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Paramyxoviruses, such as Newcastle disease virus (NDV), assemble in and bud from plasma membranes of
infected cells. To explore the role of each of the NDV structural proteins in virion assembly and release,
virus-like particles (VLPs) released from avian cells expressing all possible combinations of the nucleoprotein
(NP), membrane or matrix protein (M), an uncleaved fusion protein (F-K115Q), and hemagglutinin-neura-
minidase (HN) protein were characterized for densities, protein content, and efficiencies of release. Coexpres-
sion of all four proteins resulted in the release of VLPs with densities and efficiencies of release (1.18 to 1.16
g/em® and 83.8% =+ 1.1%, respectively) similar to those of authentic virions. Expression of M protein alone, but
not NP, F-K115Q, or HN protein individually, resulted in efficient VLP release, and expression of all different
combinations of proteins in the absence of M protein did not result in particle release. Expression of any
combination of proteins that included M protein yielded VLPs, although with different densities and efficiencies
of release. To address the roles of NP, F, and HN proteins in VLP assembly, the interactions of proteins in
VLPs formed with different combinations of viral proteins were characterized by coimmunoprecipitation. The
colocalization of M protein with cell surface F and HN proteins in cells expressing all combinations of viral
proteins was characterized. Taken together, the results show that M protein is necessary and sufficient for NDV
budding. Furthermore, they suggest that M-HN and M-NP interactions are responsible for incorporation of
HN and NP proteins into VLPs and that F protein is incorporated indirectly due to interactions with NP and

HN protein.

Paramyxoviruses, such as Newcastle disease virus (NDV),
assemble progeny virions at infected cell plasma membranes
and release these particles by budding from cell surfaces (20,
43). Paramyxovirus assembly requires the packaging of
genomic RNA with the nucleoprotein (NP), as well as phos-
phoprotein and large polymerase (20), components of the
polymerase complex. This ribonucleoprotein core is encased in
a host-derived membrane modified by two transmembrane gly-
coproteins, the hemagglutinin-neuraminidase (HN) and fusion
(F) proteins, as well as the matrix or membrane (M) protein,
which is associated with the inner surface of the viral mem-
brane (20, 36). The paramyxovirus protein-protein interactions
required for particle assembly and the viral and cellular pro-
teins necessary for particle release are not well defined.

The matrix-like proteins of many enveloped RNA viruses
play a pivotal role in virus assembly and release (9, 17, 19, 36,
37, 40, 49). These proteins are often sufficient for release of
particles. For example, expression of the retroviral Gag pre-
cursor protein, in the absence of other viral components, re-
sults in the assembly and release of Gag virus-like particles
(VLPs) (5, 6, 12, 31). Matrix proteins from Ebola virus (17, 18,
50), vesicular stomatitis virus (19, 22, 38), and influenza virus
(14), when expressed alone, are released as VLPs. The human
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parainfluenza virus type 1 and the Sendai virus (SV) M pro-
teins expressed alone induced release of VLPs (4, 38, 47, 48).
Expression of M protein was also required for simian virus 5
(SV5) VLP formation (42). However, in contrast to the case
with PIV1 and SV, the SV5 M protein was not sufficient for
VLP release.

Matrix proteins are also often necessary for particle release.
For example, M protein-deficient rabies virus generated
through reverse genetics was severely impaired in virion for-
mation (29). Measles virus (3) and SV (16) modified by reverse
genetics to lack the M protein genes were impaired in budding
and release. Moreover, measles virus containing mutant M
protein derived from subacute sclerosing panencephalitis virus
was also defective in release of particles (34).

The essential role of these matrix proteins in release is due
in part to short motifs, called late domains, in these proteins
that interact with components of the host vacuolar protein
sorting system (2, 17, 25, 31, 35, 40, 45, 49, 51). It is thought
that these proteins hijack the host vacuolar protein sorting
pathway for use in virus budding (10, 24, 31, 44). A late domain
sequence in the SV5 M protein has been defined (41). How-
ever, this sequence cannot be sufficient for SV5 release, since
the M protein of this virus, when expressed alone, does not
direct particle release.

While paramyxovirus M proteins are clearly pivotal in the
release of assembled virus, the interactions between M protein
and other viral proteins required for the assembly of complete
particles are less well defined. Indeed, available information,
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based on properties of VLPs formed after coexpression of
different viral proteins with M protein or on colocalization or
cofractionation of M protein with other viral proteins, have
often led to contradictory conclusions. For example, some re-
ports suggest that M protein binds to F protein, while others
suggest a specific interaction with HN protein or both HN and
F proteins (1, 13, 39). M protein is also proposed to interact
with NP protein in some studies (46).

Thus, general rules for assembly and release of paramyxo-
viruses are not yet clear. Important questions include (i) the
role of each viral protein in virus assembly, (ii) the full
definition of paramyxovirus late domains in viral structural
proteins, and (iii) the cellular factors involved in the bud-
ding process.

Using NDV as a prototype paramyxovirus, we sought to
clarify the role of each paramyxovirus protein in assembly
and release. We combined a definition of the viral protein
requirements for assembly and release of VLPs with a char-
acterization of the protein-protein interactions in VLPs
formed with different combinations of viral proteins. We
also characterized the colocalization of M protein with the
viral glycoproteins in plasma membranes. Our results show
that particle assembly involves a network of specific protein-
protein interactions and likely correct targeting of proteins
to specific cellular domains.

MATERIALS AND METHODS

Cells and viruses. A spontaneously transformed fibroblast cell line derived
from the East Lansing strain (ELL-0) of chicken embryos (UMNSAH/DF-1) was
obtained from the American Type Culture Collection and maintained in Dul-
becco’s modified Eagle medium (DMEM) supplemented with penicillin-strep-
tomycin and 10% fetal bovine serum. NDV, strains Australia-Victoria (AV) and
B1, was propagated in embryonated chicken eggs by standard protocols (26).
Strain AV was grown in BCL-3 containment.

Plasmids. NDV cDNA sequences encoding NP, M, HN, and uncleaved F
(F-K115Q) proteins were subcloned into the expression vector pCAGGS (30, 32)
to generate pCAGGS-NP, pCAGGS-M, pCAGGS-HN, and pCAGGS-F-
K115Q, respectively. The F-protein cDNA contained a point mutation in the
cleavage site sequence at residue 115 (K115Q) which eliminated the furin rec-
ognition site (23).

Transfection, infection, and metabolic labeling. Transfections of subconfluent
ELL-0 cells were accomplished using Lipofectamine (Invitrogen) as recom-
mended by the manufacturer. The following amounts of plasmid DNA were used
per 35-mm dish: 1.0 pg pCAGGS-NP, 1.0 ug pCAGGS-M, 0.75 pg pCAGGS-
F-K115Q, and 1.0 pg pCAGGS-HN. These amounts were previously determined
to yield levels of expression similar to those for cells infected with NDV at a
multiplicity of infection of 5. A total of 3.75 pg of plasmid DNA per 35-mm plate
was used in all transfection experiments. When only one, two, or three cDNAs
were used, the total amount of transfected DNA was kept constant by adding
vector pPCAGGS DNA. For each transfection, a mixture of DNA and 5 pl of
Lipofectamine in OptiMEM medium (Gibco/Invitrogen) was incubated at room
temperature for 45 min and then added to cells previously washed with Opti-
MEM. The cells were incubated for 5 h, the Lipofectamine-DNA complexes
were removed, and 2 ml of supplemented DMEM was added. After 36 h, the
medium was replaced with 0.7 ml DMEM without cysteine and methionine and
supplemented with 100 pnCi of a [*S]methionine and [**S]cysteine mixture
(NEG-772 EASYTAG express protein labeling mix, 3°S; Perkin-Elmer Life
Sciences, Inc.). After 4 h of pulse-labeling, one set of transfected plates was lysed,
while in another set the medium was replaced with 1.0 ml of supplemented
DMEM with 0.1 mM cold methionine (Nutritional Biochemicals Corporation).
After 8 h of chase, the medium was collected and the cells were lysed in 0.5 ml
lysis buffer (10 mM NaCl, 1.5 mM MgCl,, 10 mM Tris-HCI, pH 7.4) containing
Triton-DOC (1% Triton X-100, 1% sodium deoxycholate) and 1.25 mg N-
ethylmaleimide. Cells were harvested with a cell scraper and homogenized by
passing through a 26-gauge needle 10 to 15 times.

ELL-0 cells were infected at a multiplicity of infection of 5 PFU for 5 h,
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labeled with a [>*S]methionine and [**S]cysteine mixture for 30 min, and chased
in nonradioactive medium for 8 h as described above. The cell supernatant was
harvested and virions purified as described below. Cells were lysed and homog-
enized as described above.

Virus and VLP purification. VLPs as well as virions were purified from cell
supernatants in protocols previously developed for virus purification (21). The
cell supernatants were clarified by centrifugation at 5,000 rpm for 5 min at 4°C,
overlaid on top of a step gradient consisting of 3.5 ml 20% and 0.5 ml 65%
sucrose solutions (g/ml) in TNE buffer (25 mM Tris-HCI, pH 7.4, 150 mM NaCl,
5 mM EDTA), and centrifuged at 40,000 rpm for 12 h at 4°C using an SW50.1
rotor (Beckman). The interface (containing concentrated particles) was collected
in a 0.5-ml volume, mixed with 2.0 ml of 80% sucrose, and overlaid on top of a
1.0-ml 80%-sucrose cushion. Additional layers of sucrose (1.0 ml of 50% and 0.5
ml of 10% sucrose) were layered on top of the sample. The gradient was
centrifuged at 38,000 rpm for 20 h at 4°C. The gradient was collected from the
bottom into one 1-ml fraction and eight 0.5-ml fractions using a polystaltic pump.
Densities of each fraction were determined using a refractometer. Particles
derived from expression of all combinations of proteins were prepared in a single
experiment, thus enabling direct comparison of results. The experiment was
repeated three times.

Antibodies. Antiserum used to precipitate NP (anti-NDV) was rabbit poly-
clonal antibody raised against UV-inactivated NDV by standard protocols. Anti-
NDV also contained antibodies specific for HN, F, and M proteins. Antisera
used to precipitate F protein were raised against glutathione S-transferase fusion
proteins that contained the amino acid sequence 130 to 173 (anti-HR1) (27), 470
to 500 (anti-HR2) (7), or 96 to 117 (anti-F,-96). Antiserum used to precipitate
HN protein was raised against HN protein sequences from amino acid 96 to 117
(anti-A) (28). Antiserum used to precipitate M protein was a mouse monoclonal
antibody raised against purified M protein (8).

Immunoprecipitation and polyacrylamide gel electrophoresis. Immunopre-
cipitation was accomplished by combining one volume of cell lysate or sucrose
gradient fraction with two volumes of TNE buffer with 1% Triton X-100. Sam-
ples were incubated with specific antibodies for 16 h at 4°C. Immune complexes
were adsorbed to protein A (Pansorbin Cells; CALBIOCHEM) for 2 h at 4°C,
pelleted, and then washed three times in immunoprecipitation wash buffer (phos-
phate-buffered saline containing 0.5% Tween 20 and 0.4% sodium dodecyl sul-
fate (SDS). Immune complexes were resuspended in SDS-polyacrylamide gel
electrophoresis sample buffer (125 mM Tris-HCI [pH 6.8], 2% SDS, 10% glyc-
erol, 0.4% bromphenol blue) with 1 M B-mercaptoethanol and boiled. Proteins
were separated on an 8% polyacrylamide-SDS gel and subjected to autoradiog-
raphy. Quantification of resulting autoradiographs was accomplished using a
Fluor-S Multilmager (Bio-Rad).

Coimmunoprecipitation. Purified VLPs were incubated in ice-cold TNE buffer
(25 mM Tris HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA) containing 1% Triton
X-100-2.5 mg/ml N-ethylmaleimide for 15 min. Excess primary antibody was
added, and VLPs were incubated at 4°C overnight. Pansorbin cells, blocked
overnight in TNE buffer containing 1% Triton X-100 and 5 mg bovine serum
albumin and then prewashed in TNE containing 1% Triton X-100 and 1 mg/ml
bovine serum albumin, were added in excess as determined in preliminary ex-
periments, and incubation was continued at 4°C with constant mixing for at least
2 h. Immune complexes were collected by centrifugation (10,000 rpm for 30 s in
a microcentrifuge) and washed three times in ice-cold TNE containing 0.5%
Triton X-100. The pelleted complexes were resuspended in gel sample buffer.

Protease protection assay. Protease digestion of M protein from avian cell
extracts and VLPs was accomplished by adding 0.25, 0.5, 1, 5, 10, or 20 pg of
proteinase K per ml of sample and incubating for 30 min on ice. In parallel, VLPs
were also brought to a final concentration of 0.5% with respect to Triton X-100
prior to incubation with proteinase K. After digestion, phenylmethylsulfonyl
fluoride (0.1 M) was added. For subsequent immunoprecipitation, the reaction
mixtures were brought to a final concentration of 1% with respect to Triton
X-100 and 0.5% with respect to sodium deoxycholate.

Immunofluorescence microscopy. Avian cells, grown in a 35-mm dish contain-
ing glass coverslips, were transfected with different combinations of NDV
cDNAs as described above. After 40 h, nuclei were stained with 5 pg/ml 4,6'-
diamidino-2-phenylindole for 30 min at 37°C. Cells were washed twice with
ice-cold immunofluorescence (IF) buffer (phosphate-buffered saline containing
1% bovine serum albumin, 0.02% sodium azide, and 5 mM CaCl,), fixed with 2%
paraformaldehyde, blocked with IF buffer for 2 h, and incubated for 1 h at 4°C
in IF buffer containing polyclonal antibodies against HN and F proteins. Cells
were washed twice with ice-cold IF buffer, permeabilized with 0.05% Triton
X-100, blocked with IF buffer for at least 2 h, and incubated for 1 h at 4°C in IF
buffer containing purified ascites fluids containing anti-M protein monoclonal
antibody. Cells were then washed twice with ice-cold buffer, followed by incu-
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FIG. 1. Coexpression of NP, F, HN, and M proteins resulted in
VLP formation and release. Panel A: avian cells, cotransfected with
pCAGGS-NP, -M, -F-K155Q, and -HN, were radioactively labeled
with [**S]methionine and [**S]cysteine for 4 h (P) and then chased in
nonradioactive medium for 8 h (C). Panel B: avian cells, infected with
NDV, strain AV, at a multiplicity of infection of 5 for 5 h, were
pulse-labeled for 30 min and chased in nonradioactive medium for 8 h.
Radioactively labeled proteins in the extracts were immunoprecipi-
tated with a cocktail of antibodies specific for all viral proteins, and the
precipitated labeled proteins are shown on the left side of each panel.
Particles in cell supernatants were purified as described in Materials
and Methods. After flotation into sucrose gradients (right side of each
panel), each gradient fraction was mixed with TNE containing 1%
Triton X-100 and immunoprecipitated with the antibody cocktail. The
density of each fraction (g/cm?) is shown at the bottom. Panel C shows
the quantitation of efficiency of virion and VLP release as determined
by the amount of M protein in the pulse and chase extracts and is the
result of averaging results from three separate experiments. The stan-
dard deviation is shown. Panel D shows nonimmunoprecipitated ra-
diolabeled particles released from NDV, strain B1, virus-infected avian
cells and cells expressing NP, M, F-K115Q, and HN proteins. Particles
were isolated by concentrating onto the 20% and 65% sucrose inter-
face and then floated into a step gradient. Particles in the gradient
fractions were then pelleted and resuspended in TNE buffer. HN,
hemagglutinin-neuraminidase protein; F,, uncleaved fusion protein;
NP, nucleocapsid protein; F;, cleaved fusion protein; M, membrane or
matrix protein.

bation for 1 h at 4°C in IF buffer containing fluorescein-conjugated goat anti-
rabbit immunoglobulin G (Alexa 488) and rhodamine-conjugated goat anti-
mouse immunoglobulin G (Alexa 568) (Molecular Probes) secondary antibodies.
Cells were washed with ice-cold IF buffer and mounted onto slides using
Vectashield mounting medium (Vector Labs, Inc.) for immunofluorescence mi-
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FIG. 2. M protein is sufficient for particle release. Avian cells were
transfected with pCAGGS-NP, -M, -F-K115Q, and -HN individually.
Panel A shows radioactively labeled proteins in the extracts at time of
pulse (left) or chase (right). Particles in the supernatants of avian cells,
expressing NP, M, F, and HN individually, were concentrated and
floated into sucrose gradients as described in the legend to Fig. 1.
Panel B shows the distribution in the gradients of radioactively labeled
proteins derived from each supernatant. Densities of gradient fractions
are shown at bottom (g/cm?®). Quantification of the amounts of pro-
teins in particles present in all fractions is shown in panel C. The
results of three separate experiments were averaged, and the standard
deviation is shown.

croscopy. Fluorescence images were acquired using a Nikon fluorescence micro-
scope and Openlab software and processed using Adobe Photoshop.

Electron microscopy. Particles were purified as described above except that
after flotation they were concentrated by centrifugation into a pellet (40,000 rpm
for 4 h at 4°C) and resuspended in TNE buffer. Virus and particles were ad-
sorbed to Formvar carbon-coated nickel grids, treated with 2% glutaraldehyde,
negatively stained with 4% uranyl acetate, and examined by transmission elec-
tron microscopy.

RESULTS

Cells expressing NDV NP, M, F-K115Q, and HN proteins
released VLPs. To determine if VLPs could be released from
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FIG. 3. M proteins are encased in membranous particles. Panel A: Avian cells were transfected with pCAGGS-M, and radioactively labeled
VLPs were isolated and purified as described in Materials and Methods. Extract (upper panel) and VLPs, which were concentrated onto a 20%
to 65% sucrose interface (middle panel), were treated with different concentrations (0.25, 0.5, 1, 5, 10, or 20 pg/ml; lanes 2 to 7, respectively) of
proteinase K for 30 min on ice. In parallel, particles were incubated in 1% Triton X-100 prior to proteinase K treatment (bottom panel). After
incubation with protease, reactions were stopped by adding 0.1 mM phenylmethylsulfonyl fluoride. M proteins were immunoprecipitated as
described in Materials and Methods. Panel B: Electron microscopy of particles released from NDV-infected cells (B1), M protein-expressing cells
(M), or cells expressing NP, M, F-K115Q, and HN proteins (VLP). Particles were purified as described in Materials and Methods. Middle and left
panels show two representative particles from each preparation. Right panels show enlargements of the edges of typical particles.

cells coexpressing the major structural proteins of NDV,
radioactively labeled particles released from a chicken fi-
broblast cell line coexpressing NP, M, F, and HN proteins
were purified by sucrose density ultracentrifugation. We
used an uncleaved version of F protein to eliminate any
potential effects of cell-to-cell fusion on particle release.
Cells were cotransfected with plasmids at concentrations of
DNA we previously determined would result in expression
levels and ratios of proteins comparable to those of infected
cells (data not shown). Cells were pulse-labeled with
[**S]methionine and [*°S]cysteine and then chased for 8 h, a
time which we determined in preliminary experiments to
result in maximal particle release (data not shown).
Coexpression of NP, M, F, and HN proteins resulted in the
release of VLPs with a density of 1.18 to 1.16 g/cm?® (Fig. 1A).
Virus particles purified in parallel from NDV (strain AV)-
infected cells had a density of 1.21 to 1.19 g/cm? (Fig. 1B). The
slightly lighter density of VLPs than of authentic virus was
likely due to the absence of the virion RNA within the VLPs.
The efficiencies of VLP and virus release were calculated as the
percentages of M protein remaining in the cell extracts after
the chase relative to the amount of protein in the pulse. By this
criterion, the efficiency of VLP release was 83.8% = 1.1%,
while the efficiency of NDV release was 91% = 1.4% (Fig. 1C).

It is assumed that M protein lost in the chase was incorporated
into VLPs. However, it is possible that the decrease during the
chase may also be due to some degradation, although we have
not seen evidence for degradation of a mutant M protein that
is retained within cells (unpublished data). These results dem-
onstrate that NDV VLPs are efficiently assembled and re-
leased from avian cells expressing the four major structural
proteins.

To determine the purity of released particles, we compared,
without immunoprecipitation, the protein content of radio-
labeled particles released from cells expressing NP, M,
F-K115Q, and HN proteins with that of radiolabeled tissue
culture-grown virus. The NDV Bl strain was used in this ex-
periment for two reasons. First, this strain packages only an
uncleaved F protein like the VLPs. Second, Bl infection re-
sults in less inhibition of host protein synthesis than infection
with the more virulent NDV strain AV (unpublished observa-
tion). Thus, any host proteins that are incorporated into virus
are more likely to be detected in B1 virus. Figure 1D shows
that the profile of proteins present in purified VLPs is similar
to that in virions (compare virus and VLP lanes). This result
showed that particles released from cells expressing the four
major structural proteins are as pure as virions released from
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infected cells. The identity of the major band below NP for
both VLPs and virions is unknown.

M protein was sufficient for release of membranous parti-
cles. To determine the minimum protein requirements for
particle release, we asked if any of the NDV proteins was
individually capable of directing particle release. Cells express-
ing each of the viral proteins individually were radioactively
labeled in a pulse-chase protocol, and particles were isolated as
described above. Figure 2B shows that particles were released
only from cells expressing the M protein. Furthermore, almost
no M protein could be detected in cell extracts after the 8-h
chase (Fig. 2A, right panel), indicating that much of the pulse-
labeled protein was released from cells. By comparing the
levels of M protein in the pulse-labeled extract and the chase
extract, the efficiency of release was calculated to be 90% =
3.0%. In contrast, most of the pulse-labeled NP, F, and HN
proteins remained in extracts after the chase (Fig. 2A). This
result correlated with the lack of significant amounts of parti-
cles detected in the corresponding cell supernatant (Fig. 2B),
although there was a trace of very light-density material re-
leased from HN protein-expressing cells.

Figure 2C shows the quantification of VLPs produced from
cells expressing each protein individually. Interestingly, the
amount of M protein-containing particles from cells expressing
M protein alone was greater than when all four structural
proteins were expressed. However, the M protein-only parti-
cles had a very heterogeneous density, with values ranging
from 1.24 to 1.12 g/cm® (Fig. 2B). These results show that M
protein is sufficient for the release of particles.

The observation that M protein, released from cells, floated
into a sucrose gradient indicates that the protein was associ-
ated with the membrane. To confirm that the M protein-con-
taining particles were membrane-bound particles, these parti-
cles were incubated with protease. In this assay, VLPs and cell
extracts were either left untreated (Fig. 3A, lane 1) or treated
with different concentrations of proteinase K (lanes 2 to 7). As
expected, the M protein in cell extracts was sensitive to low
concentrations of protease (Fig. 3A, extract panel). The lower
band below the M protein is a protease digestion product,
indicating that M protein has a protease-resistant core. How-
ever, M proteins in particles were largely protected from pro-
tease digestion (Fig. 3A, VLP panel). In contrast, disruption of
the particle membrane with detergent resulted in digestion of
the M protein (Fig. 3A, VLP with Triton X-100 panel). Taken
together, these results demonstrated that the M protein parti-
cles are membrane-bound particles.

Particles visualized by electron microscopy. Visualization of
particles released from cells expressing M protein only (Fig.
3B, M panel), as well as from cells expressing all four proteins
(panel B, VLP panel) or purified tissue culture virions (panel
B, Bl panel) was accomplished using electron microscopy.
Particles formed with all four proteins looked very similar to
authentic virus. Both B1 virions and VLPs released (B1 and
VLP panels) from cells expressing all four proteins have mem-
brane structures that were suggestive of spike glycoproteins in
the envelope (see arrows). M protein particles were more
variable in size and had no evidence of glycoprotein spike
structures.

M protein was required for VLP release. Since the M pro-
tein is sufficient for particle release, we next asked whether the
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FIG. 4. M protein is required for particle release. Avian cells were
transfected with all possible combinations of cDNAs in the pCAGGS
vector encoding NP, F, and HN proteins in the absence of M cDNA
(F-K115Q+HN, F-K115Q+NP, HN+NP, NP+F-K115Q+HN). Par-
ticles in cell supernatants were purified as described in the legend to
Fig. 1. Panels show proteins present in each gradient fraction. Radio-
actively labeled infected-cell extract was used as marker. Densities of
fractions are shown at the bottom (g/cm?). The control for this exper-
iment is shown in Fig. 1, panel A.

M protein is required for the release. To answer this question,
cells were transfected with all possible combinations of NP, F,
and HN cDNA:s in the absence of the M gene. Cells expressing
any combination of proteins without M protein did not release
particles (Fig. 4). Furthermore, in the absence of M protein,
NP, F, and HN proteins expressed in pairwise combinations
were retained in cell extracts after the 8-h chase (Fig. 5A, lanes
2, 4, and 5). These results strongly suggest that M protein is
required for particle release.

Minimal amounts of glycoprotein or NP were incorporated
into VLPs after pairwise expression with M protein. To deter-
mine the contribution of NP, F, or HN protein to M protein-
driven particle release, particles released from cells expressing
all possible combinations of two proteins were isolated and
characterized as described above. Pairwise expression of NP, F,
or HN protein with M protein resulted in the release of par-
ticles containing both proteins (Fig. 5B). Intriguingly, however,
particles contained only trace amounts of NP, F, or HN pro-
tein, while M protein was the predominant protein (Fig. 5B).
The distribution of NP, F, or HN protein in the gradients was
identical to that of M protein (Fig. 5B). In addition, the par-
ticle densities were very heterogeneous and were much like
that of M protein-only particles. Surprisingly, the amounts of
M protein-containing particles were decreased upon coexpres-
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FIG. 5. Effect of expressing NP, F, or HN protein with M protein on particle release. Avian cells, transfected with cDNAs encoding F-K115Q
plus M, HN plus M, or NP plus M structural protein genes, as well as all four cDNAs, were labeled by using a pulse-chase protocol as described
in the legend to Fig. 1. Particles present in the supernatants were concentrated and then floated into sucrose gradients as described in Materials
and Methods. Panel A shows labeled proteins in cell extracts at end of pulse (top) or chase (bottom). Panel B shows the proteins present in each
gradient fraction after immunoprecipitation of each fraction with an antibody cocktail. Densities (g/cm?) of the fractions are shown at the bottom.
Panel C shows the quantification of each protein in particles in all fractions. Autoradiographs of gradient fractions from F-K115Q plus NP-,
F-K115Q plus HN-, or HN plus NP-expressing cells did not contain any protein and are shown with gels in Fig. 4. Results are the averages for three

experiments, and the standard deviation is shown.

sion of M protein with particularly NP but also with F or HN
protein (Fig. 5C).

Efficient incorporation of other viral proteins into VLPs
required the expression of M protein and at least two of the
other proteins. To examine the effects of coexpression of three
viral proteins on particle release, cells were transfected with all
possible combinations of three cDNAs (Fig. 6A). In contrast to
the expression of a single glycoprotein with the M protein,
coexpression of both F and HN glycoproteins with M protein
resulted in significantly increased incorporation of both glyco-
proteins into particles (Fig. 6B and C). The F and HN proteins
were detected in the same gradient fractions as M protein.
Furthermore, the densities of the particles were more homog-
enous than those generated from cells expressing M protein
alone (compare Fig. 6B and Fig. 2B) or M protein with a single

glycoprotein. These results indicate that expression of both F
and HN proteins with M protein is necessary for efficient
incorporation of either glycoprotein into particles.
Expression of M protein with NP and either F or HN
protein resulted in increased incorporation of NP and the
glycoprotein into particles (Fig. 6B and C). The distribution
of NP protein-containing particles in the gradient was sim-
ilar to that of particles released from cells expressing all four
structural proteins (Fig. 6B). Importantly, the densities of
these particles were more homogeneous than those of par-
ticles released from cells expressing M protein alone and
were analogous to the density of the authentic virus or
complete VLPs (compare Fig. 6B and Fig. 1B). Overall,
these results indicate that M protein is necessary and suffi-
cient for particle release and that expression of M protein
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FIG. 6. Effect of expressing all combinations of three viral proteins on particle release. Avian cells, transfected with all possible combinations
of three NDV structural protein genes including M cDNA, were labeled in a pulse-chase protocol, and particles in the supernatant were
concentrated and floated into a sucrose gradient as for Fig. 1. The proteins in the cell extracts were immunoprecipitated with the antibody cocktail.
Panel A shows labeled proteins in cell extracts at end of pulse (top) or chase (bottom). Panel B shows the proteins present in each gradient fraction
after immunoprecipitation of each fraction with an antibody cocktail. Densities (g/cm?) of the fractions are shown at the bottom. Panel C shows
quantification of the amounts of each protein in particles in all fractions. Autoradiograph of particles released from NP-, F-, and HN-

protein-expressing cells is shown in Fig. 4.

with at least two other proteins is required for efficient
incorporation of other proteins into particles.

M protein colocalized with viral glycoproteins. To explore
further the role played by each protein in VLP assembly, we
characterized, by immunofluorescence, the plasma membrane
localization of M, F, and HN proteins after their expression
individually or after expression of combinations of NP, M, F,
and HN proteins. Transfected cells were incubated with anti-F
protein or anti-HN protein antibodies prior to cell permeabi-
lization to limit binding of antibodies to cell surface F or HN
proteins. Cells were then permeabilized using 0.05% Triton
X-100 and then incubated with M protein-specific antibody.
Figure 7A shows vector-transfected control cells and cells ex-
pressing individually M, F-K115Q, or HN protein. The

F-K115Q and HN proteins were diffusely distributed on the
surfaces of the cells (F-K115Q and HN panels). M protein
exhibited diffuse cytoplasmic staining as well as punctate struc-
tures of various sizes (Fig. 7A, anti-M and merged images).
Coexpression of either F or HN proteins with M protein (panel
B) had little effect on the distribution of M protein, F protein,
or HN protein (Fig. 7B, anti-M, anti-F, and anti-HN images),
and little to no colocalization of F or HN glycoproteins with M
protein was observed (Fig. 7B, merged image). This finding
correlates with the very low level of incorporation of F or HN
proteins into M protein-containing particles after pairwise co-
expression.

Coexpression of M protein with at least two other proteins
slightly changed the distribution of M protein (Fig. 7C, anti-M
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FIG. 7. Colocalization of M protein with F and HN proteins. The cell surface localization of NDV F and HN proteins and the cellular
localization of M proteins were analyzed by immunofluorescence microscopy. Avian cells were transfected either individually (A) or with F-K115Q
plus M or HN plus M (B), with NP plus M plus F-K115Q, with NP plus M plus HN, with M plus F-K115Q plus HN (C), or with all 4 cDNAs (D).
Nuclei were stained with 4',6’-diamidino-2-phenylindole (blue) 40 h posttransfection. Intact transfected cells were stained with rabbit anti-F
protein antibodies or anti-HN protein antibodies as indicated in the panels. Cells were permeabilized with 0.05% Triton X-100 prior to incubation
with anti-M protein antibody. Secondary antibodies were anti-rabbit Alexa 488 conjugate (green) and anti-mouse Alexa 568 conjugate (red).
Images were taken at magnification X60 and were merged using Adobe Photoshop. Results shown are representative of all cells in the slide.
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images) and F and HN proteins (Fig. 7C, anti-F and anti-HN
images) and increased the colocalization of M protein with
either F or HN protein (Fig. 7C, merged images). This result is
consistent with increased incorporation of HN, F, or NP pro-
tein when two proteins are coexpressed with M protein.

When all four proteins were coexpressed, the distribution of
M protein was changed to more punctuate structures distrib-
uted mostly along the edges of the cells (Fig. 7D, anti-M
images). Importantly, most of the F or HN protein signal
colocalized with the M protein (Fig. 7D, merged images). This
result is consistent with the more ordered assembly of VLPs
when all four proteins are coexpressed.

Altogether, these results suggest that colocalization of viral
proteins is detected with expression of three proteins and is
most dramatic when NP, M, F, and HN proteins are coex-
pressed. These results also suggest that there are specific pro-
tein-protein interactions involved in assembling particles.

There are specific viral protein interactions in VLPs. To
identify the specific protein interactions involved in VLP as-
sembly, radioactively labeled particles formed with different
combinations of proteins were solubilized in 1% Triton X-100,
and proteins present were precipitated, separately, with cock-
tails of monospecific antibodies for M, HN, or F protein. Pro-
teins were also precipitated with a mix of antibodies with spec-
ificities for all proteins in order to precipitate total proteins.
First, each antibody cocktail precipitated all proteins from
VLPs formed with M, HN, F, and NP, although the efficiency
of precipitation for each protein varied with the antibody spec-
ificity (Fig. 8A). These results are consistent with a network of
interactions between all four proteins such that precipitation of
one resulted in the precipitation of the other three proteins.
The results also suggested that proteins indirectly linked to the
precipitated protein were less efficiently precipitated than a
protein directly linked to a precipitated protein. For example,
anti-F protein antibody precipitated NP very efficiently (lane 3)
but M protein very inefficiently (lane 3). This result suggests
that there may be a direct link between F protein and NP but
not F protein and M protein.

The interactions in VLPs were more clearly defined by pre-
cipitation of proteins from particles formed with all combina-
tions of three proteins. When particles released from cells
expressing the M, F-K115Q, and HN proteins were used in a
similar coimmunoprecipitation procedure (Fig. 8B), anti-F
protein precipitated only F protein and traces of HN protein
(Fig. 8B, lane 3). This result indicates that the F protein does
not directly complex with the M protein. Immunoprecipitation
with anti-HN protein antibody precipitated M protein with HN
protein (Fig. 8B, lane 4), and immunoprecipitation with anti-M
protein antibody brought down HN protein with M protein
(Fig. 8B, lane 5). These results strongly suggest that the M
protein interacts with HN protein but not with the F protein.

When particles containing NP, M, and F-K115Q were used
in a similar immunoprecipitation protocol, complexes formed
with anti-F protein antibody contained NP as well as F protein
but not M protein (Fig. 8C, lane 3). Complexes formed with
anti-M protein antibody contained NP as well as M protein but
no F protein (Fig. 8C, lane 4). These observations indicate that
M protein directly interacts with NP and that the F protein
interacts with NP and confirm the lack of F and M protein
interactions. Anti-M protein antibody does not indirectly pre-
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FIG. 8. Coimmunoprecipitation of viral proteins in particles. Ra-
dioactively labeled particles released from cells expressing NP plus M
plus F-K115Q plus HN (A), M plus F-K115Q plus HN (B), NP plus M
plus F-K115Q (C), or NP plus M plus HN (D) were purified into a
20%- to 65%-sucrose interface. Particles were solubilized in TNE
buffer containing 1% Triton X-100 at 4°C for 15 min. Solubilized
particles were then incubated with excess amounts of cocktail of anti-
F-protein antibodies (anti-HR1, anti-HR2, anti-Ftail, anti-F2-96, and
monoclonal anti-F [GS5]), anti-HN protein antibodies (mix of mono-
clonal antibodies), anti-M protein monoclonal antibody, or a cocktail
of NDV-specific antibodies overnight at 4°C. No antibody as well as
preimmune sera were used as negative controls. Immune complexes
were precipitated with prewashed Pansorbin A for at least 2 h at 4°C
with constant mixing. Samples were washed three times in cold TNE
with 0.5% Triton X-100. All steps of coimmunoprecipitation were
accomplished at 4°C. Proteins were resolved by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis as described in Materials and
Methods. Results show one of three independent experiments, all with
identical results.

cipitate detectable amounts of F protein. This result may be
due to inefficient precipitation of NP protein, decreasing the
amounts of F protein precipitated to very low levels. Alterna-
tively, the NP-NP interactions required to precipitate F protein
with anti-M protein antibody may be disrupted by particle lysis.

When particles containing NP, M, and HN were used, com-
plexes formed with anti-HN protein antibody contained NP
and M proteins as well as HN protein (Fig. 8D, lane 3). In
addition, anti-M protein antibody precipitated NP and HN
proteins (Fig. 8D, lane 4). These observations are consistent
with the conclusion that the M protein interacts with both NP
and HN proteins. These results cannot rule out an interaction
between HN protein and NP.

Overall, results of coimmunoprecipitation of proteins in par-
ticles as well as results of cellular colocalization studies provide
a rational basis for the incorporation of viral proteins into
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VLPs and suggest that specific protein interactions are in-
volved in the assembly of an NDV virus-like particle.

DISCUSSION

Paramyxoviruses spread through cell monolayers or through
an organ by two mechanisms, successive rounds of virus infec-
tion and cell-cell fusion. Thus, infected cell surfaces produce
virus particles as well as fusing with adjacent cells. In order to
begin to understand the relationships between these two pro-
cesses in NDV-infected cells, the protein requirements for
assembly and release of virus-like particles were characterized.
Avian cells, expressing the viral NP, M, HN, and F proteins,
released VLPs nearly as efficiently as virus. These released
particles had protein ratios similar to those of infectious virus,
and their densities were homogeneous and only slightly less
than that of authentic virus. The efficiencies of release of VLPs
produced in three other paramyxovirus systems were 10%
(SV), 34% (SVS5), and 70% (SV) (42, 47, 48). All previously
described paramyxovirus systems have utilized human 293T
cells for expression of viral proteins. We have found that NDV
VLP release from avian cells, the natural host cell for NDV,
had an efficiency of nearly 84%, but the efficiency of NDV VLP
release from 293T or COS-7 cells was approximately 50%
(unpublished observations). Therefore, differences between
the efficiencies of VLP formation in the NDV system reported
here and the efficiencies reported for other systems may be due
to a cell type-dependent effect. Thus, NDV VLP assembly in
avian cells represents an ideal system for exploring protein
requirements for assembly and release of virus particles.

Using avian cells, we found that the NDV M protein, and
only M protein, was sufficient for particle release. Expression
of M protein alone resulted in release of M protein-containing
particles with an efficiency comparable to that observed when
all four proteins were expressed, suggesting that no other pro-
tein is required for efficient release. Particles released from
cells expressing NDV M protein alone, however, were very
heterogeneous with respect to density. While the reasons for
this finding are unclear, it is possible that budding of M protein
particles occurred indiscriminately from different cell mem-
branes with differing densities. Alternatively, it is possible that
particles contained different lipid-to-protein ratios due to vari-
able oligomerization of the M protein. M proteins of other
negative-stranded RNA viruses are reported to form oligo-
meric structures (11, 15, 33). Particles formed from monomer
M protein may have a higher lipid-to-protein ratio than parti-
cles formed from M protein in an oligomeric state. While M
proteins of SV and human parainfluenza virus type 1 were also
shown to be sufficient for particle release (4, 47, 48), the SV5
M protein was not sufficient (42).

NDV M protein was also necessary for particle release. In
the absence of M protein expression, no other viral protein or
combination of proteins resulted in significant particle release.
By contrast, previous studies by two different groups reported
that SV F protein exhibited an autonomous exocytosis activity
demonstrated by the release of vesicles containing only the F
protein (47, 48), although the level of release was very low. We
found that cells expressing the NDV F protein alone did not
release F protein-containing material, results similar to those
reported by Schmitt et al. for the SV-5 system (42). We did

FORMATION OF NEWCASTLE DISEASE VIRUS-LIKE PARTICLES

11071

observe a trace amount of very light-density material that con-
tained HN protein when this protein was expressed alone, but
no HN protein was released when it was coexpressed with
combinations of NP and F-K115Q.

Although all studies agreed upon the central role played by
the M protein in virus release, specific interactions of other
viral proteins with M protein required for the assembly of
complete VLPs are still poorly understood. To define these
interactions required for NDV assembly, we used three ap-
proaches. First, we determined the requirements for efficient
incorporation of NP, F, and HN proteins into particles by
expressing all combinations of these proteins with M protein.
Second, the protein interactions in particles formed with all
combinations of three and four proteins were defined by co-
immunoprecipitation. Last, the colocalization of cell surface
HN and F proteins with M protein when expressed in different
combinations with M and NP proteins were characterized.

Pairwise expression of NP, HN, or F protein with M protein
resulted in only trace amounts of NP, HN, or F protein incor-
porated into M-containing particles. In addition, expression of
NP, F, or HN protein with M protein did not change the
heterogeneous density of M protein-containing particles. In
contrast, coexpression of M protein with two other proteins
significantly increased the incorporation of NP, HN, or F pro-
tein into particles. The released particles had more-homoge-
nous density, similar to that of particles containing all four
proteins, a result that suggested that necessary and specific
interactions between the three proteins resulted in both effi-
cient incorporation of NP or glycoproteins and more-ordered
particles. Furthermore, coexpression of two proteins with M
protein also significantly increased the colocalization of M
protein with either HN or F protein in the plasma membrane,
indicating increased interactions with M protein.

To define these protein-protein interactions, particles
formed with different combinations of three and four proteins
were solubilized with nonionic detergent and proteins precip-
itated with cocktails of monospecific antibodies for M, HN, or
F protein. Each antibody cocktail precipitated all proteins
from VLPs formed with M, HN, F, and NP, although the
efficiency of precipitation for each protein varied with the
antibody specificity. These results are consistent with a net-
work of interactions between all four proteins, such that pre-
cipitation of one resulted in the precipitation of the other three
proteins but with efficiencies that varied, determined by how
directly a protein was linked to the precipitated protein.

The protein-protein interactions were more clearly defined
by immunoprecipitation of proteins from particles formed with
all combinations of three proteins. These results show a spe-
cific interaction between HN and M proteins, between NP and
M protein, and between F protein and NP (diagramed in Fig.
9). There is no evidence for a direct interaction between F
protein and M protein. There is likely a weak interaction
between F and HN proteins, since anti-F protein antibodies
precipitated HN protein from particles containing M, HN,
and F proteins. In addition, since there is no interaction
between F and M proteins, incorporation of F protein into
these particles must be accomplished by interactions with
HN protein. Our results cannot rule out an interaction be-
tween HN protein and NP.

Thus, when all four proteins are coexpressed, NP and HN
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FIG. 9. Protein-protein interactions in particles. Inset shows viral
protein-protein interactions detected by coimmunoprecipitation of
proteins in particles. Also shown are interactions proposed to result in
assembly of particles formed by coexpression of all combinations of
NP, F, and HN proteins with M protein.

protein are incorporated into VLPs by a direct interaction with
M protein (Fig. 9). F protein is likely incorporated indirectly
due to interactions with NP and HN protein. An ordered
complex of the four proteins is supported by the dramatic
colocalization of M protein with F protein and M protein with
HN protein in the plasma membrane when all four proteins are
coexpressed.

However, when only F is expressed with M protein, F pro-
tein is likely not significantly incorporated into particles be-
cause there is no direct interaction between the two proteins
(Fig. 9). Supporting this conclusion is the observation that
there was no colocalization of F and M proteins in the plasma
membrane in these cells.

In spite of direct associations of M with NP, there was little
NP protein incorporation into particles when NP and M pro-
teins were coexpressed in the pairwise combination. Previous
reports that show that the M protein of Sendai virus is re-
cruited in the cytoplasm by the viral nucleocapsid (46). Perhaps
NP causes the retargeting of M protein to this compartment.
Indeed, coexpression of M protein with NP resulted in a 2.5-
fold suppression of M protein-containing particle release, a
result also consistent with retention of M protein in cells by NP
protein.

Although precipitations of particles formed with M, HN,
and F protein indicated a direct interaction of HN protein with
M protein, there were only low levels of incorporation of HN
protein into particles when HN and M proteins were coex-
pressed in a pairwise combination. Furthermore, there was
little colocalization of the two proteins in the plasma mem-
brane. Perhaps in the absence of other proteins, HN and M
proteins are never localized in the same regions of the cell,
preventing their association. It is also possible that the confor-
mation of the HN protein transmembrane or cytoplasmic tail
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may be different in the absence of expression of F protein or
NP protein, inhibiting association of HN protein with M pro-
tein. The reason for the 50% reduction of M protein particles
upon coexpression of HN protein with M protein is unclear but
has been previously reported for the Sendai virus system (47).

Particles formed with NP, M, and F proteins are likely due
to interactions between M and NP and interactions between F
and NP (Fig. 9). F protein may relocate NP to the plasma
membrane, drawing M to specific domains containing F pro-
tein. Indeed, addition of NP increases the colocalization of M
protein with F protein in the plasma membrane. Particles
formed with NP, M, and HN proteins likely form due to inter-
actions of both HN protein and NP with M protein (Fig. 9).
Expression of NP with HN and M proteins certainly increases
the colocalization of M and HN proteins in the plasma mem-
brane. Perhaps NP-M protein interactions alter the conforma-
tion of M, facilitating its interaction with HN protein. Indeed,
surface HN protein in the presence of NP appears more punc-
tuate along the cell edges.

The network of interactions proposed here could account
for the conclusions of Schmitt et al. that the cytoplasmic do-
mains (CT) of the HN and F proteins have redundant func-
tions (42). The CT domain of the F protein may target NP-M
complexes to the plasma membrane by interactions with NP
protein, while the HN protein CT domain targets these com-
plexes by virtue of direct interactions with M protein.

The proposed interaction of M protein and NP is supported
by studies of Stricker et al. of Sendai virus (46). Interaction of
HN protein with M protein is consistent with numerous studies
suggesting an interaction of M protein with viral glycoproteins
in paramyxovirus-infected cells or in cells transfected with
paramyxovirus cDNAs (1, 40). Indeed, it has been reported
that the respiratory syncytial virus G protein specifically inter-
acts with M protein (13). However, there are no previous
reports of a direct interaction between F protein and NP. It is
possible that interactions between viral proteins vary within
paramyxoviruses, and the requirements for formation of VLPs
may depend upon the distribution of late domains on the viral
proteins.

The results presented here are consistent with the proposal
that the NDV M protein buds indiscriminately from different
cellular membranes in the absence of other viral proteins.
When both glycoproteins are present in the plasma membrane,
the M protein association with the plasma membrane may
stabilize. NP association with F and M protein may also further
stabilize and organize the network of interactions within the
assembling particle.

In summary, we have established a VLP production system
for NDV. We also showed that the M protein is sufficient and
is required for NDV particle budding. Moreover, there are
specific protein-protein interactions in VLPs involved in the
ordered assembly of particles. Interactions identified between
M and HN or F and NP may play a role in targeting M and NP
into assembly sites in the plasma membrane.
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