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The matrix (M) protein plays an essential role in the assembly and budding of some enveloped RNA viruses.
We expressed the human parainfluenza virus type 1 (hPIV-1) M and/or NP genes into 293T cells using the
mammalian expression vector pCAGGS. Biochemical and electron microscopic analyses of transfected cells
showed that the M protein alone can induce the budding of virus-like particles (vesicles) from the plasma
membrane and that the NP protein can assemble into intracellular nucleocapsid-like (NC-like) structures.
Furthermore, the coexpression of both the M and NP genes resulted in the production of vesicles enclosing
NC-like structures, suggesting that the hPIV-1 M protein has the intrinsic ability to induce membrane
vesiculation and to incorporate NC-like structures into these budding vesicles.

Parainfluenza viruses (PIVs) are enveloped viruses with
nonsegmentated negative-strand RNA genomes that replicate
in the cytoplasm; they belong to the Respirovirus genus of the
Paramyxoviridae family in the order Mononegavirales (11). Ma-
ture virions consist of the helical nucleocapsid (NC) and the
core matrix (M) protein surrounded by the lipid envelope
derived from the plasma membrane of the host cell, which
contains two glycoprotein spikes, the hemagglutinin-neuramin-
idase (HN) and fusion (F) proteins. The helical NC contains
the viral RNA genome, the nucleoprotein (NP), and the RNA
polymerase complex composed of the phosphoprotein (P) and
large protein (L) (3). Although the current model for the
assembly of PIVs implicates the M protein as the principal
component promoting the budding of the virus particle (18),
the underlying mechanism is still poorly understood.

Many enveloped viruses are released from infected cells by
assembling and budding at the plasma membrane. Since prog-
eny viruses bud from the plasma membrane, three major sub-
viral components must be assembled together: the lipid enve-
lope containing the glycoproteins, the M protein on the inner
surface of the lipid bilayer, and the cytosolic helical NC. Pre-
vious studies have suggested that the M protein plays a central
role in PIV assembly and budding (18). The M protein of PIV
is a small (molecular mass, approximately 38 to 41 kDa), basic,
amphipathic protein that is a major structural component of
the mature virion (11). These properties are common to the
matrix proteins of many other enveloped viruses (2, 12), and
therefore matrix proteins might play similar roles in the assem-
bly of different viruses. Previous studies have shown that cells
expressing either the M gene of vesicular stomatitis virus (13),
the gag gene of simian immunodeficiency virus (4, 9), or the gag
gene of human immunodeficiency virus (8, 14, 16) induce the
formation of vesicles at the plasma membrane, incorporating
M proteins. These vesicles pinch off and are released into the
culture medium, suggesting that M proteins, in the absence of
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FIG. 1. Expression of the hPIV-1 M and NP genes in 293T cells with the mam-
malian expression vector pCAGGS. (A) The culture media were clarified, and
cellular materials released into the culture media were concentrated by pelleting
them through a cushion of 50% glycerol–phosphate-buffered saline. The pellets were
resuspended in Laemmli reducing sample buffer, and equal aliquots of all samples
were analyzed by SDS-PA gel electrophoresis (9% PA gel). Culture supernatants of
cells transfected with the hPIV-1 NP gene alone, the hPIV-1 M gene alone, and the
hPIV-1 NP and M genes together are shown. (B) Cell lysates were immunoprecipi-
tated with monoclonal antibodies (MAb) against hPIV-1 M (P3B) or hPIV-1 NP
(P27), and immunoprecipitates were resolved in a 9% PA gel. hPIV-1, purified
hPIV-1 as a marker. (C) Western blot analysis of proteins released from transfected
cells into media. The same samples shown in panel A were transferred to nitrocel-
lulose membranes and reacted with rabbit polyclonal antibody against SDS-dena-
tured hPIV-1 M protein (left column) or with monoclonal antibody against hPIV-1
NP (P27). hPIV-1, 1 mg of purified hPIV-1 used as control.
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the other viral proteins, are capable of mediating the formation
and release of vesicles and perhaps the virus particles of in-
fected cells.

In the present study, we used the human PIV type 1
(hPIV-1) system to determine (i) if the hPIV-1 M protein, in
the absence of the other viral proteins, could induce budding
vesicles at the cell surface as in the above-named virus systems
and, if so, (ii) whether the coexpression of the hPIV-1 M and
NP genes would result in the incorporation of NP into the
budding vesicles. To perform these experiments, we used the
mammalian expression vector pCAGGS under the control of
the chicken b-actin promoter (17) to express the hPIV-1 M
and NP genes. We cloned the M (19) and NP genes from viral
RNA using the Titan reverse transcriptase-PCR system
(Boehringer Mannheim) with primers hybridizing to the non-
coding regions of each gene. Efficient production of M and NP
was obtained with the expression vector pCAGGS (17) in 293T
cells (6). First, we determined whether the expression of the
hPIV-1 M gene would induce the release of budding vesicles.
The M and NP genes were expressed individually by lipo-
fectamine (GIBCO BRL)-mediated transfection of subconflu-
ent 293T cells plated on poly-D-lysine-coated plates (Biocoat;
Collaborative Biomedical Products). After incubation at 37°C
for 5 h, the transfection mixture was replaced with Dulbecco’s

modified Eagle’s medium (BioWhittaker) supplemented with
10% fetal bovine serum (Atlanta Biologics) and incubated at
33°C overnight. At 24 h posttransfection cells were labeled
with methionine-free Dulbecco’s modified Eagle’s medium
(ICN Pharmaceutical, Inc.) containing 100 mCi of [35S]methi-
onine (Tran35S-label; ICN Pharmaceutical, Inc.) for 24 h
(33°C). Both culture media and cell lysates were harvested at
48 h posttransfection and analyzed for the presence of M and
NP.

To concentrate vesicles, the culture media from cells ex-
pressing the M or NP gene were first clarified at 10,000 3 g (5
min) to remove any detached cells, overlaid on 50% glycerol–
phosphate buffered saline, and centrifuged at 190,000 3 g for
3 h (4°C). The resulting pellets were resuspended in Laemmli
reducing sample buffer. Cell lysates were obtained from trans-
fected cell monolayers after the cells were lysed in cell lysis
buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA,
0.5% Nonidet P-40), and the cell lysates were then clarified at
9,000 3 g for 10 min (4°C). To determine the expression of the
M and NP genes, clarified cell lysates were immunoprecipi-
tated with monoclonal antibodies directed against hPIV-1 M
(P3B) and NP (P27) (5) and incubated with M-280 Dynabeads
(DYNAL) in RIPA buffer (50 mM Tris [pH 8.0], 150 mM
NaCl, 0.1% sodium dodecyl sulfate [SDS], 1% Triton X-100)

FIG. 2. Electron micrographs of the components observed in the culture media of cells infected with hPIV-1 (A) or cells expressing the hPIV-1 NP gene (B), the
hPIV-1 M gene (C), or the hPIV-1 M and NP genes (D) from pCAGGS plasmids. The clarified culture media of 293T transfected cells were concentrated in Microcons
100 (Amicon) by centrifuging them at 1,000 3 g for 25 min. Concentrated media were adsorbed to freshly glow-discharged, carbon-coated grids, negatively stained with
2% phosphotungstic acid, and observed in a Phillips 301 electron microscope operated at 60 kV. The bar represents 100 nm. (A) hPIV-1 virions in culture medium
(arrows); (B) occasional NC-like structures (arrows) observed in the culture medium from cells expressing the NP gene; (C) medium from cells expressing the hPIV-1
M gene; (D) medium from cells coexpressing the hPIV-1 M and NP genes (arrows).
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for 1 h (4°C). Immunoprecipitates were washed with RIPA
buffer and disrupted in Laemmli reducing sample buffer. 35S-
labeled proteins from culture media and cell lysate immuno-
precipitates were then separated on 9% polyacrylamide (PA)
gels by SDS-PA gel electrophoresis (10).

Figure 1A shows proteins in the culture medium of cells
transfected with pCAGGS plasmid containing the hPIV-1 NP
gene, hPIV-1 M gene, or both. As is evident from this figure,
cells transfected with the hPIV-1 M gene released the protein
into the culture medium whereas cells expressing the hPIV-1
NP gene released a slight amount of NP into the medium. As
will be noted below, the slight amount of released NP might
have been derived from dead and lysed cells (see Fig. 2). The
cells coexpressing both the M and NP genes revealed abundant
amounts of both M and NP in the culture medium. Immuno-
precipitation analyses of cell lysates confirmed the abundant
cellular expression of the transfected M and NP genes (Fig.
1B). The release of M or NP in the culture supernatants was
confirmed by Western blotting with anti-hPIV-1 SDS-dena-
tured M rabbit serum or the anti-hPIV-1 NP monoclonal an-
tibody P27 (Fig. 1C).

To determine whether the M protein released in the culture
medium was secreted as a soluble protein or enclosed in
plasma membrane-derived vesicles, the components of the cul-
ture medium (Fig. 1A) were examined by electron microscopy.
Figure 2A shows material in the supernatant of cells infected
with hPIV-1. The supernatant from cells expressing the NP
gene (Fig. 2B) contained no structures other than the occa-

sional short NC-like structures. The relative scarcity of these
NC-like structures in the medium compared to the abundant
expression of the NP gene in the cell (Fig. 1B) and their
ubiquity in cells viewed by electron microscopy (Fig. 3B) sug-
gest that they might be released into the medium from occa-
sional lysed cells. The medium from cells expressing the M
gene (Fig. 2C) revealed a number of vesicles of different sizes.
The medium from cells coexpressing the M and NP genes (Fig.
2D) showed vesicles and NC-like fragments. To further con-
firm the induction of vesicles by M protein and to determine
whether NP was included in these vesicles in cells coexpressing
the M and NP genes, cells transfected with the appropriate
plasmids were examined by thin-section transmission electron
microscopy. The results of this analysis are shown in Fig. 3.
Cells infected with hPIV-1 (panel A) showed budding virus
particle at the cell surface and NC structures beneath the
plasma membrane. Cells expressing the NP gene (panel B)
showed bundles of hollow NC-like structures measuring ap-
proximately 20 nm. Cells expressing the hPIV-1 M gene (panel
C) revealed vesicles budding from the cell surface which are
clearly distinguishable from cross-sectioned microvilli. Cells
coexpressing both the M and NP genes showed NC-like struc-
tures beneath the plasma membrane (panel D), NC-like struc-
tures enclosed in vesicles budding from the plasma membrane
(panel E), or NC-like structures in vesicles released from the
plasma membrane (panel F). These vesicles have dimensions
similar to those of the native virus particles (compare panel A
with panels C, E, and F but note that panel C is at a lower

FIG. 3. Electron micrographs of sections of 293T cells infected with hPIV-1 virus (A) or transfected with pCAGGS plasmids to express the hPIV-1 NP gene (B),
the hPIV-1 M gene (C), or both the M and NP genes (D to F). Pellets of cells were fixed in cacodylate-buffered 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide,
dehydrated in a graded series of ethanol, and embedded in Spurr embedding medium. Ultrathin sections were cut on a Sorvall MT 6000 ultramicrotome, stained, and
examined in a Phillips EM 301 electron microscope. The bar in each panel represents 100 nm. (A) V, budding virus particle; arrows, NC structures beneath the plasma
membrane; (B) arrow, bundles of hollow NC-like structures; (C) arrows, vesicles budding from the cell surface; arrowheads, cross-sectioned microvilli; (D) arrows,
NC-like structures beneath the plasma membrane; (E) arrows, NC-like structures enclosed in vesicles budding from the plasma membrane; (F) arrows, NC-like
structures enclosed in vesicles that have been released from the plasma membrane; arrowheads, cross-sectioned microvilli.
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magnification) but not to those of the cross-sectioned mi-
crovilli (panel F). We also determined the densities of the
released M and M plus NP vesicles by sucrose gradient anal-
ysis. The densities of M vesicles, M plus NP vesicules, and
hPIV-1 virus were 1.09, 1.11, and 1.16 g/ml, respectively.

Taken together, the above-described biochemical and elec-
tron microscopic experiments suggest that (i) hPIV-1 M pro-
tein can induce the formation and release of vesicles but that
hPIV-1 NP cannot, (ii) hPIV-1 NP by itself or in conjunction
with cellular components can assemble into intracellular NC-
like structures, and (iii) coexpression of the M and NP genes
leads to the formation of vesicles enclosing NC-like structures.
Although induction of budding vesicles from cells expressing
the rhabdovirus vesicular stomatitis virus M gene (13) or the
retroviral simian immunodeficiency virus and human immuno-
deficiency virus gag genes (4, 8, 9, 14, 16) has been shown, the
present study demonstrates the same phenomenon for the first
time in a paramyxovirus. Our present data also confirm earlier
observations that NP, when expressed alone in cells, assembles
into NC-like structures (1, 7, 15, 20). The novel finding of this
study however, is the demonstration that the coexpression of
the M and NP genes results in budding vesicles enclosing the
NC-like structures. Therefore, we suggest that M protein might
interact with NP during virus assembly to incorporate NCs into
virus particles. Further analyses by this vesicle system might
shed light on the mechanisms governing the assembly of
paramyxovirus, including the identification of the M protein
domain(s) involved in budding and the role of the cellular
cytoskeleton, if any, in this process.
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