), and all mutant F pro-
tein constructs utilized were previously published (2, 3).

Cell culture. CHOpgsA745 (CHO) cells were cultured in minimal essential
medium alpha with 10% fetal bovine serum (FBS). PK13 and 293T cells were
cultured in Dulbecco’s modified Eagle’s medium with 10% FBS. We obtained
293T and CHOpgsA745 cells from the ATCC and PK13 (porcine fibroblast) cells
from Irvin Chen at UCLA. CHOpgsA745 cells stably expressing ephrinB2

FIG. 1. Nipah virus fusion cascade. The schematic shows the NiV fusion cascade broken down into three major stages. (A) EphrinB2 or
ephrinB3 binding to NiV-G triggers the metastable NiV-F protein through allosteric mechanisms that are still being elucidated. (B) After F is
triggered, it forms the PHI, in which a fusion peptide is harpooned into the host cell membrane. The PHI can be captured by peptides that mimic
the NiV-F HR1 (orange-striped cylinder) or HR2 (green-striped cylinder) region and bind the F HR2 or HR1 region, respectively. (C) The HR1
and HR2 regions in the PHI coalesce to form the 6HB conformation, bringing the viral and cell membranes together and facilitating virus-host
membrane fusion and viral entry. The viral membrane can be replaced by a cell membrane expressing the F and G glycoproteins in cell-cell fusion,
resulting in syncytium formation. We term the transitions from A to B and from B to C phases I and II, respectively, of the fusion cascade.
(D) Schematic representation of the F-triggering assay, showing its four main steps: (1) receptor binding at 4°C, (2) biotinylated HR2 peptide
addition and induction of F triggering at 37°C, (3) fixation at 4°C with paraformaldehyde, and (4) signal amplification at 4°C. In the “time-of-
addition” and “time-of-stopping” experiments, step 2 was modified as indicated in the text. The HR2 peptide (green hatched column) is shown
with its N-terminal biotin modification (red star). Blue stars, streptavidin-APC; black, three-pronged symbols, activator; blue symbols with red
octagons, enhancer.
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(CHOB2) or ephrinB3 (CHOB3) were described previously and were cultured in
CHOpgsA745 medium supplemented with 1 mg/ml G418 (34).

Quantification of syncytium formation. NiV-G and wild-type or mutant NiV-F
expression plasmids (1:1 ratio; 1 �g in total) were transfected into CHOB2 or
CHOB3 cells growing in 12-well plates at 80% confluence. At 18 h posttrans-
fection, cells were fixed in 2% paraformaldehyde and cell-cell fusion was quan-
tified by counting the number of nuclei within syncytia per field (magnification,
�200; 5 fields were counted per well). Syncytia were defined as 4 or more nuclei
visualized within a common cell membrane (3, 25).

Quantification of NiV-F, NiV-G, and receptor cell surface expression levels by
flow cytometry. Production of anti-NiV-F or -G antisera from genetically immu-
nized rabbits was previously described (33). Anti-F and anti-G antisera 834 and
806, respectively (3), were used at a 1:1,000 dilution for flow cytometry on
NiV-F/G-transfected cells. Bound antibody was detected with phycoerythrin
(PE)-conjugated goat anti-rabbit antibodies (Caltag, Burlingame, CA). For de-
tection of cell surface B2 or B3, soluble EphB3 conjugated to human Fc (R&D
Systems, Minneapolis, MN) was used at a 1:1,000 dilution. B3 was detected with
PE-conjugated anti-human antibodies (Caltag). Background values were ob-
tained by binding equal concentrations of antibodies or EphB3-Fc and secondary
reagents to untransfected CHOpgsA745 cells and were subtracted from the
cognate binding level to CHOB2 or CHOB3 cells.

Real-time fusion kinetics. The fusion kinetics of cells expressing wild-type
(WT) NiV-F and NiV-G with cells expressing either ephrinB2 (CHOB2),
ephrinB3 (CHOB3), or neither (CHO) was determined in a �-lactamase re-
porter cell-cell fusion assay, as previously described (2, 3, 26, 42). For enhanced
sensitivity, a catalytically enhanced and codon-optimized �-lactamase gene was
used (16, 49). Fusion-nonpermissive PK13 effector cells were cotransfected with
�-lactamase, NiV-G, and NiV-F by use of BioT transfection reagent (Bioland
Scientific, Cerritos, CA). These were then mixed with CHO, CHO-B2, or
CHO-B3 cells labeled with the CCF2-AM dye. Effector and target cells were
incubated for 30 min at 4°C and then moved immediately to 37°C. Cell-cell fusion
was detected by analyzing the shift from green to blue fluorescence at 37°C,
indicating �-lactamase cleavage of CCF2-AM. Fluorescence was quantified every
3 min with a Synergy 2 Multimode microplate reader (BioTek Instruments,
Winooski, VT). The results are expressed as the ratio of blue to green fluores-
cence obtained with NiV-G- and NiV-F-transfected effectors minus the back-
ground blue-to-green fluorescence ratios obtained with effector cells lacking
NiV-F.

Triggering of NiV-F. F-triggering assays were performed as previously de-
scribed (1), but with the optimized protocols and signal amplification methods
described here. CHO cells were transfected with F, G, and green fluorescent
protein (GFP) expression plasmids, at a 13:6:1 ratio. At 18 h posttransfection, the
transfected cells and untransfected CHO (negative control), CHOB2, or CHOB3
cells were mixed at a 1:1 ratio and incubated for 90 min at 4°C or 37°C in the
presence of excess (500 �M) biotinylated HR2 peptide (biotin-KVDISSQISSM
NQSLQQSKDYIKEAQRLLDTVNPSL). Where indicated, the HR2 peptide
was added at various times during the 37°C incubation. Subsequently, the cells
were moved back to 4°C, washed with wash buffer (1% FBS in phosphate-
buffered saline [PBS]), fixed in 2% paraformaldehyde for 15 min, and washed
again twice with wash buffer. The biotinylated HR2 peptide bound to F was

detected using allophycocyanin (APC)-conjugated streptavidin and was quanti-
fied by flow cytometric analysis. To enhance our signals and signal/noise ratios,
an APC amplification kit was used (Miltenyi Biotec, Auburn, CA), and we
focused our analysis on F-expressing cells by gating on the brightest GFP-
expressing cells and analyzing for APC fluorescence within the GFP�� gate.

RESULTS

Optimization of NiV-F-triggering assay. The paramyxovirus
attachment protein triggers the fusion protein to initiate the
fusion cascade, but the parameters that govern the rate and
extent of the fusion cascade that leads to membrane fusion
remain to be elucidated (22, 46, 48). An F-triggering assay that
can quantify the rate and extent of the fusion conformational
cascade induced by receptor variants or envelope protein mu-
tations would provide valuable insights into the paramyxovirus
entry process. We previously developed a flow cytometry-based
NiV-F-triggering assay to measure the effects of NiV-G fusion
mutations on F triggering (1). Essentially, detection of binding
of a biotinylated HR2 peptide that trapped the PHI confor-
mation on the surfaces of NiV-F/G-expressing cells, triggered
with receptor-containing CHOB2 cells, served as a surrogate
marker for F triggering and fusion peptide exposure (Fig. 1D).

However, in order to efficiently utilize this technique to
quantify the effects of receptor subtypes or F mutations on F
triggering, as well as to dissect the half-lives of the fusion
cascade steps affected by hyper- or hypofusogenic F fusion
mutants, we improved the robustness of the assay by increasing
the signal/noise ratio and the absolute HR2 peptide binding
signals. The optimized methods utilized, including the use of
signal amplification, are described in Materials and Methods.
Figure 2A shows our gating strategy on live (R1; top panel)
and high-GFP-expressing (R2; bottom panel) cells. We rea-
soned that HR2 binding would be most prominent on the
highest-level F/G-expressing cells. A comparison of represen-
tative histograms (gated on R1 and R2 cells) resulting from
experiments with and without the utilization of an APC signal
amplification kit is shown in Fig. 2B. Note that increased HR2
binding was apparent only under fusion-permissive conditions,
such as when CHOB2 cells (solid line, unfilled histogram), but
not CHO cells (filled histogram), were used to trigger the
fusion cascade at 37°C. At 4°C, there was no difference in HR2

FIG. 2. Optimization of NiV-F-triggering assay. (A) NiV-F/G- and GFP-cotransfected CHO cells were gated for live cells (R1 gate; top panel)
expressing high levels of GFP (well-transfected cells) in the high-FL1 gate (R2; bottom panel). (B) To increase the magnitudes and signal/noise
ratios of the biotin-HR2 peptide binding signals, the streptavidin-APC signals were increased with an anti-APC signal amplification kit. Repre-
sentative histograms of APC signals from the R2 gate (A) are shown for samples incubated at 4°C versus 37°C, with and without amplification.
Filled histograms represent triggering with the CHO cell negative control, while the open histograms represent the positive signals obtained using
CHOB2 cells as target cells. (C) Data from panel B are shown as MFI averages � standard deviations (SD) for 3 independent experiments.
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peptide binding, regardless of whether CHO or CHOB2 cells
were used, underscoring the specificity of HR2 peptide binding
and consistent with current fusion models where fusion pep-
tide exposure is energy dependent (1, 43, 48).

Figure 2C summarizes the mean fluorescence intensities
(MFI) from the histograms in Fig. 2B, measured over multiple
experiments. The average signal/noise ratios improved when
amplification was used, and importantly, the overall average
HR2 binding signal also increased (51 MFI units with no am-
plification versus 182 MFI units with amplification), providing
a larger dynamic range to discern the amount of HR2 binding
(�MFI values of �127 and �31 with and without amplifica-
tion, respectively).

EphrinB2 receptor engagement triggers NiV-F to a greater
extent, and produces faster fusion kinetics, than ephrinB3.
The B2 receptor binds NiV-G with a higher affinity than that of
the B3 receptor (34) and induces more syncytia when infected
with live NiV (34). However, whether the levels of receptor
binding and syncytium formation correspond to levels of F
triggering and/or fusion kinetics induced by B2 or B3 receptors
is unknown. To address these questions, we first performed a
cell-cell fusion assay by transfecting NiV-F and -G expression
plasmids into CHOB2 or CHOB3 cells. NiV-F/G-transfected
CHOB2 cells produced about 4-fold more syncytia than did
CHOB3 cells (Fig. 3A), despite having similar levels of cell
surface F, G (Fig. 3A), and receptor (Fig. 3B) proteins.

Next, we performed the F-triggering assay as described
above (Fig. 1D) and found that ephrinB2 triggered NiV-F
more efficiently than ephrinB3 did, as the levels of HR2 pep-
tide binding induced by CHOB3 cells were only about 58% of
those induced by CHOB2 cells (Fig. 3B). Since these F-trig-
gering differences were not due to differences in F or G or in
B2 or B3 cell surface expression levels (Fig. 3A and B), our
results suggest that B3 binding to NiV-G triggers a smaller
proportion of NiV-F proteins to undergo the fusion peptide
exposure and PHI transitions. This would likely result in a
lower rate and extent of fusion. To determine if this was true,
we performed a real-time fusion kinetics assay using �-lacta-
mase-mediated cleavage of CCF2-AM as a measure of cyto-
solic mixing (see Materials and Methods). Figure 3C shows
that fusion occurred at a higher rate (6 � 10�3 versus 2 � 10�3

relative fusion units/min) and progressed to a greater extent
(higher plateau) with CHOB2 than with CHOB3 cells, consis-
tent with B2 binding to G being a more efficient trigger of F
than B3 binding to G (Fig. 3B).

NiV-F hyperfusogenic mutants affect F triggering differently
and affect distinct steps in the fusion cascade. Next, we sought
to determine if the F-triggering assay could discern how par-
ticular fusogenic mutants in NiV-F itself affect different steps
of the fusion cascade. Thus, we selected two previously pub-
lished NiV-F hyperfusogenic mutants that produce similarly
increased levels of syncytia but different fusion kinetics,
namely, the F3F5 ectodomain N-glycan mutant and the K1A
cytoplasmic tail mutant (2, 3). For construction of the F3F5
mutant, two N-glycans (F3 and F5) were removed via conser-
vative mutagenesis of their glycosylation sequences from
NX(S/T) to QX(S/T) (3). For construction of the NiV-F K1A
mutant, the first lysine in a membrane-proximal polybasic
KKR motif was mutated to alanine (2). Importantly, both
mutants yielded syncytium levels that were 6- to 7-fold higher

than those produced by the wild-type F protein (2, 3). How-
ever, the F3F5 mutant had a different fusion kinetics profile
from that of the K1A mutant, as shown schematically in Fig.
4A (based on data from references 2 and 3). Compared to the
wild-type protein, the F3F5 mutant showed an increased rate
of fusion from the very beginning, and it reached much higher
levels of fusion by the end of the time course. In contrast, the
K1A mutant started with the same fusion kinetics rate as the
wild-type F protein and displayed only moderately increased
fusion kinetics later in the time course (Fig. 4A) (2, 3). Thus,

FIG. 3. EphrinB2 receptor engagement triggers NiV-F to a greater
extent than that with ephrinB3. (A) Levels of syncytia produced in
CHOB2 or CHOB3 cells transfected with equal amounts of F and G
glycoproteins. F and G cell surface expression (CSE) levels were mea-
sured with anti-F and anti-G polyclonal antisera. Values were normal-
ized to the surface expression and syncytium levels from the CHOB2
cell experiment. Data are averages � SD for 3 experiments. (B) Rel-
ative amounts of F triggering induced by B2 versus B3 receptors.
Similar levels of B2 and B3 receptors were expressed in CHOB2 and
CHOB3 cells, as measured by soluble EphB3-Fc binding. Values were
normalized to the surface expression and triggering levels from the
CHOB2 cell experiment. Data are averages � SD for 3 experiments.
(C) Relative real-time fusion kinetics profiles obtained with CHOB2
versus CHOB3 cells (see Materials and Methods). Blue/green fluores-
cence ratios were measured every 3 min and were plotted after sub-
tracting the blue/green ratio obtained using effector cells lacking the F
protein. Data shown are averages for 3 independent experiments.
Regression curves were obtained using GraphPad Prism.
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we hypothesized that the F3F5 and K1A mutants affect F
triggering differently and modulate fusogenicity at distinct
steps during the fusion cascade.

Figure 4B and C show that the overall extent of F triggering
was 3-fold greater for the F3F5 mutant protein than for the
wild-type F or K1A mutant protein (representative histograms
are shown in Fig. 4B, and data for multiple experiments are
quantified and summarized in Fig. 4C). The increased level of
HR2 peptide binding to the F3F5 protein was not due to
increased levels of cell surface expression, as both mutant
proteins had similar cell surface expression levels to that of the
wild-type F protein, as shown previously by flow cytometry and
biotinylated Western blot analysis (2, 3) and corroborated here
by flow cytometry (Fig. 4C). Additionally, processing levels of
the F3F5 and K1A mutant proteins were similar to those of the
wild-type NiV-F protein (2, 3) and thus did not account for
differences in their F-triggering levels.

In order to further address our hypothesis that our hyper-
fusogenic mutant F proteins affect F triggering differently and
modulate fusogenicity at distinct steps during the fusion cas-
cade, we devised two different time course experiments based
on our F-triggering assay. In the first one, after synchronization
of the fusion event by binding of effector and target cells for 2 h
at 4°C, we subjected the cells to a 90-min incubation period at
37°C, adding the HR2 peptide at different time points after the
switch to 37°C (step 2 in Fig. 1D; times of HR2 addition, 0, 5,
10, 15, 20, 30, 60, and 90 min). We called this the “time-of-
addition” experiment. We had previously observed that the
HR1 domain is not available for binding of the HR2 peptide at

4°C, but only after F is triggered at 37°C (1) to undergo fusion
peptide exposure and PHI formation. Furthermore, once F
completes the transition from the PHI to the 6HB form, the
HR2 peptide is also no longer capable of binding to F. Thus, in
the time-of-addition assay, the longer we wait before adding
the HR2 peptide, the smaller is the fraction of F available for
HR2 peptide binding, as more of the F in the PHI conforma-
tion transitions to the 6HB state.

In essence, the relative time of availability of HR1 in F for
binding to the HR2 peptide added is a measure of the amount
of F protein triggered but not yet folded into the 6HB. We
calculated the half-life of this time by using GraphPad Prism
and called this time tT, as it represents the total time that the
F protein is in the PHI conformation(s) (Fig. 4D). The results
of this time-of-addition experiment for wild-type F and the
F3F5 and K1A mutants are shown in Fig. 4E. The calculated
half-lives of the total time that fusion intermediates were avail-
able for HR2 peptide binding for the wild-type F protein and
the F3F5 and K1A mutant proteins were 7.6, 8.3, and 9.0 min,
respectively, which were not significantly different from each
other. However, since tT could be defined as the total transition
time from the PF stage to the PHI stage (tA) and from the PHI
stage to the 6HB stage (tB), we designed a second modification
to our experiment to measure the transition time for the first
part of the fusion cascade (tA) (Fig. 4D).

In the second experiment, also after synchronization of the
fusion event by binding of effector and target cells for 2 h at
4°C, we subjected the cell mixture to a 60-min incubation
period at 37°C. However, in this case, the HR2 peptide was

FIG. 4. NiV-F hyperfusogenic mutants affect distinct steps in the fusion cascade. (A) Schematic representation of the fusion kinetics profiles
of the wild-type and indicated mutant NiV-F proteins obtained in real-time fusion kinetics assays (based on data from references 2 and 3). (B) Flow
cytometry histograms showing the amounts of binding of biotinylated HR2 peptide (F triggering) to the wild-type and hyperfusogenic F3F5 and
K1A mutant proteins. Data were obtained exactly as described in the legend to Fig. 2A and B. (C) The cell surface expression (CSE) levels of F,
F3F5, and K1A were measured using polyclonal anti-F (834) antiserum. The levels of F triggering obtained with these proteins were measured
exactly as described in the legend to Fig. 2C and were normalized to those of the wild-type F protein. Data shown are averages � SD for 3
experiments. (D) Time course model of the membrane fusion cascade (not to scale). The time between the prefusion and PHI conformations (tA)
and the time between the PHI and 6HB conformations (tB) are depicted. The total time between the prefusion and 6HB conformations (tT) is the
sum of tA and tB. (E) Time-of-addition experiment. In this experiment, the HR2 peptide was added 0, 5, 10, 15, 20, 30, 60, or 90 min after the switch
of the temperature from 4°C to 37°C (t0) (step 2 in Fig. 1D) to allow the fusion cascade to proceed. Measurements of HR2 binding are shown,
normalized to HR2 binding at t0. Data shown are averages � SD for 3 experiments. Data were graphed and t1/2 values calculated using GraphPad
Prism. (F) Time-of-stopping experiment. In this experiment, the HR2 peptide was added at the time of temperature switch from 4°C to 37°C (t0)
(step 2 in Fig. 1D). However, 0, 2.5, 5, 7.5, 10, 15, 20, 30, or 60 min after t0, the cells were taken from their 37°C conditions, placed in ice, washed
with cold wash buffer, and fixed with 2% paraformaldehyde. Polypropylene tubes were used for fast energy transfer. The amounts of HR2 binding
are shown as normalized averages for 3 separate experiments � SD, normalized to the maximum HR2 binding values.
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added at the time of the temperature switch (time zero) in all
cases (step 2 in Fig. 1D), and then the fusion cascade was
stopped by shifting the cells from 37°C to 4°C and fixing them
at different time points during the 60-min incubation period (0,
2.5, 5, 7.5, 10, 15, 20, 30, and 60 min). We called this the
“time-of-stopping” experiment. Essentially, at various points in
this time-of-stopping experiment, we simply “froze” the fusion
cascade and determined the amount of HR2 peptide already
bound. If an F protein was already at the PHI stage, stopping
the fusion cascade would not affect its binding to HR2. How-
ever, if the F protein was not yet triggered to form the PHI
conformation, where HR1 is available for HR2 peptide bind-
ing, stopping the fusion cascade would prevent any additional
HR2 peptide binding. Therefore, what we measured in this
experiment was the half-life of the transition time between the
PF and PHI conformations (tA) (Fig. 4D). We termed this
phase I of the fusion cascade.

The results from the time-of-stopping experiment are shown
in Fig. 4F, and the calculated tA half-lives for the wild-type,
F3F5, and K1A proteins were 3.5, 1.9, and 7.5 min, respec-
tively. Thus, for the F3F5 and K1A mutants, our data suggest
that the prefusion-to-PHI conformational changes occurred
significantly faster (tA 	 1.9 min) and slower (tA 	 7.5 min),
respectively, than those of the wild-type protein (tA 	 3.5 min)
(P 	 0.0005 for WT F versus F3F5 and P 	 0.03 for WT F
versus K1A; paired Student’s t test). In summary, while both
the F3F5 and K1A proteins resulted in hyperfusogenic pheno-
types, our F-triggering assays revealed that these hyperfuso-
genic mutants were triggered to different extents and also man-
ifested their hyperfusogenicity by affecting distinct steps of the
fusion cascade.

NiV-F hypofusogenic mutants affect distinct steps of the
fusion cascade. To determine the various modes by which
hypofusogenicity could be effected, we similarly selected two
hypofusogenic NiV-F mutants based on their previously pub-

lished syncytium formation levels and fusion kinetics, namely,
the K2A and R3A cytoplasmic tail mutants (2). For these
mutants, the second and third residues of the same membrane-
proximal polybasic KKR motif that was mutated for the K1A
mutant were both mutated to Ala. However, our previous
results indicated that the K2A and R3A mutants yielded syn-
cytium levels that were 20% and 30%, respectively, of those
produced by the wild-type F protein. Interestingly, despite
their similar levels of hypofusogenicity, they produced distinct
fusion kinetics profiles, schematically illustrated in Fig. 4A
(based on data from reference 2). The K2A mutant had a
markedly reduced rate of fusion from the beginning and
reached lower levels of cell-cell fusion by the end of the time
course (Fig. 4A) (2). In contrast, the R3A mutant started with
the same fusion kinetics as the wild-type F protein but signif-
icantly diverged later in the time course, displaying much
slower fusion kinetics and reaching a plateau at lower levels of
fusion than those for wild-type F (Fig. 4A) (2). Thus, we
hypothesized that the K2A and R3A mutants manifest their
hypofusogenicity by affecting the fusion cascade at distinct
steps.

Therefore, we subjected these hypofusogenic mutant pro-
teins to the same two F-triggering experiments described above
for the hyperfusogenic mutants and calculated their tT and tA
half-lives. First, Fig. 5A and B show that the proportions of
K2A and R3A mutant proteins that were triggered in 90 min
were only approximately 60% of the level for the wild-type F
protein. These data are consistent with the lower levels of
cell-cell syncytium formation produced by these mutants than
by the wild-type protein. Next, Fig. 5C shows that the tT half-
lives obtained for the K2A and R3A mutants in the time-of-
addition experiment were 18.1 min and 6.7 min, respectively.
These data indicate that the half-life of the transition time
between the prefusion and 6HB conformations for the K2A
mutant (tT 	 18.1 min) was significantly longer (�2.5-fold; P 	

FIG. 5. NiV-F hypofusogenic mutants distinctly affect the fusion cascade. (A) Flow cytometry histograms showing the amounts of HR2 peptide
binding (F triggering) to the wild-type and hypofusogenic K2A and R3A mutant proteins, obtained as described in the legend to Fig. 2A and B.
(B) Quantification of cell surface expression (CSE) and F-triggering levels for the wild type and the K2A and R3A mutants, obtained as described
in the legend to Fig. 4C. (C) Time-of-addition experiment for the wild-type and K2A and R3A hypofusogenic mutant F proteins, performed as
described in the legend to Fig. 4E. (D) Time-of-stopping experiment for the hypofusogenic mutants K2A and R3A, performed as described in the
legend to Fig. 4F.
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0.02) than the corresponding half-life for either the wild-type
(tT 	 7.6 min) or R3A (tT 	 6.7 min) protein. Thus, these data
suggest an overall slower fusion cascade for the K2A mutant,
consistent with its reduced rate and extent of fusion in the
fusion kinetics assay (Fig. 4A) (2).

Next, we subjected these hypofusogenic mutants to a time-
of-stopping experiment to obtain their tA half-lives. Figure 5D
shows that the K2A and R3A mutants had tA half-lives of 2.5
and 1.9 min, respectively, compared to 3.5 min for the wild-
type F protein. Since both hypofusogenic mutants transitioned
from the prefusion state to the PHI conformation (tA) at an
equivalent or even higher rate than that for wild-type F, our
data suggest that their extrapolated half-lives of the transition
time from the PHI to the 6HB conformation (tB 	 tT � tA)
must be longer than that for the wild-type protein (summarized
in Fig. 6). Overall, our results suggest that the hypofusogenic
K2A and R3A cytoplasmic tail mutants slow down the fusion
cascade predominantly after the PHI conformation, with K2A
showing the longest transition times between the PHI and 6HB
conformations. These data are consistent with the fusion ki-
netics profiles of these hypofusogenic mutants (Fig. 4A) (2). In
addition, comparison of the R3A and wild-type protein data
suggests that in order to account for the hypofusogenic phe-
notype of the R3A mutant, the R3A mutation likely affects a
step subsequent to 6HB formation, such as fusion pore en-
largement. This notion is also supported by the fusion kinetics
profiles of the wild type and the R3A mutant (Fig. 4A) (2), in
which the R3A mutant exhibited a lower kinetic rate than the
wild-type protein only during the latter part of the time curve.
The half-lives of all F proteins analyzed are summarized in Fig.
6, where tB was calculated as the difference between tT and tA.

DISCUSSION

We optimized a FACS-based F-triggering assay that utilizes
HR2 peptide binding as a measure of the extent of PHI for-
mation during the fusion cascade. Using this assay in combi-
nation with real-time fusion kinetics to study Nipah virus mem-
brane fusion, we first found that B2 binding to NiV-G induced
greater levels of F triggering (Fig. 3B) and faster fusion kinet-
ics (Fig. 3C) than did B3 binding. These results are consistent
with B2 having a greater binding avidity for G (34) and pro-
ducing higher levels of syncytia (Fig. 3A) than those with B3.

Our data implicate the avidity of receptor/attachment protein
binding as a strong determining factor for the extent of F
triggering induced in NiV. This notion is consistent with our
previously published data showing that receptor-induced con-
formational changes in NiV-G, detected with monoclonal an-
tibody Mab45, were induced to a lesser extent by soluble B3
than B2 at an equivalent concentration (1). Somewhat parallel
results have been observed for the HIV-1 class I fusion protein
gp41, although for HIV-1, attachment and fusion functions
exist in two subunits of a single protein (gp120 and gp41,
respectively). For HIV-1, distinct coreceptors induce distinct
levels of gp41 triggering to undergo the fusion cascade, and
those levels correspond to distinct sensitivities to HR2 peptide
inhibition (32). Therefore, we speculate that our results for
NiV may have implications for the use of HR2 reagents for
inhibition of infection of the henipaviruses and/or other
paramyxoviruses.

The rate of fusion kinetics for HIV-1 seems to inversely
correlate with relative sensitivities to HR2 peptide inhibition
(32). In addition, for the paramyxoviruses, a peptide containing
the HR2 sequence of human parainfluenza virus 3 (HPIV3)
inhibited NiV and HeV viral infection more efficiently than
homologous HPIV3 infection, despite a stronger homotypic
HR1-HR2 interaction for HPIV3 (36, 37). This rather unex-
pected finding was attributed to relatively slower fusion kinet-
ics for NiV and HeV than for HPIV3 (38). Therefore, it will be
of interest to determine whether the lower levels of F trigger-
ing and slower fusion kinetics induced by ephrinB3 correlate
with higher sensitivities to HR2 peptide inhibition and whether
differential usage of B2 and B3 receptors by NiV and HeV may
result in differential sensitivities to HR2 peptide inhibition for
these two viruses in vitro and in vivo.

Our F-triggering assay was developed not only to determine
the extent of F triggering but also to discern at least two phases
of the fusion cascade affected by hyper- and hypofusogenic F
mutants. We defined the half-life of the total time the PHI is
available for HR2 peptide binding (tT) as the sum of the half-
life of the transition time from the prefusion state to the PHI
conformation (tA) and the half-life of the transition time from
the PHI state to the 6HB conformation (tB) (Fig. 4D). Our
F-triggering assays allowed us to directly measure tT and tA,
and since tT 	 tA � tB, tB was then calculated with the equation
tB 	 tT � tA. The transition time half-lives of the various F
proteins analyzed are summarized in Fig. 6. Notably, tA and tB
for wild-type F were almost equivalent (3.5 versus 4.1 min),
although there is no a priori reason to expect them to be so.
Also, for all the mutants analyzed, tA was always smaller than
tT, consistent with our notion of what the time-of-addition and
time-of-stopping experiments measure. It is also reassuring
that our tT half-life (7.6 min) was comparable to the half-life of
triggered HIV-1 gp41 (roughly 10 min), obtained from binding
of monoclonal antibody NC-1 to the N-terminal trimer in the
PHI of triggered gp41 (15).

Our results indicate that the hyperfusogenic F3F5 and K1A
F mutants are triggered to different extents and affect distinct
steps of the fusion cascade, even though both mutants exhibit
similar levels of increased syncytium formation (2, 3). Signifi-
cant differences were observed between the wild-type and hy-
perfusogenic mutant proteins, with shorter and longer tA half-
lives for the F3F5 (tA 	 1.9 min) and K1A (tA 	 7.5 min)

FIG. 6. Fusion cascade time course schematic for the wild-type F
protein and hyperfusogenic and hypofusogenic F mutant proteins. The
t1/2 for the time between the PF and PHI conformations (tA) and the
t1/2 for the time between the PHI and 6HB conformations (tB) are
depicted (top panel) and shown as values (bottom panel). tT values
were obtained from Fig. 4E and 5C, while tA values were obtained from
Fig. 4F and 5D. tB values were estimated by subtracting tA from tT for
each wild-type or mutant F protein.
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mutants, respectively, than for the wild-type protein (tA 	 3.5
min). These data suggest that for the F3F5 protein, the PHI is
formed more efficiently than for the wild-type and K1A pro-
teins. We hypothesize that this may be attributable to the lack
of bulky hydrophilic N-glycans at the F3 and F5 positions in the
F3F5 mutant protein, thereby facilitating the conformational
transitions from the prefusion to the PHI stage.

The transition time between the PHI and 6HB conformations
(tB) for the F3F5 mutant (6.4 min) was longer than that for the
wild-type protein (4.1 min). These data are consistent with the
total amount of HR2 peptide binding (F triggering) for the F3F5
mutant being greater than that for the wild-type protein or the
K1A protein (Fig. 4B and C). Proteins that reach the PHI state
faster and stay in the PHI conformation longer will have a higher
chance of HR2 binding. The higher absolute levels of HR2 pep-
tide binding for the F3F5 mutant may also indicate that a larger
proportion of F proteins are triggered than that for the wild-type
protein, although we cannot rule out that the lack of F3F5 N-
glycans allows for greater accessibility to HR2 peptide binding.
Additionally, the higher rate and extent of fusion observed for the
F3F5 mutant in the fusion kinetics assay are also consistent with
a shorter tA time (Fig. 4F) and with more F molecules undergoing
the triggering event (Fig. 4B and C). In sum, our data suggest that
the F3F5 mutation manifests its hyperfusogenicity by speeding
up the transition time from the prefusion to the PHI conforma-
tion (tA), allowing for a greater proportion of F proteins to be
triggered.

In contrast, the transition time between the prefusion and
PHI conformations for the hyperfusogenic K1A cytoplasmic
tail mutant (tA) was longer than that for the wild-type protein
(7.5 min versus 3.5 min; P 	 0.03), which implied that the
corresponding transition time between the PHI and 6HB con-
formations (tB) was shorter than that for wild-type F (Fig. 6).
Interestingly, while this mutant resulted in increased syncytium
formation similar to that of the F3F5 mutant (6- to 7-fold more
than that of wild-type F) (2, 3), its fusion kinetics profile did
not escalate nearly as much as the profile for the F3F5 mutant
(Fig. 4A). Indeed, the K1A mutant fused at a similar rate to
that of the wild-type protein during the first 30 min of the
fusion kinetics assay (Fig. 4A) (2, 3) and fused to an increas-
ingly greater extent only thereafter, in contrast to the F3F5
mutant, which fused at a higher rate and to a greater extent
throughout the course of the fusion kinetics assay. These data
suggest that the K1A mutant increased fusion by a different
mechanism from that for the F3F5 mutant. Unlike the F3F5
mutant, the K1A mutant had no overall increased level of F
triggering (Fig. 4C), and while it had a longer tA and shorter tB
than the wild-type protein, the tT was not significantly different
from that for wild-type F. Since our F-triggering assay cannot
measure parameters past the transition from the PHI to 6HB
conformation, our data suggest that the K1A mutant is hyper-
fusogenic due to steps beyond the PHI conformation (and
possibly even later stages, such as fusion pore enlargement).

Our results also indicate that the K2A and R3A hypofuso-
genic mutants affect different steps of the fusion cascade. Our
published results indicate that K2A, but not R3A, is signifi-
cantly more sensitive than wild-type NiV-F to inhibition by
HR2-Fc (2). This differential sensitivity to HR2-Fc inhibition is
consistent with real-time fusion kinetics data, which showed
that for the first 40 min, R3A fused at the same rate and extent

as wild-type NiV-F, while K2A fused much more slowly and to
a lesser extent from the very beginning (Fig. 4A) (2). However,
after 40 min, R3A exhibited slower fusion kinetics, and it fused
to a lesser extent than wild-type F by 90 min (Fig. 4A). As
mentioned previously, it is likely that the defect in fusion in the
R3A mutant is due to steps post-6HB formation, such as fusion
pore enlargement (2), which cannot be measured by our F-
triggering assay. However, our F-triggering data are consistent
with both the real-time fusion kinetics and HR2-Fc inhibition
data for the K2A mutant. We speculate that K2A is hypofu-
sogenic due to a much longer PHI-to-6HB transition time (tB)
than that for wild-type F (15.6 min versus 4.1 min; P 	 0.02)
and that above a certain threshold time limit, extended tB times
negatively affect the proportion of F-triggered events that pro-
ceed to productive fusion pore formation.

Our results suggest that one parameter, e.g., tA, tB, or tT, is not
enough to account for the final fusion phenotype but can com-
plement data from other assays to elucidate the complex fusion
cascade. Fusion intermediates have been characterized biochem-
ically and captured by HR1 or HR2 peptides for different families
of class I fusion proteins (32, 39, 43–45, 48). Thus, our assays
should facilitate studies of how distinct steps in the fusion cascade
modulate fusogenicity for diverse class I fusion proteins.

The knowledge of how receptor usage affects the kinetics of
HR2 peptide inhibition for NiV and other paramyxoviruses
should be valuable for the design of HR2 peptide use as a
therapeutic tool, as suggested by studies on HIV receptor
usage and HR2 peptide inhibition (18, 32, 40, 41). In addition,
further studies of other fusion mutants in NiV-F and NiV-G
that utilize the assays described here will likely enhance our
understanding of the fusion process and pathobiology not only
of NiV but also of other paramyxoviruses, to which these
methods can likely be adapted.
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