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ABSTRACT

Paramyxovirus particles, like other enveloped virus particles, are formed by budding from membranes of infected cells, and ma-
trix (M) proteins are critical for this process. To identify the M protein important for this process, we have characterized the
budding of the human parainfluenza virus type 3 (HPIV3) M protein. Our results showed that expression of the HPIV3 M pro-
tein alone is sufficient to initiate the release of virus-like particles (VLPs). Electron microscopy analysis confirmed that VLPs are
morphologically similar to HPIV3 virions. We identified a leucine (L302) residue within the C terminus of the HPIV3 M protein
that is critical for M protein-mediated VLP production by regulating the ubiquitination of the M protein. When L302 was mu-
tated into A302, ubiquitination of M protein was defective, the release of VLPs was abolished, and the membrane binding and
budding abilities of M protein were greatly weakened, but the ML302A mutant retained oligomerization activity and had a domi-
nant negative effect on M protein-mediated VLP production. Furthermore, treatment with a proteasome inhibitor also inhibited
M protein-mediated VLP production and viral budding. Finally, recombinant HPIV3 containing the ML302A mutant could not be
rescued. These results suggest that L302 acts as a critical regulating signal for the ubiquitination of the HPIV3 M protein and
virion release.

IMPORTANCE

Human parainfluenza virus type 3 (HPIV3) is an enveloped virus with a nonsegmented negative-strand RNA genome. It can
cause severe respiratory tract diseases, such as bronchiolitis, pneumonia, and croup in infants and young children. However, no
valid antiviral therapy or vaccine is currently available. Thus, further elucidation of its assembly and budding will be helpful in
the development of novel therapeutic approaches. Here, we show that a leucine residue (L302) located at the C terminus of the
HPIV3 M protein is essential for efficient production of virus-like particles (VLPs). Furthermore, we found L302 regulated M
protein-mediated VLP production via regulation of M protein ubiquitination. Recombinant HPIV3 containing the ML302A mu-
tant is growth defective. These findings provide new insight into the critical role of M protein-mediated VLP production and
virion release of a residue that does not belong to L domain and may advance our understanding of HPIV3 viral assembly and
budding.

Human parainfluenza virus type 3 (HPIV3) is an enveloped,
negative-sense RNA virus that belongs to the family

Paramyxoviridae and is one of the most significant viral agents of
serious lower respiratory tract illness in infants and children
worldwide. However, there are currently no valid vaccines or ther-
apeutics to control HPIV3 infection. The HPIV3 genome, which is
approximately 15 kb in length, encodes six structural proteins: a
nucleoprotein (N), a polymerase cofactor phosphoprotein (P), a
polymerase (L), a matrix (M) protein, and two spike glycoproteins
consisting of a hemagglutinin-neuraminidase (HN) protein and a
fusion (F) protein. N is associated with the viral genome and as-
sembles into ribonucleoproteins (RNPs) along with the P and L
proteins. HPIV3 replicates in the cytoplasm and is released from
infected cells by assembling and budding at the plasma mem-
brane. M proteins of paramyxoviruses are nonintegral, mem-
brane-associated proteins localizing under the lipid envelope of
the virus and connecting the viral lipid envelope proteins and the
RNPs, which play a key role in determining virion morphology by
directing viral assembly and budding (1). Previous studies have
shown that the release of recombinant rabies viruses (RV) (2) and
measles viruses (MeV) (3) that lack M proteins is drastically im-
paired.

Viral budding and assembly are critical processes in the viral
life cycle and important for understanding basic molecular virol-
ogy. Therefore, it is important to use convenient methods to study
viral budding. Virus-like particle (VLP) systems have proven to be
useful tools for studying the viral assembly and budding processes
of many enveloped viruses and have allowed for great progress in
the identification of functional domains for budding in the Gag
protein and in the elucidation of the budding mechanisms of ret-
roviruses (4). Schmitt et al. also suggested that VLP systems could
be used to determine the individual roles of different viral proteins
in particle formation (5). For most negative-strand RNA viruses,
VLP formation is critically dependent on the presence of the viral
M proteins (6), and M proteins of many negative-strand RNA
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viruses expressed singly are sufficient for the production of VLPs
from transfected cells. M proteins of human parainfluenza virus
type 1 (HPIV1) (7), Sendai virus (SeV) (8), MeV (9), Nipah virus
(NiV) (10), Newcastle disease virus (NDV) (11), vesicular stoma-
titis virus (VSV) (12), Ebola virus (13), and influenza A virus (14)
are all released into the culture medium when expressed alone. In
contrast, in parainfluenza virus type 5 (PIV5), the N and F or HN
protein is required, along with M, to form VLPs (5).

M proteins generally contain core consensus amino acid motifs
called late (L) domains, which are essential for efficient viral bud-
ding (15, 16). At least three distinct L domain consensus se-
quences, PPXY, PT/SAP, and YPXL, have been identified within
the M proteins of many enveloped RNA viruses (17–22), and spe-
cific host proteins have been implied to interact directly or indi-
rectly with these L domains (23). A general feature of M proteins
containing L domains is that certain L domains within M proteins
sometimes can be replaced by L domains from other viral M pro-
teins (24). For example, the PTAP L domain of Ebola virus VP40
can functionally replace the PPPY L domain of VSV M protein
(25). However, the M proteins of many paramyxoviruses do not
contain the prototypical PPXY, PT/SAP, and YPXL L domains.
Alternative sequences have been found in several paramyxovirus
M proteins that contribute to the VLP production of M proteins,
for example, sequences FPIV within the PIV5 M protein (26),
YLDL within the SeV M protein (27), and YMYL (28) and YP
LGVG (29) within the NiV M protein.

Although the M protein of the paramyxovirus acts as the crit-
ical component promoting the budding of the virus particle (1),
the mechanism by which the M protein targets cellular mem-
branes for budding is unknown.

Here, we present evidence that the M protein of HPIV3 can yield
VLPs from transfected cells in the absence of other viral proteins.
VLPs exhibited a morphology that was very similar to that of authen-
tic virions as judged by electron microscopy. We use truncated and
point-mutated M mutants to identify a leucine (L302) residue within
the C terminus of M protein that is critical for M protein-mediated
VLP release. Furthermore, we found that this amino acid is indis-
pensable for the ubiquitination of M, which is required for VLP pro-
duction and viral budding, and a recombinant HPIV3 carrying an
L302-to-A mutation in M protein was unable to be rescued, probably
because in the absence of ubiquitination, the M protein could not
localize to the site of viral assembly and budding. This is the first
report of a critical amino acid that does not belong to known L do-
mains yet regulates VLP production and viral budding via the ubiq-
uitination of a paramyxovirus M protein, with implications for the
function of other paramyxovirus M proteins.

MATERIALS AND METHODS
Cells and virus. 293T, HeLa, and LLC-MK2 (MK2) cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented
with 8% fetal bovine serum (FBS). HPIV3 (NIH 47885) was propagated in
MK2 cells by inoculation at a multiplicity of infection (MOI) of 0.1.

Plasmid constructs. The plasmids pGEM4-N, pGEM4-P, pGEM4-L,
and pOCUS-HPIV3 have been described previously. The constructs of
wild-type HPIV3 M protein and its mutants were generated by PCR-based
cloning techniques. pOCUS-HPIV3, carrying wild-type M protein cDNA,
was used as a template for all the genetic manipulations. PCR products
were inserted into mammalian expression plasmid pCAGGS to generate
plasmids encoding wild-type and mutant M proteins with a hemaggluti-
nin (HA) or c-Myc epitope tag at their N termini. The plasmids encoding
wild-type N-Myc, HA-P, Flag-F, and His-HN were also cloned into

PCAGGS using PCR-based cloning techniques. Wild-type L was cloned
into pEGFP-N1 to get GFP-L. The M1 cDNA of influenza A virus (A/
WSN/1933 [H1N1] strain) was amplified by PCR with plasmid PHW2000
(kindly provided by Ying Zhu, Wuhan University) as a template, and PCR
products were cloned into pCAGGS. L10 and S15 sequences were fused to
the N terminus of HA-tagged H1N1 M1 or ML302A mutant by PCR using
forward primers 5=-GCGCTAGCATGGGCTGTGGCTGCAGCTCACA
CCCTGAAATGAGTATAACTAACTCTGC-3= and 5=-GCGCTAGCATG
GGTAGCAACAAGAGCAAGCCCAAGGATGCCAGCCAGCGGCGCA
TGAGTATAACTAACTCTGC-3=. Plasmids encoding HPIV3 genome
containing point mutations within M gene were constructed as described
previously (30). All constructs were verified by DNA sequencing. An HA-
tagged ubiquitin (HA-Ub) construct has been described previously. HA-
Ub-KO and pEGFP-VPS4AE228Q constructs were kindly provided by
Hongbing Shu (Wuhan University) and Mary Anne Karren (University of
Utah), respectively.

VLP budding assay and quantification of the budding index. 293T
cells in 6-well plates were grown to 40 to 50% confluency and transfected
with the plasmids indicated below. An empty pCAGGS plasmid was used
to equalize the total DNA amount for transfections. At 48 h posttransfec-
tion, cells were washed, scraped into cold phosphate-buffered saline
(PBS), pelleted by centrifugation at 13,000 rpm for 1 min, and then lysed
in 100 �l of cold TNE buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 2
mM EDTA [pH 8.0], 0.1% 2-mercaptoethanol, and protease inhibitor
cocktail) for 30 min. Cell lysis was achieved through 30 rounds of Dounce
homogenization on ice, and cell lysates were centrifuged at 13,000 rpm for
30 min at 4°C. The clarified supernatant was mixed with SDS-PAGE load-
ing buffer, incubated at 100°C for 10 min, and subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. For Western blotting
(WB), anti-HA H9658 (Sigma), anti-Myc sc-40 (Santa Cruz), anti-Flag
F3165 (Sigma), and anti-His monoclonal antibodies (Abs) were used as
primary antibodies; horseradish peroxidase (HRP)-conjugated goat anti-
mouse antibody was used as a secondary antibody.

To analyze the VLPs released from cells, the culture medium of trans-
fected cells was collected and centrifuged at 13,000 rpm for 1 min to
remove cell debris, then layered onto a cushion of 20% (wt/vol) sucrose in
PBS, and subsequently ultracentrifuged on a P55 ST2 rotor (Hitachi) at
35,000 rpm for 2 h at 4°C; the VLPs pelleted at the bottom of the tubes
were resuspended in 40 �l of STE buffer (0.01 M Tris-Cl [pH 7.4], 0.01 M
NaCl, 0.001 M EDTA [pH 8.0]) overnight at 4°C. Samples were boiled
with SDS-PAGE loading buffer and analyzed by Western blotting as de-
scribed above. The amounts of protein in the cell lysates and VLPs were
estimated based on the density of the protein bands by using the Bio-Rad
software Quantity One-4.6.2, and the budding index was calculated as
follows: the amount of M in VLPs/the amount of M in the corresponding
lysates, normalized to the value obtained with the wild-type M protein,
which is set as 100%.

Protease protection assay. VLPs from medium of cells transfected
with HA-tagged wild-type M were prepared as described above. Four
aliquots were treated as follows: (i) one received no further treatment, (ii)
one was treated with Triton X-100 to a final concentration of 1%, (iii) one
was treated with tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin (Sigma-Aldrich) to a final concentration of 2 �g/
ml, and (iv) one was treated with both Triton X-100 and trypsin. Samples
were incubated at 37°C for 1 h, then mixed with SDS-PAGE loading buf-
fer, and boiled for Western analysis.

Transmission electron microscopy. To prepare virions and VLPs for
transmission electron microscopy (TEM), MK2 cells cultured in 145-mm
dishes were grown to 50 to 60% confluency and infected with HPIV3 at an
MOI of 0.1 PFU/cell, or 293T cells in 145-mm dishes were grown to 40 to
50% confluency and transfected with the plasmid encoding HPIV3 M.
The culture medium was collected after 48 h. Virions and VLPs were
purified by ultracentrifugation through a 20% sucrose cushion, samples
were centrifuged at 35,000 rpm for 2 h, pellets were resuspended in 0.5 ml
of STE buffer and mixed with 1.3 ml of 80% sucrose, and layers containing
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50% sucrose (1.8 ml) and 10% sucrose (0.6 ml) were applied to the tops of
the samples, which were then centrifuged at 110,000 � g for 3 h. A 2.1-ml
of volume was collected from the top, and virions or VLPs contained
within this fraction were pelleted by centrifugation at 35,000 rpm for 2 h.
The final pellets were resuspended in 100 �l of STE buffer. After centrif-
ugation at 13,000 rpm for 1 min to get rid of insoluble materials, samples
were absorbed onto a carbon-coated copper grid negatively stained with
1% phosphotungstic acid (pH 7.0), and then analyzed on a transmission
electron microscope.

In vitro coimmunoprecipitation. 293T cells in 6-well plates (2 wells
for one group) were grown to 40 to 50% confluency and transfected with
the plasmids indicated below. At 48 h posttransfection, cells were har-
vested and lysed in 300 �l of TNE buffer as described above. Fifty-micro-
liter quantities of lysates were taken out for input analysis; the remaining
lysates were incubated with polyclonal anti-Myc antibody sc-789 (Santa
Cruz) for 1 h at 4°C with gentle rotation. After a short centrifugation,
samples were incubated with 40 �l of pretreated (washed once with TNE
buffer) protein G Sepharose 4 Fast Flow medium overnight at 4°C with
gentle rotation. Beads were collected by centrifugation at 5,000 rpm for 2
min and washed five times with washing buffer (5% sucrose, 5 mM
Tris-Cl [pH 7.4], 5 mM EDTA [pH 8.0], 0.5 M NaCl, and 1% [wt/vol]
Triton X-100). Bound proteins were eluted from beads by boiling with
SDS-PAGE loading buffer and analyzed by Western blotting as described
above.

Immunofluorescence analysis. HeLa cells in 12-well plates grown to 60
to 70% confluency on glass coverslips were transfected with the plasmids
indicated below by using Lipofectamine 2000 (Invitrogen). At 24 h posttrans-
fection, cells were washed three times with cold PBS, then fixed with 0.4%
paraformaldehyde, and permeabilized with 0.2% Triton X-100 for 20 min at
room temperature. After blocking with 3% bovine serum albumin (BSA) in
PBS for 30 min at room temperature, the cells were incubated with mouse
monoclonal anti-HA antibody (Sigma; 1:2,000) followed by goat anti-mouse
IgG fluorescein secondary antibody (Thermo; 1:200) for 1 h at room temper-
ature. After being washed three times with 1% BSA, the coverslips were
turned over and mounted onto 1 drop of histology mounting medium (Fluo-
roshield with 4=,6-diamidino-2-phenylindole [DAPI]; Sigma-Aldrich) on
glass slides. Microscopic analysis was performed with an Olympus confocal
FV1000 microscope.

Membrane association assay. The method for analysis of mem-
brane-associated proteins by sucrose density gradient flotation was
performed as described previously (31). 293T cells in 100-mm dishes
were grown to 40 to 50% confluency and cotransfected with pC-eGFP
and the plasmids indicated below. At 48 h posttransfection, cells were
pelleted and gently resuspended in 300 �l of cold TNE buffer. After
incubation on ice for 20 min, cells were lysed by Dounce homogeni-
zation with 30 gentle strokes; cell homogenates were then clarified by
centrifugation at 3,000 rpm for 30 min at 4°C to remove cell debris and
nuclei. The resulting supernatant was mixed with 85% (wt/vol) su-
crose to obtain 1 ml of sucrose solution with a final concentration of
73% and placed at the bottom of an ultracentrifuge tube, sequentially
overlaid with 3 ml of 65% and 0.8 ml of 10% sucrose solutions, and
ultracentrifuged on a P55ST2 rotor (Hitachi) at 28,800 rpm for 16 h at
4°C. Eight 0.6-ml fractions were collected from the top of the tube, and
proteins in each fraction were extracted with methanol-chloroform.
Final samples were dissolved in 100 �l of STE buffer and analyzed with
anti-HA, anti-enhanced green fluorescent protein (anti-eGFP), and
anticalnexin antibodies by Western blotting as described above. Mem-
brane-associated proteins were obtained at the interface between 10%
and 65% sucrose as fraction 2. Endogenously expressed calnexin and
eGFP expressed by pC-eGFP were, respectively, served as markers for
non-membrane-associated and membrane-associated proteins.

Virus infection and plaque assay. MK2 cells in 6-well plates were
grown to 60 to 70% confluency and infected with HPIV3 at an MOI of
0.05 PFU/cell for 1 h at 37°C and 5% CO2; then the infection medium was
removed and replaced with fresh medium containing 4% FBS.

For plaque assay, the above-described virus-containing culture me-
dium was serially 10-fold diluted up to 105. MK2 cells in 24-well plates
were grown to 60 to 70% confluency and infected with 400 �l of the
dilutions. After incubation for 2 h at 37°C and 5% CO2, the infection
medium was replaced with methylcellulose, and the cell plates were incu-
bated at 37°C and 5% CO2 for another 3 to 4 days until visible viral plaques
were detected. Plates were stained with 0.5% crystal violet for 4 h at room
temperature and washed; then the plaques were counted and the viral
titers were calculated.

Cytotoxicity assay. In order to assess the effect of proteasome inhib-
itor MG132 on M VLP budding and HPIV3 titers, a cytotoxicity assay was
performed according to the manufacturer’s instructions (CellTiter 96
AQueous One Solution reagent; Promega) to get optimal concentrations
for the MG132 treatment experiments.

Transfection and recovery of recombinant HPIV3. BSR-T7 cells in
12-well plates were grown to 80% confluency and transfected with
pGEM4-N (200 ng), pGEM4-P (200 ng), pGEM4-L (100 ng), and pOCUS-
HPIV3 or pOCUS-HPIV3 with mutations in the M gene (2 �g) with
Lipofectamine 2000 (Invitrogen). After 6 h, the transfection medium was
replaced with 2 ml of fresh DMEM containing 4% FBS, and the cells were
incubated at 32°C and 5% CO2. Seven days later, the cells were frozen,
thawed, and scraped, and the clarified supernatant was collected by cen-
trifugation at 5,000 rpm at 4°C for 5 min and layered onto MK2 cell
monolayers in 6-well plates for amplification at 32°C and 5% CO2 for 4
days. Then the MK2 cells were harvested for Western blotting as described
above with anti-HN antibody, and the infection supernatant was har-
vested and viral titers were determined. Single recovered recombinant
HPIV3 was isolated by being picked up as agar plugs during the titer
determination. The agar plugs were dissolved in 500 �l of Opti-MEM at
4°C overnight, 250 �l of which was used to infect fresh MK2 cell mono-
layer for amplification of the plaque isolates.

RESULTS
HPIV3 M protein alone is sufficient to release VLPs. Previous
studies showed that the M protein of HPIV1 can release VLPs from
transfected cells when expressed alone (7). We sought to determine
whether HPIV3 M protein bears similar features that mediate the
budding and release of VLPs; thus, HA-tagged HPIV3 wild-type M
protein was expressed in 293T cells, the culture medium was collected
and subjected to ultracentrifugation through a 20% sucrose cushion
to pellet VLPs, and then the produced VLPs were examined via West-
ern blotting (WB). Although both the M protein and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were well expressed in the cell
lysates (Fig. 1A, left side), only the M protein was detected in the VLPs
(Fig. 1A, right side, lane 2), and there are two prominent species with
apparent molecular masses of 80 kDa and 160 kDa, which are roughly
consistent with the dimer and tetramer of M. The results suggested
that HPIV3 M protein can indeed release VLPs from transfected cells
in the absence of other viral proteins.

To confirm that the VLPs detected in the purified culture
medium were indeed VLPs, which should be present in a mem-
brane-bound form, we performed a protease protection assay
of VLPs (32). The purified VLPs were left untreated or treated
with Triton X-100, trypsin, or Triton X-100 plus trypsin. In the
VLPs treated with trypsin alone, no significant digestion of M
protein was observed compared with the untreated samples
(Fig. 1B, lanes 1 and 3). In contrast, in VLPs treated with tryp-
sin plus Triton X-100, M protein was completely degraded (Fig.
1B, lane 4). As a control, M protein remained unchanged when
treated with Triton X-100 alone (Fig. 1B, lane 2). These data
strongly suggest that HPIV3 M protein released into culture
medium exists as VLPs that are enclosed by a lipid bilayer pro-
tecting them from protease digestion. Next, we also found that
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the expression of F and HN has no effect on the VLP produc-
tion of M protein, suggesting that HPIV3 M alone is sufficient
to release efficient VLPs (Fig. 1C, upper right blot, compare
lanes 2 to 4 to lane 1). To further demonstrate that VLPs were

morphologically similar to HPIV3 virions, we further purified
VLPs using sucrose flotation gradients as described in Materi-
als and Methods. The final VLP samples were negatively stained
and analyzed via electron microscopy to determine whether

FIG 1 HPIV3 M alone can bud from transfected cells and form VLPs. (A) 293T cells were transfected as indicated with either plasmid encoding HA-tagged
HPIV3 M or empty pCAGGS as a control. At 48 h posttransfection, the culture medium was harvested, cleared of cell debris, and subjected to
ultracentrifugation through a 20% sucrose cushion to pellet the VLPs, and the transfected cells were lysed in TNE buffer as described in Materials and
Methods. Cell lysates and corresponding purified VLPs were analyzed via WB with anti-HA or anti-GAPDH Ab. The size markers represent a dimer and
tetramer of M in VLPs. (B) A protease protection assay of HPIV3 M VLPs was performed as described in Materials and Methods and then analyzed via WB
with anti-HA Ab. (C) 293T cells were transfected as indicated. At 48 h posttransfection, cells were harvested, and VLPs were purified as described for panel
A. WB was performed with anti-HA, anti-Flag, and anti-His Abs. Quantification of the budding index for each group is shown. Standard errors were
calculated from three independent experiments. (D) Representative TEM graphs of HPIV3 virions (upper images), HPIV3 M VLPs (middle images), and
M, F, and HN VLPs (bottom images). Virion and VLP samples were prepared as described in Materials and Methods and then visualized by transmission
electron microscopy. The arrows indicate outer spikes on the surface of virions or VLPs.
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their morphology was similar to that of authentic HPIV3 viri-
ons. The representative HPIV3 virions were about 200 nm in
size, with clear outer spikes (Fig. 1D, top images). The purified
M VLPs were similar to virions in particle shape and size and
had a smooth surface because of the absence of viral glycopro-
teins (Fig. 1D, middle images). However, in the presence of F
and HN proteins, VLPs of M, F, and HN possessed clearly
visible spike layers that are similar to those of HPIV3 virions
(Fig. 1D, bottom images). These data suggest that the VLPs
mimic virions in morphology and could be appropriate for the
further study of HPIV3 budding.

The C-terminal 80 aa of the HPIV3 M protein is critical for
the efficient budding of VLPs. It has been well established that the
M proteins of many enveloped viruses use the L domains for VLP
production (33, 34). We indeed found several L domain-like se-
quences within the HPIV3 M protein by analyzing the amino acid
sequence and constructed several mutants with deletions (54-
YLDV-57, 92-LPIGLA-97, and 138-LYPWSSRL-145), but the
VLP assay showed that there was no obvious loss of budding func-
tion for these mutants (data not shown), indicating that HPIV3 M
actually lacks well-characterized L domains and that the budding
of HPIV3 M might be independent of the endosomal sorting com-
plex required for transport (ESCRT). To examine this, we used
the well-known dominant negative version of VPS4A ATPase
(GFP-VPS4A E228Q) in a VLP assay, and the results showed that
VLP budding of M is ESCRT independent (Fig. 2A, upper right
blot, compare lanes 2 to 5 to lane 1). Next, we sought to identify
the functional region in the HPIV3 M protein that regulates the
production of VLPs. To that end, a series of truncation mutations
from the N or C terminus of the M protein were introduced into
the M protein; the schematic representation of these mutations is
shown in Fig. 2B. As with wild-type M protein, all M protein
mutants were also expressed as proteins fused with an HA tag. The
VLP production ability of each mutant was examined as described
in the preceding section. Wild-type M protein was included as a
positive control for the budding index. Although the expression
levels of M�N70 and M�N100 in the cell lysates were lower than
the levels of M protein (Fig. 2C, left blot, lanes 1 to 3), the levels of
released VLPs were comparable to the level of M protein (Fig. 2C,
right blot, compare lanes 2 to 3 to lane 1), resulting in a much
higher budding index than that of M protein, suggesting that the
N terminus of 100 residues in the M protein are not required for
VLP release. In contrast, the VLP production ability for C-termi-
nal mutants M�C60 and M�C80 was almost abolished, and the
budding index was reduced to less than 1% for M�C60 and
M�C80 (Fig. 2C, right blot, lanes 5 and 6), even though the ex-
pression of the two mutants was higher than that of the M protein
in the cell lysates (Fig. 2C, left blot, lanes 5 and 6). VLP production
was completely abolished when truncation was extended to C-ter-
minal 120 amino acids (aa) and further (Fig. 2C, right blot, lanes 7
to 10), regardless of their higher expression level in the cell lysates
(Fig. 2C, left blot, lanes 7 to 10). Since no expression was observed
for M�C250, it was not investigated further. These data suggest a
critical role for the C-terminal 80 aa for VLP production.

Several studies have shown that oligomerization of the M
protein is required for the production of VLPs (35). Thus, we
sought to determine whether the budding deficiency of these
mutants is due to their inability to associate with wild-type M.
We used Myc-tagged M and mutant proteins in a coimmuno-
precipitation assay to assess the interaction between M and

FIG 2 Important role of the 80 residues in the C terminus of HPIV3 M in
efficient VLP release. (A) Budding of HPIV3 M VLPs in the presence of dom-
inant negative of VPS4A. 293T cells were transfected as indicated for 48 h, then
cells were harvested, and the VLP budding assay was performed as described in
the legend to Fig. 1. WB was performed with anti-HA and anti-GFP Abs, and
then the cell lysate blot was stripped and reprobed with an anti-GAPDH Ab as
a loading control. Quantification of the budding index for each group is
shown. Standard errors were calculated from three independent experiments.
(B) Schematic diagrams of wild-type M and its N-terminally and C-terminally
truncated mutations. (C) VLP budding assay for the indicated wild-type and
mutant M proteins. 293T cells were transfected with the indicated plasmids,
and at 48 h posttransfection, cells were harvested and VLPs were purified as
described in the legend to Fig. 1. WB was performed with anti-HA Ab. The
bands marked by stars represent expressed proteins. Quantification of the
budding index for the wild-type and mutant M proteins is shown. Standard
errors were calculated from three independent experiments.
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mutant proteins. A plasmid encoding HA-M was transfected
either individually or jointly with plasmids encoding Myc-
M, Myc-M�C120, Myc-M�C170, Myc-M�C190, and Myc-
M�C210 into 293T cells, immunoprecipitation was performed

using an anti-Myc polyclonal antibody (Ab), and WB was per-
formed with anti-HA and anti-Myc monoclonal Abs. HA-M
was efficiently coprecipitated with each of the Myc-tagged pro-
teins at similar levels (Fig. 3, bottom right blot, lanes 2 to 6),

FIG 3 Self-oligomerization of wild-type M and the C-terminal truncation mutations. A plasmid encoding HA-M was transfected singly or cotransfected with the
indicated plasmids encoding Myc-tagged M or mutants into 293T cells. At 48 h posttransfection, the cells were harvested and subjected to coimmunoprecipi-
tation assay. Immunoprecipitation (IP) of the whole-cell lysates was done with anti-Myc polyclonal Ab. WB analysis of lysates and precipitated proteins was done
with either anti-HA or anti-Myc monoclonal Ab. The bands marked by stars represent detected proteins. Coprecipitated HA-M of each lane was quantified, and
standard errors were calculated from two independent experiments.
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but only background levels of HA-M could be immunoprecipi-
tated when expressed alone (Fig. 3, bottom right blot, lane 1),
suggesting that the mutants’ budding defect is not due to their
failure to self-associate.

The C-terminal 80 aa of the HPIV3 M protein are responsible
for VLP production via ubiquitination regulation. If the C-ter-
minal 80 aa are indeed required for M protein VLP production, we
suspected that there would be a compensation effect when the
C-terminal 80 residues were added to the C-terminal mutants
whose VLP production was completely abrogated. To test this,
additional five deletion mutations were introduced into the M
protein, all of which contained the C-terminal 80 aa; the schematic
representation of the mutations is shown in Fig. 4A. As expected,
VLP production was not detected in any of the C-terminal mu-
tants M�C120, M�C170, M�C190, and M�C210 (Fig. 4B, right
blot, lane 2, 4, 6, and 8). In contrast, after the addition of the
C-terminal 80 aa, VLP production by mutants M�C81-120,
M�C81-170, M�C81-190, and M�C81-210 was readily detected
(Fig. 4B, right blot, lanes 3, 5, 7, and 9). These data provide further
evidence of the critical role of the C-terminal 80 aa in M protein-
mediated VLP release.

Ubiquitin has been implicated in the budding process of many
retroviruses and some paramyxoviruses, and viral M protein has
been suggested to be the main target for ubiquitination (26, 36–
38). Thus, we sought to determine whether the HPIV3 M protein
can also be targeted for ubiquitination. To this end, the plasmid
encoding HA-tagged ubiquitin (HA-Ub) was transfected either
individually or jointly with a plasmid encoding Myc-M into 293T
cells; coimmunoprecipitation assays similar to those described for
Fig. 3 were performed. The results showed that a strong ubiquiti-
nation profile was obtained when HA-Ub was coexpressed with
Myc-M but not when HA-Ub was expressed alone (Fig. 4C, bot-
tom right blot, lane 3), indicating that there was a strong interac-
tion between HA-Ub and the M protein. To further define the type
of ubiquitination of M, we took advantage of an ubiquitin variant
(HA-Ub-KO) in which all the K residues were mutated to A to
specifically study monoubiquitination of substrate. However,
when coexpressed with Myc-M, HA-Ub-KO could not be copre-
cipitated as HA-Ub (Fig. 4D, bottom right blot, lanes 2 and 4),
suggesting that the type of M ubiquitination was not monoubiq-
uitination but polyubiquitination. If ubiquitination of the M pro-
tein indeed regulates M protein-mediated VLP production, M
mutants that are defective in VLP production will also be defective
for ubiquitination and vice versa. Thus, we selected Myc-M�C170
and Myc-M�C81-170 as well as Myc-M�C190 and Myc-M�C81-
190 for an additional ubiquitination assay. As expected, the results
confirmed our speculation: when Myc-M�C170 and Myc-
M�C190 were immunoprecipitated, ubiquitination profiles that
were equivalent to those of the background were only minimally
detected (Fig. 4E, bottom right blot, lanes 3 and 5); in contrast,
Myc-M�C81-170 and Myc-M�C81-190 had a much greater abil-
ity to precipitate ubiquitin (Fig. 4E, bottom right blot, lanes 4 and
6), which corresponds to their VLP production ability (Fig. 4B).
Similarly, when ubiquitination assay was performed for Myc-
M�N70, Myc-M�N100, and Myc-M�C40, ubiquitin was also
well precipitated by these mutants, as expected (Fig. 4F, bottom
right blot, lanes 2 to 5). Taken together, these data clearly demon-
strate that the C-terminal 80 aa are responsible for M protein-
mediated VLP production via ubiquitination regulation.

A conserved leucine (L302) within the C terminus of M pro-
tein is responsible for VLP production via ubiquitination regu-
lation. Next, we sought to define the critical motif within the
C-terminal 80 aa that is responsible for VLP production via ubiq-
uitin regulation. Recently, a remarkable study revealed that the M
protein of NiV possesses a putative bipartite nuclear localization
signal (NLS) and a leucine-rich nuclear export signal (NES) that
contribute to the nuclear-cytoplasmic trafficking of the NiV M
protein, thus contributing to the eventual ability of the NiV M
protein to bud and to budding deficiencies in NLS and NES mu-
tants (31). We also found a similar NLS and NES in HPIV3 M (Fig.
5A). However, neither the NES nor the NLS motif in HPIV3 M is
required for trafficking between the nucleus and cytoplasm over
time, which is quite different from the case with Nipah virus M
(Fig. 5B). Since the NES localized at the C-terminal 80 aa of the
HPIV3 M protein (Fig. 5A), this NES may have a potential func-
tion in HPIV3 M budding. To test this hypothesis, we created
double alanine-scanning mutants, ML302A/L305A and ML309A/L311A,
in which the conserved leucine in NES was mutated into alanine
(A) (Fig. 5C, top). These two mutants were tested in the VLP
budding assay, and the results showed that the mutant ML302A/

L305A was almost completely deficient in VLP production (Fig. 5C,
bottom right blot, lane 2), even though its expression levels were
comparable to those of the M protein in the cell lysates (Fig. 5C,
bottom left blot, lane 2). The budding index of ML309A/L311A was
similar to that of the M protein; therefore, ML309A/L311A was not
investigated further.

Next, we sought to determine whether the lack of ubiquitina-
tion regulation was responsible for the budding deficiency of the
ML302A/L305A mutant. To verify this assumption, we performed a
coimmunoprecipitation assay as described for Fig. 5D. Notably,
when the M protein was coexpressed with HA-Ub, the ubiquiti-
nation of the M protein was readily detected (Fig. 5D, bottom
right blot, lane 2); in contrast, ML302A/L305A failed to be ubiquiti-
nated (Fig. 5D, bottom right blot, lane 3). To further pinpoint the
specific leucine that contributes to the ubiquitination and VLP
production of the M protein, we constructed two single-alanine
substitution mutants, ML302A and ML305A (Fig. 6A), and evaluated
their VLP budding ability. Strikingly, the ML302A mutant almost
completely lost its ability to produce VLPs (Fig. 6A, right blot, lane
2), whereas ML305A showed no functional defect in VLP produc-
tion (Fig. 6A, right blot, lane 3). As expected, the subsequent co-
immunoprecipitation assays showed that ML305A had a high level
of ubiquitination when coexpressed with HA-Ub (Fig. 6B, bottom
right blot, lane 4), whereas just a basic level of ubiquitination
compared to the background level was detected for ML302A (Fig.
6B, bottom right blot, lane 3). Therefore, we concluded that the
L302 residue within the C terminus regulates M protein VLP pro-
duction by regulating the ubiquitination of the M protein.

Ubiquitination of the M protein regulated by the L302 resi-
due is critical for membrane binding and budding. To determine
whether the VLP production defect of ML302A derived from inap-
propriate targeting to the plasma membrane, we performed im-
munofluorescence assays as described in Materials and Methods
and as shown in Fig. 6C. Confocal imaging illustrated that the M
protein efficiently migrated to the cell membrane and budded
VLPs, with some disperse cytoplasmic staining as well (Fig. 6C, left
images). Similarly, the intracellular staining pattern of ML305A

mimicked that of the M protein (Fig. 6C, right images). In con-
trast, ML302A failed to migrate to the membrane or bud VLPs but
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FIG 4 The 80 aa in the C terminus of M are critical for VLP production via ubiquitin regulation. (A) Schematic diagrams of the indicated wild-type M and its
deletion mutants. (B) VLP budding assay of wild-type M and the mutations, either in the absence or presence of the C-terminal 80 aa. 293T cells were transfected
with the indicated plasmids for 48 h, and the VLP budding assay was performed as described in the legend to Fig. 1. WB was performed with anti-HA Ab. The
bands marked by stars represent expressed proteins. Quantification of the budding index for the wild-type and mutant M proteins is shown. Standard errors were
calculated from three independent experiments. (C and D) Polyubiquitination of wild-type HPIV3 M. 293T cells were transfected with the plasmid encoding
HA-Ub or HA-Ub-KO singly or jointly with Myc-tagged wild-type HPIV3 M. A coimmunoprecipitation assay was performed as described in the legend to Fig.
3. HC, heavy chain of the IgG. (E and F) Ubiquitination of wild-type and mutant M proteins. 293T cells expressing the indicated proteins were harvested at 48
h posttransfection and subjected to a coimmunoprecipitation assay as described in the legend to Fig. 3.
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rather almost uniformly distributed in the cytoplasm and exhib-
ited a defect in membrane association (Fig. 6C, middle images),
indicating that a lack of membrane targeting may be one reason
for the failure of ML302A to bud VLPs. Next, we performed a mem-
brane association assay, and the results showed that the M protein
was distributed in both the membrane and nonmembrane frac-
tions; this finding was consistent with our observations of the
intracellular localization of M protein (Fig. 6D, lanes 2 and 6 to 8).
The distribution of ML305A was similar to that of the M protein,
whereas ML302A was greatly decreased in membrane fractions,

with an increase in nonmembrane fractions instead (Fig. 6D, lanes
2 and 6 to 8). As controls, a membrane-associated protein marker,
anticalnexin, was detected only in membrane fractions (Fig. 6D,
lane 2), and the soluble eGFP was detected only in nonmembrane
fractions (Fig. 6D, lanes 6 to 8).

To confirm the deficiency of ML302A in targeting membranes,
we took advantage of two well-characterized plasma membrane-
targeting signals: L10, a peptide containing 10 aa derived from the
N terminus of Lck, and S15, a peptide containing 15 aa derived
from the N terminus of c-Src (39). Each peptide was fused to the

FIG 5 Ubiquitination of the conserved Leu302/Leu305 residues in NES sequence regulates M protein VLP budding. (A) Alignment of HPIV3 M protein
sequence with known NLSs and NESs. The conserved K/R residues in NLS and L residues in NES are colored red. (B) Cellular localization of HPIV3 M over time.
HeLa cells were transfected with the plasmid encoding wild-type M, fixed every 4 h after transfection, then stained with anti-HA Ab, and visualized via confocal
microscopy as described in Materials and Methods. (C) The conserved leucine residues in NES were mutated to alanines using site-directed mutagenesis, and a
VLP budding assay of the indicated mutants was performed as described in the legend to Fig. 1. WB was performed with anti-HA Ab. Quantification of the
budding index for the wild-type and mutant M proteins is shown. Standard errors were calculated from three independent experiments. The size markers
represent a dimer and tetramer of M in VLPs. (D) Ubiquitination of wild-type M and the key L302A/L305A mutant in NES. 293T cells expressing the indicated
proteins were harvested at 48 h posttransfection and subjected to a coimmunoprecipitation assay as described in the legend to Fig. 3.
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FIG 6 Ubiquitin regulation and appropriate membrane targeting of the key Leu302 residue in NES is critical for M protein VLP budding. (A) The L302A mutant
is deficient in VLP budding. L302 and L305 in the HPIV3 M protein were mutated to alanines, and a VLP budding assay of the two mutants was performed as
described in the legend to Fig. 1. WB was performed with anti-HA Ab. Quantification of the budding index for the wild-type and mutant M proteins is shown.
Standard errors were calculated from three independent experiments. The size markers represent a dimer and tetramer of M in VLPs. (B) Ubiquitination of
wild-type M and mutants L302A and L305A. 293T cells were transfected with the indicated plasmids, and a coimmunoprecipitation assay was performed as
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ML302A at the N terminus to yield mutants L10-ML302A and S15-
ML302A. At the same time, the H1N1 M1 protein was fused with
L10 and S15 and was used as a positive control in our assay, be-
cause previous studies showed that L10 and S15 can functionally
direct M1 to the plasma membrane, thus restoring the VLP bud-
ding ability of the H1N1 M1 protein (40). All of the aforemen-
tioned mutants were tested in a VLP budding assay to determine
whether the two signals had the intended effect. The results
showed that the budding deficiency of M1 was rescued by the
fusion of M1 with either L10 or S15; L10-M1 and S15-M1 exhib-
ited high budding indices, but there was no detectable M1 in VLPs
(Fig. 6E, bottom right blot, lanes 1 to 3). As expected, L10 and S15
enhanced VLP production of ML302A by 50% of wild-type M pro-

tein but did not completely compensate the function of ML302A

VLP production (Fig. 6E, upper right blot, lanes 2 to 4), suggesting
that ML302A is both membrane binding and budding defective.

ML302A has a dominant negative effect on wild-type M pro-
tein VLP production. To exclude the possibility that the budding
defect exhibited by ML302A was not due to the disruption of con-
formational integrity, we evaluated the oligomerization ability of
ML302A. The results showed that HA-M can be efficiently coim-
munoprecipitated with either Myc-ML302A or Myc-ML305A at lev-
els similar to those of Myc-M (Fig. 7A, bottom right blot, lanes 2 to
4), indicating that ML302A can still oligomerize despite its budding
defect. However, the budding defect of ML302A was unable to be
restored by the expression of the M protein (Fig. 7B, bottom right

described in the legend to Fig. 3. (C) Cellular localization of wild-type M and mutants L302A and L305A. HeLa cells were transfected with the indicated plasmids.
At 24 h posttransfection, cells were fixed and stained with anti-HA Ab and visualized via confocal microscopy as described in Materials and Methods. (D) L302A
is defective in membrane association compared to wild-type M and L305A. 293T cells expressing wild-type M/eGFP, L302A/eGFP, or L305A/eGFP were
harvested at 48 h posttransfection. Cell homogenates were subjected to a membrane association assay as described in Materials and Methods. Membrane-
associated proteins mainly exist in fraction 2. Endogenous calnexin and exogenous eGFP proteins were included as positive controls for membrane-associated
and non-membrane-associated proteins, respectively. (E) Fusion of membrane-targeting signals can resolve the budding defect of L302A. L10 and S15 were fused
to the N terminus of either L302A or H1N1-M1. 293T cells were transfected with the indicated constructs, and a VLP budding assay for these fusing proteins was
performed as described in the legend to Fig. 1. Quantification of the budding index for the corresponding protein is shown. Standard errors were calculated from
three independent experiments.

FIG 7 Enhancing effect of L305A and dominant negative effect of L302A on wild-type M VLP release. (A) Association of wild-type M with mutants L302A and
L305A. 293T cells were transfected with the indicated plasmids. At 48 h posttransfection, the cells were harvested and subjected to coimmunoprecipitation assay
as described in the legend to Fig. 3. (B) Dose-response VLPs of wild-type M in the presence of dose-increasing L302A and L305A. Constant amounts of plasmid
encoding HA-M were transfected singly or jointly with dose-increasing plasmids encoding Myc-ML302A or Myc-ML305A into 293T cells. At 48 h posttransfection,
the cells and medium were harvested, and a VLP budding assay was performed as described in the legend to Fig. 1. WB was performed with anti-HA and anti-Myc
Ab, and then the cell lysate blot was stripped and reprobed with an anti-GAPDH Ab as a loading control. Quantification of the budding index for each group is
shown. Standard errors were calculated from three independent experiments.
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blot, lanes 2 to 4). ML302A expression reduced M protein VLP
production in a dose-dependent manner (Fig. 7B, upper right
blot, lanes 1 to 4); in contrast, ML305A greatly increased M protein
VLP budding in a dose-dependent manner (Fig. 7B, upper right
blot, lanes 5 to 7). Taken together, these results show that ML302A

has a dominant negative effect on wild-type M protein VLP pro-
duction.

Proteasome inhibitor inhibits M protein VLP production
and viral budding. Since the L302 regulates M protein VLP pro-
duction via ubiquitination of the M protein, we sought to deter-
mine whether treatment with proteasome inhibitor MG132,
which decreases the free ubiquitin pool, has an effect on HPIV3 M
protein VLP production and virion release. Before doing this, cy-
totoxicity assays were performed for both 293T and MK2 cells to
find an optimal concentration for our assay (Fig. 8A). To test the
effect of MG132 treatment on VLP production, we treated 293T
cells transfected with a plasmid encoding HA-M with either 20
�M MG132 or dimethyl sulfoxide (DMSO). The results showed
that M protein VLP budding was dramatically decreased when the
cells were treated with MG132 (Fig. 8B, right blot, lane 2), and the
inhibition was not due to the potential toxicity of MG132, since M
protein and endogenous GAPDH in the cell lysates of treated and
untreated samples were expressed at comparable levels (Fig. 8B,
bottom left blot, lanes 1 and 2).

Next, MK2 cells were infected with HPIV3, and the infected
cells were treated with either 50 �M MG132 or DMSO. The virus
titers were reduced 6- to 7-fold upon treatment with MG132 (Fig.
8C). HN proteins in the cell lysates of treated and untreated sam-
ples remained constant, indicating that the transcription and rep-
lication of the virus were not influenced by MG132 treatment, and
only subsequent viral steps, including virion assembly, trafficking,
or budding, were blocked. Our results again indicated that the
ubiquitination of the M protein is indeed critical for VLP produc-
tion and viral budding.

ML302A is defective in supporting viral growth. To confirm
the role of ML302A in the viral replication cycle, we sought to de-
termine whether recombinant HPIV3 expressing ML302A could be
rescued by reverse genetics. Thus, we introduced the L302-to-A or
the L305-to-A mutation into the HPIV3 genome. The results
showed that recombinant wild-type HPIV3 and virus expressing
the ML305A mutation were both easily rescued. But HPIV3 ex-
pressing ML302A could not be recovered even after several inde-
pendent rescue assays and after trying various amounts of sup-
porting plasmid combinations for transfection. Of note, efficient
virus budding could depend on interactions of M with RNP and
surface proteins in addition to intrinsic vesiculation. To examine
this, we performed VLP assay of ML302A in the presence of N, P,
L, or F and HN, and the results showed that ML302A is still defec-
tive, suggesting that the intrinsic vesiculation of ML302A is critical
for virus rescue (Fig. 9, upper right blot, lanes 2 to 4).

DISCUSSION

Herein, we have shown that the expression of the HPIV3 M pro-
tein alone is sufficient for VLP production, as determined by stan-
dard VLP isolation procedure, and that released VLPs consisted
primarily of membrane-bound M protein, as deduced by trypsin
digestion of M protein in the presence but not the absence of
detergent, and exhibited a morphology that was very similar to
that of authentic virions, as judged by electron microscopy. These
results emphasize the role of the M protein as the principal orga-

FIG 8 Inhibition effect of proteasome inhibitors on M VLP release and HPIV3
virus titers. (A) Cytotoxicity assays for 293T and MK2 cells were performed as
described in Materials and Methods. There was no potential toxicity in either case:
when 293T cells were treated with 20 �M MG132 or when MK2 cells were treated
with 50 �M MG132. (B) Inhibition of M VLP budding by MG132. 293T cells were
transfected with plasmid encoding HA-M and treated with DMSO or 20 �M
MG132 for 8 h before harvesting. At 48 h posttransfection, cells and culture me-
dium were harvested, and proteins expressed in both cell lysates and VLPs were
immunoblotted with anti-HA Ab. Then, the cell lysate blot was stripped and re-
probed with an anti-GAPDH Ab as a loading control. Quantification of the bud-
ding index for each group is shown. Standard errors were calculated from three
independent experiments. The size markers represent dimer and tetramer of M in
VLPs. (C) Inhibition of HPIV3 infection by MG132. MK2 cells infected with
HPIV3 were treated with DMSO or 50 �M MG132 for 8 h before harvesting. Cells
and supernatants were collected at 36 h postinfection. Cell lysates were immuno-
blotted with anti-HN Ab and then stripped and reprobed with anti-GAPDH Ab as
a loading control, and viral titers of the supernatants were determined by plaque
assay as described in Materials and Methods. Standard errors were calculated from
three independent experiments.
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nizer of viral assembly and budding, which is consistent with find-
ings for many other negative-strand RNA viruses, such as respira-
tory syncytial virus (RSV) (41), HPIV1 (7), PIV5 (5), NDV (11),
SeV (42), MeV (38), NiV (10), VSV (43), and Ebola virus (13).
Interestingly, SDS-resistant, high-molecular-mass bands were fre-
quently detectable in VLPs and cell lysates containing the M pro-
tein when separated by SDS-polyacrylamide gel electrophoresis
(PAGE) (Fig. 1A and B, 2B, and 3B). Similar phenomena have
been observed in studies of the oligomerization of VP40 of Ebola
virus (44). M proteins of many paramyxoviruses can self-associate
to form higher-order structures that are critical for viral assembly
and budding (45, 46). It has been suggested that VP40 of Ebola
virus can oligomerize into hexamers or octamers in vitro via mem-
brane association (47, 48), and other studies employing crystal
structures, biochemistry, and cellular microscopy showed that
VP40 can assemble into different structures that contribute to

distinct functions, including viral assembly, budding, and tran-
scription, inside infected cells for the Ebola virus life cycle (49).
Although M�C170, M�C190, and M�C210 which are VLP pro-
duction defective still can self-associate, they are unable to form
high-molecular-mass oligomers, indicating that self-associations
in these mutants may mediate dimer or tetramer formation but
not higher-oligomer formation.

Based on structural alignment with recently published struc-
tures of human metapneumovirus (50) and NDV M protein (51),
we hypothesized that the HPIV3 M protein may forms similar
dimeric and higher oligomeric structures and that the HPIV3 M
protein may undergo similar structural transformations.

Having observed that the M protein of HPIV3 was capable of
forming VLPs when expressed independently in cell culture, we
sought to determine whether the HPIV3 M protein possessed a
known L domain that was required for efficient budding. We found
several potential sequences (54-YLDV-57, 92-LPIGLA-97, and 138-
LYPWSSRL-145) of interest because of their similarity to known L
domains, but none of them affected the budding function of the M
protein, suggesting that the HPIV3 M protein does not contain a
known L domain. This is consistent with the notion that rare
paramyxoviruses use known L domains (26, 33, 52, 53) and the find-
ing that overexpression of the RSV M protein containing either the L
domain of Ebola virus VP40 or PIV5 M protein during RSV infection
did not increase budding (54). In addition, even in the M proteins
containing the same late domain, the critical residue for viral budding
may also be different. For example, RV and VSV both contain the
PPxY L domain; for RV, the first proline of PPEY is most important
for efficient budding, whereas for VSV, the tyrosine of the PPPY L
domain is most critical for efficient budding (55, 56). Although the
HPIV3 M protein does not contain a known L domain, we found that
a critical leucine (L302) residue localizing at the C-terminal 80 aa is
required for VLP production via regulation of the ubiquitination of
the M protein (Fig. 6).

Then, we found that ML302A interacts well with the M protein
and functions as a dominant negative mutant for M protein VLP
production (Fig. 7), suggesting that ML302A maintains the struc-
tural integrity of the M protein. Previous studies have suggested
that ubiquitin can sometimes functionally replace the L domain of
retroviral Gag proteins (57). Thus, we also sought to determine
whether ML302A VLP production could be restored through the
fusion of ubiquitin to ML302A; however, we failed to rescue ML302A

VLP production when ML302A fused with ubiquitin (data not
shown). Ubiquitination of the M protein regulated by the L302
residue could be different from that regulated by the L domain of
retroviral Gag proteins, or it may be due to difficulties in main-
taining M protein folding in the context of ubiquitin fusion. To
confirm that ubiquitination of the M protein is indeed involved in
viral budding, we evaluated VLP production and extracellular vi-
ral production by depleting ubiquitin with the proteasome inhib-
itor MG132 and found that VLP production and HPIV3 budding
were strongly dependent on ubiquitin (Fig. 8). This finding is
consistent with several studies that suggested that ubiquitin is in-
volved in viral budding: (i) proteasome inhibitor treatments block
the budding of paramyxoviruses, including PIV5, NiV, and SeV
(26, 31, 58); (ii) potential ubiquitination of the MeV M protein
has been observed in cells expressing the M protein together with
HA-Ub (38); and (iii) ESCRT factors such as ALIX can bind to
ubiquitin and enhance viral budding (59, 60).

In general, L domains within the M proteins of some negative-

FIG 9 VLP budding of L302A in the presence of other virus proteins. 293T
cells were transfected with the indicated plasmids for 48 h, and the VLP bud-
ding assay was performed as described in the legend to Fig. 1. WB was per-
formed with anti-HA, anti-Myc, anti-Flag, and anti-His Abs. Quantification of
the budding index for each group is shown. Standard errors were calculated
from three independent experiments.
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strand RNA viruses are recognized by ubiquitin ligases within the
ESCRT pathway for ubiquitination (61–63). However, the fact that
no L domains were identified for the HPIV3 M protein in our analysis
prompted one question: how is the ubiquitin attached to the M pro-
tein of HPIV3? It is possible that ubiquitination of the HPIV3 M
protein is independent of the ESCRT pathway; alternatively, ubiqui-
tin may be conjugated to host proteins that are also present at viral
assembly sites (64). At present, we do not know the detailed mecha-
nism by which the L302 residue regulates the ubiquitination of the M
protein for VLP production and viral budding, which may be distinct
from general ubiquitination regulated by known L domains. Re-
search by Harrison et al. (65) already suggests that the relationship
between M protein ubiquitination and M protein VLP production is
complex; for example, the removal of all four of the lysine residues
from the PIV5 M protein (K4, K5, K8, and K19 changed to arginine)
did not impair VLP production, whereas the removal of just three of
those lysine residues (K4, K5, and K8 changed to arginine) substan-
tially impaired VLP production. Therefore, we also cannot exclude
the possibility that the L302 residue also plays a critical role in VLP
production independent of ubiquitination. Experiments to deter-
mine how ubiquitination regulated by host factors contributes to
HPIV3 M protein VLP budding in the absence of other viral proteins
are under way.

Finally, we introduced the L302-to-A and the L305-to-A
mutations into the HPIV3 genome. Recombinant wild-type
virus and virus expressing the L305-to-A mutation were both
rescued. In contrast, no recombinant virus expressing the
L302-to-A mutation could be recovered. These results suggest
that ubiquitination of the M protein regulated by the L302
residue is essential for the HPIV3 life cycle. Of note, the abol-
ishment of ML302A budding is somewhat unique: in the M pro-
teins of other nonsegmented negative-strand RNA viruses, dis-
ruption of L domains has been reported to have a profound but
not an absolute impact on budding. For example, although
mutations within the L domain of PIV5 M protein abolished
VLP release, such mutations when incorporated into the viral
genome suggest that L domain function is important but is not
essential for virus growth, and a mutant PIV5 with a P-to-A
mutation in its FPIV L domain replicated very poorly and read-
ily gave rise to second-site revertants that restored the budding
function (26). Although we provide evidence that the M pro-
tein is indispensable for VLP production and viral budding, we
cannot exclude the fact that F and HN proteins also contribute
to viral budding. Previous studies have shown that glycopro-
teins of negative-strand RNA viruses also play important roles
in budding (5), and a recombinant PIV5 with deletions of 8 aa
in the HN protein and 10 aa in the F protein was budding
defective (66), suggesting that the HN and F proteins play a
critical role in viral assembly and budding. Whether the HN
and F proteins of HPIV3 have a similar regulatory function
needs to be investigated further.

Taken together, our results indicate that the L302 residue
within the HPIV3 M protein is critical for M protein VLP and
viral particle release via regulation of ubiquitination; however,
the involvement of any specific cellular factors in HPIV3 bud-
ding remains to be demonstrated. Further investigation of
HPIV3 assembly and budding may yet reveal a novel mecha-
nism of viral assembly and release that could be applicable to
other enveloped viruses or have therapeutic implications.
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