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Transmembrane Domain Dissociation Is Required for Hendra
Virus F Protein Fusogenic Activity

Kerri Beth Slaughter,® Rebecca Ellis Dutch?
2Department of Molecular and Cellular Biochemistry, University of Kentucky, College of Medicine, Lexington, Kentucky, USA

ABSTRACT Hendra virus (HeV) is a zoonotic paramyxovirus that utilizes a trimeric
fusion (F) protein within its lipid bilayer to mediate membrane merger with a cell
membrane for entry. Previous HeV F studies showed that transmembrane domain
(TMD) interactions are important for stabilizing the prefusion conformation of the
protein prior to triggering. Thus, the current model for HeV F fusion suggests that
modulation of TMD interactions is critical for initiation and completion of conforma-
tional changes that drive membrane fusion. HeV F constructs (T483C/V484C, V484C/
N485C, and N485C/P486C) were generated with double cysteine substitutions near
the N-terminal region of the TMD to study the effect of altered flexibility in this re-
gion. Oligomeric analysis showed that the double cysteine substitutions successfully
promoted intersubunit disulfide bond formation in HeV F. Subsequent fusion assays
indicated that the introduction of disulfide bonds in the mutants prohibited fusion
events. Further testing confirmed that T483C/V484C and V484C/N485C were ex-
pressed at the cell surface at levels that would allow for fusion. Attempts to restore
fusion with a reducing agent were unsuccessful, suggesting that the introduced di-
sulfide bonds were likely buried in the membrane. Conformational analysis showed
that T483C/V484C and V484C/N485C were able to bind a prefusion conformation-
specific antibody prior to cell disruption, indicating that the introduced disulfide
bonds did not significantly affect protein folding. This study is the first to report that
TMD dissociation is required for HeV F fusogenic activity and strengthens our model
for HeV fusion.

IMPORTANCE The paramyxovirus Hendra virus (HeV) causes severe respiratory ill-
ness and encephalitis in humans. To develop therapeutics for HeV and related viral
infections, further studies are needed to understand the mechanisms underlying
paramyxovirus fusion events. Knowledge gained in studies of the HeV fusion (F) pro-
tein may be applicable to a broad span of enveloped viruses. In this study, we dem-
onstrate that disulfide bonds introduced between the HeV F transmembrane do-
mains (TMDs) block fusion. Depending on the location of these disulfide bonds, HeV
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disease in humans (2-5). Further investigation revealed that fruit bats of the Pteropo-
didae family were the natural reservoir for the viruses, and transmission to other
organisms, including pigs and horses, contributed to the zoonotic spread to humans
(6-8). The potential for future outbreaks of henipavirus infections and for the emer-
gence of similar zoonotic viruses warrants further research into the entry mechanisms
of these pathogens.

Membrane fusion is an essential step in entry of enveloped viruses that relies on the
coordination of specialized proteins at the viral membrane surface. HeV and NiV
possess two surface glycoproteins: the attachment protein (G), which allows the virus
to bind a target cell, and the fusion protein (F), which promotes merger of the viral
membrane with the target membrane (9, 10). Both glycoproteins, F and G, are required
for paramyxovirus membrane fusion, but it is still unclear how interactions between F
and G and receptor binding promote triggering of F (11). The henipaviruses and other
members of the Paramyxoviridae family use a trimeric class | F protein to drive
membrane fusion (12-14). Before the F protein can participate in fusion events, the
inactive precursor (F,) must be proteolytically cleaved within the host cell to form a
fusion-active disulfide-linked heterodimer (F,+F,) (Fig. 1A). For HeV and NiV, the F
protein traffics to the cell surface and is subsequently endocytosed to be cleaved by the
protease cathepsin L before being recycled back to the surface (15-17). Following the
cleavage event, the F protein is maintained at the surface in a metastable prefusion
state until it is triggered to undergo the conformational changes needed to promote
membrane fusion. These conformational changes from the prefusion to postfusion
form involve an essentially irreversible rearrangement of the F protein ectodomain that
results in formation of a stable six-helix bundle (Fig. 1B to F).

Studies of several viral fusion proteins have shown that the transmembrane domain
(TMD) is critical for driving fusion events (18-28). For HeV, previous work has shown
that TMD interactions within the F protein trimer help preserve the metastable prefu-
sion conformation and play a role in fusion promotion (29-31). More specifically, these
findings suggest that HeV F TMD interactions are needed to stabilize the heptad repeat
B (HRB) domains that form the stalk of the protein prior to triggering fusion (Fig. 1B).
Thus, the current model for HeV F fusion events suggests that dissociation of TMD
trimeric interactions is required to initiate conformational changes that destabilize
interactions between the HRB domains and eventually promote formation of the postfu-
sion six-helix bundle to drive membrane fusion (29).

Based on this model, we hypothesized that fusion could be blocked by introducing
disulfide bonds to covalently link the TMDs of HeV F. Studies using substituted cysteine
residues to generate disulfide bonds have previously been conducted to examine
conformational changes in paramyxovirus surface glycoproteins. For measles virus
(MeV), residues in the attachment protein stalk were replaced with cysteines to promote
disulfide bond formation to identify four conserved residues required for folding into
a fusion-conducive conformation (32). In addition, studies of the attachment proteins
from canine distemper virus and MeV showed that the disulfide bonds introduced in
the central region of the stalk blocked fusion, but fusion activity was restored under
reducing conditions (33). For the Newcastle disease virus attachment protein, disulfide
bonds were generated across the dimer interface in the globular domain to show
changes in receptor binding and fusion promotion (34).

The introduction of disulfide bonds has also been an important tool for studying
paramyxovirus F proteins. Single cysteine substitutions were made in the membrane-
proximal region of the HRB domain of MeV F, generating disulfide-linked dimers, to
study formation of the postfusion six-helix bundle. Results showed that the constructs
were able to promote efficient viral entry even though two HRB domains were locked
together by a disulfide bond (35). Other studies have used double cysteine substitu-
tions to further restrict conformational changes in the paramyxovirus F protein. For
MeV F, double cysteine substitutions were made to introduce disulfide bonds to link
the globular head and stalk domains of different monomers within the F trimer blocked
fusion activity, and fusion was partially restored by subsequently reducing the disulfide
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FIG 1 HeV F protein schematic and fusion model. (A) Diagram of the fusion-active, disulfide (S-S)-linked
F protein with the HeV F TMD sequence below. Domain structure includes the fusion peptide (FP),
heptad repeat A (HRA), HRB, TMD, and the cytoplasmic tail (CT). In the fusion model, the TMDs of the
metastable prefusion F interact as a trimer (B). Then triggering of F leads to dissociation of the TMDs and
the HRB domains (C). Changes in TMD interactions promote extension of the HRA domains and insertion
of the FP into the target membrane (D). (E and F) Further refolding of F leads to formation of the
postfusion six-helix bundle conformation.

bridges. These findings suggested that fusion activity requires reversible interactions
between the stalk and head domains of the F protein (36). For parainfluenza virus 5
(PIV5) F, double cysteine substitutions were used to introduce disulfide bonds in the
membrane-proximal external region (MPER) which is N-terminal to the TMD. Results
from this study showed that dissociation of the MPER within the PIV5 F trimer is
necessary to promote the conformational changes that drive fusion events (37). Addi-
tionally, work on HeV F used double cysteine substitutions to block conformational
changes in the ectodomain to analyze effects on fusion. This study showed that the
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disulfide bonds introduced in the ectodomain could inhibit fusion by stabilizing HeV F
in the prefusion conformation (38).

Previous evidence and calculations for paramyxoviruses have shown that the TMDs
of the F protein are potentially longer than a typical vertically inserted membrane-
spanning helix (18). Due to the lack of structural data for membrane-spanning regions,
the orientation of the paramyxovirus F protein TMDs within the membrane remains
unclear. We selected residues near the N-terminal region of the predicted HeV F TMD
for substitution with double cysteine residues to determine if TMD dissociation is
essential to drive conformational changes required for fusion events (Fig. 1A). These
TMD mutants were designed with the goal of introducing disulfide bonds that would
link the three monomers of the F trimer in the TMD region to assess alterations in fusion
activity, protein stability, and overall protein conformation.

Double cysteine substitutions in the HeV F TMD led to the formation of disulfide-
linked trimers, and fusion was blocked for these mutants. Attempts to restore fusion for
the mutants with a disulfide reducing agent were unsuccessful, suggesting that the
introduced disulfide bonds were protected in the membrane. Further analysis showed
that two of the mutants were expressed at the cell surface in the prefusion conforma-
tion at levels that would normally promote fusion. Our results suggest that these two
mutants were properly folded and processed, supporting the conclusion that TMD
dissociation is required for fusion promotion. This study is the first to show that HeV F
fusogenic activity can be prohibited by blocking TMD dissociation. These findings
provide important new information on paramyxovirus fusion and contribute to our
current knowledge of HeV F TMD interactions in protein stability, conformation, and
fusion promotion events.

RESULTS

Double cysteine substitutions in the HeV F TMD promote disulfide bond
formation. Our current model suggests that TMD dissociation is important for confor-
mational changes in the ectodomain needed for fusion, so substitutions were made in
the HeV F TMD to analyze the effects on protein folding, stability, and fusion promotion
when the TMDs are locked together. HeV F associates as a homotrimer immediately
following synthesis, so double cysteine substitutions were made to link the three
monomers with disulfide bonds (T483C/V484C, V484C/N485C, and N485C/P486C). The
mutation locations were selected based on the prediction that the residues were
present in the N-terminal region of the HeV F TMD. HeV F is synthesized in the endoplasmic
reticulum (ER), which has a thinner lipid bilayer than the plasma membrane (39). Our
goal was to mutate residues in the TMD that could be exposed to the oxidizing
environment of the ER to allow for disulfide bond formation before trafficking of the F
protein to the cell surface.

The oligomeric state of the HeV F TMD mutants was analyzed to determine if
disulfide bonds successfully linked the monomers of the HeV F trimer. Vero cells were
transiently transfected with plasmids encoding wild-type (WT) HeV F or one of the TMD
mutants. Then, cells were starved and metabolically labeled, and samples were immu-
noprecipitated using an anti-peptide antibody (Ab) that binds to the cytoplasmic tail of
HeV F. Boiled samples were separated on 3.5% polyacrylamide gels under nonreducing
conditions to allow for visualization of different oligomeric forms of HeV F. T483C/
V484C, V484C/N485C, and N485C/P486C migrated primarily in the trimeric form, whereas
WT HeV F migrated primarily as a monomer (Fig. 2A). This suggested that the double
cysteine substitutions in HeV F resulted in disulfide bonds that covalently linked the
monomers of the HeV F trimer. In contrast, WT HeV F migrated primarily in the
monomeric form because the monomers of the trimer lack covalent interactions. To
confirm that the trimeric form was a result of the introduced disulfide bonds, samples
were alternatively treated under reducing conditions. Results showed that the HeV F
TMD mutants, similar to WT HeV F, migrated in the monomeric form under reducing
conditions (Fig. 2B). Taken together, these findings indicate that the monomers of
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FIG 2 Double cysteine substitutions in the HeV F TMD promote disulfide bond formation. Vero cells were
transfected with WT HeV F or one of the TMD mutants. At 24 h posttransfection, the cells were metabolically
labeled for 3 h, and samples were immunoprecipitated. WT HeV F and the mutants were treated with
nonreducing loading buffer (A) or reducing loading buffer (B) and separated using 3.5% SDS-PAGE.
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T483C/V484C, V484C/N485C, and N485C/P486C were effectively cross-linked due to the
introduction of disulfide bonds between the TMDs of the F trimer.

Fusogenic activity is blocked for the HeV F TMD mutants. Fusion assays were
conducted to determine whether the mutants could promote fusion when TMD
dissociation was inhibited. Vero cells were transiently transfected with plasmids en-
coding WT HeV G and WT HeV F or one of the TMD mutants. Cells transfected with WT
HeV G alone or empty vector served as negative controls. At 48 h posttransfection, the
cells were analyzed by microscopy for syncytium formation. As expected, cells trans-
fected with a combination of WT HeV F and G showed the formation of small and large
syncytia (Fig. 3A). However, samples transfected with WT HeV G and one of the TMD
mutants showed no syncytium formation, suggesting that the introduced disulfide
bonds blocked normal fusion promotion (Fig. 3A).

A quantitative luciferase reporter gene assay was used to confirm the syncytium
assay results. Vero cells were transiently transfected with plasmids encoding luciferase
under the control of a T7 promoter, WT HeV G, and WT HeV F or one of the TMD
mutants. At 24 h posttransfection, the Vero cells were overlaid with BSR cells containing
the T7 polymerase. After a 3-h incubation, the cells were lysed and analyzed for
luminescence as a measure of cell-cell fusion. Results showed that the TMD mutants did
not promote fusion above the levels observed for the negative control (HeV G alone)
(Fig. 3B). Together, these results indicate that the introduced disulfide bonds in the HeV
F TMD prohibit fusion activity.

Cell surface expression is variably reduced for the HeV F TMD mutants. Previous
studies have shown that the increased cell surface density of WT HeV F correlates with
increased fusion activity (40). Cell surface expression analysis was performed to deter-
mine if the TMD mutants were trafficked to the surface at levels that would normally
allow for fusion promotion. Vero cells were transiently transfected with WT HeV F or
one of the TMD mutants, starved, and metabolically labeled. Then, the samples were
biotinylated prior to lysis and immunoprecipitation so that the cell surface protein
population could be isolated and compared to total protein levels via SDS-PAGE
analysis. Results for total protein expression showed no significant differences between
the TMD mutants and the WT HeV F (Fig. 4A and C), whereas protein cleavage was
significantly reduced for the mutants (Fig. 4D), indicating that they may be processed
and trafficked less efficiently. Analysis of cell surface protein expression and cleavage
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FIG 3 Fusogenic activity is blocked for the HeV F TMD mutants. (A) Vero cells were transfected with the attachment
protein WT HeV G and WT HeV F or one of the TMD mutants. Syncytium formation was analyzed at 48 h
posttransfection. Images were taken with a Zeiss Axiovert 100 microscope. White arrowheads indicate syncytia.
Images are representative. (B) Vero cells were transfected with luciferase, WT HeV G, and WT HeV F DNA or one of
the TMD mutants. At 24 h posttransfection, the Vero cells were overlaid with BSR cells. After a 3-h incubation
period, the cells were lysed and prepared for luminosity analysis to quantify fusion. Results were normalized to
samples transfected with WT HeV F and G. All data are presented as the means * standard deviations for three
independent experiments. Statistical analysis was performed using a two-way analysis of variance with a Bonferroni
correction. Asterisks indicate statistical significance compared to values for the WT HeV F (****, P < 0.0001).

showed significantly reduced levels for N485C/P486C, suggesting that this mutant may
be misfolded or have severe trafficking defects (Fig. 4B and E). Similar to total protein
cleavage results, surface protein cleavage levels for the TMD mutants were significantly
reduced, further indicating that they are trafficked and processed less efficiently than
WT HeV F (Fig. 4F). Although cleavage of T483C/V484C and V484C/N485C was reduced,
the amount of fusion-active F, on the surface was above the level previously shown to
be needed for HeV F fusion (40). Based on these results, T483C/V484C and V484C/
N485C are likely unable to promote fusion because TMD dissociation is an essential
step for initiating conformational changes during fusion events.

T483C/V484C and V484C/N485C are maintained over time at levels that nor-
mally allow for fusion. Since the HeV F TMD mutants showed moderate differences in
total expression levels and variable differences in surface expression levels compared to
those of WT HeV F, a time course immunoprecipitation experiment was performed to
monitor stability of the F protein over time (Fig. 5). Vero cells were transiently trans-
fected with WT HeV F or one of the TMD mutants. Then, the cells were starved,
metabolically labeled, and chased with regular medium for different amounts of time,
as indicated in the figure. Finally, cells were lysed, and samples were immunoprecipi-
tated for SDS-PAGE analysis. At early time points, WT HeV F and the TMD mutants were
predominantly found in the F, inactive form (Fig. 5A). Over time, levels of the F,
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FIG 4 Cell surface expression is variably reduced for the HeV F TMD mutants. Total (A) and surface (B) expression levels were analyzed
using a biotinylation method. Vero cells were transfected with WT HeV F or one of the TMD mutants. At 24 h posttransfection, the cells
were metabolically labeled for 4 h, followed by biotinylation of the surface proteins and immunoprecipitation. The samples were analyzed
by 15% SDS-PAGE. Total expression (F,+ F,) and cleavage [F,/(F,+F,)] (C and D), as well as surface expression and cleavage (E and F) were
quantified by densitometry and normalized to levels for WT HeV F. All data are represented as the means = standard deviations for three
independent experiments. Statistical analyses were performed using a two-way analysis of variance with a Bonferroni correction. Asterisks
indicate statistical significance compared to values for the WT HeV F (**, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

proteolytically active form increased, indicating that WT HeV F and the mutants were
processed. Interestingly, quantification of expression levels at different time points
showed that the mutants were highly expressed compared to expression of the WT HeV
F at early time points (Fig. 5B). At later times, T483C/V484C and V484C/N485C showed
reductions in protein levels compared to the level of WT HeV F, indicating that these
mutants may have minor folding changes that target some of the protein for degra-
dation. However, N485C/P486C showed a more severe reduction in protein level over
time, suggesting that this mutant is likely targeted for degradation after synthesis due
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FIG 5 T483C/V484C and V484C/N485C are present over time at levels that normally allow for fusion. (A)
Vero cells were transfected with WT HeV F or one of the TMD mutants. At 24 h posttransfection, the cells
were metabolically labeled for 30 min. Following different chase time points, the samples were immu-
noprecipitated and analyzed by 10% SDS-PAGE. (B) Expression was quantified by densitometry and
normalized to the value for WT HeV F at each time point. All data are represented as the means *
standard deviations for three independent experiments.

to improper folding. This result is consistent with the finding that N485C/P486C surface
expression was significantly reduced (Fig. 4). Overall, these results show that the
location of the introduced disulfide bonds in the HeV F TMD can variably affect protein
folding and stability over time. These findings suggest that the minor changes ob-
served for T483C/V484C and V484C/N485C protein stability are likely not the cause of
fusion prohibition.

Introduced disulfide bonds in the HeV F TMD mutants are poorly accessible to
reducing agent. Since fusion assays with the TMD mutants suggested that TMD
dissociation is essential for fusion promotion, the mutants were analyzed to determine
if fusion could be restored by reducing the introduced disulfide bonds. In theory,
reduction of the disulfide bonds linking the TMDs would allow for dissociation of the
TMD:s to initiate the necessary conformational changes in the ectodomain for fusion
activity. To test this, a luciferase reporter gene assay was conducted as described
previously, except that the overlay medium contained the cell-impermeant reducing
agent tris(2-carboxyethyl)phosphine (TCEP). Following the 3-h incubation with overlaid
BSR cells in 6 mM TCEP-containing medium, the samples were analyzed for lumines-
cence. Interestingly, fusion increased for WT HeV F treated with TCEP, suggesting that
reduction of intramolecular disulfide bonds may impact overall protein stability and
enhance the triggering of fusion (Fig. 6A). However, results for the TMD mutants
showed no significant change in fusion levels between treated and untreated samples,
indicating that fusion was not restored in the presence of TCEP (Fig. 6A).

Oligomeric analysis was performed to further understand the effects of TCEP on
the introduced disulfide bonds in the TMD mutants. The samples were prepared as
described in the legend of Fig. 2, except that a 3-h incubation with 6 mM TCEP or
untreated medium was included after the metabolic label. Then, samples were immu-
noprecipitated and analyzed by SDS-PAGE. Interestingly, results of the analysis showed
that TCEP was capable of reducing disulfide bonds within the WT F protein, as indicated
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FIG 6 The introduced disulfide bonds in the HeV F TMD mutants are poorly accessible to reducing agent.
(A) The samples were prepared as described in the legend of Fig. 3B, except the overlay medium
consisted of BSRs in DMEM plus 10% FBS + 6 mM TCEP. Results were normalized to levels of the samples
transfected with WT HeV F and G (untreated). All data are presented as the means =+ standard deviations
for three independent experiments. Statistical analysis was performed using two-way analysis of variance
with a Bonferroni correction. Asterisks indicate statistical significance compared to the level of the WT
HeV F+G (untreated) (***, P < 0.005). (B) The samples were prepared as described in the legend of Fig.
2A, except that the samples were treated with DMEM plus 10% FBS *= 6 mM TCEP for 3 h following the
metabolic label. Blue asterisks indicate trimer (F,), purple asterisk indicates dimer (F,), and orange
asterisks indicate monomer (F,).

by the shift in bands for the trimer, dimer, and monomer in treated samples (Fig. 6B).
This shift is consistent with loss of the extracellular F, subunit when F, +F, is reduced
in the presence of TCEP. The TMD mutants also showed shifts consistent with loss of the
F, subunit (Fig. 6B, asterisks). T483C/V484C showed some reduction from the
trimeric to monomeric form, but a portion of the trimeric form was still present in
the TCEP-treated samples. The trimeric form of V484C/N485C partially shifted to a
trimer lacking F, in the TCEP-treated samples, but there was little change in the amount
of monomer. The oligomeric forms of N485C/P486C remained relatively unchanged
following TCEP treatment. This indicates that TCEP was poorly able to access the
introduced disulfide bonds linking the TMDs of the mutant HeV F proteins, and
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FIG 7 T483C/V484C and V484C/N485C bind a prefusion conformation-specific antibody prior to cell
disruption. (A) Vero cells were transfected with WT HeV F or one of the TMD mutants. At 24 h
posttransfection, the cells were metabolically labeled for 24 h. Then, the cells were treated with HeV F
MAb 5B3 antibody for 1h, followed by lysis and pulldown. Control samples were lysed after the
overnight label and treated with HeV F anti-peptide Ab for immunoprecipitation. The samples were
analyzed by 10% SDS-PAGE. (B) 5B3 binding was quantified by densitometry and normalized to the level
of WT HeV F. All data are represented as the means * standard deviations for three independent
experiments. (C) Vero cells were transfected with WT HeV F or one of the TMD mutants. At 24 h
posttransfection, the cells were metabolically labeled for 3 h. Then, the samples were immunoprecipi-
tated with anti-peptide Ab or MAb 5B3 and analyzed by 10% SDS-PAGE.

accessibility decreased as the mutations went further into the TMD region. Altogether,
these data suggest that the disulfide bonds introduced in the mutants are likely buried
in cell membrane, making them, in some cases, inaccessible to the reducing agent.

T483C/V484C and V484C/N485C bind a prefusion conformation-specific anti-
body prior to cell disruption. Since T483C/V484C and V484C/N485C were present at
the cell surface at levels that would allow for fusion, further studies were conducted
to analyze the conformation of the mutant protein structures. A HeV F prefusion
conformation-specific antibody, monoclonal antibody (MAb) 5B3, was used to compare
WT HeV F to the TMD mutants (38, 41). Vero cells were transiently transfected with WT
HeV F or one of the mutants. At 24 h posttransfection, the cells were metabolically
labeled overnight and treated with the prefusion antibody prior to cell lysis and
immunoprecipitation. Control samples were treated with the HeV F anti-peptide anti-
body after cell lysis. Results showed that T483C/V484C and V484C/N485C were able to
bind the prefusion conformation-specific antibody at moderately reduced levels com-
pared to the level of WT HeV F (Fig. 7A and B). This result is consistent with the cell
surface protein expression levels observed for T483C/V484C and V484C/N485C, sug-
gesting that the TMD mutants trafficked to the surface are present in the prefusion
form (Fig. 4).

Prior work with the prefusion conformation-specific antibody has shown that WT
HeV F is unable to bind the antibody when it is applied following cell lysis, likely due
to disruption of the metastable prefusion conformation of HeV F following lysis buffer
treatment. Since the TMDs of T483C/V484C and V484C/N485C are locked together by
disulfide bonds, these mutants were tested to determine if the introduced disulfide
bonds permanently lock the prefusion conformation of the ectodomain. The HeV F TMD
mutants were tested with MAb 5B3 after cell lysis to analyze prefusion conformation-
specific antibody binding, and results showed that treating the mutants with MAb 5B3
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following cell disruption dramatically reduced levels of binding (Fig. 7C). Together,
these results suggest that T483C/V484C and V484C/N485C are synthesized in a prefu-
sion conformation, but locking the TMDs together with disulfide bonds does not
completely prevent unfolding of the ectodomain.

DISCUSSION

The model for HeV fusion suggests that dissociation of the F protein TMDs is an
essential step for initiating and completing conformational changes in the ectodomain
required for membrane fusion (29). We tested this model by designing HeV F TMD
mutants to introduce disulfide bonds that would link the TMDs and prevent trimeric
dissociation. Results showed that the mutants were successfully synthesized as
disulfide-linked trimers, but fusion was prohibited for the mutants, suggesting that
TMD dissociation is critical for the conformational changes in HeV F needed for fusion.
Whereas surface expression and stability of T483C/V484C and V484C/N485C were
maintained at levels that would allow for fusion, our results showed that N485C/P486C
surface expression was significantly reduced, suggesting that the position of these
introduced disulfide bonds interfered with proper protein folding. Attempts to restore
fusion for the TMD mutants were unsuccessful, indicating that the introduced disulfide
bonds were poorly accessible to the reducing agent due to their position in the
membrane. Additional analysis of the TMD mutants showed that T483C/V484C and
V484C/N485C were maintained in a prefusion conformation prior to cell disruption.
Together, these findings support the hypothesis that TMD dissociation is required for
HeV fusogenic activity and that TMD interactions play a crucial role in F protein folding
and stability.

Cleavage of the HeV F TMD mutants was significantly reduced compared to that of
the WT HeV F, which could contribute to the lack of fusion. Previous work from our lab
showed that decreased WT HeV F expression leads to decreased fusion activity, but
fusion was still detectable when normal WT HeV F surface expression was reduced by
80% (40). The amount of active F, protein at the surface for the mutants T483C/V484C
and V484C/N485C was above that needed for fusion for the WT protein. However, our
reporter gene assay results showed no fusion above background levels for the HeV F
TMD mutants, supporting our conclusion that fusion is blocked.

Previous work with other paramyxoviruses has utilized introduced disulfide bonds
to probe the effects of limiting mobility within the F protein. For PIV5, the introduced
disulfide bonds that linked the monomers within the MPER, N-terminal to the predicted
TMD, blocked fusion activity (37). This was consistent with the inhibition of fusion
observed for the HeV F TMD mutants. Treatment of the PIV5 F MPER mutant with TCEP
restored fusion activity. However, similar treatment of the HeV F TMD mutants with
TCEP did not restore fusion. This suggests that the disulfide bonds of the HeV F TMD
mutants in this study were protected in the membrane, whereas the MPER disulfide
bonds in the PIV5 F mutant were exposed at the cell surface (37).

Additional work related to PIV5 F has addressed the role of the TMD in fusion.
Investigations showed that single cysteine substitutions near the N terminus of the
TMD led to disulfide bond formation in the absence of an oxidative cross-linker, similar
to the disulfide bond formation we observed in the HeV F TMD mutants (18). Further
analysis of this region of PIV5 F using alanine-scanning mutagenesis indicated that two
residues, L486 and 1488, were required for efficient fusion activity. Different amino acids
were substituted at these sites to test the effects of amino acid side chains on fusion
activity. Interestingly, substitution with cysteine led to a minor reduction in fusion
activity compared to the severe reductions observed with other substitutions. This
finding is consistent with the idea that disulfide bond formation, rather than the
presence of substituted cysteine residues, drove the prohibition of fusion activity for
the HeV F TMD mutants. In addition, an alanine substitution was previously made at
residue 486 in HeV F, resulting in minimal changes in fusion activity compared to that
of the WT, further suggesting that disulfide bond formation, rather than the cysteine
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substitutions, played a key role in blocking fusion activity for the HeV F TMD mutants
(C. T. Barrett, A. Popa, and R. E. Dutch, unpublished data).

Single cysteine substitutions were also used in a study to examine conformational
changes in MeV F. They generated disulfide-linked mutants that were predicted to be
unable to fully close the six-helix bundle (35). The single substitutions were made near
the membrane-spanning region in the HRB domain. Despite this restriction on F protein
flexibility, the mutants were able to efficiently open and stabilize fusion pores for viral
entry, suggesting that these fusion events occur independently of complete six-helix
bundle assembly (35). This work indicates that these single cysteine substitutions allow
for greater flexibility than double cysteine substitutions in the membrane-proximal
region of the F protein and provides evidence to support the idea that flexibility of
interactions in the HRB and TMD are required for efficient fusion activity.

When TCEP was used in an attempt to restore fusion activity in our study, results
showed that fusion was enhanced for WT HeV F. This increase may be due to the
reduction of other disulfide bonds within the ectodomain of HeV F that are required for
prefusion stability. Work on Newcastle disease virus identified free thiols in the surface-
expressed F protein, a result of thiol/disulfide exchange, and blocking these groups
with a thiol-specific biotin inhibited fusion (42). Thiol/disulfide exchange also plays a
role in the entry of other enveloped viruses such as human immunodeficiency virus
type | (43). These findings suggest that reduction of specific disulfide bonds in the F
protein of paramyxoviruses may affect the efficiency of fusion activity. For HeV F,
reducing disulfide bonds in the ectodomain by adding TCEP may cause the protein to
trigger and promote fusion more readily than untreated HeV F. The HeV F TMD mutants
showed small increases in fusion following TCEP treatment. However, these changes in
fusion activity were not significant compared to the activity of the untreated mutants.

The paired cysteine substitutions we made in HeV F were located near the N
terminus of the TMD, but our results suggested that the introduced disulfide bonds
were buried within the plasma membrane. The F protein is synthesized in the ER, which
consists of a slightly thinner lipid bilayer than the plasma membrane (39). This differ-
ence in membrane thickness may be important for exposing the N-terminal region of
the HeV F TMD to the oxidizing environment of the ER to allow for disulfide bond
formation immediately following synthesis. Once the mutant HeV F proteins are
trafficked through the secretory pathway to the thicker plasma membrane, the disulfide
bonds in the TMD may be shielded by the lipid environment from extracellular factors
that could be introduced to disrupt the bonds.

Membrane thickness is largely determined by lipid composition, and a number of
membrane lipids have been identified as important players in viral infectivity (44-50).
Additionally, several studies of nonviral proteins have shown that cholesterol and
sphingolipids play a role in promoting TMD helix interactions (51-53). Work with the
paramyxovirus MeV has shown that the F protein is enriched in lipid rafts, and this
partitioning is important for MeV assembly at the plasma membrane (49). Studies of NiV
have shown evidence of F protein clustering in the plasma membrane, suggesting that
membrane domains may be needed for proper surface glycoprotein organization for
assembly and fusion (54). For Newcastle disease virus, lipid rafts have been shown to
participate in forming and maintaining F protein and attachment protein complexes in
the plasma membrane (55). Beyond paramyxoviruses, lipid raft domains have been
implicated in the assembly and spread of filoviruses, retroviruses, and orthomyxovi-
ruses (56). It is possible that lipid rafts also play a role in HeV assembly and TMD helix
interactions. Additionally, partitioning of the F protein into rafts could increase the
number of TMD residues accommodated by the membrane. Therefore, HeV F localiza-
tion to lipid rafts could explain why the introduced disulfide bonds are initially formed
at the ER but are protected from reducing agents at the plasma membrane. Future
studies will analyze the importance of lipid composition for stability of the prefusion
conformation and promotion of fusion events.

Here, we showed that disulfide bonds can be introduced to covalently link the TMDs
of the HeV F trimer. Blocking TMD dissociation with introduced disulfide bonds
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prohibits fusion events, but further studies are needed to address the conformational
changes that can occur in HeV F when the TMDs are locked. Our studies suggest that
mutant HeV F proteins with linked TMDs are in some cases capable of maintaining a
prefusion conformation. If cells expressing these constructs are disrupted, then the
mutant HeV F proteins refold into a conformation that is no longer recognizable by a
prefusion-specific antibody. Additional analysis is needed to understand if the disulfide-
linked HeV F mutants are capable of refolding into protein intermediates that are
suggested to occur after an initial triggering event and prior to formation of the
six-helix bundle. Our findings reported here and future studies will contribute to
understanding the HeV F dynamics required for fusion events and mechanisms of
enveloped virus entry.

MATERIALS AND METHODS

Plasmids. Plasmids containing HeV F and G were kindly provided by Lin-Fa Wang from the Australian
Animal Health Laboratory. The HeV F TMD mutants were generated in pGEM using a QuikChange
site-directed mutagenesis kit from Stratagene and subcloned into pCAGGS using the forward primer
5'-GCG ATT GAA TTC TAA GCA ATG GCT ACA CAA GAG-3' and reverse primer 5’-CG GCG GCC ATG CAT
ATT TTA TGT TCC AAT ATA ATA-3’ for PCR amplification. The constructs were verified by sequencing.

Antibodies. Anti-peptide antibody to the HeV F cytoplasmic tail residues 527 to 539 (15) was used
to pull down WT HeV F or the TMD mutant constructs. The prefusion conformation-specific antibody,
MAb 5B3, generously provided by Christopher Broder (Uniformed Services University of the Health
Sciences) was also used to detect HeV F (41).

Cell lines. Vero cells (ATCC) and BSR cells (provided by Karl-Klaus Conzelman, Pettenkofer Institut)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) supplemented with 10%
fetal bovine serum (FBS; Sigma). For the BSR cells, 0.5 mg/ml Geneticin (Gibco) was added to the medium
with every third passage to select for T7 polymerase-expressing cells.

Oligomeric analysis. Vero cells in six-well plates were transiently transfected using Lipofectamine
and Plus (Invitrogen) per the manufacturer’s protocol with pCAGGS-HeV F or one of the TMD mutants.
At 24 h posttransfection, the cells were washed two times with phosphate-buffered saline (PBS) and
starved with DMEM lacking cysteine and methionine (Cys~/Met-) for 45 min. Then, the cells were labeled
for 3 h with Cys/Met- DMEM containing Tran-35S label (100 wCi/ml; MP Biomedicals). The cells were
washed three times with PBS and lysed with 500 ul of radioimmunoprecipitation assay (RIPA) lysis buffer
(100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% deoxycholic acid, T mM phen-
ylmethylsulfonyl fluoride [Sigma], 25 mM iodoacetamide [Sigma], 1:100 aprotinin [Calbiochem]). The
sample lysate was centrifuged at 136,500 X g for 15 min at 4°C, and the supernatant was incubated for
3 h with 4 pl of anti-peptide antibody. Then, the sample was incubated with 30 ul of protein A-Sepharose
beads (ThermoFisher) for 30 min at 4°C with rocking and washed two times with RIPA buffer plus 0.30
M Nadl, two times with RIPA buffer plus 0.15 M NaCl, and two times with SDS wash Il (150 mM Nadl,
50 mM Tris-HCl, pH 7.4, 2.5 mM EDTA). Depending on the experiment, the samples were resuspended
with loading buffer lacking or containing dithiothreitol (DTT; Goldbio) for nonreducing or reducing
conditions, respectively. Then, the samples were boiled and separated using 3.5% polyacrylamide gels for
SDS-PAGE and visualized using a Typhoon imaging system (GE Healthcare). For the tris(2-carboxyethyl)
(TCEP) (Calbiochem) treatment experiments, 1 ml of 6 mM TCEP in DMEM supplemented with 10% FBS
was added to the cells following the metabolic label. The cells were incubated with the TCEP solution for
3 h at 37°C before two washes with PBS and addition of RIPA lysis buffer. Results were visualized using
a Typhoon imaging system.

Syncytium assay. Vero cells in six-well plates were transiently transfected using Lipofectamine 3000
(Invitrogen) per the manufacturer’s protocol with pCAGGS-HeV F and pCAGGS-HeV G at a 1:3 ratio. At
48 h posttransfection, the cells were imaged using a Zeiss Axiovert 100 microscope with a 10X objective.

Reporter gene assay. Vero cells in six-well plates were transiently transfected using Lipofectamine
and Plus per the manufacturer’s protocol with 0.8 g of luciferase under the control of the T7 promoter,
0.9 ng pCAGGS-HeV G, and 0.3 ug pCAGGS-HeV F or one of the TMD mutants. At 24 h posttransfection,
the Vero cells were washed once with PBS and overlaid with BSR cells, previously lifted with trypsin
(Invitrogen) and diluted in DMEM supplemented with 10% FBS, that stably express the T7 polymerase for
3h at 37°C. For specific experiments, 6 mM TCEP was added to the overlay medium for the 3-h
incubation. Then, the cells were lysed with reporter lysis buffer (Promega) and analyzed for luciferase
activity using the luciferase assay system (Promega) per the manufacturer’s instructions. An Lmax
luminometer (Molecular Devices; Sunnyvale, CA) was used with a 2-s delay and a 5-s integration time.
Results were normalized to samples expressing WT HeV F and G.

Cell surface biotinylation. Vero cells in 60-mm dishes were transiently transfected using Lipo-
fectamine and Plus reagent or Lipofectamine 3000 per the manufacturer’'s protocol with 4 ug of
pCAGGS-HeV F or one of the TMD mutants. At 24 h posttransfection, the cells were washed two times
with PBS and starved with Cys-/Met- DMEM for 45 min. Then, the cells were radiolabeled for 4 h in
Cys-/Met- DMEM containing Tran-35S label. The cells were washed two times with ice-cold PBS (pH 8.0)
and incubated with 1 ml of 1 mg/ml EZ-Link Sulfo-NHS-Biotin (sulfo-N-hydroxysuccinimide-biotin; Pierce)
in PBS (pH 8.0) for 35 min at 4°C with rocking, followed by 15 min at room temperature. Next, the cells
were washed three times with ice-cold PBS (pH 8.0), and 500 wl of RIPA lysis buffer was added. The
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sample lysate was centrifuged at 136,500 X g for 15 min at 4°C. The supernatant was transferred to
1.5-ml tubes and incubated with 8 ul of the anti-peptide HeV F antibody for 3 h at 4°C with rocking. Next,
each sample was incubated with 30 ul of protein A-Sepharose beads for 30 min at 4°C with rocking. The
samples were washed two times with RIPA buffer plus 0.30 M NaCl, two times with RIPA buffer plus 0.15
M Nadl, and two times with SDS wash II. Following the washes, 60 ul of 10% SDS was added, and the
samples were boiled for 10 min, transferred to a new tube, and repeated with 40 ul of 10% SDS to give
a total of 100 wl. Ten microliters of each sample was separated and resuspended in 2X SDS loading
buffer containing DTT for total protein expression analysis. The remaining 90 ul of sample was treated
with 400 wl of biotinylation dilution buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 0.2% bovine serum albumin [US Biological Life Sciences]) and 30 ul of streptavidin beads for 1 h
at 4°C with rocking. The washes described previously were repeated, and the samples were resuspended
in 2X SDS loading buffer containing DTT. After the samples were boiled, analysis of HeV F was conducted
using 15% SDS-PAGE and visualized using a Typhoon imaging system. Quantifications from band
densitometry using ImageQuant, version 5.2, were reported as relative expression (percent) compared to
WT HeV F. The quantification is the sum of F, and F, for each sample.

Time course immunoprecipitation. Vero cells in six-well plates were transiently transfected using

Lipofectamine and Plus per the manufacturer’s protocol with pCAGGS-HeV F or one of the TMD mutants.
At 24 h posttransfection, the cells were washed two times with PBS, starved for 45 min, and metabolically
labeled for 3 h (described previously). Then, the cells were washed three times with PBS and chased with
DMEM plus 10% FBS. At different time points, the cells were washed two times with PBS and lysed with
RIPA lysis buffer. Immunoprecipitation was conducted as described for oligomeric analysis, and samples
were resuspended in 2X SDS loading buffer containing DTT. Samples were boiled and analyzed by 10%
SDS-PAGE, and band densitometry quantifications were performed as described for surface biotinylation.
Immunoprecipitation with prefusion conformation-specific antibody. To analyze MAb 5B3 bind-
ing prior to cell disruption, Vero cells in 60-mm dishes were transiently transfected using Lipofectamine and
Plus per the manufacturer’s protocol with pCAGGS-HeV F or one of the TMD mutants. At 24 h posttransfec-
tion, the cells were washed two times with PBS, starved for 45 min, and metabolically labeled in 2 ml of
overnight label medium (85% Cys-/Met- DMEM, 10% DMEM plus 10% FBS, 5% FBS) containing Tran-3°S label
for 24 h. Then, the cells were washed three times with PBS and treated with MAb 5B3 at 1 ug/mlin 1X PBS
plus 1% bovine serum albumin for 1 h at 4°C with rocking. Following the antibody incubation, the cells were
lysed with RIPA lysis buffer and centrifuged at 136,500 X g for 15 min at 4°C. Control samples were treated
with 8 ul of anti-peptide antibody for 1.5 h after being lysed with RIPA lysis buffer and centrifuged. All samples
were treated with 30 ul of protein A-Sepharose beads for 1 h. Then, the samples were washed as described
previously. After the samples were boiled, they were separated by 10% SDS-PAGE, and band densitometry
quantifications were performed as described for surface biotinylation.

To analyze MAb 5B3 binding following cell disruption, Vero cells in six-well plates were transiently

transfected using Lipofectamine and Plus per the manufacturer’s protocol with pCAGGS-HeV F or one of
the TMD mutants. At 24 h posttransfection, the cells were starved, labeled, lysed, and centrifuged as
described for oligomeric analysis. Then, the cells were treated with 1 ug/ml MAb 5B3 or 4 ul of
anti-peptide Ab for 3 h. The rest of the immunoprecipitation was performed as described for oligomeric
analysis. Then, the samples were boiled and separated using 10% SDS-PAGE, and band densitometry
quantifications were performed as described for surface biotinylation.
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