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Triggering of the Hendra virus fusion (F) protein is required to initiate the conformational changes which
drive membrane fusion, but the factors which control triggering remain poorly understood. Mutation of a
histidine predicted to lie near the fusion peptide to alanine greatly reduced fusion despite wild-type cell surface
expression levels, while asparagine substitution resulted in a moderate restoration in fusion levels. Slowed
kinetics of six-helix bundle formation, as judged by sensitivity to heptad repeat B-derived peptides, was
observed for all H372 mutants. These data suggest that side chain packing beneath the fusion peptide is an
important regulator of Hendra virus F triggering.

Hendra virus and Nipah virus are highly pathogenic para-
myxoviruses infecting humans. They were identified in 1994
and 1999, respectively, as the etiological agents behind cases of
severe encephalitis and respiratory disease in Australia and
Malaysia (7, 10, 17–18). Owing to their unusually high viru-
lence, broad host range, and genetic similarity, Hendra virus
and Nipah virus (NiV) have been classified into the new genus
Henipavirus (31). Henipavirus membrane fusion requires the
concerted effort of two viral surface glycoproteins (3–4, 30):
the attachment protein (G), which binds receptor, and the
fusion (F) protein, which drives membrane merger through
vast conformational changes. Paramyxovirus F proteins are
synthesized as inactive F0 precursors which are subsequently
cleaved into fusogenic disulfide-linked heterodimers, F1�F2.
Despite a conserved requirement for cleavage, protease us-
age varies among paramyxoviruses, with henipavirus F being
cleaved by the endosomal/lysosomal cysteine protease cathep-
sin L (19–20). This cleavage event positions the fusion peptide
(FP) at the newly created N terminus and acts to prime the F
protein. Following cleavage, the primed F protein must be
triggered to begin the sequence of conformational changes
required for membrane fusion. Like most F proteins, triggering
of the henipavirus F proteins likely involves the henipavirus
attachment proteins, though the mechanism remains poorly
understood (reviewed in reference 28). F triggering facilitates
refolding and extension of heptad repeat A (HRA) toward the
target cell membrane, resulting in FP insertion into the bilayer
(2). Further rearrangement brings HRA and HRB into close
proximity, resulting in the formation of a stable six-helix bun-
dle and culminating in a fully formed fusion pore (reviewed in
reference 32).

Cathepsin L cleavage of F does not require specific residues
upstream of or at the cleavage site (K109) itself (5, 16), and the
mechanism by which cathepsin L recognizes and specifically

cleaves F is unclear. Modeling of the Hendra virus F amino
acid sequence onto the prefusion structure of parainfluenza
virus 5 (PIV5) (34) indicates that two of the three ectodomain
histidine residues (H102 and H372) are positioned near the
cathepsin L cleavage site following residue K109 (Fig. 1A). In
the monomer, H372 is located distally from K109, yet trimer-
ization places H372 from one monomer directly beneath the
FP and cleavage site of the neighboring monomer (Fig. 1A,
inset). We hypothesized that protonation of histidine residues
could cause local conformational changes, potentially modu-
lating cathepsin L cleavage, though these hypothesized confor-
mational changes would not be due to direct modulation of
K109 interactions since the predicted distances from K109 to
either H102 or H372 are 12 Å and 27 Å, respectively (�-carbon
to �-carbon distances). To test the role of H102 and H372 in
cathepsin L cleavage, each was mutated individually or to-
gether to alanine (A) or asparagine (N), which has a side chain
volume similar to that of histidine. Surface expression levels
and cleavage of wild-type (WT) and mutant F proteins were
examined by cell surface biotinylation as previously described
(8). All mutant F proteins were surface expressed and cleaved,
though levels of the H102A/H372A (AA) and H102N/H372N
(NN) proteins were decreased compared to those of the wild
type (Fig. 1B). To examine cleavage kinetics, Vero cells tran-
siently transfected with wild-type or mutant pCAGGS-Hendra
virus F were metabolically labeled for 30 min and chased for 0
to 24 h. Band density corresponding to F0 and F1 was quanti-
tated, and percent cleavage was defined as the density of F1/
(F1�F0). Cleavage kinetics of all Hendra virus F mutants were
not significantly different from wild-type levels (Fig. 2). These
data suggest that protonation of histidines in the region of the
cleavage site is not involved in cathepsin L processing of Hen-
dra virus F.

Since the mutants were expressed on the cell surface in the
mature, cleaved form, fusion was examined using a syncytium
assay (Fig. 3A). Mutations at H102 did not significantly alter
syncytium formation, but large reductions in fusion were ob-
served for F proteins containing an H372 mutation. To quan-
titatively analyze fusion, a reporter gene assay was utilized.
Since the single mutations all resulted in increased surface
density (Fig. 1B) while decreases were observed for the double
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mutants, analysis of the effects of surface density on WT Hen-
dra virus F fusion was first performed. Previous work with
other class I viral fusion proteins, including PIV5 F and influ-
enza virus hemagglutinin (HA), has shown that surface density

correlates with the final extent of fusion over a range of den-
sities (6). Aguilar et al. (1) demonstrated that increasing the
amount of NiV G and NiV F DNA transfected results in an
increase in syncytium formation. However, a direct correlation
between F surface expression and fusion has not been previ-
ously reported for henipaviruses. To assess this, Vero cells
were transfected with various amounts of wild-type pCAGGS-
Hendra virus F and biotinylated as described previously (8);
reporter gene analyses using the same DNA amounts were
performed alongside the biotinylation experiments. Increased
surface densities clearly led to increases in fusion, though the
correlation was not completely linear (Fig. 3B). These data
were then utilized to generate a percent WT fusion level for
each mutant normalized for the observed cell surface expres-
sion levels. Mutations at H102 did not significantly alter fusion
(Fig. 3C). However, cell-cell fusion was dramatically reduced
(10% to 20% of wild-type values) with the H372A and AA
mutant F proteins. A partial restoration in fusion was seen for
the H372N and NN mutants, suggesting that side chain volume
plays a role; however, fusion levels were only 30% to 60% of
those of the wild type (Fig. 3C). While histidine residues prox-
imal to the influenza virus HA fusion peptide have been shown
to regulate low-pH triggering, Hendra virus F-mediated fusion
occurs at neutral pH, and incubation at low pH has no effect on
fusogenicity (A. Chang and R. E. Dutch, unpublished results).
These data indicate that mutations at H372 result in a hypo-
fusogenic protein, suggesting that side chain packing within
this region may strongly modulate F protein triggering, poten-
tially by altering protein stability.

FIG. 1. Structural modeling and surface expression of Hendra virus F H102 and H372 mutants. (A) Homology model of the Hendra virus F
monomer based on the crystal structure of PIV5 F, shown as a ribbon diagram (image generated using PyMOL; Delano Scientific [www.pymol
.org]): red, H102 and H372; blue, fusion peptide (FP); green, P1 cleavage site residue K109. The locations of H102 and H372 in the trimeric protein
are shown in the box insert using the same color scheme except with an additional monomer shown in teal. (B) Surface expression of transiently
transfected wild-type and Hendra virus F mutants in Vero cells following metabolic labeling (3 h). Surface proteins were biotinylated prior to
immunoprecipitation, and the total and surface populations were separated by streptavidin pull-down. Proteins were analyzed via 15% SDS-PAGE
and visualized using autoradiography. F1 band quantitation via densitometry is shown normalized to wild-type levels plus or minus one standard
deviation. The surface expression levels represent the averages of data from three independent experiments, with one representative gel shown.

FIG. 2. Total protein cleavage time points for WT and mutant F
protein. Vero cells transiently transfected with wild-type or mutant Hen-
dra virus F were metabolically labeled (3 h) and chased for the indicated
times. The total protein population was immunoprecipitated and analyzed
by 15% SDS-PAGE and autoradiography. Band intensity was quanti-
tated using the ImageQuant 5.2 software program (GE Healthcare,
Piscataway, NJ), and percent cleavage was defined as the intensity of
F1/(F1�F0). Error bars are plus or minus one standard deviation and
represent the average of data from three independent experiments.
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The hypofusogenic phenotype of the H372 mutants could be
explained by changes in the stability of the prefusion form
following cleavage, resulting in altered fusion kinetics. To ex-
amine fusion kinetics, sensitivity over time to peptides which
block formation of the postfusion six-helix bundle was exam-
ined (NiV C2; corresponding to HRB of the highly homolo-
gous Nipah virus F protein; generously provided by Chris
Broder [Uniformed Services University of the Health Sci-
ences]). One hundred nM NiV C2 has been shown to inhibit
Henipavirus F-mediated cell-cell fusion (4). Similar peptides
inhibit many other class I fusion proteins (11–13, 23, 33, 35–
36). Vero cells transfected with wild-type pCAGGS-Hendra
virus F and G and T7 luciferase were overlaid with target BSR
cells on ice for 1 h. Prewarmed Dulbecco’s modified Eagle
medium (DMEM) was added to initiate fusion, and at the
indicated time points, DMEM containing 100 nM NiV C2 or

100 nM NiV SC (scrambled control peptide) was added. Cells
were kept at 37°C for 3 h, and luciferase activity was assayed
(Fig. 4A). Cell-cell fusion kinetics for the wild-type Hendra
virus F protein showed a steep increase in membrane fusion
events from the 5- to 20-min time points (Fig. 4B, solid line).
Approximately 50% of cell-cell fusion events became insensi-
tive to the addition of NiV C2 by 30 min, with the majority of
membrane fusion events complete by 60 min (Fig. 4B, solid
line). Fusion kinetics for the H102A and H102N proteins
closely resembled wild-type kinetics, consistent with overall
fusion levels (Fig. 4B and C). In contrast, cell-cell fusion was
dramatically slowed for F proteins containing mutations at
H372. For all H372 mutants, no fusion was observed during the
first 30 min, in stark contrast to results for the wild type. After
30 min, fusion was observed for the H372N and NN proteins,
which reach 20 to 40% of maximal fusion within 60 min (Fig.

FIG. 3. Syncytium assay, reporter gene analysis, and correlation of wild-type and mutant F protein surface expression versus fusion activity.
(A) Representative syncytium images from three independent experiments for wild-type and mutant Hendra virus F proteins. Vero cells transiently
transfected with wild-type pCAGGS-Hendra virus G and wild-type or mutant pCAGGS-Hendra virus F were kept at 37°C for 24 to 48 h
posttransfection, and photographs were taken using a Nikon digital camera mounted atop a Nikon TS100 microscope with a 10� objective.
(B) Correlation between surface expression and fusogenicity for wild-type Hendra virus F. Vero cells transiently transfected with various amounts
of wild-type Hendra virus F DNA were biotinylated, and reporter gene analysis was performed simultaneously using the same DNA quantities.
(C) Reporter gene analysis of equal �g of wild-type or mutant Hendra virus F in pCAGGS normalized to average cell surface expression levels.
Vero cells transiently transfected with wild-type Hendra virus G, wild-type or mutant Hendra virus F, and T7 luciferase were overlaid with BSR
cells 18 h posttransfection, lysed, and assayed for luciferase activity (n � 5 to 8; �95% confidence interval [CI]).
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4C). The small amount of fusion observed for the H372A
protein occurred long after fusion was complete for the wild-
type protein. Combined, these data demonstrate that mutation
of H372 to either alanine or asparagine decreases the initial
rate of membrane fusion potentially by increasing the ener-
getic barrier for Hendra virus F triggering.

While most paramyxovirus F proteins, including the Hendra

virus F protein, are thought to be triggered by specific inter-
actions with a homotypic attachment protein (reviewed in ref-
erence 28), mutations within paramyxovirus F proteins which
alter stability of the prefusion form (8, 15, 21–22, 27) can also
strongly modulate triggering. H372 is modeled to be near a
conserved domain, termed CBF1, in the Hendra virus F pre-
fusion structure. Studies suggest that CBF1, which is structur-
ally composed of �-sheets, is important for F protein folding
(9), likely playing a critical role in stabilization of the fusion
peptide following proteolytic cleavage, with the CBF1 domain
from one monomer interacting with the fusion peptide from
the neighboring monomer. Mutations in CBF1 in Hendra virus
F resulted in folding defects which could not be rescued at
decreased temperatures. Given the proximity of H372 to CBF1

in Hendra virus F, changes in side chain packing could stabilize
the fusion peptide following cleavage and thus decrease the
ability of the protein to trigger efficiently. In the model struc-
ture, H372 is predicted to be surrounded by polar and nonpo-
lar residues (within 5 Å of the side chain), including I425,
N423, Q342, F376, and two FP residues, A125 and T129. Ex-
tension out to 10 Å reveals that H372 is also near four addi-
tional FP residues (A126, I128, T129, and V132), suggesting
that substitution of H372 with a smaller residue (H372A) could
alter the packing depth of the more C-terminal portion of the
FP following cleavage.

Studies from other systems also implicate the fusion peptide
and surrounding residues as regulators of F-promoted mem-
brane fusion (14, 24, 26, 29). The paramyxovirus fusion
peptide is an important regulator of triggering, since con-
served glycine residues within the FP have been shown to
play a role in regulation and activation of F (26). Numerous
mutations within the fusion peptide pocket of H5N1 influenza
virus HA were shown to regulate the pH needed for HA
activation (25), with only one mutation causing significant
changes to HA expression or cleavage. Similar experiments
using the H3 subtype of influenza virus HA also demonstrated
changes in pH requirements upon mutation of certain fusion
peptide-proximal residues (29). While influenza virus HA re-
quires low pH for fusion promotion, the data presented here
show that regulation of interactions with and around the fusion
peptide is also critically important for triggering and fusion
promotion of neutral-pH fusing systems. Thus, the decrease
in the rate of triggering observed for the H372A mutant is
consistent with a model in which residues surrounding the
fusion peptide can act to regulate F-mediated fusion promo-
tion independently of large changes in protein expression or
cleavage.

Our data, therefore, strongly indicate that side chain packing
near the fusion peptide (Fig. 1A, inset) is a strong modulator
of Hendra virus F triggering, with a dramatic slowing in the
rate of six-helix bundle formation observed when H372 is re-
placed with residues with smaller side chain volumes (Fig. 4).
Modulation of side chain packing proximal to the FP could
change the positioning of paramyxovirus FPs, thus altering the
kinetics and efficiency of later conformational changes. Muta-
tion of H372 may well stabilize interactions of the FP with the
ectodomain following cleavage and thus affect triggering by
substantially increasing the energy needed to project the FP
toward the target cell membrane. Together, these data suggest

FIG. 4. Cell-cell reporter gene fusion kinetics for wild-type and
mutant Hendra virus F proteins. (A) Diagram of the experimental
setup: a, binding of BSR cells; b, addition of DMEM, NiV-SC peptide,
or NiV-C2 peptides (0-min time point); c, addition of NiV-C2 at
indicated time points; d, continued incubation of cells. (B and C)
Cell-cell fusion kinetics for wild-type and mutant F proteins. Reporter
gene analysis was performed as described above following binding of
BSR cells at 4°C, addition of either DMEM, NiV-SC, or NiV-C2 at the
indicated times, and continued incubation for 3 h at 37°C. Percent
maximal fusion is defined as the amount of fusion which occurred
during a given time point as a fraction of membrane fusion for a given
construct over the duration of the experiment (3 h) in the absence of
any peptide. Error bars are 95% confidence intervals (n � 3 to 6).
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a model by which packing around the fusion peptide affects
both the rate and extent of F triggering.
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