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ABSTRACT Nipah virus (NiV), a paramyxovirus in the genus Henipavirus, has a mor-
tality rate in humans of approximately 75%. While several studies have begun our
understanding of NiV particle formation, the mechanism of this process remains to
be fully elucidated. For many paramyxoviruses, M proteins drive viral assembly and
egress; however, some paramyxoviral glycoproteins have been reported as important or
essential in budding. For NiV the matrix protein (M), the fusion glycoprotein (F) and, to a
much lesser extent, the attachment glycoprotein (G) autonomously induce the formation
of virus-like particles (VLPs). However, functional interactions between these proteins
during assembly and egress remain to be fully understood. Moreover, if the F-driven for-
mation of VLPs occurs through interactions with host cell machinery, the cytoplasmic tail
(CT) of F is a likely interactive domain. Therefore, we analyzed NiV F CT deletion and ala-
nine mutants and report that several but not all regions of the F CT are necessary for ef-
ficient VLP formation. Two of these regions contain YXXØ or dityrosine motifs previously
shown to interact with cellular machinery involved in F endocytosis and transport. Im-
portantly, our results showed that F-driven, M-driven, and M/F-driven viral particle for-
mation enhanced the recruitment of G into VLPs. By identifying key motifs, specific resi-
dues, and functional viral protein interactions important for VLP formation, we improve
our understanding of the viral assembly/egress process and point to potential interac-
tions with host cell machinery.

IMPORTANCE Henipaviruses can cause deadly infections of medical, veterinary, and
agricultural importance. With recent discoveries of new henipa-like viruses, understand-
ing the mechanisms by which these viruses reproduce is paramount. We have focused
this study on identifying the functional interactions of three Nipah virus proteins during
viral assembly and particularly on the role of one of these proteins, the fusion glycopro-
tein, in the incorporation of other viral proteins into viral particles. By identifying several
regions in the fusion glycoprotein that drive viral assembly, we further our understand-
ing of how these viruses assemble and egress from infected cells. The results presented
will likely be useful toward designing treatments targeting this aspect of the viral life cy-
cle and for the production of new viral particle-based vaccines.

KEYWORDS paramyxovirus, Paramyxoviridae, viral assembly, budding, Nipah virus,
cytoplasmic tail, fusion protein, matrix, attachment, glycoprotein

The Paramyxoviridae family includes a wide array of medically relevant pathogens,
including but not limited to measles (MeV), mumps, and parainfluenza viruses. The

deadliest members of this family belong to the genus Henipavirus, with two of its
members, Nipah virus (NiV) and Hendra virus causing encephalitis, respiratory disease,
and approximately 40 to 75% mortality rates in humans (1). Moreover, new henipa-like

Received 27 October 2016 Accepted 21
February 2017

Accepted manuscript posted online 1
March 2017

Citation Johnston GP, Contreras EM, Dabundo
J, Henderson BA, Matz KM, Ortega V, Ramirez A,
Park A, Aguilar HC. 2017. Cytoplasmic motifs in
the Nipah virus fusion protein modulate virus
particle assembly and egress. J Virol 91:e02150-
16. https://doi.org/10.1128/JVI.02150-16.

Editor Douglas S. Lyles, Wake Forest University

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Hector C. Aguilar,
haguilar@vetmed.wsu.edu.

STRUCTURE AND ASSEMBLY

crossm

May 2017 Volume 91 Issue 10 e02150-16 jvi.asm.org 1Journal of Virology

http://orcid.org/0000-0001-8916-2230
https://doi.org/10.1128/JVI.02150-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:haguilar@vetmed.wsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.02150-16&domain=pdf&date_stamp=2017-3-1
http://jvi.asm.org


viruses have been discovered recently, such as Mojiang virus, which is suspected for
three deaths in China (2), and close to 20 new bat viral species (3). Further, henipavi-
ruses (HNVs) are zoonotic and can infect many mammalian orders (4). During its first
outbreak in 1998 and 1999, NiV caused over 100 human deaths and prompted the
culling of over one million Malaysian pigs (5, 6). There are no approved human
treatments or vaccines for NiV infections, leading to its classification as a biosafety level
4 (BSL-4) agent and a potential threat to international security (7). Furthermore, the
World Health Organization has recently listed Nipah virus as one of the top pathogens
most likely to cause major epidemics in the future (8).

Paramyxoviruses carry negative-sense, single-stranded RNA genomes 15 to 19 kb in
size. While the exact number of protein products made from the genome varies from
6 to 10 among viral species, all paramyxoviruses produce a matrix (M), fusion (F), and
attachment glycoprotein (G in the case of HNVs) (9). For HNVs, the F and G glycopro-
teins are both necessary for viral entry (viral-cell membrane fusion) and are responsible
for cell-cell fusion events (syncytia) between infected and naive cells (10, 11). On the
other hand, the M protein is generally the main driver in paramyxoviral assembly and
budding (12). F and G operate together to mediate viral entry and syncytium formation.
G recognizes the host cell receptor ephrinB2 or ephrinB3, triggering F to induce
virus-cell or cell-cell membrane fusion (13–18). Although the presence of NiV M has
been shown to affect the transport of F and G in polarized epithelia, the mechanism(s)
of these effects remains to be elucidated (19). The glycoproteins F and G have also been
shown to affect the transport of each other; however, these functional interactions
appear to be dependent on cell type (19–21). While NiV M has important roles in
protein transport and, ultimately, particle formation, attempts so far to show physical
interactions of M with either of the glycoproteins have failed.

The mechanisms of viral particle formation vary considerably between paramyxo-
viruses (12). M is generally considered essential for these processes, since it acts to
incorporate other viral components and create an infectious virion. In support of this
central role, M proteins of most paramyxoviruses have the ability to form virus-like
particles (VLPs) without any other viral factors present (22–29). Despite assembly and
budding for most paramyxoviruses being driven largely by the M protein, other
proteins, including the glycoproteins, have been shown to support and in some cases
be required for these processes. For example, the particle formation of mumps virus is
considerably enhanced by the expression of the fusion but not the hemagglutinin-
neuraminidase (HN) attachment glycoprotein (30). Similarly, the fusion but not the
attachment glycoprotein of Sendai virus can significantly enhance particle formation
(29). Interestingly, for parainfluenza virus 5, either F or HN but not both are required for
viral budding (31). This is in contrast to some paramyxoviruses, where the F protein
likely does not have an important, or at least a driving function in budding, as is the
case for MeV and Newcastle disease virus (24, 26, 27). Previous findings for NiV suggest
that F, G, and M can each induce VLP formation when expressed alone, albeit at
different efficiencies (25, 32). Specifically, one study showed that while M and F
exhibited high abilities to bud autonomously, G did so with much lower efficiency (25).
Although it is known that these proteins can induce particle formation, there is very
limited knowledge on how NiV F, G, and M functionally interact during viral assembly
and whether they influence incorporation of each other into viral particles (25).

In support of an important role for NiV F during particle formation, one study using
a new flow virometric tool suggested that incorporation of G into VLPs was consider-
ably more efficient when F in addition to M was expressed (33). Overall, the involve-
ment of F with G and M during particle assembly remains unclear and the functions and
mechanism(s) for the autonomous budding of F is unknown. In this study, we quan-
titatively show that either F or M can enhance the incorporation of G into VLPs
severalfold more efficiently than G can do autonomously. In addition, we demonstrate
that the ability of NiV F to form VLPs is principally dependent on three regions of
its cytoplasmic tail, including a polybasic motif and two tyrosine motifs known to
be important for F trafficking or surface expression (20, 21, 34–36). Some of these
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functions may be dependent on interactions with clathrin adaptor protein (AP)
complexes (21, 37).

RESULTS
NiV F and M support incorporation of NiV G into VLPs. By expressing the NiV F,

G, and M proteins in different combinations, we first aimed to understand the roles and
relative importance of each of these proteins during assembly and incorporation of
one another into viral particles. All combinations of F, G, and M (4:1:1 ratio of their
expression plasmids, respectively) were assessed for levels of whole-cell expression by
Western blotting and at the cellular surface (for F or G) by flow cytometry. In addition,
levels of each protein incorporated into VLPs were determined by sucrose cushion
ultracentrifugation of cleared supernatants, followed by Western blotting. In agreement
with a previous study, when expressed in HEK293T cells, F and M efficiently formed
VLPs autonomously, whereas G did so less efficiently (Fig. 1A) (25). In addition, both F
and M showed the ability to incorporate G into VLPs roughly five times more efficiently
than when G was expressed alone (Fig. 1B; both are P � 0.01). Interestingly, coexpres-
sion of F, G, and M led to a �8-fold increase in G incorporation (P � 0.05) while
maintaining a nonsignificant difference in F or M incorporation (Fig. 1B). This finding
supports cooperation between F and M in the incorporation of NiV G. We also report
that, at least in the case of coexpression of M and G, the incorporation of M was
reduced by about 20% (Fig. 1B; P � 0.01) compared to the single expression of M,
suggesting that there may be some cost of incorporating G into viral particles. Possible
explanations for this observation include competition for M binding between G and
host cellular factors that support particle egress or that G can alter M trafficking to
assembly sites. Although cellular surface expression (CSE) data showed that the levels
of F CSE are higher when F was coexpressed with G (with or without M present) (Fig.
1C; P � 0.05), this did not increase the incorporation of F into VLPs (Fig. 1B).

FIG 1 NiV F and M support incorporation of NiV G into VLPs. (A) Cell lysates (CL) and viruslike particles (VLPs) were
isolated from HEK293T cells transfected for 24 h with the corresponding combinations of NiV F, G, and M.
Transfections were done with F:G:M ratios of 4:1:1, with pcDNA3.1 as an empty vector. All samples were run
through SDS-PAGE and Western blotting. For NiV F, the uncleaved form is designated F0, and part of the cleaved
form is designated F1. (B) Densitometric analysis was used to quantify all bands and budding indices were
calculated by dividing the band intensity of each VLP band by their corresponding band in CL. This was normalized
to the ratio of individually expressed F, G, or M and is shown as a percentage of that ratio. (C) Flow cytometric
analysis was used to assess cellular surface expression of F and G and these values were normalized to
corresponding single expression values after removal of background. Error bars designate values for standard
errors of the mean. Three or more independent experiments were used for each ratio, and the statistical
significance was evaluated with one-sample t tests. Statistical significance is indicated by asterisks: *, P � 0.05; and
**, P � 0.01.
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NiV G can reduce incorporation of F and M into VLPs. We have shown that
coexpression of NiV F or M with G significantly increased the incorporation efficiency of
NiV G into VLPs (Fig. 1). Since it also appeared that the expression of G reduced the
incorporation of F and/or M into VLPs, we next sought to determine whether increasing
the levels of NiV G expression would more clearly reduce incorporation of F and M into
VLPs. We report that transfection of F, G, and M expression plasmids at a 4:2:1 ratio
instead of 4:1:1 (Fig. 1) (while maintaining a total of 3 �g of DNA per well) significantly
altered the levels of F and M in VLPs relative to their individual expression (Fig. 2A and
B). Specifically, we show that F incorporation was reduced by almost 80% when
coexpressed with G (Fig. 2B; P � 0.01). Importantly, this was not due to a decrease in
F CSE when G is coexpressed. In fact, in the presence of G, NiV F cell surface expression
maintained the �70% increase as seen with the 4:1:1 ratio (Fig. 2C; P � 0.01).
Interestingly, we saw the same reduction of F in VLPs even when M was expressed in
addition to G, indicating that M could not rescue the incorporation of F into VLPs (Fig.
2B; P � 0.01).

In addition, M incorporation was significantly reduced by expression of G. Specifi-
cally, M levels in VLPs decreased by about 40% (P � 0.05) and 60% (P � 0.05) when
coexpressed with G or both F and G, respectively (Fig. 2B). These findings, in conjunc-
tion with those of Fig. 1, support a mechanism of F, G, and M budding that requires a
delicate balance among the relative expression levels of each of these viral proteins.

Specific regions of the NiV F cytoplasmic tail drive its ability to form VLPs. The
functions of paramyxoviral glycoproteins during assembly and budding are usually
associated with motifs in the cytoplasmic tails (CTs) of these proteins (38). We have
shown an important role for NiV F during particle formation (Fig. 1) and now look to
elaborate on the mechanism of this behavior by identifying what drives the budding
capabilities of F. The NiV F CT has been previously studied in the context of viral entry
and membrane fusion; thus, we have assessed the budding capacities of previously
studied mutants harboring deletions of regions in the CT (Fig. 3A) (35). Based on total
expression and corresponding presence in VLPs (Fig. 3B and C), we calculated budding
indexes for these deletion mutants as the ratio of normalized VLP signals to normalized
cell lysate signals, so that the index for wild-type (WT) F would be 1.00. Interestingly, the
T1, T2, and T4 mutants exhibited budding indices of 0.23 (P � 0.01), 0.20 (P � 0.01), and
0.22 (P � 0.01), respectively (Fig. 3D). This was in direct contrast to the budding index

FIG 2 NiV G can reduce incorporation of F and M into VLPs. The same experiments and analyses were completed
as in Fig. 1 except the F:G:M ration was changed to 4:2:1. Error bars designate values for standard errors of the
mean. Three or more independent experiments were used for each ratio, and the statistical significance was
evaluated with one-sample t tests. Statistical significance is indicated by asterisks: *, P � 0.05; and **, P � 0.01.
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of the T3 deletion mutant, which was not significantly different from that of WT F (Fig.
3D). In addition, we report that the T1 and T2 mutants exhibited levels of CSE that
appeared to be higher than would be expected from their total cell expression (CL
versus CSE values, Fig. 3C). Thus, relative budding indexes were also calculated based
on expression of each mutant with their corresponding levels of CSE (Fig. 3D). The
marked decrease in budding by deleting regions T1, T2, or T4 suggest that these
regions are functionally important for the budding ability of NiV F.

A region including a membrane-proximal polybasic cluster mildly modulates
the budding of F. Polybasic motifs, such as that in KKRNT of the NiV F CT, are
sometimes associated with host cellular factors such as members of the actin cytoskel-
eton (39). To test which residues of this region may be responsible for the phenotype
associated with deletion of the T1 region, we used alanine mutation screening and
tested these mutants for any budding phenotypes (Fig. 4A). For both total expression
and CSE, all five single-alanine mutants in T1 exhibited levels roughly consistent with
those of wild-type F (Fig. 4B and C). In contrast to the substantial decrease in particle
formation seen with deleting all of T1 (Fig. 3), single alanine mutations did not show
any significant residues that indicate responsibility for this phenotype. While not at, but
approaching, statistical significance, the N4A and T5A mutants appeared interesting as
potential contributing factors in the T1 deletion budding phenotype (Fig. 4B and C). To
further test this, an N4A/T5A double mutant was generated; however, this mutant also
failed to produce the budding phenotype seen when the entire T1 region was deleted
(Fig. 4B, C, and D). These findings support the possibilities that several residues of this
region act functionally together or that this region is important in distancing other
motifs in the NiV F CT from the membrane.

A tyrosine motif in the NiV F cytoplasmic tail modulates NiV F budding. In other
viruses such as HIV-1 and HIV-2, YXXØ motifs such as the T2 region have been linked
to viral protein sorting as well as particle assembly in some cases (40–43). Interestingly,
a YXXØ motif in the NiV M protein has been suggested to influence M trafficking and

FIG 3 Specific regions of the NiV F cytoplasmic tail drive its ability to form VLPs. (A) Schematic designating regions
of the NiV F CT and showing the sequence for four deletion mutants made. (B) HEK293T cells were transfected for
24 h with an empty vector, wild-type NiV F, or one of the four CT mutants. Both cell lysates and VLPs were harvested
and subjected SDS-PAGE, followed by Western blot analysis. (C) Densitometry was used to quantify band intensity
for cell lysates and VLPs. In addition, flow cytometric analyses were used to evaluate the levels of cell-surface
expression (CSE) for each of the mutants relative to the wild-type F. (D) As in Fig. 1, the cell lysate and VLP band
intensities were used to calculate budding indices, and all were normalized to wild-type F. A similar index is also
shown using values for VLP intensity and corresponding CSE values. Mutants exhibiting budding at levels
significantly below those of wild-type F have their values in black. Error bars designate values for standard errors
of the mean. Three or more independent experiments were used for each ratio, and the statistical significance was
evaluated with one-sample t tests.
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budding (22). In addition, studies have identified this motif as contributing to the
endocytosis event leading to NiV F maturation into a cleaved, fusogenic form (34, 44).
Despite the role of this motif in supporting endocytosis of F, several studies have
suggested that mutation of this region is not necessary for cleavage to occur for NiV F
(35, 36). Other motifs such as the polybasic cluster may also be important for endocy-
tosis (36). Also, one such study demonstrated a much more significant reduction of
processing when the YXXØ motif was deleted in Hendra virus F than seen for NiV F (36).
Region T2 (YSRL) has also been shown to be involved in sorting of NiV F based on
identified interactions with clathrin adaptor AP proteins (21). Since deletion of T2 also
led to a marked drop in budding, single residue analysis was conducted to understand
the importance of each for appearance of this phenotype (Fig. 5A). Alanine scanning
yielded that mutation of the tyrosine (73% decrease; P � 0.05) and leucine (67%
decrease; P � 0.001) residues, but not the serine and arginine residues, led to significant
decreases in budding (Fig. 5D). These findings strongly support the importance of the
YXXØ motif itself as a driving factor for budding. Further, based on values for cell
surface expression, the budding defects were not caused by a failure to transport F to
the plasma membrane. While the mechanism for the YXXØ motif to modulate budding
is unknown, it is likely related to interactions with host cellular machinery that either
support trafficking to specific sites of assembly or drive the process of viral budding
directly.

A dityrosine trafficking motif drives NiV F budding and likely the T4 deletion
phenotype. We hypothesized that the budding phenotype observed for the largest
NiV F CT deletion mutant, T4, would be most likely dependent on a couple of motifs.
Considering our mass spectrometric data indicating phosphorylation of two adjacent
serine residues in T4 (SS), and a dityrosine (YY) motif known to be important in NiV F
trafficking in some cell types (20, 21), double-alanine mutants were generated for each
of these motifs (Fig. 6A). While the SS mutant exhibited roughly WT levels of total and

FIG 4 A region including a membrane-proximal polybasic cluster mildly modulates budding of F. (A)
Schematic for the cytoplasmic tail of NiV F designating the region being alanine screened. (B) HEK293T cells
were transfected for 24 h with an empty vector, wild-type NiV F, one of the five alanine mutants of region
T1, or the NT double mutant. Both cell lysates and VLPs were harvested and run in SDS-PAGE followed by
Western blot analysis. (C) Densitometry was used to quantify band intensity for cell lysates and VLPs. In
addition, flow cytometric analyses were used to evaluate the levels of CSE for each of the mutants relative
to the wild-type F. (D) The cell lysate and VLP band intensities were used to calculate budding indices and
all were normalized to wild-type F. A similar index is also shown using values for VLP intensity and
corresponding CSE values. Error bars designate values for standard errors of the mean. Three or more
independent experiments were used for each ratio, and the statistical significance was evaluated with
one-sample t tests.
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surface expression in addition to efficient formation of VLPs, mutation of both tyrosine
residues nearly abrogated budding completely (95% reduction; P � 0.0001; Fig. 6A, B,
and C). This effect was not due to failure to express on the cellular surface, as levels of
CSE were close to wild-type CSE levels. Interestingly, a mild increase in the total
expression level was observed for this mutant (P � 0.05; Fig. 6B and C).

FIG 5 A tyrosine motif in the NiV F cytoplasmic tail modulates NiV F budding. (A) Schematic for the
cytoplasmic tail of NiV F designating the region being alanine screened. (B) HEK293T cells were transfected
for 24 h with an empty vector, wild-type NiV F, or one of the four alanine mutants of region T2. Both cell
lysates and VLPs were harvested and run in SDS-PAGE followed by Western blot analysis. (C) Densitometry
was used to quantify band intensity for cell lysates and VLPs. In addition, flow cytometric analyses were
used to evaluate the levels of CSE for each of the mutants relative to the WT. (D) The cell lysate and VLP
band intensities were used to calculate budding indices and all were normalized to wild-type F. A similar
index is also shown using values for VLP intensity and corresponding CSE values. Mutants exhibiting
budding at levels significantly below WT have their values in black. Error bars designate values for standards
error of the mean. Three or more independent experiments were used for each ratio, and the statistical
significance was evaluated with one-sample t tests.

FIG 6 A dityrosine trafficking motif drives NiV F budding and likely the T4 deletion phenotype. (A)
Schematic for the cytoplasmic tail of NiV F designating both double-alanine mutations. (B) HEK293T cells
were transfected for 24 h with an empty vector, wild-type NiV F, or one of the two double-alanine
mutants. Both cell lysates and VLPs were harvested and run in SDS-PAGE followed by Western blot
analysis. (C) Densitometry was used to quantify band intensity for cell lysates and VLPs. In addition, flow
cytometric analyses were used to evaluate the levels of CSE for each of the mutants relative to the WT.
(D) The cell lysate and VLP band intensities were used to calculate budding indices and all were
normalized to WT F. A similar index is also shown using values for VLP intensity and corresponding CSE
values. Mutants exhibiting budding at levels significantly below wild-type F have their values in black.
Error bars designate values for standard errors of the mean. Three or more independent experiments
were used for each ratio, and the statistical significance was evaluated with Student t tests.
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The budding capabilities of NiV F are important for G incorporation into VLPs.
To verify the importance of autonomous NiV F budding in the context of F, G, and M
incorporation into viral particles, we cotransfected the T2 deletion mutant of F with
combinations of the other structural proteins, as shown for Fig. 1. Based on better
incorporation of each protein, the 4:1:1 DNA expression plasmid ratio was selected. As
would be expected if F drove G incorporation into VLPs, the T2G combination did not
show statistically significant increases in G levels beyond that of single G expression
(Fig. 7A and B). Analysis with coimmunoprecipitation of G with T2 supports that this
behavior is not due to any change in F:G avidities caused by the T2 deletion (Fig. 8A and
B). Further, we observed that while G appears to be incorporated about three times
more in the T2GM combination than for G alone (Fig. 7A and B), the difference is not
statistically significant (P � 0.2). None of these effects appeared to be caused by
changes in cell surface expression (Fig. 7C). Together, these and the above findings
highlight a crucial role of NiV F, driven by regions and residues of its CT, in the presence
or absence of M expression during the incorporation of G into viral particles.

DISCUSSION

Previous work has suggested that NiV M, as for many of the paramyxoviruses, is the
key player in viral assembly and budding (12, 23, 24, 26, 27, 29). As with other

FIG 7 The budding capabilities of NiV F are important for G incorporation into VLPs. The same experiments and
analyses were completed as in Fig. 1 except the T2 mutant was used in place of the wild type. Error bars designate
values for standard errors of the mean. Three or more independent experiments were used for each ratio, and the
statistical significance was evaluated with one-sample t tests. Statistical significance is designated by asterisks: *,
P � 0.05; and **, P � 0.01.

FIG 8 Mutation of the NiV F CT does not alter F-G avidity. HEK293T cells were transfected for G and different
mutants of NiV F at an F:G ratio of 4:1. Cells were harvested and lysed. Part of the lysate was immunoprecipitated
for NiV G. (A) Both the cell lysates and eluates were run through SDS-PAGE and Western blotted for F and G. (B)
bands were quantified with blot densitometry, and the results for two experiments were averaged. Avidity was
determined from the levels of (IP F)/(IP G * CL F). The standard error for each set is shown.
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paramyxoviruses, studies for NiV have so far suggested that NiV M does not require F
or G to form VLPs (22, 25). While our findings support this conclusion, prior studies have
focused primarily on M as the indicator for VLP formation, whereas we have increased
the scope to the incorporation of F, G, and M in all possible combinations. In doing so,
we have increased the knowledge on the functional roles for these three structural
proteins and advanced toward the understanding of viral particle formation. Our results
show that both F and M can drive incorporation of G into viral particles several times
more effectively than G alone (Fig. 1). While F and M significantly affected G incorpo-
ration, we report that F and M did not appear to significantly affect incorporation of
each other (Fig. 1 and 2). Interestingly, coexpression of the F T2 deletion mutant with
M did not result in any significant recovery of F budding (Fig. 7). This may suggest that
F-M interactions are limited and/or that the mechanisms of particle egress driven by F
or M differ significantly.

For several paramyxoviruses, including parainfluenza virus 5 and mumps virus, viral
budding is driven by proteins of the endosomal sorting complex required for transport
(ESCRT) system (30, 31). ESCRT proteins have also been shown to be important in viral
particle formation for many enveloped viruses (45). Still, in cases such as influenza virus
and vesicular stomatitis virus, viral assembly and budding are thought to follow
ESCRT-independent pathways (46–49). Importantly, initial experiments with NiV sup-
ported that this virus also utilized ESCRT-independent methods of budding. Specifically,
when NiV M was previously coexpressed with dominant negative Vps4, the ATPase
responsible for driving ESCRT function, no significant decrease in budding was found
(50). Such findings are not unprecedented for viruses somewhat related to NiV.
Specifically, human respiratory syncytial virus can bud independently of the ESCRT
system in a mechanism driven by Rab11 family interacting protein 2 (51). Importantly,
a recent study revealed interactions between the NiV C protein and Tsg101, an ESCRT
factor. These interactions increase M budding efficiency. The same study also demon-
strated that live NiV titers decreased when the ESCRT machinery was inhibited (52).
While the exact mechanism of NiV F budding is not known, one possibility is that
regions of the cytoplasmic tail interact with ESCRT proteins to drive viral particle
assembly and/or egress from the cell. A likely binding partner of NiV F is the ESCRT-
associated protein, AIP-1/Alix. Several viruses, including some poxviruses, arenaviruses,
and lentiviruses utilize YXXL motifs similar to that in the NiV F CT to interact with
Alix/AIP1 and recruit ESCRT machinery during egress (53–55). Further experiments
would be needed to explore this possibility.

The ability for a paramyxovirus protein other than M to bud autonomously has been
seen in the cases of Sendai and measles virus F proteins but is rather rare among
paramyxoviruses (26, 28, 29). We have also shown that autonomous budding behaviors
of F are at least partially dependent on regions of its cytoplasmic tail (Fig. 3). These
regions include a polybasic motif, an YXXL motif, and a dityrosine motif (Fig. 4, 5, and
6). All of these regions have been previously implicated in modulating biological
functions of NiV F such as trafficking, endocytosis, and/or fusogenicity (21, 34, 35, 56).
The envelope glycoproteins of both HIV-1 and -2 have cytoplasmic tails that contain
YXXØ motifs important for proper trafficking (40–43). For HiV-2, proper trafficking has
been shown to be dependent on interactions between the YXXØ motif and AP-2 (42).
Further, this tyrosine motif has also been shown to be a significant factor driving HIV-2
viral particle formation (42, 43). Although we report that T2 and T4 contain specific
motifs that may be responsible for modulation of budding by those regions, we failed
to identify a residue in the T1 region that confers a strong budding phenotype (Fig. 4).
One possibility, supported by decreased budding after deletion of the whole region, is
that T1 is important for spacing of the YXXØ motif directly following it. Other studies
with transmembrane proteins have shown that specific trafficking patterns can depend
not only on the presence of a YXXØ motif in the CT but also by the distance of the motif
from the membrane. Lysosomal targeting, in particular, is characterized by a YXXØ
motif six to nine residues from the membrane, which is interesting as the YXXØ motif
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in the NiV F CT starts at seven residues after the end of the transmembrane domain
(57, 58).

The ties between the motifs we have identified as modulators of budding and
lysosomal signaling are strengthened by the identification of the dityrosine motif in
region T4 as basically necessary for F budding. We found that mutation of the
dityrosine motif to alanines led to the nearly complete loss of VLP production.
Importantly, diaromatic motifs similar to YY have been shown to be signals for
lysosomal avoidance (58). While the underlying mechanism of budding remains
unknown for NiV F, it may be that the interactions between this protein and
trafficking factors, such as AP complexes (21, 34), indirectly or directly drive particle
formation.

The observations concerning incorporation of NiV F, G, and M are most similar to the
patterns of budding that have been reported for Sendai virus. Specifically, the fusion,
but not the attachment glycoprotein, assists in budding (28, 29). Our findings that the
substantial increase of G incorporation when G is coexpressed with F and/or M is lost
when the T2 mutant is used in place of WT F, supports the role of F as significantly
supportive during viral particle formation. While we have shown the importance of the
ability for F to drive budding during incorporation of itself and of G, it remains clear
from previous studies that M is essential for the efficient production of infectious virions
(59). Importantly, we must keep in mind that in the context of simultaneous expression
of the M, F, and G proteins, VLPs assembled and budded will include M-only, F-only,
G-only, MF, MG, FG, and MFG VLPs. In this mixture of VLP populations, it remains to be
seen what proportions of VLPs incorporate each of these proteins best. Although
studies concerning the analysis of multiple populations are technically complicated,
continually advancing techniques such as flow virometry may make these analyses
more feasible, and we are currently enhancing this technique to accomplish these
studies (33).

Although we have made strides in understanding the interactions between NiV F, G,
and M in the process of particle formation, several questions remain. The importance
of the F CT regions and residues we have identified as crucial for F budding should be
tested in the context of the live virus under BSL-4 conditions. Our findings also support
the importance of cellular factors in F budding and highlight several possible interac-
tions of interest. Further studies could be conducted to identify which cellular factors
are responsible for these assembly/budding phenotypes and help identify possible
targets for treatments. While the mechanisms of NiV and closely related viruses remain
to be completely understood, our identification of NiV F as a viral factor with impor-
tance not only in entry but also in egress may support future studies of assembly and
VLP-based vaccine development.

MATERIALS AND METHODS
Antibodies. Mouse AU1 and HA monoclonal antibodies were purchased from BioLegend. For flow

cytometric analyses, rabbit antiserum 835 was used to detect NiV F (60). Rabbit AU1 and HA antibodies
were obtained from Bethyl Laboratories and used to detect NiV F and G, respectively, during Western
blot analysis. Mouse antibodies against the FLAG epitope on NiV M were purchased from Thermo
Scientific Pierce.

Cell culture. HEK293T (ATCC) cells were cultured in Dulbecco modified Eagle medium (Life Tech-
nologies) supplemented with 10% fetal bovine serum (FBS) and 1% PenStrep (Life Technologies). All
experiments were conducted using HEK293T cells.

Plasmids. Codon-optimized sequences for NiV F and G were inserted into pcDNA3.1 expression
vectors and tagged with AU1 (C terminal) and hemagglutinin (HA; C terminal), respectively, as
published previously (61). Codon-optimized NiV M was inserted into a pCMV-3�-FLAG vector with
an N-terminal FLAG tags as described previously (62). NiV F and all mutants were produced as
described previously (35).

Cell surface expression. HEK293T cells were transfected in six-well plates with 3 �g of total DNA per
well between 65 and 85% confluence using TurboFect (Thermo Fisher). After 24 h, cells were harvested
with 10 mM EDTA and then collected by centrifugation at 350 � g for 30 s at 4°C. The pellet was
resuspended with Dulbecco phosphate-buffered saline supplemented with 1% FBS. After staining of NiV
F with rabbit polyclonal antibody 835 (1:250 dilution) and NiV G with mouse monoclonal antibody
against HA (BioLegend; 1:200 dilution) for 1 h, three washes were completed at 4°C and 800 � g for 5
min each. Afterward, goat anti-mouse and goat anti-rabbit secondary antibodies (Life Technologies) were
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applied at 1:2,000 dilution for 30 min, followed by two more washes and a fixation in 0.5% paraformal-
dehyde. After fixation, the cells were processed using a Millipore Guavasoft flow cytometer 8HT; 10,000
live cells were analyzed per sample.

Western blot analysis. SDS–10% polyacrylamide gels were run and transferred onto polyvinylidene
difluoride (PVDF) membranes. Odyssey blocking buffer (LiCor Biosciences) was used to block membranes
overnight. Primary and secondary antibodies were incubated for 1 h and 45 min, respectively. Washing
with 0.2% Tween 20 in PBS was completed after each antibody incubation. After membrane blotting,
imaging and densitometric analyses were completed on a Bio-Rad ChemiDoc MP imaging system. When
necessary, blot stripping was done with NewBlot PVDF stripping buffer according to manufacturer
suggestions.

Coimmunoprecipitation of F and G. HEK293T cells were seeded into six-well plates, and each well
was transfected with F and/or G at a 4:1 ratio (a total of 2 �g of DNA per well) with Lipofectamine 2000
for 24 h. To ensure plenty of protein, three wells were combined for each sample. After transfection, the
cells were lysed in lysis buffer (Miltenyi Biotec). Immunoprecipitations were completed according to
manufacturer specification (Miltenyi Biotec) with the exception that all washes were completed with lysis
buffer containing 150 mM NaCl, 1% Triton X-100, and 50 mM Tris HCl (pH 8.0) provided containing added
the 1� protease inhibitor cOmplete ULTRA (Roche). Coimmunoprecipitation eluates and cell lysates were
subjected to SDS–10% PAGE and analyzed as described above.

Virus-like particle detection. Cells were transfected with TurboFect (Thermo Fisher) at 65 to 85%
confluence in six-well plates. Then, 3 �g of total DNA was used per well as described for cell surface
expression. After 24 h, the medium was collected and spun down at 376 � g for 10 min to pellet
cellular debris. The supernatant medium was then loaded over 2 ml of 20% sucrose in NTE buffer and
spun at 110,000 � g for 90 min at 4°C. After sucrose cushion ultracentrifugation, the pellets were
resuspended in loading dye with 2% �-mercaptoethanol and stored until loaded into a gel for
SDS-PAGE.
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