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Enveloped viruses are released from infected cells after coalescence of viral components at cellular mem-
branes and budding of membranes to release particles. For some negative-strand RNA viruses (e.g., vesicular
stomatitis virus and Ebola virus), the viral matrix (M) protein contains all of the information needed for
budding, since virus-like particles (VLPs) are efficiently released from cells when the M protein is expressed
from cDNA. To investigate the requirements for budding of the paramyxovirus simian virus 5 (SV5), its M
protein was expressed in mammalian cells, and it was found that SV5 M protein alone could not induce vesicle
budding and was not secreted from cells. Coexpression of M protein with the viral hemagglutinin-neuramin-
idase (HN) or fusion (F) glycoproteins also failed to result in significant VLP release. It was found that M
protein in the form of VLPs was only secreted from cells, with an efficiency comparable to authentic virus
budding, when M protein was coexpressed with one of the two glycoproteins, HN or F, together with the
nucleocapsid (NP) protein. The VLPs appeared similar morphologically to authentic virions by electron
microscopy. CsCl density gradient centrifugation indicated that almost all of the NP protein in the cells had
assembled into nucleocapsid-like structures. Deletion of the F and HN cytoplasmic tails indicated an important
role of these cytoplasmic tails in VLP budding. Furthermore, truncation of the HN cytoplasmic tail was found
to be inhibitory toward budding, since it prevented coexpressed wild-type (wt) F protein from directing VLP
budding. Conversely, truncation of the F protein cytoplasmic tail was not inhibitory and did not affect the
ability of coexpressed wt HN protein to direct the budding of particles. Taken together, these data suggest that
multiple viral components, including assembled nucleocapsids, have important roles in the paramyxovirus
budding process.

Enveloped viruses form at cellular membranes of infected
cells by a budding process. Soluble viral components, along
with integral membrane glycoprotein spikes, assemble at highly
concentrated budding sites, followed by envelopment of the
viral core and fission of the membrane to create progeny viri-
ons. Much progress has been made in identifying both viral and
cellular components that drive this assembly process. For ex-
ample, alphavirus budding has been found to require both
soluble nucleocapsid cores and envelope glycoproteins (9, 25,
44, 45), and a specific interaction between the viral capsid
protein and the cytoplasmic tail of the viral E2 glycoprotein is
critical for assembly (54). In contrast, the assembly and bud-
ding of retroviruses does not require participation of envelope
components, and expression of soluble Gag polyprotein in the
absence of any other viral component results in efficient bud-
ding of virus-like particles (VLPs) that resemble immature
virions (46). Several elements within the Gag protein sequence
that are important for budding have been identified, including
M domains which mediate membrane targeting (1, 31, 32), I
domains which direct Gag-Gag interactions (3, 11), and L
domains which recruit cellular machinery necessary for mem-
brane fission and virus release (1, 12, 14, 34–36, 41, 43, 48, 49).

The parameters that influence the budding of negative-

strand RNA viruses are not as well defined. A key role is
played by soluble matrix (M) proteins that bind to the inner
surfaces of plasma membranes and form an electron-dense
layer underlying the virion envelope. Recombinant viruses that
lack M proteins have been constructed in the cases of both
rabies (27) and measles (4), and in both cases budding was
drastically impaired. Furthermore, VLP release has been ob-
served from cells transfected with plasmids encoding M pro-
teins derived from vesicular stomatitis virus (VSV) (16, 21, 23),
Ebola virus (15, 47), influenza A virus (13, 22), and human
parainfluenza virus type 1 (hPIV-1) (5). VLP budding has been
examined quantitatively for both VSV (21) and Ebola virus
(47), and in both cases budding was remarkably efficient, with
�20% of the M protein released from transfected cells into the
culture medium. VLP budding directed by the M proteins of
influenza A virus and hPIV-1 has at this point been examined
only qualitatively (5, 13, 22). In all of these cases, budding of
particles was observed upon expression of M protein in the
absence of any other viral components. However, studies with
recombinant viruses, including recombinant rabies virus (26),
VSV (40), influenza A virus (20), and the paramyxoviruses
Sendai virus (10) and simian virus 5 (SV5) (39) suggest that M
proteins may not be sufficient to direct normal budding of a
virus, since truncations or sequence alterations to glycoprotein
cytoplasmic tails resulted in poor budding, despite the pres-
ence of unmodified matrix protein.

SV5, like other paramyxoviruses, consists of a core of
genomic RNA encapsidated by nucleocapsid (NP) protein that
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is bound by a polymerase complex composed of large (L)
protein and phosphoprotein (P). This core is surrounded by a
lipid envelope that is coated with M protein on its inner surface
and penetrated by spike glycoproteins that function for attach-
ment (hemagglutinin-neuraminidase [HN]) and fusion (F). Mi-
nor structural components of SV5 include the SH protein,
which blocks apoptosis in infected cells (17), and the V protein,
which blocks interferon signaling and modulates the cell cycle
(24, 50, 51). It is unclear at present which of these viral proteins
are necessary to direct normal assembly and budding of viri-
ons.

Here we describe experiments in which we have transiently
transfected mammalian cells with cDNAs encoding SV5 pro-
teins in an attempt to reconstitute budding in a virus-free
system. By using this approach, we found that efficient budding
of SV5 VLPs required expression not only of the M protein but
also of NP protein and a glycoprotein (either HN or F protein).
Furthermore, we suggest that the cytoplasmic tails of the two
SV5 glycoproteins have critical, but redundant, roles in bud-
ding.

MATERIALS AND METHODS

Plasmids. SV5 DNA sequences corresponding to M, NP, HN, and F proteins
from the SV5 infectious clone pBH276 (GenBank accession no. AF052755) (18)
were subcloned into the eukaryotic expression vector pCAGGS (30) to generate
pCAGGS-SV5 M, pCAGGS-SV5 NP, pCAGGS-SV5 HN, and pCAGGS-SV5 F,
respectively. Cloning details will be provided upon request. Mutant SV5 HN
proteins HN�2-9 and HN�2-13 containing truncations in the DNA region en-
coding the cytoplasmic tail have been described previously (39). Mutant SV5 F
protein F�16 containing a truncation in the DNA region encoding the cytoplas-
mic tail was made by PCR mutagenesis of the F DNA sequence. The nucleotide
sequence of the entire F gene was confirmed with an ABI Prism 310 genetic
analyzer (Applied Biosystems, Inc., Foster City, Calif.). A cDNA encoding VSV
glycoprotein (G) was provided by John K. Rose, Yale University Medical School,
and pCAGGS-influenza HA has been previously described (53).

Generation of VLPs and immunoprecipitation. 293T cells in 6-cm-diameter
dishes (70 to 80% confluent) grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum were transfected in dupli-
cate with plasmid DNAs by using Lipofectamine-Plus reagents (Invitrogen,
Carlsbad, Calif.). Plasmid quantities per dish were as follows unless otherwise
indicated: pCAGGS-SV5 M, 0.4 �g; pCAGGS-SV5 NP, 50 ng; pCAGGS-SV5
HN, 0.75 �g; pCAGGS-SV5 HN�2-9, 1.5 �g; pCAGGS-SV5 HN�2-13, 1.5 �g;
pCAGGS-SV5 F, 0.75 �g; pCAGGS-SV5 F�16, 0.75 �g; pCAGGS-influenza
HA, 3.0 �g; and pCAGGS-VSV G, 0.75 �g. Alternatively, 293T cells in 6-cm-
diameter dishes were infected in duplicate with rSV5 (SV5 recovered from
infectious cDNA clone) or rSV5 HN�2-9 as previously described (39) at a
multiplicity of infection of 1.0 PFU/cell. At 24 h posttransfection (p.t.) or postin-
fection (p.i.), the medium was replaced with 1.5 ml of DMEM containing one-
tenth the normal amount of methionine and cysteine and 50 �Ci of [35S]Promix
(Amersham Pharmacia Biotech, Piscataway, N.J.)/ml. At 40 h p.t. or p.i., cells
and culture media were collected. To analyze the VLPs or virions released from
cells, culture media from duplicate dishes were combined and centrifuged at
5,000 � g for 5 min to remove cell debris and then layered onto 35% sucrose
cushions (4 ml in NTE [0.1 M NaCl; 0.01 M Tris-HCl, pH 7.4; 0.001 M EDTA])
and centrifuged at 186,000 � g for 2 h. Pellets were resuspended in 0.5 ml of NTE
and combined with 1.3 ml of 80% sucrose in NTE for flotation. Additional layers
containing 50% sucrose (1.8 ml) and 10% sucrose (0.6 ml) were applied to the
top of the sample, followed by centrifugation at 186,000 � g for 4 h. In some
cases, six equal fractions (0.7 ml each) were collected from the top of the gradient
for analysis of proteins by immunoprecipitation. In other cases, only the top 2.1
ml was collected as a single fraction from the gradient, and the remainder of the
gradient was discarded.

To analyze intracellular proteins, cells were scraped from dishes, pelleted by
centrifugation (5,000 � g for 5 min), resuspended in a hypotonic solution (25 mM
NaCl; 25 mM HEPES, pH 7.3; 1 mM phenylmethylsulfonyl fluoride), and placed
on ice for 10 min. Cells were then disrupted with 30 strokes of a Dounce
homogenizer on ice. Nuclei and cell debris were removed by centrifugation

(2,000 � g for 5 min). Proteins in half of the resulting cell lysate (equivalent of
a single 6-cm-diameter dish) were analyzed by immunoprecipitation.

For immunoprecipitation analysis, cell lysates or sucrose gradient fractions
were combined with an equal volume of 2� radioimmunoprecipitation assay
(RIPA) buffer (20 mM Tris, pH 7.4; 2% deoxycholate; 2% Triton X-100; 0.2%
sodium dodecyl sulfate [SDS]) containing 0.3 M NaCl, 100 mM iodoacetamide,
and 2 mM phenylmethylsulfonyl fluoride (33). Samples were incubated with
antibodies for 3 h at 4°C, and immune complexes adsorbed to protein A-Sepha-
rose beads for 30 min at 4°C. Antisera used were as follows: for SV5 M, HN, and
NP, mouse monoclonal antibodies (MAbs) M-h, HN1b, and NP-a (37) (kindly
provided by Richard Randall, St. Andrews University, St. Andrews, Scotland,
United Kingdom) were used; for SV5 F protein, rabbit polyclonal anti-F2 pep-
tide antiserum was used; for influenza A HA protein, goat serum raised to
purified influenza A/Udorn/301/72 virus was used; and for VSV G protein, goat
anti-VSV serum (kindly provided by John K. Rose, Yale University Medical
School) was used. After incubation with antibodies, samples were washed three
times with RIPA buffer containing 0.3 M NaCl; two times with RIPA buffer
containing 0.15 M NaCl; and once with 50 mM Tris (pH 7.4), 0.25 mM EDTA,
and 0.15 M NaCl. Samples were boiled in SDS-polyacrylamide gel electrophore-
sis (PAGE) sample buffer containing 2.5% (wt/vol) dithiothreitol and fraction-
ated on 10% polyacrylamide–SDS gels (33). Quantitation was performed by
using a Fuji BioImager 1000 (Fuji Medical System, Stanford, Conn.). The frac-
tion of M protein in the floated media fraction was calculated as the counts in
media/[2(the counts in lysate � the counts in medium)]. This calculation takes
into account the fact that only half of each lysate was used for analysis.

Isolation of nucleocapsid-like structures. Gradient purification of assembled
nucleocapsid structures was performed by a method similar to that reported
previously (2). 293T cells were transfected and metabolically labeled by the same
method and plasmid amounts as for VLP generation, except that the labeling
period was shortened to 8 h. Dounce-homogenized, postnuclear cell lysates (0.5
ml) were applied to the tops of CsCl density gradients containing 40% CsCl (0.8
ml), 30% CsCl (1.2 ml), 20% CsCl (1.2 ml), and 30% glycerol (0.4 ml). Gradients
were ultracentrifuged for 16 h at 165,000 � g. Six 0.7-ml fractions were collected
from the top of each gradient, and 0.5 ml of each fraction was analyzed by
immunoprecipitation as described above.

Electron microscopy. To generate virions for electron microscopy, MDBK
cells were infected with rSV5 and virions were purified on sucrose gradients as
described previously (33). To generate VLPs for electron microscopy, 293T cells
in 6-cm-diameter dishes were transfected with pCAGGS-SV5 M plus pCAGGS-
SV5 NP plus pCAGGS-SV5 HN or with pCAGGS-SV5 M plus pCAGGS-SV5
NP plus pCAGGS-SV5 F. At 16 h p.t., the medium was replaced with DMEM
supplemented with 10% fetal bovine serum. At 40 h p.t., the culture medium was
harvested. Media from seven identical transfections were pooled and centrifuged
at 5,000 � g for 5 min to remove cell debris and then layered onto 35% sucrose
cushions (10 ml in NTE) and centrifuged at 186,000 � g for 2 h. Pellets were
resuspended in 0.25 ml of NTE by passaging 10 times through a 25-gauge needle.
Insoluble material was removed by centrifugation at 14,000 � g for 5 min, and
samples were concentrated to a ca. 75-�l volume by using a Microcon-100
centrifugal filter device (Millipore Corp., Bedford, Mass.). Drops of undiluted
VLP preparations were allowed to absorb for ca. 30 s onto Parlodion-covered
copper grids that previously had a thin layer of carbon evaporated upon them.
Excess sample was drawn off, and the samples were stained for 30 s with 1%
sodium silicotungstate (pH 7.1) and then air dried. Examples of SV5 were
similarly prepared except the purified virus was diluted in NTE 1:20 and the grids
were stained with 2% phosphotungstic acid (pH 6.6). Specimens were examined
in a JEOL JEM-100CX II electron microscope operated at 80 kV.

To generate nucleocapsid-like particles for electron microscopy, 293T cells in
6-cm-diameter dishes were transfected with pCAGGS-SV5 NP. At 40 h p.t., cells
were Dounce homogenized and cell lysates were fractionated on a CsCl density
gradient as described above. Undiluted fractions were absorbed for 2 min onto
Parlodion-covered copper grids that previously had a thin layer of carbon evap-
orated upon them. The grids were washed to eliminate CsCl by floating sample
side down sequentially on three drops of phosphate-buffered saline (PBS) over
a total time of 10 min. The nucleocapsid samples were then stained with 2%
phosphotungstic acid (pH 6.6) and examined in a JEOL JEM-100CX II electron
microscope operated at 80 kV.

Confocal microscopy. CV-1 cells grown on glass coverslips were infected with
rSV5 or rSV5 HN�2-9 at a multiplicity of infection of 0.2 PFU/cell. At 16 h p.i.
monolayers were fixed with 1% methanol-free formaldehyde for 15 min and
blocked with 1% bovine serum albumin in PBS. Cells were incubated for 30 min
with the HN-specific MAb HN1b (immunoglobulin G2a [IgG2a] isotype),
washed five times with PBS, incubated for 30 min with a IgG2a-specific R-
phycoerythrin-conjugated goat antimouse secondary antibody (Southern Bio-
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technology Associates, Inc., Birmingham, Ala.), washed five times with PBS, and
then fixed a second time and permeabilized with 0.1% saponin (Sigma-Aldrich
Co., St. Louis, Mo.). Cells were then incubated for 30 min with the M protein-
specific MAb M-h (IgG3 isotype), washed five times with PBS, incubated for 30
min with a IgG3-specific fluorescein isothiocyanate-conjugated goat antimouse
secondary antibody, washed five times with PBS, and visualized with a model
LSM 410 confocal microscope (Zeiss, Inc., Thornwood, N.Y.).

RESULTS

Coexpression of multiple SV5 proteins in transfected cells
results in budding of particles. To determine whether the SV5
M protein can function to direct the budding of particles from
transfected cells, M protein was expressed transiently from
cDNA either by itself or in combination with cDNAs encoding

other SV5 proteins. Cells were metabolically labeled for 24 h,
followed by harvesting of both the cells and the culture media.
Particles from the culture media were pelleted through 35%
sucrose cushions and then applied to the bottoms of sucrose
flotation gradients. Enveloped particles floated to the tops of
the gradients upon ultracentrifugation, and SV5 proteins were
detected by immunoprecipitation and SDS-PAGE. As a posi-
tive control for budding, cells were infected with SV5 and as
expected, particles containing SV5 proteins were detected in
the media and floated to the top of the gradient (Fig. 1A, lanes
2 and 3).

SV5 M protein was then expressed by itself in transfected
cells, and the same budding assay was performed. No particles

FIG. 1. Coexpression of multiple SV5 proteins in transfected cells leads to budding of particles. 293T cells were infected with rSV5 (A),
transfected with plasmid encoding SV5 M protein (B), transfected with plasmids encoding SV5 M and SV5 HN proteins (C), or transfected with
plasmids encoding SV5 M, SV5 HN, and SV5 NP proteins (D). At 24 h p.i. or p.t., cells were radiolabeled for 16 h with [35S]Promix, followed by
collection of both cells and culture media. Culture media was clarified by low-speed centrifugation, centrifuged through 35% sucrose cushions, and
separated on sucrose flotation gradients into six equal fractions as described in Materials and Methods. Cells were disrupted by Dounce
homogenization and centrifuged at low speed to remove nuclei and debris. SV5 proteins M, HN, and NP were immunoprecipitated from samples
as described in Materials and Methods, and polypeptides were analyzed by SDS-PAGE on 10% gels. Lane 1, cell lysate; lanes 2 to 7, fractions from
flotation gradient, with lane 2 representing proteins found at the top of the gradient and lane 7 representing proteins found at the bottom of the gradient.
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were detected in the culture media, even though the level of M
protein detected in the transfected cell lysate was as great as
the level of M protein in the SV5-infected cell lysate (Fig. 1B).
Thus, SV5 M protein by itself did not direct substantial bud-
ding of particles, in contrast to the M proteins of other nega-
tive-strand RNA viruses. Similar results were obtained when
particles were centrifuged through 20% sucrose cushions in-
stead of 35% sucrose cushions or when the sucrose cushions
were eliminated entirely (not shown), further indicating a lack
of budding, as opposed to the budding of particles having
insufficient density to pellet through sucrose.

We have shown previously that the HN glycoprotein of SV5
has an important role in the budding of virus, since deletions to
the cytoplasmic tail of HN protein resulted in recombinant
viruses that assembled poorly (39). The HN cytoplasmic tail
most likely makes contact with soluble viral components such
as M protein inside the cell, and these interactions appear to
be important for the assembly process.

To investigate whether HN and M proteins may both be
required to induce budding of particles, HN and M proteins
were coexpressed in cells such that the two proteins accumu-
lated to levels similar to those found in SV5-infected cells (Fig.
1C). This resulted in detectable budding of particles into the
media, and although this level of budding varied from experi-
ment to experiment, it was always quite low compared with
budding of virions from infected cells (at least fourfold less).
This result suggested that, although HN protein may be im-
portant for budding, additional viral components might be
necessary for efficient budding.

Interactions between NP and M proteins could be important
during the assembly process to facilitate budding and/or to
increase the likelihood that budded particles contain a copy of
the virus genome. Thus, NP protein was coexpressed together
with HN and M proteins such that all three proteins accumu-
lated to levels similar to those found in SV5-infected cells (Fig.
1D). Examination of the culture media after M�HN�NP co-
expression showed an abundance of particles that floated to
the top of the sucrose gradient, and these particles contained
all three viral proteins. Thus, the efficiency of budding of SV5
particles increased upon inclusion of NP protein with coex-
pression of HN and M proteins (compare Fig. 1A to D).

To examine further the requirements for budding, all possi-
ble combinations of M, HN, and NP proteins were coexpressed
in cells, and budding was assayed as described above, except
that only the top half of each flotation gradient was pooled and
analyzed on a single lane of a gel (Fig. 2A). Budding efficiency
was quantified as the portion of M protein detected in the
floated medium fraction compared to the total M protein in
the floated medium fraction plus the cell lysate (Fig. 2B). As
described above, when M, HN, and NP proteins were coex-
pressed, the budding of particles was efficient: 16% of the total
M protein was detected in the floated medium fraction com-
pared to 23% for SV5-infected cells. When any of these three
SV5 proteins were expressed individually, no budding of par-
ticles was detected. When pairwise combinations of these pro-
teins were expressed that omitted either M or HN protein,
virtually no budding was detected, and when NP protein was
omitted, budding was detected but was relatively poor (3% of
M protein detected in the floated media fraction). Thus, bud-
ding was efficient only when all three components were ex-

pressed, with the lack of NP protein resulting in �4.5-fold less
budding and the lack of M or HN protein resulting in almost a
complete lack of budding (Fig. 2B).

The relative M and HN protein quantities in particles bud-

FIG. 2. Requirements for the release of particles containing SV5
proteins from transfected cells. (A) 293T cells were either infected
with rSV5 or transfected with the indicated plasmids. At 24 h p.i. or
p.t., cells were radiolabeled for 16 h with [35S]Promix, followed by
collection of both cells and culture media. Culture media was clarified
by low-speed centrifugation, centrifuged through 35% sucrose cush-
ions, and separated on sucrose flotation gradients into two equal frac-
tions. The bottom fraction was discarded and proteins in the top
(floated) fraction were analyzed by immunoprecipitation. Cells were
disrupted by Dounce homogenization and centrifuged at low speed to
remove nuclei and debris. SV5 proteins were immunoprecipitated
from samples as described in Materials and Methods, and polypeptides
were analyzed by SDS-PAGE on 10% gels. (B) Budding efficiency was
quantified as the fraction of SV5 M protein detected in the media
compared with the total SV5 M protein in the media plus the cell
lysate. Values represent averages from three experiments, and the
standard deviations are indicated.
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ded from transfected cells compared to SV5 virions were found
to be very similar, with the M:HN ratio in particles released
from transfected cells averaging 1.6:1 compared to 1.7:1 for
virions in three different experiments. However, the relative
abundances of M and NP proteins were found to be substan-
tially different. The M:NP ratio in particles released upon
transfection averaged 2.2:1 compared to 6.3:1 for virions, a
difference of �3-fold. These numbers do not represent true
polypeptide compositions, since they are based on immuno-
precipitation of viral proteins, and while they do take into
consideration different methionine and cysteine contents for
the different proteins, they do not take into account differences
in antibody affinities. However, from this analysis it does ap-
pear that particles budded from transfected cells differ from
virions in that they contain substantially more NP protein rel-
ative to other viral proteins.

HN and F glycoproteins are interchangeable for budding of
particles. The HN glycoprotein is a type II membrane protein
with a cytoplasmic tail that is 17 amino acids long, whereas the
F glycoprotein is a type I membrane protein with a cytoplasmic
tail that is 20 amino acids long. To test whether F protein, like
HN protein, could function to direct budding, F protein was
coexpressed in cells together with other viral components. In
agreement with above data (Fig. 2), essentially no budding was
detected when M and NP proteins were coexpressed in the
absence of a glycoprotein, but with the inclusion of HN protein
budding became efficient (Fig. 3). When F protein was coex-
pressed with the M and NP proteins (but without HN protein)
budding was even more efficient: the fraction of M protein

detected in the medium was ca. 1.4-fold higher than when HN
protein was expressed. When both F and HN proteins were
coexpressed with M and NP proteins, no further increase in
budding was observed. These data indicate that the two SV5
glycoproteins likely contain separate and redundant elements
necessary for efficient budding.

Only specific glycoproteins can function for budding of SV5
particles. Since either of the two SV5 glycoproteins can func-
tion for budding, we investigated whether there was any spec-
ificity in the requirement for a glycoprotein by attempting to
generate particles with glycoproteins from two other negative-
strand RNA viruses distantly related to SV5: influenza A virus
and VSV. Previous studies on the formation of influenza A
VLPs have shown that, while glycoproteins are not required for
budding driven by the influenza virus M protein, the glyco-
proteins hemagglutinin (HA) and neuraminidase (NA) are
incorporated into these particles when the M protein and gly-
coproteins were coexpressed (13, 22). To determine whether
an influenza glycoprotein could function for budding of SV5
particles, the influenza virus HA glycoprotein was coexpressed
with the SV5 M and NP proteins. Budding of particles in this
case was found to be very poor, similar to the level of budding
observed when M and NP proteins were expressed without
glycoprotein (Fig. 4). Thus, whereas SV5 glycoproteins can
function together with SV5 M and NP proteins to bud parti-
cles, and influenza virus HA protein can function together with
influenza virus M protein to form particles, influenza virus HA
protein cannot function in conjunction with SV5 M and NP
proteins to bud particles, indicating that some specificity exists

FIG. 3. SV5 F protein can replace HN for budding of particles. 293T cells were either infected with rSV5 or transfected with plasmids as
indicated. Plasmid quantities are indicated in Materials and Methods, except that increasing HN and F plasmid amounts represent 1.0, 1.5, and
2.0 �g of plasmid DNA. Budding assays were carried out as described in the legend to Fig. 2. Budding efficiency was calculated as the fraction of
total SV5 M protein detected in the culture media.

3956 SCHMITT ET AL. J. VIROL.



in the requirement for a glycoprotein in the budding of SV5
particles.

It has been found previously that expression of the VSV G
glycoprotein at high levels can lead to blebbing (vesiculation)
of the plasma membrane and secretion of G from cells (38)
and, as shown in Fig. 4, efficient budding of G-containing
particles occurred on expression of G in cells. To investigate
whether coexpression of G in conjunction with SV5 proteins
would result in efficient incorporation of SV5 proteins into
these particles, G was coexpressed with the SV5 M and NP
proteins. As shown in Fig. 4, particles containing G were re-
leased from cells, but incorporation of SV5 proteins into these
particles was inefficient compared to incorporation of VSV G,
suggesting that SV5 proteins could not function together with
VSV G for budding of particles containing high levels of both
VSV and SV5 proteins.

Particles released from transfected cells are morphologi-
cally similar to authentic SV5 virions. SV5 grown in tissue
culture cells forms particles that have roughly spherical mor-
phology and an average diameter of ca. 150 nm. The lipid
envelope contains viral glycoproteins that form projections
visible by electron microscopy as spikes (see Fig. 5A). To
determine whether particles released from cells expressing M,
NP, and HN (or F) proteins were similar in size and morphol-
ogy to SV5 virions, concentrated medium fractions from trans-
fected cells were examined by negative staining and electron
microscopy. VLPs resembling typical paramyxovirus particles
were found released from cells transfected with either

M�NP�HN (Fig. 5B to D) or M�NP�F (Fig. 5E and F). The
VLPs varied in size: many had diameters of between 100 and
200 nm, which is typical of SV5 virions, while others, such as
the one shown in Fig. 5D, had diameters of between 50 and 100
nm and thus were smaller than typical virions. No overall
differences in size were noted between VLPs made from HN-
and F-protein-expressing cells. Spikes were clearly visible on
the surfaces of the VLPs, and spike morphology was similar
between VLPs and SV5 virions.

NP protein expressed in cells forms assembled nucleocapsid
structures. Examination of the VLPs by electron microscopy
also indicated the presence of tubular structures which had a
herringbone morphology characteristic of paramyxovirus nu-
cleocapsid structures (Fig. 5D, arrowheads). Similar structures
are frequently observed in purified virion preparations, pre-
sumably as a result of broken particles and the release of
nucleocapsid structures. The structures observed from VLP
preparations measured 15 to 20 nm in diameter, similar to the
SV5 RNPs, but were much shorter and more variable in length
than authentic RNPs which encapsidate the 15,246-nucleotide
RNA genome of SV5. It has been found for several other
paramyxoviruses that the NP protein expressed by itself in cells
encapsidates nonspecifically cellular RNA and forms struc-
tures similar in morphology to viral RNPs (2, 5, 7, 8, 28, 42).

To investigate whether the nucleocapsid structures found on
transient expression of SV5 NP protein were important for
VLP budding, NP protein was expressed in cells and lysates
were fractionated on a CsCl density gradient, which separates

FIG. 4. Influenza A virus HA and VSV G proteins cannot replace SV5 glycoproteins for budding of particles. 293T cells were transfected with
the indicated plasmids as described in Materials and Methods. Lanes designated M�NP�HA differ in the amount of influenza A virus HA
plasmid: 1.5 �g (left) or 3.0 �g (right). Lanes designated M�NP�G differ in the amount of VSV G plasmid: 0.375 �g (left) or 0.75 �g (right).
Budding assays were carried out as described in the legend to Fig. 2.
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free NP protein from assembled nucleocapsid structures (2).
Immunoprecipitation of NP protein from gradient fractions
showed that nearly all of the NP protein had assembled into
dense structures that sedimented toward the bottom of the
gradient (Fig. 6B), and electron microscopy of these fractions
revealed the presence of structures having the same herring-
bone morphology as had been observed in preparations of
purified VLPs (Fig. 6A). These nucleocapsid-like structures
varied in length from those of the single “washer” form to
strands longer than 100 nm, observations consistent with pre-
vious studies on nonspecific assembly of paramyxovirus NP
proteins with cellular RNA (7, 42). SV5 M protein, in contrast
to NP protein, would not be expected to form this type of
dense structure, and M protein did not sediment through a
similar CsCl gradient when expressed alone (Fig. 6C). Further-
more, when M, NP, and HN proteins were coexpressed by
using the same conditions known to generate VLPs, virtually
all of the intracellular NP protein formed dense structures that
sedimented through the CsCl gradient, whereas HN and M
protein did not form such structures and remained at the top
of the gradient (Fig. 6D). VLPs would not be expected to
contribute significantly to the protein observed in Fig. 6D be-
cause VLPs bud from the cell, whereas the proteins examined
are intracellular. Therefore, it is likely that assembled nucleo-
capsids contribute to the budding of VLPs, as under the con-
ditions used to generate VLPs, very little of the NP protein in
the cell remained unassembled.

Truncation of the HN cytoplasmic tail prevents efficient
budding of both recombinant viruses and VLPs. Previous stud-
ies have shown that SV5 budding requires the cytoplasmic tail
of the HN glycoprotein: recombinant viruses with truncated

HN cytoplasmic tails were found to be defective for the release
of progeny virus particles (39). These findings made it possible
to test whether the same factors that influenced the budding of
virions from infected cells would also influence the budding of
VLPs. Cells were transfected with M protein, NP protein, and
either wild-type (wt) HN protein, cytoplasmic tail truncated
HN�2-9 protein, or cytoplasmic tail truncated HN�2-13 pro-
tein. In parallel, cells were infected with either wt SV5 or
recombinant SV5 harboring the HN�2-9 mutation. Previous
work has shown that these alterations to the HN cytoplasmic
tail do not substantially affect cell surface transport, endogly-
cosidase H cleavage kinetics, or the neuraminidase activities of
the proteins (39). As found previously, rSV5 HN�2-9 was
defective for budding: the fraction of M released into virus
particles was fourfold less than for wt SV5 (Fig. 7A). In the
VLP assay, replacement of wt HN with HN�2-9 led to a sixfold
reduction in the fraction of M released into VLPs, and further
truncation of the HN cytoplasmic tail (HN�2-13) led to even
poorer VLP budding (Fig. 7B). Thus, the data from experi-
ments with both recombinant viruses and VLPs are in agree-
ment and indicate that truncation of the cytoplasmic tail of HN
is detrimental to budding.

Truncation of the F cytoplasmic tail prevents efficient bud-
ding of VLPs. We next tested whether the cytoplasmic tail of F
protein was important for the budding of VLPs. Cells were
transfected with M protein, NP protein, and either wt F pro-
tein or cytoplasmic-tail-truncated F�16 protein, in which the
16 C-terminal amino acids of the F protein have been re-
moved. F�16 protein is expressed at the cell surface, and its
transport rate to the trans Golgi network is similar to that of wt
F protein (David. L. Waning, Anthony P. Schmitt, and Robert

FIG. 5. Particles released into the media upon coexpression of SV5 proteins resemble authentic SV5 virions. (A) MDBK cells were infected
with rSV5, and virions were purified on sucrose gradients as described in Materials and Methods. (B to F) 293T cells were cotransfected with
plasmids encoding the SV5 M, NP, and HN proteins (B to D) or M, NP, and F proteins (E and F). VLPs were pelleted from the culture media
through 35% sucrose cushions. Virions and VLPs were adsorbed onto carbon-coated grids, negatively stained, and visualized by electron
microscopy. Arrowheads indicate nucleocapsid-like structures that were occasionally observed in VLP preparations.
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A. Lamb, unpublished data). For VLP formation, expression
of F�16 protein in place of wt F protein led to a fourfold
reduction in the fraction of M protein released into VLPs (Fig.
8). Thus, truncation of the F cytoplasmic tail, similar to the
effect of truncation of the HN cytoplasmic tail, prevented the
protein from directing efficient budding of VLPs.

Presence of cytoplasmic tail-truncated HN prevents F from
directing efficient VLP budding. Either HN or F protein could
function for VLP budding (Fig. 3), suggesting redundant roles
for HN and F glycoprotein cytoplasmic tails in the budding of
SV5. However, recombinant virus rSV5 HN�2-9, which has a
truncated HN cytoplasmic tail but a normal F protein, budded
poorly (Fig. 7A). Thus, we sought to investigate the conun-
drum of why the wt F protein expressed by rSV5 HN�2-9 did

not direct normal budding, as it does for VLP budding when
HN is not expressed. Therefore, VLP experiments were per-
formed in which mutant HN�2-9 was coexpressed along with
wt F protein, mimicking glycoprotein expression found in cells
infected by mutant virus rSV5 HN�2-9. As shown in Fig. 9, it
was found that VLP budding was greatly inhibited when these
two glycoproteins were coexpressed together with M and NP,
to a level similar to the level of VLP budding found on
expression of M and NP protein together with the two mu-
tant glycoproteins HN�2-9 and F�16. Thus, while budding
occurred efficiently in the presence of F protein without HN,
budding was poor in the presence of F protein together with
mutant HN�2-9, indicating that this mutant protein had a
negative effect on budding. When the converse experiment

FIG. 6. SV5 NP protein expressed in cells assembles into nucleocapsid-like structures. (A) 293T cells were transfected with a plasmid encoding
SV5 NP protein. At 40 h p.t., cells were disrupted by Dounce homogenization and centrifuged at low speed to remove nuclei and debris. The cell
extract was layered onto a CsCl step gradient and fractionated as described in Materials and Methods. Structures from the bottom fraction were
adsorbed onto carbon-coated grids, negatively stained, and visualized by electron microscopy. (B to D) 293T cells were transfected with plasmids
encoding SV5 NP (B) or SV5 M (C) protein or cotransfected with plasmids encoding SV5 M, NP, and HN proteins (D). At 24 h p.t., cells were
radiolabeled for 8 h with [35S]Promix, followed by Dounce homogenization of cells. Cell extracts were layered onto CsCl step gradients and
centrifuged at 165,000 � g for 16 h, and gradients were divided into six equal fractions. SV5 proteins were immunoprecipitated from gradient
fractions as described in Materials and Methods, and polypeptides were analyzed by SDS-PAGE on 10% gels.
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was performed and wt HN protein was coexpressed with
mutant F�16, budding was found to be very efficient and
reached nearly the same level as when wt HN and wt F
proteins were coexpressed (Fig. 9). In this case, budding was
presumably directed by the wt HN protein, since F�16 itself
failed to direct efficient budding of VLPs (Fig. 8). However,
while F�16 was not functional for budding, neither was it
inhibitory, since its presence did not affect the ability of HN
to induce VLP budding. Thus, while both HN and F de-
pended on the presence of cytoplasmic tails to function for

budding of VLPs, only HN was inhibitory toward budding
when its cytoplasmic tail was removed.

Truncation of the HN cytoplasmic tail affects an early step
in the budding process. To examine further the budding defect
caused by expression of mutant HN protein, cells infected with
wt SV5 or budding-defective rSV5 HN�2-9 were examined by
confocal microscopy. If budding of rSV5 HN�2-9 is inhibited
at an early stage, such as targeting of viral components to the
plasma membrane and assembly into concentrated budding
patches, then it could be anticipated that viral proteins would

FIG. 7. Truncation of the HN cytoplasmic tail results in defective budding of both recombinant viruses and VLPs. 293T cells were either
infected with the indicated viruses (A) or transfected with the indicated plasmids (B). Budding assays were carried out as described in the legend
to Fig. 2. Budding efficiency was calculated as the fraction of total SV5 M protein detected in the culture media.
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appear to be mislocalized in infected cells. In contrast, if the
block in virus budding of rSV5 HN�2-9 is at a late stage, such
as bending of the plasma membrane and membrane fission to
release particles, then it could be anticipated that targeting of
viral proteins to budding sites on the plasma membranes of
infected cells would still occur. Although we have reported
previously a related experiment (39), it was not definitive since
dual labeling was not used. Analysis of infected cells by dual
labeling and confocal microscopy (Fig. 10) showed clear mis-
localization of both HN and M proteins in cells infected with
the budding-defective virus rSV5 HN�2-9 compared to wt
SV5. In wt SV5-infected cells, surface staining of HN protein
as well as intracellular staining of M protein revealed the
organization of these two proteins into brightly stained
patches, and dual labeling showed that both proteins were
contained within the same patches. This staining pattern,
which was not observed upon transfection of cells with either
HN or M protein (not shown), is consistent with the idea that
viral proteins concentrate at specific sites on the plasma mem-
brane from which virus subsequently buds. In cells infected
with rSV5 HN�2-9, HN and M proteins were clearly mislocal-
ized and the organized staining pattern seen for wt SV5 was
lost (Fig. 10). HN�2-9 protein was distributed uniformly across
the cell surface, and M protein was found randomly dispersed
throughout the cytoplasm of the cell. These results demon-
strate an early defect in SV5 assembly upon truncation of the
HN cytoplasmic tail and suggest that in the absence of pre-
sumed interactions between the glycoprotein cytoplasmic tails
and M protein, organization and concentration of viral com-
ponents into budding sites on the plasma membranes of in-
fected cells cannot occur.

DISCUSSION

VLP systems have proven to be useful tools for the study of
virus budding. Retrovirus budding assays, for example, have
played a key role in defining budding domains within Gag, and

FIG. 8. Truncation of the F cytoplasmic tail results in defective
budding of VLPs. 293T cells were transfected with the indicated plas-
mids. Plasmid quantities are indicated in Materials and Methods, ex-
cept that increasing F and F�16 plasmid amounts represent 1.0, 1.5,
and 2.0 �g of plasmid DNA. Budding assays were carried out as
described in the legend to Fig. 2. Budding efficiency was calculated as
the fraction of total SV5 M protein detected in the culture media.

FIG. 9. The presence of a truncated HN cytoplasmic tail prevents F
protein from directing efficient VLP budding. 293T cells were trans-
fected with the indicated plasmids. Budding assays were carried out as
described in the legend to Fig. 2. Budding efficiency was calculated as
the fraction of total SV5 M protein detected in the culture media.
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further study of these domains, e.g., the retroviral L domain,
have provided important insights into how viruses may exploit
cellular pathways to mediate their own exit from cells (1, 12,
35, 36, 48).

We have established here a system for generating SV5 VLPs
from cells transfected with cDNAs. Unlike previous studies of
VLP budding with other negative-strand RNA viruses such as
VSV and Ebola virus in which efficient budding was observed
upon expression of viral M proteins alone (15, 16, 21, 23, 47),
we found a requirement for coexpression of multiple SV5
proteins in order to achieve efficient budding of particles. It is

unclear at this point whether this functional difference between
viral M proteins is related to the observation that some M
proteins (such as VSV M and Ebola VP-40) contain L domain
sequences identical to those found in many retroviral Gag
polyproteins, whereas other M proteins (such as SV5 M) do
not contain any of the known retroviral L domain sequences. It
is also unclear whether VLP budding directed solely by influ-
enza A virus M protein or hPIV-1 M protein occurs with an
efficiency that is comparable to a virus infection. It is possible
that coexpression of multiple viral proteins in these systems
could improve budding efficiency, since the combination of

FIG. 10. Recombinant SV5 with truncated HN cytoplasmic tail is defective at an early step in budding. CV-1 cells grown on glass coverslips
were infected for 16 h, fixed with formaldehyde, and bound with the HN-specific MAb HN1b (IgG2a isotype), followed by an IgG2a-specific
R-phycoerythrin-conjugated secondary antibody. Cells were then fixed a second time, permeabilized with 0.1% saponin, and bound with the
M-specific MAb M-h (IgG3 isotype), followed by an IgG3-specific fluorescein isothiocyanate-conjugated secondary antibody. Fluorescence was
examined with a Zeiss LSM 410 confocal microscope. (A) Mock-infected control cells treated as described above; (B) rSV5-infected cells bound
with HN1b, followed by the IgG3-specific fluorescein isothiocyanate conjugate; (C) rSV5-infected cells permeabilized and bound with M-h,
followed by the IgG2a-specific R-phycoerythrin conjugate.
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proteins that proved effective for SV5 VLP budding (M pro-
tein, NP protein, and a viral glycoprotein) was not reported as
having been tried in these studies of VLP budding. In our case,
budding was found to be remarkably efficient when all of these
components were included, with budding efficiency from trans-
fected cells differing by �2-fold from that found for SV5-
infected cells.

Efficient budding of SV5 VLPs required expression of NP
protein. Paramyxovirus NP proteins have been found previ-
ously to assemble into nucleocapsid-like structures when syn-
thesized in either mammalian cells or in insect cells as a result
of uncontrolled encapsidation of cellular RNA (2, 5, 7, 8, 28,
42). We observed similar assembly of SV5 NP protein into
nucleocapsid-like structures both when NP protein was ex-
pressed alone and when NP protein was coexpressed with
other SV5 proteins. Furthermore, the efficiency of NP protein
assembly into nucleocapsid-like structures was very high, such
that very little NP protein in the transfected cells remained
unassembled. This suggests that the requirement for NP pro-
tein for VLP budding might be due to a dependence of bud-
ding on assembled nucleocapsid structures. It is conceivable
that such a requirement could favor the production of genome-
containing particles over empty particles in a virus infection.
Of course, to obtain infectious virions from virus-infected cells,
packaging of encapsidated viral genomes occurs and packaging
of cellular RNAs is largely avoided. It is thought that in virus-
infected cells, uncontrolled encapsidation of cellular RNA
must be inhibited, and that the paramyxovirus P protein may
play a role in this inhibition (2, 6, 7). This could result in a
situation where there is no requirement to discriminate be-
tween encapsidated cellular and viral RNAs at budding sites,
because virtually all encapsidated products in the infected cell
would contain viral RNA. On the other hand, it is possible that
inhibition of nonspecific encapsidation in virus-infected cells is
incomplete, and therefore active selection of encapsidated vi-
ral RNAs at budding sites would be important to maximize the
yield of infectious particles. It may in the future be possible to
extend the VLP system to include both P protein and
paramyxovirus minigenome RNA expression to study further
this possibility.

The SV5 VLPs were found to differ from virions in terms of
NP protein content. The ratio of NP protein to M protein was
�3-fold higher in VLPs formed on M�NP�HN coexpression
than the ratio found in SV5 virions. Although it cannot be
ruled out that the extra NP protein was released into the
culture media independently of VLPs and not contained in the
VLPs themselves, this seems unlikely given that the VLP iso-
lation procedure included fractionation on a sucrose flotation
gradient. Thus, while assembled nucleocapsid-like structures
could have been released into the culture media from dead or
damaged cells and would have copelleted with VLPs through a
35% sucrose cushion, they should not have been able to float
with VLPs on a sucrose gradient unless they were associated
with membranes. For this reason, we favor the possibility that
the VLPs are packed with nonspecifically encapsidated cellular
RNA even more densely than virions are packed with encap-
sidated viral RNA.

A role for glycoprotein cytoplasmic tails in the budding of
negative-strand RNA viruses has been previously established,
since a variety of recombinant viruses containing altered gly-

coprotein cytoplasmic tails have been found to bud poorly (10,
20, 26, 39, 40). Here, we show a role for glycoprotein cytoplas-
mic tails in the budding of paramyxovirus VLPs. Furthermore,
we show that the same alterations to the SV5 HN cytoplasmic
tail that lead to inefficient budding of a recombinant virus also
lead to poor budding of VLPs. This suggests that the VLP
system could be used to discriminate between viral proteins
that are budding competent and budding defective and should
allow future dissection of viral proteins to identify critical bud-
ding domains, similar to the approaches taken with retroviral
Gag proteins to define M, I, and L budding domains.

The two SV5 glycoproteins, HN and F, were found to be
interchangeable for VLP budding. This suggests that the as-
sembly function performed by SV5 glycoproteins is highly im-
portant and that there is redundancy in the information
needed for assembly. Such redundancy has a precedent with
another negative-strand RNA virus, influenza A virus. Here,
the cytoplasmic tails of the two glycoproteins, HA and NA,
function to control not only budding efficiency but also particle
size and shape. Removal of either cytoplasmic tail by itself in
a recombinant virus resulted in only mild or moderate defects
in virus budding and particle morphology. However, a virus
lacking both glycoprotein cytoplasmic tails was found to bud
very poorly, and particles were grossly deformed (19, 20, 29,
52). Thus, redundant assembly functions among multiple gly-
coprotein cytoplasmic tails may be beneficial to a wide variety
of enveloped viruses.

Deletion of the HN cytoplasmic tail was found to be inhib-
itory toward budding. VLP budding was poor in the presence
of both HN�2-9 and F proteins but was efficient in the pres-
ence of F protein alone. This observation is in agreement with
the phenotype of recombinant virus rSV5 HN�2-9, which buds
poorly despite coding for a wt F protein. Inhibition of budding
appeared to be at an early step, based on examination of
virus-infected cells by confocal microscopy, which showed mis-
localization of HN and M proteins in mutant virus-infected
cells. The fact that M protein was mislocalized in these cells
may explain partly the negative effect on budding, since the
presence of wt F protein in this case would not necessarily be
expected to overcome mislocalization of M protein away from
budding sites. One hypothesis is that M protein, once bound to
the plasma membrane, assembles into budding sites partly as a
result of interactions with glycoprotein cytoplasmic tails. Re-
moval of the HN cytoplasmic tail may result in mislocalization
of the glycoproteins and prevent M protein from organizing
into appropriate sites at the plasma membrane.
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