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ABSTRACT Nipah virus (NiV) is a zoonotic bat henipavirus in the family Paramyxoviridae.
NiV is deadly to humans, infecting host cells by direct fusion of the viral and host cell
plasma membranes. This membrane fusion process is coordinated by the receptor-
binding attachment (G) and fusion (F) glycoproteins. Upon G-receptor binding, F fuses
membranes via a cascade that sequentially involves F-triggering, fusion pore forma-
tion, and viral or genome entry into cells. Using NiV as an important paramyxoviral
model, we identified two novel regions in F that modulate the membrane fusion cas-
cade. For paramyxoviruses and other viral families with class I fusion proteins, the hep-
tad repeat 1 (HR1) and HR2 regions in the fusion protein prefusion conformation bind
to form a six-helix bundle in the postfusion conformation. Here, structural comparisons
between the F prefusion and postfusion conformations revealed that a short loop
region (N1) undergoes dramatic spatial reorganization and a short alpha helix (N4)
undergoes secondary structural changes. The roles of the N1 and N4 regions during
the membrane fusion cascade, however, remain unknown for henipaviruses and para-
myxoviruses. By performing alanine scanning mutagenesis and various functional anal-
yses, we report that specific residues within these regions alter various steps in the
membrane fusion cascade. While the N1 region affects early F-triggering, the N4
region affects F-triggering, F thermostability, and extensive fusion pore expansion dur-
ing syncytium formation, also uncovering a link between F-G interactions and F-trig-
gering. These novel mechanistic roles expand our understanding of henipaviral and
paramyxoviral F-triggering, viral entry, and cell-cell fusion (syncytia), a pathognomonic
feature of paramyxoviral infections.

IMPORTANCE Henipaviruses infect bats, agriculturally important animals, and humans,
with high mortality rates approaching ;75% in humans. Known human outbreaks have
been concentrated in Southeast Asia and Australia. Furthermore, about 20 new henipaviral
species have been recently discovered in bats, with geographical spans in Asia, Africa,
and South America. The development of antiviral therapeutics requires a thorough under-
standing of the mechanism of viral entry into host cells. In this study, we discovered novel
roles of two regions within the fusion protein of the deadly henipavirus NiV. Such roles
were in allowing viral entry into host cells and cell-cell fusion, a pathological hallmark of
this and other paramyxoviruses. These novel roles were in the previously undescribed N1
and N4 regions within the fusion protein, modulating early and late steps of these impor-
tant processes of viral infection and henipaviral disease. Notably, this knowledge may
apply to other henipaviruses and more broadly to other paramyxoviruses.

KEYWORDS F-triggering, FG interactions, Nipah, entry, fusion, henipavirus,
paramyxovirus

Nipah virus (NiV) and related henipaviruses are considered by the World Health
Organization (WHO) as top priority pathogens with high epidemic risk to humans
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(1). Similarly to other paramyxoviruses, NiV is highly infectious, primarily infecting the
respiratory tract and the central nervous system. NiV in particular typically causes brain
inflammation, severe respiratory syndrome, and vasculitis and has an average mortality
rate in humans of 75%, reaching 90 to 100% in some outbreaks (2–6). Despite the im-
portance of NiV, there are still no approved therapeutic countermeasures or vaccines
available for human use (7, 8). A clearer understanding of the mechanism of viral entry
into host cells is crucial to the development of such therapeutics.

Paramyxoviral entry occurs through a virus-cell membrane fusion process that is
driven by two surface proteins: the attachment (HN, N, or G) and fusion (F) glycopro-
teins. The attachment glycoprotein sequences differ relatively more among paramyxo-
viruses, binding various host cell receptors and being designated HN, H, or G (9–17).
The fusion glycoprotein (F) is relatively more structurally and functionally conserved. F
ultimately fuses the viral and host cell membranes during viral entry or cell-cell mem-
brane fusion (syncytium formation), a pathognomonic feature of paramyxoviral infec-
tions (9–13, 18). The class I fusion protein NiV F is initially synthesized as an inactive
precursor (F0) that is cleaved within an endocytic compartment by cathepsin L into
two disulfide-linked subunits, F1 and F2 (19–21). Processed F contains a new N-terminal
hydrophobic fusion peptide (FP) (Fig. 1B). Downstream of the FP are the archetypical
heptad repeat (HR) helical regions (designated HR1 and HR2) (Fig. 1B). As NiV G
engages its ephrin B2 receptor, G undergoes conformational changes that trigger NiV
F conformational changes, resulting in FP insertion into the target cell membrane, fully
extending the HR1 region and forming the transient pre-hairpin intermediate (PHI)
(22–24). HR1 and HR2 refolding and binding form the energetically stable postfusion

FIG 1 Differences in spatial arrangements and secondary structures of the N1 and N4 regions between the pre-
and postfusion conformations. (A) NiV F published prefusion and modeled postfusion monomer. The heptad
repeats HR1 and -2 are highlighted in teal and orange, respectively. HR3 is highlighted in magenta. The N1 and
N4 regions are highlighted in green and purple, respectively. The fusion peptide is shown in black. Areas shaded
in gray denote the previously described DI and DIII domains (30, 31, 34). (B) Schematic of the NiV F protein. The
green and purple areas denote the N1 and N4 regions, respectively. The N1 and N4 inserts show the native
amino acid sequences as well as the scanning alanine mutants constructed in residues 220 to 226 and 250 to
260, respectively. WT, wild type. (C) Close-ups of spatial and/or secondary structural changes observed in the pre-
and postfusion conformations of the N1 region in green and the N4 region in purple.
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six-helix bundle (6HB), causing the viral and host cell membranes to mix and ultimately
fuse (18, 24–27).

The pre- and postfusion structures of several paramyxoviral F glycoproteins have
been previously solved (28–34). These structures bring to light some well-characterized
and some less-understood differences between the pre- and postfusion F conforma-
tions. Specifically, the HR1 and HR2 regions have been studied extensively, and rear-
rangements between the HR1 and HR2 regions between the prefusion and postfusion
F conformations are widely accepted as a main driver of membrane fusion (9–13,
24–27, 35–37). Furthermore, we recently showed the role of a third large helical do-
main, termed HR3, in modulating early F-triggering and late steps of the membrane
fusion cascade (38). However, other molecular rearrangements that occur between the
transitional conformational states of F and their role in the membrane fusion cascade
remain largely enigmatic for the henipaviruses and paramyxoviruses.

In the first paramyxoviral F crystal structure, that of the Newcastle disease virus
(NDV) postfusion F conformation (29), four short helices downstream of the HR1 region
were designated N1, N2, N3, and N4. The solved parainfluenza virus 5 (PIV5) W3A proc-
essed prefusion F (PDB accession code 4GIP), as well as the PIV5 WR strain prefusion F
(PDB accession code 4WSG), similarly contained the four short helices N1 to N4 (31,
33). In the recently solved NiV prefusion F structure (PDB accession code 5EVM), the N1
region exists as a linker, as opposed to an alpha helix (as in NDV and PIV5 F), followed
by three small helices—N2, N3, and N4 (28). Notably, when we compared the prefusion
structure of NiV F with a postfusion NiV F modeled after human parainfluenza virus 3
(hPIV3), we observed a large spatial displacement of the N1 region (Fig. 1A). In the pre-
fusion NiV F conformation, the N1 region is in close association with the FP, as well as
HR1 and HR3 (regions involved in F-triggering). In the postfusion conformation, this
close association is lost (Fig. 1A and C). On the other hand, in the prefusion conforma-
tion, the N4 region is at an interface between domains DI (containing b-sheets) and
DIII (which contains the HR1, HR3, and FP). In the postfusion conformation, the DI and
DIII domains are now rotated around N4 and the N4 region gains an additional helical
turn (Fig. 1A and C). Moreover, the primary sequence, location, and configuration of
the N1 and N4 regions are well conserved among henipaviruses and paramyxoviruses
(see Fig. 9 below). For these reasons, we hypothesized that the N1 and N4 regions are
important in releasing the fusion peptide and aiding transition into the PHI (hereby
termed F-triggering).

To investigate the roles of the N1 and N4 regions, we performed a comprehensive ala-
nine scanning mutagenesis spanning these regions, covering individual residues 220 to
226 and 250 to 260, respectively (Fig. 1B). We first tested these alanine mutants for their
levels of cell surface expression (CSE), total cell expression, processing, gross prefusion
conformational states, and syncytial fusion assays. We then further tested specific mutants
of interest shown to affect the membrane fusion process in functional F-triggering, fusion
pore formation (dual split protein [DSP] assays), viral entry assays, and F-G interaction
assays (coimmunoprecipitation [co-IP] assays). As we had hypothesized, our studies
uncovered point mutants in these regions that affected early F-triggering steps of the
membrane fusion cascade. Furthermore, our results uncovered that the N4 region modu-
lated not only F-triggering, but also later steps during the membrane fusion cascade,
such as fusion pore expansion, as well as thermostability of the F protein. Importantly,
these studies uncovered a strong inverse relationship between F-G interactions and F-
triggering. These results shed light on the modulation of multiple steps in the NiV mem-
brane fusion cascade, uncovering two novel fusion-modulatory regions in F, with likely
mechanistic implications for other henipaviruses’ and paramyxoviruses’ fusion processes.

RESULTS
Structural comparisons of the NiV F prefusion versus postfusion conformations

reveal spatial rearrangements around the N1 and N4 regions, as well as secondary
structural changes in the N4 region. NiV F is a trimeric class I fusion protein that con-
tains two helical heptad repeats, HR1 (in teal) and HR2 (in orange) (Fig. 1A and B). The
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prefusion conformation of NiV F has been recently solved (PDB ID accession code
5EVM [Fig. 1A, left]) (28). As F progresses through the fusion cascade, F goes from the
metastable prefusion to the highly stable postfusion conformation, both shown as F
monomers (Fig. 1A). A crystal structure for the postfusion NiV F remains to be solved;
therefore, we generated an NiV F postfusion monomer model using SWISS-MODEL
with the existing hPIV3 F X-ray crystal structure, which is 30% identical in primary
sequence to NiV F (PDB ID accession code 1ZTM [Fig. 1A, right]) (30, 39–42). Structural
analysis of the published prefusion NiV F monomer showed the N1 region (in green) in
close association with the fusion peptide (FP), HR1, and HR3 (magenta). Contrarily, the
postfusion NiV F model conformation depicted the N1 region as no longer in close
association with the FP, HR1 and HR3 (Fig. 1C). Structural analysis of the N4 region (in
purple) in the prefusion conformation showed N4 is initially located at an interface
between the DI domain (containing b-sheets) and the DIII domain (which contains the
FP, HR1, and HR3). In contrast, in the postfusion conformation, these DI and DIII
domains have now rotated around N4, and an additional helical turn is gained by N4
(Fig. 1A and C). Due to these observations, we hypothesized that the N1 and N4
regions are important in modulating the membrane fusion cascade, particularly at the
early F-triggering step(s). To elucidate the functionality of these regions in the mem-
brane fusion process, we performed alanine scanning mutagenesis in the N1 (amino
acids 220 to 226 [aa 220–226]) and N4 (aa 250–260) regions (Fig. 1B).

NiV F N1 and N4 regions contain select mutants with hypo- or hyperfusogenic
phenotypes, despite wild-type levels of cell surface expression. We first tested the
capacity of the N1 and N4 NiV F mutants to induce cell-cell fusion. HEK 293T cells were
transfected with wild-type NiV G and either wild-type or mutant NiV F. After 12 to 16 h
posttransfection, cells were fixed, and nuclei inside fused cells (syncytia) were quanti-
fied by microscopic analysis. Several mutants with mutations in the N1 region showed
significant differences in syncytium formation: D220A (;60%, P# 0.05), P221A (;20%,
P# 0.01), V222A (;0%, P# 0.0001), and M226A (;0%, P# 0.0001). Two mutants had
significantly increased fusion levels: S223A (;230%, P# 0.01) and N224A (;200%,
P# 0.05) (Fig. 2A). Furthermore, the majority of the N4 region mutants showed signifi-
cantly decreased syncytial fusion levels: T250A (;60%, P# 0.05), D252A (;1%,
P# 0.0001), F253A (;0%, P# 0.0001), D255A (;4%, P# 0.0001), L256A (;1%,
P# 0.0001), and E258A (;0%, P# 0.0001) (Fig. 2C). Interestingly, however, two of the
11 N4 mutants showed highly significantly increased fusion levels, with the L257A mu-
tant yielding ;600% fusion (P# 0.0001) and the S259A mutant having ;280% fusion
(P# 0.001) compared to wild-type NiV F (Fig. 2C).

Since we and others have shown that cell-cell fusion levels are dependent on cell
surface expression levels of the henipaviral glycoproteins (43, 44), to verify that the
cell-cell fusion phenotypes were not due to differences in cell surface expression levels
of the mutant proteins, we expressed N1 or N4 NiV F mutants in HEK 293T cells and
measured relative cell surface expression by flow cytometric analyses as normalized to
wild-type NiV F. The P221A, S223A, and N224A N1 region mutants were expressed at
the cell surface at levels comparable to wild-type NiV F (Fig. 2A). The N1 NiV F D220A,
V222A, and M226A mutants yielded significantly to highly significantly lower levels of
cell surface expression (Fig. 2A). The extremely low levels of CSE of N1 V222A and
M226A mutants explain the observed lack of syncytia (Fig. 2A). Fusion index scores
were then calculated by dividing the normalized percentage of syncytia by the normal-
ized percentage of cell surface expression to account for the effects of cell surface
expression of F on syncytium formation, as per several prior publications (43, 45, 46).
These fusion index calculations revealed that P221A, S223A, and N224A mutants had
significant differences in fusion index scores (P# 0.05) (Fig. 2B). Thus, of the NiV F N1
region alanine point mutants, these three mutants displayed differences in their inher-
ent fusogenic capacities.

A similar analysis was carried out for the N4 alanine point mutants. The N4 T250A,
E251A, D254A, D255A, L256A, L257A, E258A, S259A, and D260A mutants were all
expressed at the cell surface at levels comparable to wild-type NiV F (Fig. 2C). The
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F253A mutant had a severely decreased level of cell surface expression, which likely
accounted for the lack of syncytia observed (Fig. 2C). Although the N4 region D252A
mutant had ;72% CSE levels (P# 0.0001), there was a markedly absent level of syncy-
tia observed. Furthermore, when we calculated their fusion index scores, T250A,
D252A, D255A, L256A, and E258A mutants were all significantly hypofusogenic, while
L257A and S259A mutants were significantly hyperfusogenic (Fig. 2C and D).
Therefore, we further pursued our functional analyses of these seven fusion mutants
within the N4 region. It was remarkable that the relatively small N4 region contained
seven cell-cell fusion mutants within a stretch of 10 residues (70%).

F processing levels of the N1 and N4 region mutants are not significantly
affected. NiV F requires endocytic processing of the F0 precursor by the endosomal ca-
thepsin L for cleavage into the F1/F2 subunits and thus activation (19–21, 47). Because
levels of F processing may affect the membrane fusion function of NiV F, we sought to
determine whether the N1 and N4 region mutants yielded alterations in F processing.
We observed no significant differences in processing efficiency between wild-type NiV
F and N1 region mutants. Furthermore, the low cell surface expression of V222A and

FIG 2 Cell-surface expression, syncytial formation, and fusion indices of N1 and N4 region mutants. (A) Relative
levels of cell surface expression (CSE; gray) and syncytium formation (black) of NiV F N1 mutants normalized to
wild-type (WT) NiV F. (B) Fusion indices determined by dividing normalized percentage of syncytia by
normalized percentage of CSE for the N1 region mutants. (C) Relative levels of CSE (gray) and syncytium
formation (black) for the NiV F N4 mutants normalized to wild-type NiV F. (D) Fusion indices determined by
dividing the normalized percentage of syncytia by the normalized percentage of CSE for the N4 region
mutants. The green dashed line represents wild-type levels of CSE and syncytia. Results are averages from at
least five experiments, with error bars indicating standard error of the mean. Statistically significant differences,
as determined by a one-sample Student's t test, are marked with asterisks: *, P# 0.05; **, P# 0.01; ***,
P# 0.001; and ****, P# 0.0001.
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M226A mutants was corroborated by Western blotting (Fig. 3A). Of note, the V222A
mutant yielded basically no NiV F expression. Similarly, N4 region mutants had wild-
type levels of NiV F processing (Fig. 3B). The low cell surface expression level of the
F253A mutant was also corroborated by Western blotting (Fig. 3B). Therefore, the
large majority of the N1 and N4 region mutants had roughly wild-type levels of F
processing.

Overall conformations of the N1 and N4 region fusion mutants are grossly
similar to those of wild-type NiV F. We then asked whether mutations in the N1
region of NiV F resulted in changes in the gross prefusion F conformation. We previ-
ously produced two rabbit monoclonal antibodies (MAbs), 92 and 66, that bind distinct
conformational epitopes (45). As recently reported, the binding epitope of MAb 66 is
the apex end of the prefusion F protein (48). Therefore, relative binding levels of MAbs
92 and 66 to the wild type and N1 region mutants were measured by flow cytometric
analyses. The binding ratios of F binding to MAbs 92 or 66 relative to polyclonal antise-
rum 835 (here, PAb 835), our overall NiV F expression control, were calculated to nor-
malize for transfection efficiencies: MAb 92/PAb 835 and MAb 66/PAb 835, respectively
(Fig. 3C). Although the N1 region mutants of interest appeared to have a slight
increase in the level of binding to MAb 66, the differences in MAb 92/PAb 835 or MAb
66/PAb 835 antibody binding ratios were not statistically significant compared to those
of wild-type NiV F (Fig. 3C). Hence, overall fusion mutants of interest in the N1 region
did not significantly alter the F overall prefusion conformation. Similarly, five of seven
N4 fusion mutants yielded no major differences in MAb 92/PAb 835 and MAb 66/PAb
835 antibody binding ratios compared to wild-type NiV F. While D252A, D255A, L256A,

FIG 3 Levels of F processing and relative overall NiV F mutant prefusion conformations. (A and B) Levels of F
processing determined by quantitative Western blotting (using detection of fluorescent antibodies) of cell
lysates from NiV F N1 mutants (A) or (B) NiV F N4 mutants. Levels of processing were determined by dividing
the F1 signal by total F0 1 F1 in cell lysates. The average from three experiments is shown, with error bars
indicating the standard error of the mean. Lack of statistically significant differences was determined by two-
sample Student's t test. A representative image of total cell lysates is shown. (C and D) Relative levels of MAb
92 and 66 binding of wild-type NiV F or N1 region mutants (C) or (D) N4 region mutants, all normalized to
those of wild-type NiV F. All antibody binding levels were normalized to the CSE of each N1/N4 NiV F (as
measured by PAb 835 binding). n= 3. Statistically significant differences, as determined by a one-sample
Student's t test, are marked with asterisks: *, P# 0.05; **, P# 0.01.
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and L257A mutants appeared to have slightly decreased levels of MAb 92 binding,
only those of D255A and L257A mutants were statistically significant (Fig. 3D).
Furthermore, while D255A, L256A, and L257A mutants appeared to have a slightly
decreased level of binding to MAb 66, only that of the L257A mutant was statistically
significant (Fig. 3D). Therefore, most of the mutations in the N4 region did not alter the
F overall conformations, and two mutations altered them only slightly.

The N1 region modulates early F-triggering steps. Because of the observed prox-
imity of the N1 region to the FP, HR1, and HR3 (Fig. 1A and C), we hypothesized this
region would affect F-triggering. After confirming that the observed syncytial fusion
phenotype was not due to defects in F processing or overall F conformational states,
we performed functional F-triggering assays as previously described (38, 49–51).
Briefly, the F-triggering assay is capable of quantifying NiV F entering the PHI confor-
mation (a step we define as F-triggering). In the PHI, the FP is inserted into the oppos-
ing target membrane, and the HR1 region is fully extended and exposed, thus allowing
the HR2-Cy5-labeled peptide to bind NiV F on the cell surface. The Cy5 signal is then
detected and quantified by flow cytometric analysis. The hypofusogenic N1 P221A mu-
tant yielded significantly reduced levels of F-triggering compared to the wild-type NiV
F (;20%, P# 0.001). Conversely, the hyperfusogenic S223A and N224A mutants were
triggered to higher levels compared to wild-type F (;1.5-fold, P # 0.001, and ;2.5-
fold, P# 0.05, respectively).

To determine if F triggering affected the subsequent post-F-triggering steps, we
tested the N1 fusion mutants in previously described dual split protein (DSP) fusion
pore formation assay adapted for NiV (37, 38, 49–52). Upon formation of a sufficiently
sized fusion pore between effector and target cells, both portions of the green fluores-
cent protein (GFP)-Renilla luciferase dual split proteins (DSP1–7 and DSP8–11) combine to
form a fully functional Renilla luciferase (as well as fluorescent GFP). Luciferase activity
was then measured 8 h postoverlay and normalized to wild-type NiV F (set as 100%), as
previously described (37, 38, 49, 52). The hypofusogenic P221A mutant yielded signifi-
cantly decreased fusion pore formation versus DSP fusion (;60%, P# 0.05) compared
to wild-type NiV F (Fig. 4A). Contrarily, the hyperfusogenic S223A and N224A mutants
yielded ;200% (P# 0.01) and ;150% (P# 0.01) DSP fusion, respectively (Fig. 4A).
Fusion pore formation levels overall reflected the F-triggering levels obtained for these
mutants, suggesting that the N1 region affects the F-triggering step and consequently
the downstream fusion pore formation and extensive fusion pore expansion steps that
result in syncytium formation (Fig. 4A). We performed correlation studies between the
levels of F-triggering and fusion pore formation for the N1 mutants (Fig. 4B), and we
observed a direct correlation trend, although likely due to the low number of mutant
data points for this region, the correlation was not statistically significant. However,
when we graphed the N1 mutant data points collectively with N4 mutant data points
(Fig. 4E and F), a significant positive correlation was observed, suggesting that the N1
region likely affects the early F-triggering step(s) and consequently the downstream
fusion pore formation step(s).

The N4 region modulates early F-triggering steps, as well as a later fusion pore
expansion step(s). Our F-triggering assays also revealed that the hypofusogenic N4
T250A (;60%, P# 0.05), D255A (;6%, P# 0.01), L256A (0%, P# 0.0001), and E258A
(;4%, P# 0.001) mutants yielded the indicated significantly reduced levels of F-trig-
gering compared to the wild-type NiV F (Fig. 4C). Conversely, the hyperfusogenic N4
L257A (;180%) and S259A (;230%) mutants were triggered to higher levels than
wild-type NiV F (P# 0.01 [Fig. 4C]). Interestingly, the hypofusogenic D252A mutant had
near wild-type levels of F-triggering, suggesting a post-F-triggering fusion phenotype
for this mutant (Fig. 4C).

To determine if F-triggering levels affected the subsequent steps, we tested the N4
region fusion mutants via the aforementioned dual split protein fusion pore formation
assay (38, 49–51). Interestingly, the T250A mutant yielded wild-type levels of fusion
pore formation. The hypofusogenic D252A (;37%, P # 0.05), D255A (;20%, P # 0.05),
L256A (;25%, P # 0.001), and E258A (;0.3%, P# 0.0001) mutants yielded the
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FIG 4 Positive correlation between F-triggering and fusion pore formation for the NiV F N1 and N4 region fusion mutants. (A and C)
Levels of F-triggering and fusion pore formation of select NiV F N1 and N4 regions mutants compared to wild-type F in HEK 293T
cells. F-triggering levels were determined by flow cytometry using a Cy5-labeled HR2 peptide and normalized to CSE levels for each
mutant. Dual split protein fusion assay results (fusion pore formation) were normalized to wild-type NiV F. Levels of F-triggering, DSP
fusion, and syncytium formation (from Fig. 2A) are shown together to better illustrate the step(s) of fusion affected. The data shown
are averages from at least 3 experiments, with error bars indicating standard error of the mean. Statistically significant differences, as
determined by a one-sample Student's t test, are marked with asterisks: *, P# 0.05; **, P# 0.01; ***, P# 0.001; and ****, P# 0.0001.
(B) Percentage of fusion pore formation plotted against percentage of F-triggering from panel A. (D) Percentage of fusion pore
formation plotted against percentage of F-triggering from panel C. (E) Percentage of fusion pore formation plotted against
percentage of F-triggering of both N1 and N4 mutants from panels A and C. (F) Percentage of fusion pore formation plotted against
log percentage of F-triggering of both N1 and N4 mutants from panels A and C. Note that the L256A mutant was excluded from the
analysis as the log of 0% F-triggering is undefined.
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indicated significantly decreased levels of fusion pore formation (DSP fusion) com-
pared to wild-type NiV F (Fig. 4C, striped bars). Contrarily, the hyperfusogenic L257A
and S259A mutants yielded ;180% (P# 0.01) and ;155% (P# 0.05) DSP fusion,
respectively (Fig. 4C, striped bars). When we analyzed the statistical correlation
between F-triggering and fusion pore formation for the N4 region mutants (Fig. 4D),
we observed a significant positive correlation (P = 0.0216). Furthermore, when we col-
lectively analyzed the N1 and N4 region mutants, we observed an even higher signifi-
cant positive correlation (Fig. 4E and F, P = 0.0068; P = 0.0039). These analyses suggest
that the N1 and N4 regions affect F-triggering and therefore the subsequent down-
stream fusion pore formation steps.

Hypofusogenic N1 and N4 region mutants infect at wild-type levels using a
pseudotyped virus system. The requirements for fusion pore formation and extensive
fusion pore expansion, although driven by similar mechanisms, are different. While
fusion pore formation is sufficient to allow the transport of the relatively small viral ge-
nome from a virion into a host cell, extensive fusion pore expansion is required to
allow for syncytial formation (the pathological hallmark of henipaviral disease) (3, 4).
To study these phenotypes, we performed well-established biosafety level 2 (BSL2) NiV
pseudotyped viral entry assays in which NiV surface glycoproteins were pseudotyped
onto a vesicular stomatitis virus (NiV/VSV) (22, 38, 43, 49, 53) (Fig. 5A and C). Vero cells
were infected with equilibrated genome copies of NiV/VSV pseudotyped virions over a
series of 10-fold dilutions. Twenty-four hours postinfection, infected Vero cells were
lysed and incubated with Renilla luciferase substrate to determine levels of lumines-
cence (a correlate of viral entry). Western blot analyses were performed to determine
the levels of NiV G and NiV F incorporation onto the NiV/VSV pseudotyped virions (Fig.
5B and D). In the case of the N1 region mutants, both the hypofusogenic P221A mu-
tant and the hyperfusogenic S223A mutant yielded wild-type levels of viral entry and
were incorporated to similar levels (Fig. 5A). Therefore, the N1 P221A hypofusogenic
and S223A hyperfusogenic mutants were able to infect cells at wild-type levels, likely
due to the fusion pore formation capabilities of these two mutants (Fig. 4A).

Interestingly, the N4 region hypofusogenic D252A mutant yielded wild-type levels
of viral entry and G and F incorporation into virions (Fig. 5C and D). Since this mutant
was able to trigger F and had reduced levels of fusion pore formation, it appears that

FIG 5 Infectivity of NiV F N1 and N4 region mutants. (A and C) Viral entry of NiV/VSV pseudotyped
virions expressing NiV F (wild type or N1 or N4 region mutants) over serial dilutions of equal input of
viral genomes. NiV/VSV pseudotyped virions expressing NiV G alone were used as the negative
control. Averages and standard errors of the mean from 3 independent experiments are shown. (B
and D) Western blot analysis of equal numbers of genomes of N1 and N4, respectively. NiV/VSV viral
lysates show relative levels of NiV G and processed (F1) and unprocessed (F0) NiV F incorporation.
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the level of fusion pore formation for the L252A mutant is sufficient for entry of the rel-
atively small viral genomes, but not sufficient for syncytium formation (moving of
nuclei between fusing cells). Conversely, the N4 hyperfusogenic L257A mutant had
decreased levels of viral entry, likely due to the low levels of incorporation into NiV/
VSV glycoproteins into the pseudotyped virions (Fig. 5C and D).

The hyperfusogenic N4 region L257A mutant is able to induce formation of
fusion pores and small syncytial pockets in the absence of NiV G at 42°C. As afore-
mentioned, the L257A mutant had slightly decreased binding of conformational prefu-
sion F MAbs 66 and 92 (Fig. 3D). The L257A NiV F mutant underwent about 70%
enhanced levels of F-triggering and fusion pore formation (Fig. 4C). Furthermore, the
L257A mutant displayed an ;6-fold increase in its syncytial fusion level compared to
wild-type NiV F (Fig. 2C and D). Taking all these observations into account, we
hypothesized that the L257A mutant may be in a more easily triggered state. To test
this hypothesis, we performed both syncytial and DSP fusion assays at the elevated
temperature of 42°C. For syncytial assays, HEK 293T cells were transfected with wild-
type NiV F alone or the N4 L257A mutant alone (in the absence of NiV G) at 37°C ini-
tially. After 24 h posttransfection, cells were then moved to 42°C for an additional 96 h
and analyzed by microscopy (Fig. 6A and B) (43, 54–56). We observed a level of wild-
type NiV F syncytium formation of ;5 nuclei per syncytium (Fig. 6A and B).
Remarkably, the N4 hyperfusogenic L257A NiV F mutant had syncytium formation lev-
els about 3-fold higher (;17 nuclei per syncytium, P# 0.05 [Fig. 6A and B]).
Quantitative DSP assays were also used to confirm results from the syncytial assay: the
L257A NiV F mutant had fusion pore formation at ;2-fold higher levels when relative
light units (RLU) were normalized to wild-type NiV F (P# 0.01 [Fig. 6C]) Therefore, at
elevated temperatures, the L257A mutant was able to fuse in the absence of NiV G,
suggesting that this residue in the N4 region is important for modulating F-triggering
and cell-cell fusion, likely via fusion pore expansion, as well as F thermostability.

N1 and N4 region fusion mutants reveal that NiV F-G interaction dissociation is
linked to F triggering. We and others have previously reported a receptor-induced
dissociation of the attachment (H or G) and F glycoproteins during paramyxoviral
membrane fusion (12, 36, 57). Furthermore, we reported a negative correlation
between NiV F fusogenicity and F-G avidity interactions, suggesting that the F-G disso-
ciation event is crucial during the membrane fusion process (22, 43, 45, 51, 53, 58).
Using coimmunoprecipitation assays, we determined the levels of F-G interactions in
cells that have largely undergone fusion. HEK 293T cells were cotransfected with wild-
type NiV G and NiV F (wild type or N1 or N4 mutants). After 24 h, cells were collected
and lysed, and F was immunoprecipitated. Both cell lysates and co-IP eluates were sep-
arated by SDS-PAGE (Fig. 7). Levels of F-G interaction or avidity were calculated using
quantitative Western blot analyses. We found that in the case of the NiV F N1 region

FIG 6 The N4 L257A mutant is able to fuse alone at 42°C. (A) Representative images of HEK 293T cells
transfected with wild-type NiV F or the L257A mutant, in the absence of NiV G, and fused at 42°C. (B) Number
of nuclei per syncytium yielded by wild-type F versus the L257A mutant. A total of $10 syncytia/transfected
well were analyzed for both wild-type F and the L247A mutant alone. Data are averages and SDs from at least
3 independent experiments. Statistically significant differences, as determined by two-sample, two-tailed t tests,
are marked with an asterisk: *, P# 0.05 (C) Dual split protein fusion assay performed at 42°C with 36-h effector
and target cell overlay. RLU were normalized to WT F alone. Data are averages and SDs from 4 independent
experiments. Statistically significant differences, as determined by one-sample, two-tailed t test, are marked
with asterisks: **, P# 0.01.
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FIG 7 NiV-G associations are altered for some NiV F N1 and N4 fusion mutants. (A) Cell lysates (left) transfected with wild-type NiV G and
NiV F (wild type or N1 region mutants) and co-IP (right). NiV F was pulled down using protein G coupled with rabbit anti-AU1. Associated
NiV G was coimmunoprecipitated. (B) N1 mutant F/G co-IP values (relative avidities) were determined by dividing G IP by (G Lys � F IP), as
previously performed to account for G and F expression and F IP capabilities (38, 49, 58, 63). Avidity values were normalized to wild-type

(Continued on next page)
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mutants, the P221A hypofusogenic mutant had significantly increased levels of NiV F-G
association compared to wild-type NiV F (P# 0.05 [Fig. 7A and B]). In contrast, the N1
hyperfusogenic S223A and N224A mutants have no significant difference in F-G associ-
ation levels compared to wild-type NiV F (Fig. 7A and B). It is noteworthy that the appa-
rent slight increase observed in N224A mutant interaction with NiV G (Fig. 7A and B)
was found to be statistically nonsignificant.

In the N4 region, the hypofusogenic D255A (P# 0.01), L256A (P# 0.05), and E258A
(P# 0.01) mutants displayed strong F-G interactions (Fig. 7C and D). Conversely, the
hyperfusogenic L257A (P# 0.05) and S259A (P# 0.01) mutants displayed decreased
F-G interactions (Fig. 7C and D). Interestingly, the hypofusogenic D252A mutant
displayed decreased F-G avidity (P# 0.05 [Fig. 7C and D]). On a plot of percentage
of syncytial fusion versus F-G interaction avidities for both the N1 and N4 hypo-
and hyperfusogenic mutants, the data points appear to be distributed along an ex-
ponential dissociation trend (Fig. 7E). Indeed, a simple linear regression analysis
indicated that a linear correlation is not an adequate model for our data and param-
eters (R2 = 0.217, root mean square error [RMSE] = 10.57, P = 0.1484 . 0.05 [plot
not shown]). The root mean square error is the standard deviation of the residuals
(error in the prediction of the fit) and is a good measure of how far the data points
are from the regression line. A log transformation of the percentage of syncytial
fusion improved the fit parameters toward a more significant correlation (R2 =
0.530, RMSE = 8.18, P = 0.0110 [plot not shown]). However, a log transformation of
the avidity of F-G interactions further refined the quality of the fit parameters (R2 =
0.545, RMSE = 0.52, P = 0.0095 [Fig. 7F]), particularly the RMSE and P values, indicat-
ing that this was a best fit model for our data.

To further understand how F-G interaction avidity and fusion correlate, we plotted
one of the fusion steps, F-triggering, against F-G interaction avidities. Again, we
observed that the data points appeared to be distributed along an exponential disso-
ciation trend (Fig. 7G). Again, we first conducted a simple linear regression on the
data and obtained very poor fit results (R2 = 0.390, RMSE = 9.33, P = 0.04 [plot not
shown]). However, a regression using a log transformation of F-triggering improved
the fit to a significant degree (R2 = 0.781, RMSE = 5.86, P = 0.0007 [plot not shown]),
but failed to reduce the spread of the residuals enough. Adding a log transformation
of the avidity of F-G interactions once again greatly refined the quality and signifi-
cance of the fit parameters (R2 = 0.846, RMSE = 0.30, P = 0.0002 [Fig. 7H]) and pro-
duced a model much more bound to the data. In both cases—avidity of F-G interac-
tions versus percentage of F-triggering or versus percentage of syncytial fusion—the
fit was greatly improved by the introduction of the log transformation of avidity as
opposed to only the log transformation of percentage of F-triggering or percentage
of syncytial fusion. This consistency supports the notion that the avidity of F-G inter-
actions behaves exponentially instead of as a linear parameter.

Models for N1 and N4 region mechanism of F-triggering. To further understand
the role of the N1 region in F-triggering, we analyzed the prefusion NiV F crystal struc-
ture (Fig. 8B to E). Interestingly, residue P221 interacts with HR3 (specifically amino
acid I90), a region we recently reported to modulate F-triggering (Fig. 8B and C) (38).

FIG 7 Legend (Continued)
NiV F. The average from six experiments is shown, with error bars indicating the standard error of the mean. Statistically significant
differences, as determined by a one-sample Student's t test, are marked with an asterisk: *, P# 0.05. (C) Cell lysates (left) transfected with
wild-type NiV G and NiV F (wild type or N4 region mutants) and co-IP (right), similarly to panel A. (D) Avidities of F-G interactions for N4
mutants were determined by dividing G IP by (G Lys � F IP) and normalized to wild-type NiV F. The average from five experiments is shown,
with error bars indicating the standard error of the mean. Statistically significant differences, as determined by a one-sample Student's t test,
are marked with asterisks: *, P# 0.05; **, P# 0.01. (E) F-G interaction avidities plotted against percentage of syncytial fusion for the N1 and
N4 region mutants. The gray line is the log transformation fit to the data, and the shaded area is the 95% confidence interval for the fit. (F)
Plot of log avidity versus log percentage of syncytial fusion for N1 and N4 region mutants with 95% confidence interval for the fit. (G) F-G
interaction avidities plotted against percentage of F-triggering for the N1 and N4 region mutants. The gray line is the log transformation fit
to the data, and the shaded area is the 95% confidence interval for the fit. (F) Plot of log avidity versus log percentage of F-triggering for
the N1 and N4 region mutants with 95% confidence interval for the fit.
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Residues S223 and N224 interface with the fusion peptide (Fig. 8B and D). Residue
V222 is at an interface between the fusion peptide and the HR3 region (Fig. 8B and D).
Based on our collective summarized findings (Fig. 8A) and these structural elements,
we propose a model in which the N1 region plays an important role in proper folding

FIG 8 NiV F N1 and N4 mechanism models. (A) Summary of observed phenotypes of the N1 region mutants. 11 indicates wild-type F levels, 2 and 1/2
indicate a reduction, and 111 indicates an increase in the observed phenotype. (B) N1 with highlighted hyperfusogenic (red) and hypofusogenic (blue)
mutants and V222 in close association with the FP, HR1, and HR3 (saturated magenta). (C) Space-filling model shows the P221 amino acid interacting with
HR3 (saturated magenta). (D) Space-filling model depicts residues V222, S223, and N224 interacting with the FP (black). (E) Illustration of the N1 region
playing a role in stabilizing F and initial release of the fusion peptide. (F) Summary of observed phenotypes of the N4 region mutants. (G) Space-filling
model of N4 with highlighted hyperfusogenic (red) and hypofusogenic (blue) mutants, showing the L257 amino acid interacting with the DIII domain of F
that contains HR1, FP, and HR3. (H) Space-filling model that shows D252, D255, L256, and S259 amino acids interacting with the DI domain of F that
contains b-sheets. (I) Model of N4 playing a role as a stability core and which aids in shifting the DI during transition to the postfusion 6HB.
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and in holding of the F protein in its prefusion conformation, as well as in its release
from this prefusion conformation (Fig. 8B and D). Supporting this postulate, the V222A
mutant had no total expression or CSE detected (Fig. 3A and Fig. 2A).

To further understand the role of the N4 region in the context of the biological
functions (Fig. 8F), we analyzed the positions of key N4 residues within the prefusion
NiV F crystal structure (Fig. 8G and H). Interestingly, the hyperfusogenic L257A mutant
is located strictly on the opposing side of the N4 helix that contains all of the hypofu-
sogenic mutants and interacts with the DIII domain of F, which contains the HR1, FP,
and HR3 regions (Fig. 8G and H). Thus, we propose a conceivable model in which L257
is important for holding the prefusion structure together, and propose that the shorter
alanine side-chain substitution in the L257A mutant could result in readily triggering F.
The side of the helix that contains the hypofusogenic N4 mutants interacts with the DI
domain b-sheets (Fig. 8H). Moreover, given the location of the N4 region within the F
monomer (Fig. 8I), the N4 helix may function as a stability core between the high-
energy metastable prefusion F and functions in modulating the movement of the DI
region during transition to the postfusion 6HB (Fig. 8I).

Comparative analyses of N1 and N4 regions’ primary sequences, locations, and
configurations show similarity in other henipaviruses and paramyxoviruses. To
assess whether our overall findings may apply to other henipaviruses and paramyxovi-
ruses, protein sequence alignments and protein structure homology analyses were
performed for the N1 and N4 regions (Fig. 9). The N1 primary amino acid sequence
alignments between henipaviruses NiV, Hendra virus (HeV), Kumasi virus (KuV), and
Cedar virus (CeV) revealed the N1 region has a high degree of similarity (Fig. 9A).
Among paramyxoviruses, however, only a few amino acids are conserved in NiV F, PIV5
F, NDV F, measles virus (MeV) F, and canine distemper virus (CDV) F (Fig. 9B). Notably,
the P221 residue has a high degree of conservation. The N1 structure and location
near the FP, HR1, and HR3 are also well conserved among paramyxoviruses (Fig. 9C).
Similarly, the N4 primary residue sequence is well conserved among henipaviruses
(Fig. 9D). Important residues within the N4 region (D252, L256, L257, and S259) are sim-
ilarly conserved among paramyxoviruses (Fig. 9E). Moreover, the secondary structure
and location of the N4 region are maintained in paramyxoviruses (Fig. 9F). Due to these
observations, the N1 and N4 region functions may be conserved in other henipaviral
and paramyxoviral F proteins.

DISCUSSION

The N1 and N4 regions of NiV F and of other paramyxoviral F proteins remain
largely understudied. Our present study is the first to show a function for the NiV F N1
region in modulating an early step of the fusion cascade, F-triggering, via alanine scan-
ning mutagenesis and an array of functional assays (Fig. 8A). We were most interested
in mutants that had defects in cell-cell fusion but had wild-type levels of CSE.
Specifically, we identified three N1 residues that had an effect on modulation of fuso-
genicity, as shown by the P221A, S223A, and N224A mutants, and more specifically on
an early F-triggering step (Fig. 8A). We verified that effects on fusion and F-triggering
were not due to changes in F processing or differences in gross F conformations.
Furthermore, the N1 early F-triggering effect dictated the observed phenotype of
downstream steps, such as fusion pore formation and expansion (syncytium forma-
tion). In fact, when we plotted N1 F-triggering against fusion pore formation (along
with N4 mutants), we observed a significant positive correlation between these two
parameters. We recently reported on this F-triggering–fusion pore formation relation-
ship with HR3, another region involved in F-triggering (38). Thus, the N1 region is likely
involved in F-triggering (Fig. 8A), likely modulating the release of the fusion peptide, in
conjunction with HR1 and HR3 (Fig. 8C to E). The N1 function may be conserved across
henipaviruses and likely paramyxoviruses, as the N1 locality is conserved across several
paramyxoviral fusion proteins (Fig. 9C).

We created NiV/VSV pseudotyped virions and measured their viral entry levels, as
viral entry requires a small fusion pore to form and mildly expand enough to allow for
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viral genomes to enter the cell. N1 region P221A and S223A mutants yielded wild-type
levels of viral entry, indicating that these mutants are able to form sufficient fusion
pores. This is congruent with our DSP fusion pore formation assay data, as the P221A
mutant was still able to form low levels of fusion pores (Fig. 4A). These findings suggest
that as long as some fusion pores are able to form, cell content or viral genomes are
able to enter the target host cells.

This study is also the first to show a role for the N4 NiV F region in early F-triggering,
late fusion pore expansion steps, and F thermostability (Fig. 4 and 6). We were most
interested in mutants that had defects in cell-cell fusion but had wild-type levels of
CSE, and we also included the D252A mutant in our analysis, as it displayed only a

FIG 9 N1 and N4 region sequence and structural homology. Sequence alignment of the portion of N1 in close association to the FP, HR1, and HR3 regions
between NiV F and F of other henipaviruses (A) or between NiV F and F of other paramyxoviruses (B). (C) Structural positioning of the N1 region in the F
prefusion structures among paramyxoviruses NiV, HeV, MeV, and PIV5, depicting the HR1 domain (teal), the FP domain (black), and the HR3 domain
(magenta) (PDB accession codes 5EVM, 5EJB, 5YXW, and 4WSG). Sequence alignment of the portion of the N4 region between NiV F and F of other
henipaviruses (D) or between NiV F and F of other paramyxoviruses (E). (F) Structural homology of the N4 region among paramyxoviruses in the prefusion
conformation. The residues are either identical (*), very similar (:), or had similar residue side chains (.). PIV5 F was from the W3 strain, and MeV F was from
the Ichinose-B95a strain. NDV, Newcastle disease virus; CDV, canine distemper virus.
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slight reduction in cell surface expression but no syncytium formation. We verified that
effects on fusion and F-triggering were not due to changes in F processing or differen-
ces in gross F conformations, although D255A and L257A mutants had slightly lower
binding to prefusion conformation MAbs 92 and 66, indicating that these mutants may
be in a slightly different conformation that is less able to be triggered (D255A) or more
easily triggered (L257A). Interestingly, the D252A mutant, which yielded no syncytia,
was still able to be triggered and form fusion pores, indicating a defect post-fusion
pore formation, such as in fusion pore expansion. Conversely, the L257A mutant
yielded higher levels of F-triggering and fusion pore formation (both about ;1.8-fold
over the wild type) but ;6-fold-higher levels of syncytium formation, suggesting an
enhancement in fusion pore expansion. Overall, we have determined that N4 affects
early F-triggering and late fusion pore expansion steps, as observed by effects on syn-
cytium formation (Fig. 8F). We have also identified specific residues in the N4 region
that are positively or negatively modulating these various phenotypes. We speculate
that these functions may be conserved across henipaviruses and likely paramyxovi-
ruses, as the N4 region structure is conserved across several paramyxoviral fusion pro-
teins (Fig. 9F).

Consistent with this notion, the L257A mutant, which had lower binding of prefu-
sion conformation MAbs 66 and 92, was able to yield fusion in the absence of G at
42°C (Fig. 6). This a novel phenotype among henipaviruses. Overall, these data suggest
a role of the N4 region, and specifically residue L257, in F thermostability. Furthermore,
the N4 region has been found at trimer-trimer interfaces in the predicted F hexamer-
of-trimer prefusion structure, and we speculate that through this higher-order struc-
ture, the N4 region may affect extensive fusion pore expansion steps (28). Additionally,
we performed NiV/VSV pseudotyped viral entry assays, as relatively smaller fusion
pores are sufficient to allow for viral genomes to enter the cell compared to those
needed for syncytium formation. The hypofusogenic N4 D252A mutant was able to
infect Vero cells to wild-type levels, consistent with the fusion pore capabilities of this
mutant despite the lack of syncytial formation. The hyperfusogenic L257A mutant
yielded decreased viral entry, although this was likely due to the low levels of incorpo-
ration of L257A (Fig. 5C and D) (38, 53).

There are several variations of the paramyxoviral glycoprotein interaction models,
which include the association and dissociation models of interactions, as well as more
complex models (35). Paramyxoviruses containing the HN attachment protein typically
follow variations of the association model in which HN and F interact to trigger fusion.
On the other hand, paramyxoviruses containing the H or G attachment proteins follow
variations of the dissociation model, whereby H/G and F interact prior to receptor bind-
ing and relatively dissociate upon F-triggering and subsequent steps. Supporting the
dissociation model, we and others have shown that the fusogenic capacities of henipa-
viruses and MeV mutants inversely correlate with the avidity of interactions between F
and the attachment glycoprotein (22, 36, 43, 51, 53, 57–59). When we examined avidity
versus percentage of syncytial fusion of the N1 and N4 mutants collectively, we
observed an exponential trend between these parameters (Fig. 7E). This exponential
relationship was stronger when we plotted log F-G avidity against log F-triggering (Fig.
7G). Specifically, mutants substantially defective in F-triggering had strong interactions
with G, and mutants with higher F-triggering capacities had decreased avidity with G.
Therefore, it is likely a substantial level of F-G dissociation is important for F-triggering
to occur effectively. In other words, F-triggering only happens or changes significantly
when G-F interactions are low enough. In a biological sense, our data and correlation
analyses show that as F and G dissociate (or their interactions decrease), F-triggering
(and syncytial fusion) increases, but the significant increase in F-triggering (and syncy-
tial fusion) only occurs when F and G are sufficiently dissociated (low avidity). This ob-
servation further supports a version of the F-G dissociation model of F-G interactions
and indicates two defined steps linked in the membrane fusion process: F-G dissocia-
tion and F-triggering. This inverse correlation between F-G interactions and F-
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triggering is novel and supports the notion that F-G dissociation is crucial at the early
F-triggering step(s) of the fusion cascade.

Interestingly, the hypofusogenic D252A mutant yielded decreased F-G interaction,
wild-type F-triggering capabilities, and a lack of syncytium formation (Fig. 8F). Another
hypofusogenic mutant we previously reported (the K98A mutant in the HR3 region of
NiV F) had a similar phenotype of wild-type F-triggering levels, with decreased syncy-
tial formation and decreased F-G interactions (38). This suggests F-G interactions may
play a role beyond that of F-triggering and in the extensive fusion pore expansion nec-
essary for syncytium formation but not viral entry. It is important to note here that
both of these mutants are found in regions of the F protein that participate in pre-
dicted hexamer-of-trimer interfaces (28). Thus, we postulate that G interactions with
the hexamer of trimers may be important for extensive fusion pore expansion; how-
ever, further experimentation will be required to test this hypothesis.

Previously, Plemper et al. examined a cavity in the postfusion model of the MeV F
containing a V94 residue (a residue located in MeV F HR3 region that differs between
wild-type and attenuated Edmonston strains of MeV) surrounded by specific residues
from the analogous MeV N1 and N4 region (60, 61). Mutating residues within this cav-
ity resulted in defects in proper F processing and/or fusogenicity (61). Within this cav-
ity, MeV P224 and I225 mutants (analogous to the NiV F P221 and V222 mutants) were
shown to have defects in F processing but were still able to fuse (P224) or have no
defect in processing or fusion (I225) (61). In contrast, the NiV F P221A mutant did not
have defects in CSE, processing, or overall F conformation and yielded decreased syn-
cytial formation due to decreased F-triggering. The V222A mutation resulted in com-
pletely abrogated F production. Thus, the mechanisms of fusion modulation for the N1
region may somewhat differ between henipaviruses and MeV. On the other hand,
mutating MeV F residues L256 and L257 (aligned with NiV F D253 and D254) to
charged residues resulted in decreases in surface expression and subsequent fusion
(61). In our study, mutating the D253 N4 amino acid resulted in reduced total and cell
surface expression. Thus, the N4 region may be involved in proper protein production
for both NiV and MeV.

Overall, our findings support important roles for the N1 and N4 regions in modulat-
ing membrane fusion. Our data support the notion that NiV F contains several interact-
ing “articulations” within its own structure that aid in the transition through several
conformational changes within a trimer and between trimers in the predicted hex-
amer-of-trimer arrangements. Thus, it is likely that membrane fusion occurs through
the sum of F protein’s moving parts, utilizing the movement of HR1, HR2, and HR3, as
well as the N1 and N4 regions. These functions may be conserved across paramyxovi-
ruses, as the N1 and N4 regions are well conserved across henipaviruses and fairly con-
served across paramyxoviral fusion proteins (Fig. 9) (28, 29, 32–34, 62). It is important
to note here that NiV F N1 does not contain a helix, as observed in the PIV and NDV F
structures; however, the location of N1 near HR1 and FP suggests a similar mechanism
of action (Fig. 9). Our identification of the N1 and N4 NiV F regions as important factors
for F-G avidities, which negatively correlated with F-triggering, is novel and confirms
our original hypothesis based on structural analysis. Furthermore, relatively more sur-
prisingly, we uncovered that the N4 region is likely also involved in extensive fusion
pore expansion and F thermostability, adding to our understanding of the F rearrange-
ments necessary during F-triggering and beyond, in later steps in the fusion cascade.
This new understanding may in turn help the development of antivirals for the henipa-
viruses and paramyxoviruses.

MATERIALS ANDMETHODS
Cell culture. HEK 293T cells and Vero cells were obtained from the American Type Culture Collection

(ATCC; Rockville, MD) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (vol/vol) fetal bovine serum (FBS) and maintained at 37°C and 5% CO2.

Expression plasmids for mutants in the NiV F N1 and N4 regions. Previously, mammalian codon-
optimized NiV G hemagglutinin (HA) C-terminus-tagged and NiV F AU1 C-terminus-tagged genes (F in
Fig. 1B) were cloned within the KpnI and XhoI restriction sites of the pcDNA3.1(1) plasmid (14). Using
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NiV F AU1 within the pcDNA3.1(1) vector as the template, scanning alanine point mutations were intro-
duced in amino acids spanning aa 220–226 for the N1 region and aa 250–260 for the N4 region by site-
directed mutagenesis using the QuikChange II XL kit (Agilent Technologies, CA). Mutants were verified
by DNA sequencing. NiV F N1 and N4 region mutations were then inserted within the KpnI and XhoI
restriction enzyme sites of the pCAGGS vector for improved protein expression (14, 43, 45).

Quantification of extensive fusion pore expansion by cell-cell fusion (syncytium formation).
HEK 293T cells plated in six-well plates were transfected at 80 to 90% confluence with 2mg/well of the
NiV G wild type and NiV F wild type or NiV F N1 or N4 mutant in a 1:1 ratio. At 12 to 16 h posttransfec-
tion, cells were fixed with 1% paraformaldehyde (PFA), and syncytium formation was quantified by
counting nuclei in fused cells per 200� field (with at least 5 fields counted per F analog). As previously
defined, syncytia are qualified as four or more nuclei clearly visualized within a single shared cell mem-
brane to exclude any mitotic events (22, 43, 45, 49, 53). For syncytial assays performed at 42°C, HEK 293T
cells plated in 6-well plates were transfected at 80 to 90% confluence using of 3mg/well of the NiV F
wild type or NiV F N4 L257A mutant. At 24 h posttransfection, cells were moved from 37°C to 42°C and
incubated for 4 days (96 h). Subsequently, cells were fixed with 1% PFA, and syncytium formation was
quantified by counting nuclei in fused cells. Due to the few syncytial events and their uneven distribu-
tion, we examined the entire well for syncytium formation as opposed to our typical counting per 200�
field.

Analysis of NiV F cell surface expression. HEK 293T cells plated in six-well plates were transfected
at 80 to 90% confluence using 2mg/well of NiV F wild type or mutant. At 16 to 18 h posttransfection,
cells were collected and stained with primary anti-F polyclonal rabbit 834 or 835 antibody (which binds
multiple epitopes in NiV F), at a 1:1,000 dilution in phosphate-buffered saline (PBS) containing 1% bo-
vine albumin serum (BSA) for 1 h at 4°C. Production of anti-F serum from genetically immunized rabbits
(injected with NiV F expression plasmids) was performed as previously described (22, 23, 43, 45). Bound
primary antibody was detected with fluorophore-conjugated goat anti-rabbit antibodies at a dilution of
1:1,000 (Life Technologies). Cells were then fixed and analyzed by flow cytometry.

Total cell expression and percentage of processing via Western blotting. HEK 293T cells plated
in six-well plates were transfected at 80 to 90% confluence with 2mg/well NiV F wild type or mutant. At
36 h posttransfection, cells were lysed in 1� radioimmunoprecipitation assay (RIPA) buffer (EMD,
Millipore, MA) combined with cOmplete Mini protease inhibitors (Roche, IN). Cell lysates were subjected
to reducing SDS-PAGE Western blotting. NiV F proteins were probed using mouse anti-AU1 (1:500) anti-
body. Bound primary antibody was detected by fluorescently labeled secondary goat anti-mouse anti-
body (1:1,000). Proteins were detected, and the percentage of F processing was quantified using a
ChemiDoc MP Imager system with Image Lab software (Bio-Rad, CA).

Analysis of NiV F conformational state via flow cytometry. Production of conformational anti-F
monoclonal antibodies from hybridomas (MAbs 92 and 66) was previously described (45, 48). HEK 293T
cells plated in six-well plates were transfected at 80 to 90% confluence with 2mg/well of the NiV F wild
type or mutant. At 16 h posttransfection, cells were collected and partitioned, and separate portions
were stained with (i) primary anti-F rabbit serum 835 antibody at a 1:1,000 dilution, (ii) primary anti-F
MAb 92 at a 1:1,000 dilution, or (iii) primary anti-F MAb 66 at a 1:1,000 dilution for 1 h at 4°C. Bound pri-
mary antibody was detected with fluorophore-conjugated goat anti-rabbit antibodies at a dilution of
1:1,000 (Life Technologies). Cells were then fixed and analyzed by flow cytometry. To control for differen-
ces in transfection efficiencies and differential expression from repeat experiments, Ab binding ratios
were calculated by dividing the normalized (to wild type) mean fluorescence intensities obtained for the
various Abs (92/835 and 66/835).

Quantification of F-triggering. F-triggering assays were performed as previously described (49, 50).
HEK 293T cells were grown in 6-well plates and transfected at 80% confluence with 2mg/well of NiV G
and F (wild type or mutant) in a 1:3 ratio. Hypofusogenic N1 and N4 mutants were transfected for 10 to
14 h at 37°C. We’ve previously reported better F-triggering signal detection when cells were collected
before substantial fusion (30 to 50% fusion) (38). Therefore, hyperfusogenic N1 and N4 mutants were ini-
tially transfected for 5 to 6 h at 37°C and then transferred to 32°C for an additional 4 to 8 h.
Posttransfected cells were collected and partitioned into two separate portions to test for F cell surface
expression (using the aforementioned labeling methods) and for F-triggering. F-triggering partitioned
cells were incubated at 4°C for 1 h in the presence of 2mM HR2-Cy5 peptide. Subsequently, cells were
placed at 37°C for 30 min to allow F-triggering. Cells were then washed three times, and HR2-Cy5 pep-
tide bound to triggered NiV F was detected by flow cytometry. We calculated levels of F-triggering
based on levels of Cy5 signal and by normalizing to cell surface expression of F on the same group of
cells (38, 49).

Quantification of fusion pore formation using a dual split protein fusion assay. HEK 293T cells
were seeded in ViewPlate 96-well plates and transfected with wild-type NiV G, NiV F (wild type or mu-
tant), and dual split protein (DSP1–7) plasmids in a 2:6:4 ratio using 0.2mg/well. Target cells were trans-
fected with ephrin B2 plasmid and DSP8–11. Ten to 12 h posttransfection, both effector and target cells
were washed with PBS and incubated with live EnduRen live-cell substrate (Promega, WI) according to
the manufacturer’s instructions. Target cells were then lifted and mixed with effector cells in a 1:1 ratio
and incubated for 8 h at 37°C. Luciferase activity as a measure of fusion pore formation was then ana-
lyzed 8 h postoverlay and normalized to wild-type NiV F (set as 100%) as previously described (37, 38,
49, 52). For quantitative dual split protein fusion assays performed at 42°C, HEK 293T cells were trans-
fected with NiV F (wild type or the L257A N4 mutant) and DSP1–7 in a 2:1 ratio using 0.2mg/well. Target
cells were transfected as aforementioned. After an initial 24-h transfection at 37°C, target cells were
washed, lifted and overlaid onto effector cells, and incubated at 42°C for 36 h. After this overlay period,
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cells were washed, loaded, and incubated with EnduRen following the manufacturer’s specifications.
Luciferase activity as a measure of fusion pore formation was then analyzed and normalized to wild-type
NiV F alone (set as 100%).

Pseudotyped viral entry assay. NiV surface glycoproteins were pseudotyped onto a vesicular sto-
matitis virus (VSV) as previously described (22, 38, 43, 49, 53). HEK 293T cells were seeded on 10-cm
plates and transfected at 80 to 90% confluence with wild-type NiV G and NiV F (wild type or mutant) in
a 1:3 ratio using 8mg/plate. Ten to 12 h posttransfection, cells were subsequently infected with a
recombinant VSV expressing the Renilla luciferase reporter gene in place of the native VSV G gene (VSV-
DG-rLuc). Generated NiV/VSV pseudotyped virions were purified over a 20% sucrose cushion. Genome
copy numbers of isolated NiV/VSV pseudotyped virions were quantified by primarily extracting viral RNA
using the E.Z.NA Viral RNA kit (Omega Bio-tek, GA) and subsequent quantitative reverse transcription-
PCR (RT-qPCR) utilizing UltraPlex 1-Step (Quantabio, MA) with a TaqMan Ind-1 spec probe.

To assess infectivity profiles of NiV/VSV pseudotyped virions, Vero cells were plated in 96-well plates
for 8 to 10 h and subsequently infected with genome-equilibrated NiV/VSV pseudotyped virions in PBS
supplemented with 1% fetal bovine serum (FBS) for 2 h at 37°C. Infections were done over a 5-fold viral
dilution range (1023 to 1027). At 24 h postinfection, Vero cells were lysed, and luciferase activity was
measured as relative light units (RLU) with a Renilla luciferase activity detection kit (Promega, WI) and a
Tecan Spark plate reader (Tecan Group, Ltd., Switzerland). RLU were plotted against serial dilutions (22,
43, 49, 53).

Coimmunoprecipitation of NiV G with NiV F via Western blot analysis. HEK 293T cells were
grown in 6-well plates and transfected with 3mg/well of HA-tagged NiV G and AU1-tagged NiV F (wild-
type or mutant) in a 1:1 ratio using Lipofectamine 2000. At 24 h posttransfection, cells were lysed with
1� RIPA buffer (EMD, Millipore, MA) combined with cOmplete Mini protease inhibitors (Roche, IN).
Subsequently, cell lysates were incubated with protein G beads coupled with rabbit anti-AU1. MACS
magnetic m columns (Miltenyi, Germany) were prepared by washing with lysis/wash buffer (0.025 M Tris,
0.15 M NaCl, 0.001 M EDTA, 1% NP-40). Lysates were added to and passed through the m column, and
beads were washed. Bound immunoprecipitated protein was eluted and analyzed by 10% SDS-PAGE
Western blotting. NiV F was pulled down using protein G coupled with rabbit anti-AU1. Associated NiV
G was coimmunoprecipitated and blotted with anti-HA Ab conjugated to phycoerythrin (PE). NiV F was
detected using mouse anti-AU1 plus goat anti-mouse conjugated to Alexa Fluor 488. Bio-Rad Image soft-
ware was used to measure the densitometry of NiV G and F bands. A separate lysate portion was set
aside for direct immunoblot analysis without immunoprecipitation. NiV G avidity or interaction quantifi-
cation was performed as previously described (22, 23, 53, 58, 63).

Statistical analyses. Statistical analyses were performed using GraphPad Prism, versions 8 and 9.
We performed one-sample, two-tailed t tests for comparisons between the wild type and N1/N4 NiV F
mutant analogs. Wild-type NiV F was normalized (always set as 100% or 1.0, depending on the analysis).
We performed unpaired, two-sample, two-tailed t tests for comparisons between N1/N4 NiV F mutants
and wild-type NiV F processing levels and NiV/VSV pseudotyped viral entry assays and 42°C syncytial
assays. Correlation analyses were performed using GraphPad Prism, version 8, and JMP, version 15.
Nonsignificant differences (P . 0.05) are unmarked. * denotes a significant difference (P# 0.05), **
denotes a very significant difference (P# 0.01), and *** and **** denote very high significant differences
(P# 0.001 and P# 0.0001, respectively).
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