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The cytoplasmic tails of the envelope proteins from multiple viruses are known to contain determinants that
affect their fusogenic capacities. Here we report that specific residues in the cytoplasmic tail of the Nipah virus
fusion protein (NiV-F) modulate its fusogenic activity. Truncation of the cytoplasmic tail of NiV-F greatly
inhibited cell-cell fusion. Deletion and alanine scan analysis identified a tribasic KKR motif in the membraneadjacent region as important for modulating cell-cell fusion. The K1A mutation increased fusion 5.5-fold, while
the K2A and R3A mutations decreased fusion 3- to 5-fold. These results were corroborated in a reversepseudotyped viral entry assay, where receptor-pseudotyped reporter virus was used to infect cells expressing
wild-type or mutant NiV envelope glycoproteins. Differential monoclonal antibody binding data indicated that
hyper- or hypofusogenic mutations in the KKR motif affected the ectodomain conformation of NiV-F, which in
turn resulted in faster or slower six-helix bundle formation, respectively. However, we also present evidence
that the hypofusogenic phenotypes of the K2A and R3A mutants were effected via distinct mechanisms.
Interestingly, the K2A mutant was also markedly excluded from lipid rafts, where ⬃20% of wild-type F and the
other mutants can be found. Finally, we found a strong negative correlation between the relative fusogenic
capacities of these cytoplasmic-tail mutants and the avidities of NiV-F and NiV-G interactions (P ⴝ 0.007, r2 ⴝ
0.82). In toto, our data suggest that inside-out signaling by specific residues in the cytoplasmic tail of NiV-F can
modulate its fusogenicity by multiple distinct mechanisms.
Nipah virus (NiV) and Hendra virus (HeV) are deadly
emerging zoonotic viruses belonging to the new Henipavirus
genus within the family Paramyxoviridae (66). NiV infections
result in respiratory and neurological symptoms, often leading
to fatal encephalitis, the primary reason for death in humans
(32, 64). Microvascular endothelial cell syncytium formation is
a hallmark of NiV infection, associated with endothelial cell
death, vascular inflammation, and necrosis (70). The mortality
rate of NiV-infected humans ranges from ⬃40% in the original
outbreaks in Malaysia and Singapore in 1999 to 2000 to ⬃70%
in Bangladesh in 2005 (5, 6). The natural reservoir for NiV has
been determined to be fruit bats of the genus Pteropus (46),
and pigs served as the intermediate amplifying host in the
original Malaysian-Singaporean outbreaks. Ominously, even
though human-to-human transmission was not documented in
the original outbreaks, direct bat-to-human and human-tohuman transmissions have been reported in the later outbreaks
in Bangladesh (5, 6). NiV is classified as a BSL4 pathogen and
has also been designated as a select agent because of its bio- or
agroterrorism potential. These characteristics of NiV underscore the need for research and treatment development against
this perilous pathogen and the need for understanding of the
necessary components and mechanisms of virus-cell and cellcell fusions in order to inhibit viral infection and spread.

For paramyxoviruses, two separate membrane proteins are
involved in the fusion process, the attachment protein (H, HN,
or G), which binds to the receptor molecule in the target cell
membrane, and the fusion protein (F) that actually carries out
membrane fusion. For most paramyxoviruses, both F and its
homotypic attachment protein are necessary for membrane
fusion, except for rare cases like the hyperfusogenic simian
virus 5 (SV5) W3A isolate (27, 48). Activation of F is believed
to occur through the following three steps: (i) binding of the
attachment protein to the receptor, (ii) interaction of the attachment and F proteins (or changes thereof), and (iii) conformational changes in F that mediate membrane fusion. The
fusion (F) and attachment (G) envelope glycoproteins in NiV
or HeV are both necessary for cell-cell fusion, syncytium formation, and viral entry. G is responsible for binding to its
cognate receptor, ephrinB2 (9, 44), and at least for NiV, ephrinB3
can also be used as an alternative receptor (45). The high
expression of ephrinB2 on neurons and endothelial cells and
the patterns of expression of ephrinB3 in the central nervous
system largely account for the cell tropism of NiV and HeV (9,
44, 45). However, much less is known about the components
necessary for the subsequent steps in the activation of NiV
fusion (NiV-F) or HeV-F protein.
Paramyxovirus F proteins belong to the class I fusion proteins that share several structural and functional characteristics. The structures of the retroviral Moloney murine leukemia
virus (MoMuLV) p15E, lentiviral human immunodeficiency
virus type 1 (HIV-1) gp41, Ebola virus GP2, paramyxovirus
SV5 F, and influenza virus hemagglutinin (HA) fusion proteins
have all been shown to have similar trimeric coiled-coil core
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structures, suggesting similar membrane fusion mechanisms (8,
14, 20, 72). Class I fusion proteins of enveloped viruses are
synthesized as precursors that must be cleaved and hence activated into a metastable conformation that is ready for enabling virus-cell membrane fusion. Typically, cleavage generates a new N terminus that contains a hydrophobic fusion
peptide motif. Upon activation of the fusion protein through
receptor binding and/or endosomal low pH, the fusion peptide
gets inserted into the host cell target membrane. Class I fusion
proteins also contain two heptad repeat regions (HR1 and
HR2); the C-terminal HR2 region is generally thought to be
preformed, but the N-terminal HR1 region is formed only
upon fusion peptide insertion (14, 35, 72, 73). Class I fusion
proteins function as trimers, and the HR1 and HR2 regions
have a strong propensity to fold into coiled-coil domains during six-helix bundle (6HB) formation. The free energy released
from fusion protein refolding from the metastable prefusion
state to the stable postfusion 6HB state likely drives the virushost cell membranes together, overcoming the electrostatic
repulsion intrinsic to the negatively charged phospholipids’
head groups of the two membranes (38, 55).
For NiV and HeV, the fusion protein is cleaved within the
endosomal compartment from the precursor F0 to the F1 and
F2 subunits (18, 39). Such cleavage is likely required for activation of the F protein into the metastable state. For NiV, after
activation into the metastable state, not much is known about
the subsequent steps in the triggering of the fusion protein that
leads to eventual membrane fusion. We and others have recently reported that N-glycans in both the NiV-F and HeV-F
proteins have some effects on protein expression and membrane fusion (3, 15, 40). In addition, we identified N-glycans in
NiV-F that both reduce fusion and viral entry and protect the
virus against neutralizing antibodies (Abs) (3). These results
show some uniqueness of the Henipavirus genus fusion proteins. However, little is known about other domains in NiV-F
or HeV-F that may have an important role in membrane fusion. Triggering of fusion is usually envisioned to involve primarily the ectodomain of the fusion protein. However, accumulating evidence from retroviral (13, 25, 50, 54), lentiviral
(41, 42), and other paramyxoviral (65, 67) envelope (Env)
proteins suggests that the Env cytoplasmic tail (CT) is involved
in regulating the fusion process.
Multiple reports indicate that fusion mediated by the
ectodomain of the retrovirus MoMuLV (2), the lentiviruses
simian immunodeficiency virus (SIV) (61) and HIV-1 (71), and
the paramyxovirus SV5 (67) fusion proteins can be modulated
by inside-out signaling from the CT. Truncation of the long CT
of lentiviral Env proteins occurs under certain culture conditions, and increased fusogenicity has been reported for truncated versions of SIV, HIV-1, and HIV-2 Env (16, 31, 41, 60,
61, 76). For the paramyxovirus SV5 F protein, isolates with a
short (20-residue) CT (W3A and WR) cause extensive cell-cell
fusion, whereas isolates with an extended CT (T1 and SER)
cause little or no cell-cell fusion, and truncation of the CT
restores fusion to levels seen in W3A and WR isolates (28, 65).
For MoMuLV, SIV, and SV5, the hyperfusogenicity caused by
truncation of the CT is linked to overall conformational
changes in the ectodomain of the protein (2, 61, 67). In MoMuLV
and the Mason-Pfizer monkey virus, the CT is even protease
cleaved during viral maturation to “prime” the fusion protein
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for fusogenicity (2, 13). Here we investigated the potential
role(s) of the CT of the NiV fusion protein in cell surface
expression (CSE), processing, membrane fusion, and viral entry and defined specific residues in a polybasic motif in the CT
that can affect the conformation of the ectodomain, fusogenicity, and interaction of the fusion protein with the attachment
glycoprotein.

MATERIALS AND METHODS
Expression plasmids and codon optimization. The codon-optimized NiV-G
and NiV-F genes were tagged at their C termini with HA and AU1 tags, respectively, as previously described (33). The NiV-HR2-Fc construct was made by
fusing the heptad repeat region 2 sequence of NiV-F (amino acids 447 to 488)
with the human immunoglobulin G1 Fc constant region as previously described
(3, 44). The deletion mutants ⫺T, ⫺T1, ⫺T2, ⫺T3, ⫺T4, ⫺T12, and ⫺T234 and
point mutants K1A, K2A, R3A, N4A, and T5A were made by deleting or
mutating the codon-optimized wild-type (WT) NiV-F plasmid with appropriately
designed primers and the QuikChange site-directed mutagenesis kit (Stratagene,
Cedar Creek, TX). All mutations and deletions were confirmed by sequencing
the entire open reading frame.
Cell culture. Vero 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 Vero cells from
the American Type Culture Collection, and PK13 (porcine fibroblasts) cells were
a kind gift from Irvin Chen at the University of California Los Angeles.
Quantitation of cell-cell fusion. Codon-optimized NiV-G and codon-optimized WT or mutant NiV-F expression plasmids (1:1 ratio, 1 g total) (3, 33)
were transfected with 1.5 g pcDNA3.1 plasmid as filler DNA into 293T or Vero
cells growing in 12-well plates at 80% confluence, as indicated. At 12 to 18 h
posttransfection, cells were stained with 4⬘,6⬘-diamidino-2-phenylindole (DAPI)
and syncytium formation was quantified by counting the nuclei in syncytia per
⫻100 field (at least 10 fields were counted per condition). Syncytia were defined
as four or more nuclei visualized within a common cell membrane, as indicated
previously (3).
Quantification of NiV-F and NiV-G CSE levels by flow cytometry. Production
of antisera from genetically immunized rabbits (with NiV-M and -F or -G
expression plasmids) was previously described (44). Sera containing anti-F or
anti-G specific activities were used for flow cytometry on NiV-F- or -G-transfected cells at a 1:1,000 dilution. Bound Ab was detected with phycoerythrinconjugated goat anti-rabbit Abs (Caltag, Burlingame, CA). Antisera were also
raised in rabbits immunized with peptides corresponding to amino acids 39 to 57
and 331 to 348 of NiV-F2 and NiV-G, respectively, as previously described (3,
33). These regions were previously shown to be immunogenic (10). For quantitation of binding of the monoclonal Abs (MAbs), flow cytometry was performed
with MAb concentrations of 0.03 to 3 g/ml. For calculating the binding ratios of
any given pair of Abs, data obtained from equal concentrations of the respective
Abs were used.
Reverse pseudotype viral entry assay. The ephrinB2 NiV receptor protein was
pseudotyped onto a reporter virus, vesicular stomatitis virus (VSV), by transfecting an ephrinB2 expression plasmid into 293T cells and subsequently infecting these cells with recombinant VSV expressing the Renilla Luc reporter gene
(VSV-⌬G-rLuc), similarly to the procedure described previously for preparation
of NiV-F- and -G-pseudotyped VSVrLuc virions (3, 44, 45). ephrinB2 reversepseudotyped virions were purified over a 20% sucrose cushion as for NiV-F- and
-G-pseudotyped viruses. 293T cells plated in 96-well plates were transfected with
NiV-G and WT or mutant NiV-F and, 10 to 12 h later, infected with reversepseudotyped virions in phosphate-buffered saline–1% FBS for 2 h at 37°C over
a 5-log viral dilution range (10⫺2 to 10⫺6). After 2 h, cells were washed and 293T
cell growth medium was added. At 24 h postinfection, cells were lysed and
luciferase activity was measured as relative light units (RLU) with a Renilla
luciferase detection system (Promega, Madison, WI) and a Veritas microplate
luminometer (Turner Biosystems, Sunnyvale, CA). Quantitation of viral genome
copies for the ephrinB2 VSV-pseudotyped viral prep was performed exactly as
previously described (3). For quantitation of neutralization of viral entry, the
reverse-pseudotyped viral entry assay was performed as described above, except
in the presence of the indicated amounts of the specified Abs. For the mixed
heterotrimer experiments with the K1A and K2A or R3A mutant proteins, the
indicated DNA ratios of the expression plasmids for the indicated proteins were
transfected into 293T cells 18 h before infection with the reverse-pseudotyped
virions.
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Western blot analysis of surface NiV-F and NiV-G proteins. Codon-optimized
NiV-F and/or NiV-G expression plasmids (1:1 ratios when in combination) were
transfected into 293T cells plated in six-well plates (total of 2 g F and/or G
plasmids with 3 g PCDNA3.1 plasmid as filler DNA/well), as indicated. Cells
were either cell surface biotinylated or not (EZ link Sulfo-NHS-LC-Biotin;
Pierce, Rockford, IL), as specified, and biotinylated proteins were precipitated
with streptavidin-agarose beads (Pierce, Rockford, IL). Twenty percent of the
biotinylated cell lysate was subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and subsequently detected by Western blotting with anti-tag
(HA or AU1), anti-F2, or anti-G peptide Abs, as indicated. Primary and secondary Abs were used at 1:1,000 and 1:20,000 dilutions, respectively, followed by
ECL Plus detection (Amersham Biosciences, Piscataway, NJ). For quantification
of relative processing levels for the various NiV-F proteins, the ratio of the
densitometric units of the F1 subunit over those of the sum of the precursor F0
and the F1 subunits was calculated.
Lipid raft association of NiV-F proteins. 293T cells transfected with WT or
mutant NiV-F proteins (as described above) were washed with phosphate-buffered saline and resuspended in TNE buffer (25 mM Tris [pH 7.5], 150 mM NaCl,
5 mM EDTA) containing a protease inhibitor cocktail (Roche, Indianapolis, IN).
Cells were Dounce homogenized, and their nuclei were isolated and discarded.
Postnuclear supernatants were treated with 1% Triton X-100 for 30 min at 4°C.
Cell lysates were then brought up to a 40% OptiPrep (Sigma-Aldrich, St. Louis
MO) concentration in 1.2 ml, placed at the bottom of an ultracentrifuge tube,
and layered sequentially with 30% (3 ml) and 5% (0.8 ml) OptiPrep layers (in
TNE buffer plus protease inhibitors). These discontinuous gradients were centrifuged at 45,000 rpm for 16 h at 4°C in an SW50.1 rotor. After centrifugation,
12 equal fractions were manually collected from the top, protein from 200 l of
each fraction was precipitated by a methanol-chloroform extraction method (69),
and each fraction was analyzed by Western blotting. The overall lipid raft domain
isolation procedure was similar to that used by Fleming et al. (22).
Production of NiV-HR2-Fc immunoadhesin and fusion inhibition. The NiVHR2-Fc expression plasmid was transfected into 293T cells, and at 24 h posttransfection, supernatants were collected and concentrated with a Centriplus
YM-10 filter (Millipore, Bedford, MA). Protein concentrations were measured
by an Fc-specific enzyme-linked immunosorbent assay as previously described
(44). For NiV fusion inhibition, the indicated amounts of NiV-HR2-Fc were
added to 293T cells transfected with NiV-G and WT or N-glycan mutant NiV-F
expression plasmids. Fusion was quantified after overnight incubation as described above.
Fusion kinetics of WT or mutant NiV-F proteins. The fusion kinetics of WT
and mutant NiV-F proteins were determined in a ␤-lactamase reporter cell-cell
fusion assay as previously described (3, 34, 53). For better sensitivity, the ␤-lactamase gene was also codon optimized for mammalian cell expression (Geneart,
Inc., Toronto, Ontario, Canada). Fusion-nonpermissive PK13 effector cells were
cotransfected with ␤-lactamase, NiV-G, and WT or mutant NiV-F expression
constructs with Lipofectamine 2000. These were then added to 293T target cells
labeled with CCF2-AM dye. Effector and target cells were mixed and incubated
at 37°C, and cell-cell fusion was detected by analyzing the shift from green to blue
fluorescence, indicating ␤-lactamase cleavage of CCF2. Fluorescence was quantified every 3 min with a CytoFluor Series 4000 Fluorescence multiwell plate
reader (PerSeptive Biosystems, Framingham, MA). The results are expressed as
the ratio of blue to green fluorescence obtained with NiV-G- and NiV-F-transfected effectors minus the background blue and green fluorescence obtained with
empty-vector-transfected cells.
NiV-F–NiV-G coimmunoprecipitation. 293T cells in 10-cm plates were transfected with 20 g of the indicated NiV-F-G plasmids at a 1:1 ratio with Lipofectamine 2000. At 24 h posttransfection, cells were lysed and cell lysates were
subjected to immunoprecipitation as previously described (3, 33), with a 1:100
dilution of anti-NiV-G peptide serum. Coimmunoprecipitated (co-IP) proteins
were analyzed by Western blotting with the appropriate anti-tag Ab as described
above and then quantified by densitometry with a VersaDoc Imaging System
(Bio-Rad, Hercules, CA).

RESULTS
The membrane-proximal region in the CT of the NiV fusion
protein plays a role in membrane fusion. The CT of NiV-F can
be conveniently divided into four distinct regions, i.e., a membrane-proximal polybasic region (T1), a functional tyrosinebased endocytic motif (YSRL) (18, 39), a highly charged region (T3), and a C-terminal region that is rich in polar residues
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(T4). To investigate the potential roles that these cytoplasmic
regions may play in membrane fusion, protein expression, processing, and transport, we made a series of deletion mutants
that lack various regions of the CT, as illustrated in Fig. 1A.
The first amino acid of the CT is a glutamic acid and is likely
required to demarcate the membrane-spanning domain. Thus,
we kept this amino acid in every deletion mutant in order to
maximize the likelihood of correct protein folding and expression. We then analyzed the relative levels of CSE and processing of such deletion mutants and compared them to those of
WT NiV-F.
Briefly, 293T cells transfected with expression plasmids for
WT NiV-F or the indicated mutant proteins were cell surface
biotinylated and lysed and cell surface proteins were precipitated with streptavidin beads and then NiV-F detected by
Western blotting with the specified Abs (Fig. 1B). Alternatively, we performed flow cytometric analysis on parallel samples of 293T cells expressing WT NiV-F or the deletion mutants with polyclonal anti-NiV-F antiserum 834, which was
previously described (3, 33, 45) (Fig. 1D). Both biotinylation
and flow cytometric CSE analyses indicated that the deletion
mutants were expressed to at least 50% of the WT level and
some were even expressed at levels higher than that of the WT.
The cell surface biotinylation experiments also showed that the
deletion mutants were cleaved and processed more or less at
WT levels, with the exception of the deletion mutant missing
the entire CT (Fig. 1B, bottom). Interestingly, although this
deletion mutant (⫺T) did not include removal of the C-terminal AU1 tag, the anti-AU1 MAb was not able to detect this
protein by Western blotting, perhaps because of the close proximity of the AU1 tag to the detergent-lipid micelles (Fig. 1B,
top left part). However, the ⫺T mutant was clearly expressed,
as shown by blotting with an anti-F2 peptide antiserum previously described (3, 33) (Fig. 1B, right part), as well as by flow
cytometry (Fig. 1D). Notably, the ⫺T mutant was also not
processed efficiently despite being expressed on the cell surface
(Fig. 1B, right part).
Cleavage of NiV-F requires active endocytosis and processing by endosomal cathepsin L, which is in part mediated by the
YXX⌽ endocytic motif in the T2 region (18, 39). Since the
AU1 tag contains a putative YXX⌽ endocytic motif, we sought
to determine if our AU1 tag had any inadvertent effects on the
expression or processing of NiV-F. Figure 1C shows that there
were no differences in cleavage or processing efficiency between tagged and untagged WT NiV-F (F and FNA, respectively). Interestingly, the untagged version of the T2 mutant
(⫺T2NA), which lacks the endogenous YXX⌽ motif, also
showed no differences from untagged WT NiV-F (FNA), similar to what has been found with the tagged versions (compare
Fig. 1B and C).
Next, we asked whether the CT deletion mutations affected
the fusogenicity of the NiV-F fusion protein. To normalize for
the differences in CSE, we compared the fusion-to-CSE ratios
induced by WT NiV-F and the indicated deletion mutants (Fig.
1D). We performed our syncytium-forming assays by transfecting in 0.3 g of NiV-F and -G per 12-well plate, which was
previously determined to result in CSE and fusion with the WT
NiV-F protein in the linear range of measurement (3). CSE
was measured by flow cytometry as described above, and fusion
was determined by counting nuclei inside syncytia (more than
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FIG. 1. Analysis of NiV-F CT deletion mutants. (A) Schematic of the NiV-F CT deletion mutants. NiV-F CT was divided into four regions
(numbered 1, 2, 3, and 4) as described in the text, and the names of the deletion mutants examined are indicated. (B) Western blot analysis of
immunoprecipitated surface WT and mutant NiV-F proteins. Briefly, biotinylated cells were lysed, cell surface biotinylated proteins were
precipitated with streptavidin agarose beads, and NiV-F was detected in the biotinylated precipitates by Western blotting with either a monoclonal
anti-AU1 tag Ab (left part) or a rabbit anti NiV-F2 antipeptide Ab (3) (right part). Percent processing was calculated as the densitometric units
of the F1 subunit over those of the sum of the precursor F0 and the F1 subunits (bottom part) (n ⫽ 3). (C) The AU1 tag does not affect cleavage
and processing of F. Identical cell surface biotinylation experiments were performed with tagged (F) and untagged versions of WT F (FNA) and
the ⫺T2 mutant (⫺T2NA). A rabbit anti NiV-F2 antipeptide Ab (3) was used to detect NiV-F. (D) Relative levels of CSE and fusion obtained for
WT NiV-F and the indicated CT deletion mutants. Fusion was determined by counting nuclei in syncytia per field. At least 10 fields were counted
per condition. CSE was determined by flow cytometry with polyclonal anti-NiV-F specific antiserum as described previously (3). Both CSE and
fusion levels were separately normalized to levels of WT NiV-F protein, set at 100%. Data shown are averages ⫾ standard errors from three
independent experiments.

four nuclei per cell) per microscopic field, respectively. Figure
1D shows the relative CSE and fusogenicity of WT NiV-F and
the indicated mutants, and Table 1 (top) shows their corresponding fusion/CSE ratios. Interestingly, all mutants that
lacked the membrane-proximal T1 region (⫺T1 and ⫺T12)
were hypofusogenic and had fusion/CSE ratios of less than 0.5
(by definition, that of WT NiV-F is 1.0), while all mutants that
retained the T1 region (⫺T3, ⫺T4, and ⫺T234) had fusion/
CSE ratios equal to or higher than that of WT NiV-F, with the
exception of the ⫺T2 mutant, which had a fusion/CSE ratio of
0.5. Since the fusion defect in the tailless mutant (⫺T) was
likely due at least partially to its processing defect, it was not
included in Table 1 for comparison. These results indicate that
the CT, in particular, the membrane-proximal T1 region of the
CT, plays an important role in membrane fusion and syncytium
formation.
Polybasic KKR motif in the membrane-proximal region of
the NiV-F CT modulates NiV-F-induced membrane fusion. To

TABLE 1. Fusion/CSE ratios
Env fusion protein

Fusion/CSE
ratioa

F.................................................................................................1.0
⫺T1 ...........................................................................................0.1
⫺T2 ...........................................................................................0.5
⫺T3 ...........................................................................................1.3
⫺T4 ...........................................................................................1.0
⫺T12 .........................................................................................0.1
⫺T234 .......................................................................................3.2
K1A ...........................................................................................5.5
K2A ...........................................................................................0.2
R3A...........................................................................................0.3
N4A...........................................................................................0.9
T5A ...........................................................................................0.9
a
The ratio of the normalized fusion and CSE values for each mutant was
calculated from the data in Fig. 1D and 2C. By definition, the fusion/CSE ratio
for WT NiV-F would be 1.0 (100%/100%). Ratios of ⬎1 indicate increased
fusogenicity, while mutants with decreased fusogenicity would have ratios of ⬍1.
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FIG. 2. Analysis of membrane-proximal point mutations in the CTs of NiV-F. (A) Schematic of the NiV-F CT point mutants, showing the
sequence of the whole CT, and the positions of the five alanine substitutions in the membrane-proximal region, designated K1A, K2A, R3A, N4A,
and T5A. (B) Western blot analysis of immunoprecipitated cell surface biotinylated WT and mutant NiV-F proteins. Surface proteins were
analyzed exactly as described in Fig. 1B. Percent processing was also analyzed as described in the legend to Fig. 1B, and the densitometric results
are shown graphically. (C) Relative levels of CSE and fusion obtained for WT NiV-F or CT point mutant proteins in 293T cells. Fusion and CSE
were determined exactly as for Fig. 1C. Data shown are averages ⫾ standard errors from three independent experiments. (D) Pictures of syncytium
formation by the WT NiV-F or the various NiV-F point mutants and WT NiV-G in Vero cells. Representative ⫻100 fields are shown.

finely map the particular residues within the T1 region that can
modulate NiV-F-mediated fusion, we individually mutated
each amino acid of the T1 sequence (KKRNT) to an alanine,
as depicted in Fig. 2A. 293T cells transfected with an expression plasmid encoding each of the alanine scan mutants were
cell surface biotinylated, lysed, precipitated with streptavidin,
and subjected to Western blotting to detect NiV-F as described
above. All of the alanine scan mutants had levels of CSE and
processing similar to those of WT NiV-F (Fig. 2B). Similar
levels of CSE of WT and mutant NiV-F proteins were also
observed by flow cytometric analyses (Fig. 2C). Next, we determined the fusogenicity of these mutants by quantifying syncytium formation. Representative pictures of syncytia formed
by each mutant are shown in Fig. 2D, and the fusion/CSE
ratios for WT NiV-F and the indicated mutant were determined (Table 1, bottom). Interestingly, despite WT levels of
CSE, mutation of the K1 residue resulted in hyperfusogenicity
(fusion/CSE ratio of 5.5) while mutation of the K2 or R3
residue resulted in hypofusogenicity (fusion/CSE ratios of 0.2
and 0.3, respectively) (Table 1, bottom). Mutation of the N4 or
T5 residue did not result in any significant change in CSE or
fusion (ratio of 0.9) relative to the WT NiV-F protein (Fig. 2C
and D and Table 1, bottom). Similar but less dramatic effects
on fusogenicity were observed in Vero cells. In summary, these

results indicate that the membrane-proximal polybasic KKR
sequence in the CT of NiV-F protein can up- or downmodulate
its fusogenicity.
Fusion of membrane-proximal NiV-F mutants correlates
with entry of ephrinB2-reverse-pseudotyped virus-like particles. Next, we sought to determine if the differences in cell-cell
fusion exhibited by the NiV-F CT mutant proteins corresponded to viral entry differences. However, some of these
CT mutants were very inefficiently incorporated into our
pseudotyped VSV-Renilla luciferase (VSVrLuc) reporter viruses, a previously established method for examining NiV envelope-mediated entry (3). To circumvent the problem of variable envelope protein incorporation into VSVrLuc, we
developed a novel reverse-pseudotype VSVrLuc entry assay,
for which we reverse pseudotyped VSVrLuc with the NiV
receptor ephrinB2 (B2-VSVrLuc). We then used these B2VSVrLuc virions to infect 293T cells previously transfected
with equal amounts of mutant or WT NiV-F along with WT
NiV-G in a 96-well plate format. Infection of cells expressing
HIV Env glycoproteins with viral particles reverse pseudotyped
with CD4 and the corresponding coreceptor has been previously reported (36, 56). Figure 3A shows that B2-VSVrLuc
viral entry only occurs when cells express both the NiV-F
and NiV-G glycoproteins (Fig. 3A). In addition, reverse-
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FIG. 3. Reverse-pseudotyped viral entry assay for membrane-proximal CT point mutants. (A) An ephrinB2-pseudotyped VSV-Renilla luciferase reporter virus (B2-VSV-rLuc) was used to infect 293T cells previously transfected with expression plasmids for NiV-F–NiV-G, NiV-G alone,
or NiV-F alone. Numbers of RLU are shown on a logarithmic scale. (B) Reverse-pseudotyped viral entry into NiV-F- or NiV-G-transfected 293T
cells was inhibited by anti-NiV-F and anti-NiV-G specific antisera 834 and 806, respectively. Data are presented as percent inhibition, where 0%
represents infection in the absence of any antiserum. The data were normalized as follows. The number of RLU obtained at each serum dilution
was calculated as a percentage of the average number of RLU obtained in the absence of any antiserum. Percent inhibition was then calculated
as 100% minus the percent infection at each serum dilution. The percent inhibition values were regressed and graphed with GraphPad PRISM.
An average of two experiments is shown, with four independent wells per datum point (serum dilution) ⫾ the standard deviation. (C) Relative entry
levels of B2-VSV-rLuc virus into 293T cells expressing the WT NiV-G protein and the WT or mutant NiV-F protein. RLU were quantified 24 h
postinfection and graphed against the number of viral genomes per milliliter. A single preparation of B2-VSV-rLuc was used for all of the
experiments shown. The number of genome copies in the viral preparation was analyzed by reverse transcription-PCR as described in Materials
and Methods. The data shown are averages from three independent experiments ⫾ the standard deviations.

pseudotyped viral entry was specifically blocked by previously
characterized anti-NiV-F or anti-NiV-G antiserum (3, 33, 44)
(Fig. 3B).
We then determined the entry of these B2-VSVrLuc virions
into cells expressing WT NiV-G and WT NiV-F or the indicated NiV-F CT point mutants. Entry into K1A-expressing
cells was about 8- to 10-fold higher than that of WT NiV-F
over several logs of viral input. Conversely, entry into K2Aand R3A-expressing cells was 8- to 30-fold lower than that of
WT NiV-F over the same range of viral inputs. Entry levels
obtained for the cells expressing the N4A or T5A mutant
protein were similar to those expressing WT NiV-F. Thus, our
reverse-pseudotype B2-VSVrLuc entry assay results are consistent with our cell-cell fusion results and further demonstrate
that the membrane-proximal polybasic KKR motif in the
NiV-F CT can modulate virus-cell membrane fusion.
Differential binding and neutralization of hyper- and hypofusogenic NiV-F mutants by distinct novel anti-NiV-F rabbit
MAbs. We then asked how specific residues in the KKR region
might be modulating fusion. Inside-out signaling from the CT
has been reported for other class I enveloped viruses (2, 61),
including at least one paramyxovirus (67). We first asked
whether any of the KKR alanine mutations affected the overall
ectodomain conformation of the NiV-F protein.
We had previously produced conformational polyclonal and
monoclonal rabbit Abs by genetically immunizing rabbits with
codon-optimized NiV-F and NiV-G and NiV-M expression
plasmids (4). We screened a panel of our rabbit MAbs and
found two (MAbs 92 and 66) whose epitopes were conformational and distinct. They were conformational because they

detected the NiV-F protein in its native state by flow cytometry
(Fig. 4A) but not in its denatured form, for example, by Western blot analysis on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (data not shown). They were distinct because
Ab 66 bound to NiV-F and HeV-F equivalently while Ab 92
bound to NiV-F approximately10-fold more efficiently than to
HeV-F at the same Ab concentrations (Fig. 4A). As a control,
polyclonal Ab 834 (3, 33, 44) was used to show that the levels
of NiV-F and HeV-F were approximately equally recognized
by flow cytometry in the same experiment (Fig. 4A).
Then we measured the relative binding of these Abs to the
various WT or mutant NiV-F proteins by flow cytometry. We
reasoned that conformational differences in the ectodomain
might be revealed by differential binding of these Abs. In order
to quantitatively correct for variations in the transfection efficiencies and cell surface protein expression levels of the various mutants from experiment to experiment, we analyzed the
binding data obtained by calculating the ratios of the mean
fluorescence intensities of pairs of Abs (92-66, 92-834, and
66-834). Figure 4B shows the relative binding ratios of thee Ab
combinations for WT NiV-F and the indicated mutants. There
was a modest but significant decrease in binding of MAb 92 to
the hyperfusogenic K1A mutant, as the 92/834 and 92/66 ratios,
but not the 66/834 ratio, were lower than those of the WT
NiV-F protein (P ⫽ 0.015, P ⫽ 0.0005, and P ⫽ 0.94, respectively) (Fig. 4B). We also detected an increase in binding of
MAb 66 to the hypofusogenic R3A mutant protein, as the
66/834 ratio for this mutant was increased, the 92/66 ratio was
decreased, and the 92/834 ratio was unchanged compared to
those obtained with the WT NiV-F protein (P ⫽ 0.048, P ⫽
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FIG. 4. Specific CT mutants affect the ectodomain conformation as exhibited by differential MAb binding and neutralization. (A) Flow
cytometry histograms showing binding of polyclonal anti-NiV-F antiserum 834 or anti-NiV-F MAb 92 or 66 to 293T cells expressing either NiV-F,
HeV-F, or neither (pcDNA3 control). Green contours indicate binding of Abs to 293T cells transfected with the pcDNA3.1 backbone only.
Overlaid filled purple histograms indicate binding of Abs to NiV-F- or HeV-F-expressing cells, as indicated. (B) MAb binding ratios of pairs of
anti-NiV-F Abs. Polyclonal (antiserum 834) or monoclonal (antisera 492 and 66) rabbit Abs were used to stain 293T cells transfected with WT
NiV-F or the indicated CT point mutants at a concentration previously determined to be in the linear range of the binding curve. To compare data
from repeat experiments and to control for transfection efficiency and differential expression, a set of binding ratios was calculated by dividing the
mean fluorescence intensities obtained for the various Abs (92/66, 92/834, and 66/834). The Ab binding ratios for WT NiV-F is necessarily defined
as 1. P values were calculated with a nonpaired Student t test and multiplied by five, which takes into account the Bonferroni correction for the
multiple pairwise comparisons (WT versus the five mutants). (C and D) Neutralization of CT mutant proteins by anti-NiV-F Abs. 293T cells
expressing the WT NiV-G protein and the WT or mutant NiV-F protein were infected with B2-VSV-rLuc reverse-pseudotyped virus 8 h
posttransfection in the presence of increasing amounts of MAb 92 (C) or 66 (D). The amount of viral entry obtained in the absence of anti-NiV-F
MAb (artificially represented by the [MAb] ⫽ ⫺4.0 datum point) was normalized to 100%, which is equivalent to 0% inhibition. The percent
inhibition was then plotted against the logarithm of the Ab concentration. Inhibition curves were regressed, and IC50s were calculated with
GraphPad PRISM. The data shown are normalized averages from three separate experiments ⫾ the standard deviations.

0.0022, and P ⫽ 0.84, respectively) (Fig. 4B). All other point
mutant proteins did not display a change in Ab binding relative
to that of the WT NiV-F protein (P values of ⬎0.5) (Fig. 4B).
Similar Ab binding ratios were obtained over an Ab concentration range of 0.03 to 3 g/ml, and the data shown are for 1
g/ml.
Next, we measured the neutralization capabilities of MAbs
92 and 66 against the various mutant proteins with our reversepseudotyped viral entry assay. In general, our neutralization
data were consistent with the above-mentioned binding data.
For example, since MAb 92 bound relatively less to mutant
K1A, we expected that mutant K1A may also be less sensitive
to neutralization by MAb 92, and that was indeed the case.
Figure 4C shows that the K1A protein was more than 10-fold
less sensitive than WT NiV-F to neutralization by MAb 92 (the
50% inhibitory concentrations [IC50s] for K1A and WT NiV-F
were approximately 19 and 0.3 g/ml, respectively). In addi-

tion, since MAb 66 bound more strongly to mutant R3A, we
also expected that the R3A mutant might also be more sensitive to neutralization by MAb 66 than the WT NiV-F. Indeed,
we observed that the R3A mutant protein was about fourfold
more sensitive to neutralization by MAb 66 than was the WT
NiV-F protein, as the IC50s for the R3A and WT proteins were
approximately 0.17 and 0.71 g/ml, respectively (Fig. 4D). In
toto, our MAb binding and neutralization data show that specific residues in the CT of NiV-F can affect the conformation
of its ectodomain.
Association of NiV-F and the hyper- and hypofusogenic mutants with lipid raft domains. Viral envelope glycoproteins are
often associated with lipid raft microdomains (22, 26, 43, 47,
62). Such membrane domains are known to have membrane
cross-thicknesses greater than those of non-lipid raft cell membrane domains (23, 30) and are enriched in cholesterol and
glycosphingolipids. Thus, differential association of WT or mu-
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FIG. 5. Association of NiV-F and the hyper- and hypofusogenic
mutants with lipid raft domains. Lipid raft fractionations were performed as described in Materials and Methods. Caveolin-1 (Cav-1)
and transferrin receptor (TFR) were used as markers for raft (top) and
nonraft (bottom) domains, respectively. NiV-F and the indicated mutants were detected by Western blotting with the AU1 Ab. The blots
were then stripped and reprobed for Cav-1 and TFR to ensure the
integrity of each lipid raft fractionation. Percent NiV-F in lipid rafts
was calculated as the percentage of the NiV-F signal observed in the
peak Cav-1 fractions (lanes 2 and 3 in most cases) over the sum of
signals in the peak Cav-1 and peak TFR fractions (lanes 7 and 8 in
most cases) for each sample. This controls for any slight variations
between tubes. Representative Cav-1 and TFR blots are shown. The
experiment was repeated twice with similar results. Band intensities
were quantified by densitometry with a VersaDoc Imaging System
(Bio-Rad).

tant NiV-F proteins with lipid raft domains may formally influence the conformation of their ectodomain epitopes, potentially affecting the conformational data in Fig. 4. Therefore, we
assessed the relative association of WT and mutant NiV-F
proteins with lipid raft domains. First, we observed that a
distinct portion (⬃20%) of the total WT NiV-F protein was
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associated with lipid raft fractions (Fig. 5), as demonstrated by
cofractionation with caveolin-1, a standard marker for lipid
raft domains. However, the most of the NiV-F was in nonraft
fractions, which were demarcated by the transferrin receptor, a
membrane protein known not to be associated with lipid rafts
(Fig. 5). With the exception of mutant K2A, all WT and mutant NiV-F proteins were found in both lipid raft and non-lipid
raft domains at approximately equal distributions (18 to 25%
in lipid raft fractions), indicating that, at least for mutants K1A
and R3A, association with lipid rafts did not account for the
differences in conformational MAb binding seen in Fig. 4.
Interestingly, the hypofusogenic K2A mutant was almost completely absent from the lipid raft fractions, raising the possibility that altered association with lipid raft domains may contribute to its hypofusogenic phenotype and suggesting that
mechanistic differences may underlie the hypofusogenic phenotypes of the K2A and R3A mutants.
NiV-F CT fusion mutants are differentially resistant to fusion inhibition by a reagent that prevents 6HB formation and
exhibit corresponding rates of fusion kinetics relative to WT
NiV-F. Having determined that the specific residues in the CT
can affect the ectodomain conformation of NiV-F, we then
asked whether the hyper- and hypofusogenic phenotypes exhibited by the NiV-F CT point mutants are mediated by fusion
determinants in the ectodomain such as 6HB formation. We
have previously shown that a soluble NiV-HR2-Fc protein
(HR2 region of NiV-F linked to the Fc constant region of
human immunoglobulin G1) inhibits NiV fusion specifically
and that the sensitivity of inhibition by this protein inversely
correlated with the fusion kinetics of the hyperfusogenic NiV-F
N-glycan fusion proteins (3). With the same NiV-HR2-Fc inhibitory reagent, we tested the sensitivity of NiV-F CT mutants
or WT NiV-F to fusion inhibition. We observed that the K1A
mutant exhibited significantly greater resistance to NiVHR2-Fc than WT NiV-F for all three concentrations of
HR2-Fc tested (Fig. 6A). On the other hand, the K2A mutant
exhibited a significantly lower resistance to NiV-HR2-Fc (Fig.
6A), especially when subsaturating amounts of HR2-Fc were

FIG. 6. NiV-F CT fusion mutants are differentially resistant to fusion inhibition by NiV-F HR2-Fc and exhibit corresponding rates of fusion
kinetics relative to WT NiV-F. (A) The sensitivity of NiV envelope-mediated fusion to inhibition by NiV-HR2-Fc is shown for WT NiV-F and the
indicated CT mutants. For each fusion protein, the amount of fusion in the absence of any inhibitor is set at 0% inhibition. One representative
experiment out of two is shown. Error bars indicate standard deviations. P values were calculated with the Student t test and the Bonferroni
correction to account for the multiple pairwise comparisons of significance (F versus K1A, F versus K2A, and F versus R3A). (B) Fusion kinetics
of WT or mutant NiV-F protein. NiV-G was expressed with WT NiV-F or the indicated mutants in effector PK13 cells, and the relative rate of
fusion was assessed with target 293T cells loaded with CCF2 dye (see Materials and Methods). Relative fusion is the ratio of blue to green
fluorescence obtained with NiV-G- and NiV-F-transfected effectors minus the ratio of background blue and green fluorescence obtained with
empty-vector (pcDNA3)-transfected cells. Each datum point is an average from three independent experiments.
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FIG. 7. Fusogenicity of WT NiV-F and the CT mutants inversely correlates with the avidity of F-G interactions. (A) Western blot analysis of
co-IP F0 and F1 (top part a), immunoprecipitated G (bottom part c), and the relative amounts of F0 and F1 present in total cell lysate (middle part
b). Cell lysates of 293T cells transfected with WT NiV-G and NiV-F or the indicated CT mutants were immunoprecipitated with rabbit anti-NiV-G
specific antisera. The top and middle parts were blotted with mouse anti-AU1 to detect NiV-F, and the bottom part was blotted with mouse
anti-HA to detect NiV-G. (B) A coimmunoprecipitation experiment identical to that in panel A was performed with tagged and untagged NiV-F
(F and FNA, respectively) but with a rabbit anti-F2 peptide Ab for detection. Parts a, b, and c are as in panel A. (C) Relative avidities of
NiV-F–NiV-G interactions for WT NiV-F and the indicated CT mutants. The amounts of co-IP NiV fusion proteins in panel A were quantified
by densitometry as described in the text, with a VersaDoc Imaging System (Bio-Rad). The avidity of F-G interactions is represented by the ratio
of the amount of NiV-F protein co-IP with anti-NiV-G antiserum to the relative amount of NiV-F expressed in cell lysates (parts a and b,
respectively). The data presented are averages ⫾ standard errors from three experiments. (D) Avidity of the F-G interactions from panel C plotted
against the fusion/CSE ratios from Table 1. Pearson correlation analysis was performed with GraphPad PRISM. (E) The avidities of F-G
interactions for the multiple N-glycan mutants previously reported by Aguilar et al. (3) were overlaid with the datum points from panel C and
plotted together against their respective fusogenic indexes. CT mutants and N-glycan mutants are represented by closed and open symbols,
respectively. Pearson correlation analysis was performed with GraphPad PRISM.

used. These results suggested that the rate of 6HB formation
contributed to the hyper- and hypofusogenicity of the K1A and
K2A mutants, respectively. Interestingly, mutant R3A did not
reveal a significant difference in resistance to inhibition by the
NiV-HR2-Fc molecule relative to the WT NiV-F protein, suggesting that the hypofusogenic phenotype of the K2A and R3A
mutants may be mediated via distinct mechanisms. This is also
consistent with our Ab binding data, which suggest that the
K2A and R3A mutants differentially affect ectodomain conformation (Fig. 4B).
In order to determine if sensitivity to NiV-HR2-Fc inhibition is actually due to the rate of 6HB formation and, hence,
fusion pore formation, we measured fusion kinetics mediated
by NiV-F or the indicated CT mutants and WT NiV-G. Realtime fusion kinetics can be measured and quantified with a
␤-lactamase reporter cell-cell fusion assay that we previously
described for analysis of our hyperfusogenic N-glycan NiV-F
mutants (3). We found that cells expressing the hyperfusogenic
K1A fusion mutant showed faster fusion kinetics and fused to
a greater extent than cells expressing WT NiV-F (Fig. 6B). In
contrast, the hypofusogenic K2A mutant showed slower fusion
kinetics and fused to a lesser extent than cells expressing the
WT NiV-F protein (Fig. 6B). Interestingly, although the cells
expressing the R3A mutant fused at the same rate as the WT

NiV-F protein for the first 40 min, thereafter, their rates of
fusion diverged, with the R3A mutant slowing down significantly such that at 100 min, it had fused at less than 50% of the
WT NiV-F level (Fig. 6B). The results in Fig. 6A and B
strongly suggest a mechanistic difference between the hypofusogenic phenotypes exhibited by the K2A and R3A mutants.
Fusogenicity of NiV-F inversely correlates to the avidity of
F-G interactions for the CT mutant proteins. We had previously provided evidence for the attachment protein displacement model for paramyxoviral entry. At least for NiV, the
hyperfusogenic N-glycan mutants appear to have weaker interactions between the NiV-F mutants and NiV-G, allowing
greater NiV-F–NiV-G dissociation after receptor binding.
Thus, fusogenicity inversely correlated to the avidity of F-G
interactions for the hyperfusogenic N-glycan NiV-F mutants
(3). Here, we asked if the relative avidity of NiV-F–NiV-G
associations correlated with the fusogenicity of the CT mutants.
We coexpressed NiV-G with WT NiV-F or the aforementioned mutants in permissive 293T cells and determined the
relative avidity of NiV-F and NiV-G interactions by immunoprecipitating whole cell lysates with anti-NiV-G antiserum and
detecting the amount of co-IP NiV-F by Western blotting with
an AU1 epitope tag Ab (Fig. 7A, part a). The relative amounts
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of WT and mutant NiV-F were also determined in total cell
lysates (Fig. 7A, part b). To normalize for the various expression levels of WT or mutant NiV-F in any single experiment,
we calculated the ratio of the level of co-IP NiV-F to the
corresponding amount of NiV-F in the total cell lysate. For
example, if the amount of co-IP NiV-F was densitometrically
quantified at 160 U and the corresponding amount of NiV-F in
the cell lysate was 100 U, the F-G co-IP ratio would be 1.6. This
ratiometric value was arbitrarily set to 1.0 to indicate the relative avidity of the WT NiV-F–NiV-G interactions (Fig. 7C).
On this scale, a value of greater or less than 1.0 would indicate
a corresponding increased or decreased avidity in F-G interaction relative to the WT proteins, respectively. Also, we note
that the AU1 tag did not affect NiV-F’s interaction with G, as
the same experiment performed with tagged and untagged
NiV-F revealed no difference in the amount of F that can be
co-IP with G (Fig. 7B).
When we plotted the relative avidity of NiV-G interactions
with WT NiV-F or the indicated CT mutants (Fig. 7C) against
their fusogenicities (fusion/CSE ratio) as determined in Table
1, we obtained a significant negative correlation (r2 ⫽ 0.82, P ⫽
0.007) between the avidity of F-G interaction and the fusogenicity of the NiV-F protein (Fig. 7D). Thus, for example, the
NiV-F mutant (K1A) with the lowest relative avidity of F-G
interaction (0.4) was also the most fusogenic NiV-F CT mutant
examined (fusion/CSE ratio of 5.5), and mutants (K2A and
R3A) with the highest relative avidities of F-G interaction (2.1
and 2.6) were the least fusogenic (fusion/CSE ratios of 0.2 and
0.3). These results suggest that the effects of the CT mutants
on modulating fusogenicity were linked to the increasing or
decreasing avidity of F-G interactions and provide further support for the model (3, 63, 75) where dissociation of the attachment protein from the fusion protein is a rate-limiting step
required for fusion peptide exposure and subsequent membrane fusion.
DISCUSSION
Our results implicate the cytoplasmic domain of the NiV
fusion protein in modulating fusion through its membraneproximal polybasic KKR motif in an inside-out signaling manner. Our data also shed some light on the mechanisms by which
the KKR motif modulates fusion; specific residues within the
KKR motif can modulate the conformation of NiV-F’s ectodomain and thus have an effect on fusion kinetics by regulating
the rate of 6HB formation and the avidity of the F-G interactions.
The CTs of other paramyxovirus fusion proteins are known
to be required for various protein functions, including proper
surface expression, membrane fusion, fusion pore enlargement, transition from hemifusion to complete fusion, and/or
budding (7, 19, 59, 65, 68), although removal of the CT has
resulted in quite distinct phenotypes in different paramyxoviruses, ranging from no effect (12) to fusion pore formation (65)
to fusion pore enlargement (19) to syncytium formation (59,
65). In this report, we show that relatively large deletions in the
NiV-F CT did not significantly compromise conformational
integrity or CSE but can either reduce or enhance fusion (Fig.
1). In addition, while point mutations in the membrane-proximal region had no significant effect on conformational integ-
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rity, processing, or CSE, they variably affected fusogenicity
(Fig. 2). Indeed, we identified a membrane-proximal polybasic
KKR patch in the CT of NiV-F as having the ability to up- or
downmodulate fusogenicity. Polybasic residues can also be
found near the membrane-spanning region in the CTs of most
other paramyxoviruses, but to our knowledge, their function in
modulating fusion has not been reported.
Our data show that specific CT mutants with changes in the
KKR motif mediate their hyper- or hypofusogenic phenotypes
through common mechanisms that have been defined for other
class I fusion proteins. For example, the hyperfusogenic V3
loop and CT mutants of the HIV-1 envelope glycoprotein also
show faster fusion kinetics and display increased resistance to
heptad repeat peptide inhibition (1, 52). In the case of NiV,
our results suggest that the hyper- and hypofusogenicity phenotypes of the K1A and K2A mutants are governed by the rate
of 6HB formation (Fig. 6A) during fusion pore formation,
resulting in increased or decreased fusion kinetics, respectively
(Fig. 6B). However, since we did not detect any apparent
differences between the R3A mutant and WT NiV-F during
6HB formation and its hypofusogenic phenotype was only
manifested in slower fusion kinetics at later time points (Fig.
6B), we speculate that a step post 6HB formation, perhaps
fusion pore enlargement, may be affected by the hypofusogenic
mutation R3A. The CT of at least one other paramyxovirus,
SV5, has been implicated in fusion pore enlargement (19). Our
lipid raft results also highlight the mechanistic differences observed between the hypofusogenic K2A and R3A mutants observed in Fig. 4 and 6. The K2A, but not the R3A, mutant
displayed differences in lipid raft association compared to the
WT NiV-F protein. While many hyper- or hypofusogenic phenotypes in class I viral fusion proteins have been identified, it
is uncommon to find a contiguous series of residues within a
small patch that have such contrasting contributory roles in
fusogenicity.
It remains to be determined how these three basic residues
in NiV-F CT actually modulate the kinetics of fusion. Do the
KKR mutants stabilize or destabilize the metastable prefusogenic conformation of NiV-F, and/or do they affect subsequent
steps in the fusion process? It is also possible that the KKR
basic motif may interact with cellular proteins that directly or
indirectly modulate the actin cortical cytoskeleton, which is
intimately involved in membrane dynamics and curvature during fusion and syncytium formation (37, 49, 51). Dutch and
colleagues have previously reported that various transdominant Rho-GTPases can up- or down-regulate HeV fusion (57).
Since the ERM (ezrin-radixin-monesin) family of proteins is
known to connect the CTs of various membrane proteins to the
actin cortical cytoskeleton and the ERM proteins themselves
are known to be activated and inactivated by distinct Rho
GTPases (21, 29), we speculate that the ERM proteins may
connect the CT of NiV-F to the actin cortical cytoskeleton and
that modulation of the CT’s attachment to the cortical cytoskeleton by the Rho GTPases, or by our various KKR mutants, is what accounts for the hyper- or hypofusogenic phenotypes seen. Intriguingly, ERM proteins preferentially bind CTs
of membrane proteins that have isoelectric points higher than
9.0 and that have basic amino acid clusters (29, 74). They also
prefer to bind CTs that contain phosphorylated serines and
tyrosine motifs (17, 58). NiV-F’s CT has an isoelectric point of
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9.88, contains a C-terminal tyrosine-rich motif, and contains
two basic clusters, i.e., the membrane-proximal KKR cluster
that we know affects fusion and an RRVR cluster between
regions T3 and T4. In addition, preliminary mass spectrometry
analysis indicated that the two C-terminal serines in NiV-F are
phosphorylated (unpublished observations). Therefore, it
seems plausible that cellular factors such as ERM proteins may
connect the CT of NiV-F or HeV-F to the actin cortical cytoskeleton of cells, and the strength and stability of this connection may modulate fusogenicity.
Our data also suggest that the KKR motif modulates fusogenicity via an inside-out signaling mechanism. Differential
MAb recognition of the ectodomain correlating with differential neutralization (Fig. 4), faster or slower rates of fusion
kinetics affected by the rate of 6HB formation (Fig. 6), and
differential effects on the avidity of F-G interactions (Fig. 7) all
argue that mutations of these cytoplasmic residues can affect
the conformation and subsequent fusogenic function of the
ectodomain. Interestingly, data from differential MAb binding,
rate of 6HB formation, and fusion kinetics experiments also
reveal that distinct mechanisms underlie the similar hypofusogenic phenotypes of the K2A and R3A mutants. For example,
while MAbs 92 and 66 clearly bound differentially to the R3A
mutant, no difference in K2A binding was observed (Fig. 4B).
On the other hand, while K2A was significantly more sensitive
to inhibition by HR2-Fc compared to WT NiV-F, R3A was
similar in sensitivity to WT NiV-F (Fig. 6A). This equivalent
sensitivity to HR2-Fc inhibition is consistent with our real-time
fusion kinetics data showing that for the first 40 min, R3A
fused at the same rate and to the same extent as WT NiV-F,
while K2A fused much more slowly from the very beginning
(Fig. 6B). However, after 40 min, R3A began to exhibit slower
fusion kinetics and eventually fused to a much lesser extent
than WT NiV-F at 100 min. As mentioned above, it is likely
that the defect in fusion in the R3A mutant is manifested at a
stage post 6HB formation, such as fusion pore enlargement.
We previously suggested that a critical parameter that governs NiV envelope-mediated fusion is the avidity of F and G
association, which we quantified by a rigorous coimmunoprecipitation assay (3). Our published data showed a strong and
significant negative correlation between the degree of hyperfusogenicity exhibited by a variety of ectodomain N-glycan
mutants and the avidity of F and G association. We had therefore favored the attachment protein displacement model of
paramyxovirus fusion where the dissociation of G from F after
receptor engagement better allows for the conformational
changes in F that lead to fusion peptide exposure and membrane fusion. We now provide data to further expand and
support this model with both hyper- and hypofusogenic mutants (Fig. 7D). Indeed, as shown in Fig. 7E, when we added
our present datum points to the datum points from our hyperfusogenic N-glycan mutants (3), the Pearson correlation became even stronger (r2 ⫽ 0.91) and more significant (P ⬍
0.0001). These data suggest that F and G dissociation can be a
common pathway for the triggering of F regardless of the
determinants of fusion in F involved. However, since we performed these studies with receptor-containing 293T cells, we
are not able to distinguish whether the differences in F-G
association between WT and mutant fusion proteins we have
observed occur pre or post receptor binding. True avidity mea-
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surements would have to be done with truly receptor-negative
cells. In addition, it remains to be determined whether the
KKR motif affects the interaction of NiV-F with NiV-G directly and/or via modification of the NiV-F ectodomain’s overall conformation. At least for one other paramyxovirus F protein (NDV), the ectodomain HR2 region has been implicated
in binding to the attachment protein HN (24); therefore, the
effects of NiV-F CT mutants on the avidities of NiV-F–NiV-G
interactions observed here may be due to inside-out signaling.
We also note that NiV-F processing is usually increased
when G is cotransfected (compare Fig. 7A with Fig. 1B and
2B). Since both F and G are encoded by codon-optimized
genes, a potential explanation is that expression of G competes
for transcriptional or translational resources, resulting in less
overexpression of F; overexpression of F in the absence of G
can overwhelm the proteolytic machinery required for F cleavage. However, it would be interesting to determine whether the
presence of G, and its association with F, can intrinsically affect
F processing, either by modulating its endosomal recycling
behavior or changing the conformation of F to make it more
accessible to cathepsin L cleavage.
Finally, it remains to be determined how the NiV-F CT
actually stabilizes or destabilizes F-G interactions and whether
the fusion-modulatory role played by the polybasic motif in the
CT of NiV-F is unique for NiV (or the henipaviruses). The
studies presented in this report point to the many determinants
of fusion in NiV-F and underscore the complexities that regulate the “proper” amount of fusion mediated by NiV-F, which
has both fusion-promoting and fusion-inhibiting determinants.
Further studies of these determinants will enhance our understanding of the pathobiology of this deadly emerging virus and
may reveal more targets for therapeutic intervention.
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