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The matrix (M) protein of vesicular stomatitis virus (VSV) has been found to promote assembly and budding
of virions as well as down-regulating of VSV transcription. Large quantities of M protein can be produced in
insect cells infected with recombinant baculovirus expressing the VSV M gene under control of the polyhedrin
promoter. Analysis by pulse-chase experiments and density gradient centrifugation revealed that the
[**SImethionine-labeled M protein synthesized in insect cells is released into the extracellular medium in
association with lipid vesicles (liposomes). Electron microscopy and immunogold labeling showed that M
protein expressed in insect cells induced the formation on plasma membrane of vesicles containing M protein,
which are released from the cell surface in the form of liposomes. The baculovirus vector itself or recombinants
expressing VSV glycoprotein (G) or nucleocapsid (N) protein did not produce the formation of vesicles in
infected cells. The baculovirus-expressed M protein retains biological activity as demonstrated by its capacity
to inhibit transcription when reconstituted with VSV nucleocapsids in vitro. These data suggest that M protein
has the capacity to associate with the plasma membrane of infected cells and, in so doing, causes evagination
of the membrane to form a vesicle which is released from the cell. This observation leads to the postulate, which
requires further proof, that the VSV M protein can induce the formation and budding of liposomes from the

cell membrane surface.

The prototype rhabdovirus, vesicular stomatitis virus
(VSV), contains a membrane-enclosed ribonucleoprotein
(RNP) core with a negative-sense unsegmented RNA ge-
nome that codes for five structural proteins (9, 10, 23). Two
of the five virally coded proteins are membrane associated:
(i) the integral, externally oriented glycoprotein (G) spike is
the ligand that recognizes host-cell receptor and is the major
type-specific antigen which gives rise to and reacts with
neutralizing antibody (12); and (ii) the peripheral matrix (M)
protein lines the inner surface of the virion lipid bilayer in
close association with the RNP core (22). The three other
VSV proteins, comprising the RNP core, are the major
nucleocapsid (N) protein and the minor large (L) protein and
phosphoprotein (P, formerly designated NS) (10, 23), which
collectively serve as the RNA-dependent RNA polymerase
activity (7). Also tightly associated by ionic bonds with the
RNP core is the M protein, which serves to wind up the RNP
core into a tight coil (19). The association of M protein with
RNP cores also results in down-regulation of transcription of
genomic RNA (3).

Another presumed pivotal function of the M protein is in
assembly of the RNP-M complex with the host cell plasma
membrane containing the newly inserted G protein, which
can also be released from the cell surface by proteolysis (4).
The positively charged M protein has been found to interact
with and bind to the head groups of negatively charged
membrane phospholipids, primarily phosphatidylserine (24).
Still another recently described function of the VSV M
protein is its late cytopathic effect, probably due to interac-
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tion with cytoskeleton, resulting in typical rounding of
ordinarily polygonal cells after VSV infection (2). Although
it has long been assumed that VSV M protein is the principal
factor in promoting virion morphogenesis and budding from
the surface membrane (23), no concrete evidence supports
this hypothesis. The experiments reported here were de-
signed to determine whether the M protein alone can induce
budding of lipid vesicles from the cell surface membrane.

In order to express large amounts of the VSV M protein in
SF9 insect cells, the entire M gene sequence was excised
from a previously described plasmid, pYL-OM79 (15), with
BamHI and Kpnl, blunt ended with Klenow polymerase
and phage T4 DNA polymerase, and inserted into the
BamHI site of baculovirus transfer vector pAcYM1 (18)
blunt ended with Klenow polymerase. The resulting plas-
mid, pAcYM1-M, was cotransfected into SF9 cells with
wild-type Autographa californica nuclear polyhedrosis virus
(AcNPYV) viral DNA. A plaque-purified clone of the recom-
binant baculovirus VAcVSV-M was used to express M
protein in infected SF9 cells. The M protein expressed by
VACVSV-M was analyzed at 1, 2, and 3 days after infection
of SF9 cells by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by Coomassie blue
staining and by Western blots (immunoblots) of extracted or
partially purified M protein electroblotted onto nitrocellulose
sheets. Also examined by Western blot analysis was partic-
ulate M protein released into the culture medium of SF9 cells
infected with vAcVSV-M.

Figure 1 shows the time course of M protein synthesis by
VAcVSV-M after SDS-PAGE of infected SF9 cell extracts
determined by Coomassie blue staining (Fig. 1A) or by
immunoblotting with monoclonal antibody 2 (MAb2) di-
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FIG. 1. Electropherograms of daily synthesis of VSV M protein expressed in SF9 cells by recombinant baculovirus vAcVSV-M, detected
by Coomassie blue staining of cell lysates (A), Western blot analysis of cell lysates (Cell [B]), and particles in the culture medium (Medium
[B]). SF9 cells were infected with vAcVSV-M recombinant or a wild-type baculovirus control (Wt) at multiplicities of infection of 5§ PFU per
cell. The whole-cell lysates collected at days 1, 2, and 3 p.i. (lanes 1, 2, and 3, respectively) were analyzed by SDS-12% PAGE and detected
by staining with Coomassie blue (A) (16) or electroblotted onto a nitrocellulose sheet for immunoblotting with MAb2 (directed to M protein
epitope 1) and detected with °I-labeled staphylococcal protein A (Cell [B]) (15). The presence of M protein in the culture medium at days
1, 2, and 3 p.i. of vVAcVSV-M-infected SF9 cells was determined by SDS-PAGE and MAb2 immunoblotting of the pellet after centrifugation
in the SW50.1 rotor at 30,000 rpm for 1 h (Medium [B]). Bio-Rad molecular size markers (mark) in kilodaltons are shown at the left, and the
VSV virion marker M protein (lanes M) is shown at the right. The controls are mock-infected SF9 cells (C) and cells infected with wild-type

baculovirus AcNPV (Wt).

rected to epitope 1 of the M protein (Fig. 1B). As can be seen
in Fig. 1A, vAcVSV-M recombinant baculovirus infection of
SF9 cells expressed large amounts of a stainable protein that
comigrated with virion M protein at ~34 kDa; the amount of
stainable M protein synthesized appeared to be maximal at
day 2 postinfection (p.i.) and diminished by day 3 p.i., at
which time there was a marked decrease in the amount of
SF9 cell protein probably due to cell death (Fig. 1A). No
stainable bands corresponding to those of M protein in
uninfected or wild-type baculovirus-infected SF9 cells were
observed after SDS-PAGE (Fig. 1A).

The identity of the M protein expressed in vAcVSV-M-
infected SF9 cells was clearly confirmed by reactivity with
epitope 1-specific MAb2 by Western blots (Fig. 1B). Once
again, maximum synthesis of M protein was observed at day
2 p.i., diminishing by day 3 p.i. It should be noted that
expressed recombinant M protein migrated by SDS-PAGE
slightly more slowly than the marker virion M protein (lanes
M). Moreover, the M protein expressed at day 2 p.i. showed
a split band, conceivably due to differences in degree of
phosphorylation, as is true for the P (formerly NS) protein in
mammalian cells (13).

Of particular interest was the finding that relatively large
amounts of M protein were released into the medium from
SF9 cells infected with vAcVSV-M (Fig. 1B). It was found
that pelleted material present in the medium surrounding
vAcVSV-M-infected SF9 cells contained a protein migrating
identically with M protein and strongly reactive by Western
blot with epitope 1-specific MAb2 (Fig. 1B, Medium). Once
again, the largest amount of M protein released into the
medium occurred at day 2 p.i. and diminished by day 3 p.i.
These results indicate that M protein is extruded from SF9
cells infected with vAcVSV-M expressing the VSV M pro-
tein.

The question whether the sedimentable form of M protein
released from SF9 cells infected with vVAcVSV-M could be
due to cell lysates dispersed into the culture medium arose.

Light microscopy of these infected cells made cytolysis
unlikely as the principal explanation for release of M protein
because the cells remained relatively intact until 2 days p.i.
when only 20% of the cells had begun to undergo lysis. By
the third day p.i., the cytopathic effect was about 70% (data
not shown). To shed some light on the question whether
sedimentable M protein was gradually released from intact
cells infected with vAcVSV-M, a pulse-chase experiment
was performed to estimate the rate at which M protein is
released. To this end, SF9 cells infected with vVAcVSV-M
were pulse-labeled with [**Sjmethionine for 30 min at 16 h
p-i.; the cells were then thoroughly washed and incubated in
chase medium for 24 h. At intervals after the chase, medium
and cells were harvested separately, the cells were lysed,
and the cell-free medium and the cell lysate were subjected
to immunoprecipitation by adding excess amounts of MAb2
directed to epitope 1 of the VSV M protein.

Figure 2 shows electropherograms of 3°S-labeled M pro-
tein immunoprecipitated from cell lysates (Fig. 2A) or cell-
free culture medium (Fig. 2B) harvested from vAcVSV-M-
infected SF9 cells at chase periods of 0.5 to 24 h after pulsing
with [>*S]methionine. As noted, intracellular radiolabeled M
protein was present in large amounts at the 0.5-h chase
period after the 16-h pulse; longer chases showed a gradual
decline in cell-associated *°S-M protein from 4 to 24 h
postchase. By comparison, a small but quite significant
amount of M protein was found in extracellular medium by
30 min after chase; thereafter, the amount of M protein
gradually accumulated to high levels in the extracellular
medium during the 24-h chase period.

These results point to a progressive release of M protein
from vAcVSV-M-infected SF9 cells. These data also appear
to rule out cell lysis as an important factor contributing to
release of M protein into the medium surrounding the
infected SF9 cells.

The question whether the sedimentable M protein released
from vAcVSV-M-infected SF9 cells is in the form of an
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FIG. 2. Pulse-chase analysis of [**S]methionine-labeled M protein synthesized in SF9 cells (A) and released into the cell culture medium
(B). SF9 cells were infected with recombinant vAcVSV-M at a multiplicity of infection of 5 PFU per cell. At 16 h p.i., cells were placed in
methionine-free Grace medium for 30 min, after which they were pulse-labeled with [>*S]methionine (250 wCi/ml) for 1 h. The cells were then
washed and chased by incubation in complete medium for different intervals of time up to a period of 24 h. At the chase time intervals
indicated for separate cultures, medium and cells were harvested separately and cell lysates were prepared as described by Li et al. (14). Each
cell lysate and its corresponding medium were subjected to immunoprecipitation by adding excess MAb2 (directed to M protein epitope 1)
to precipitate 3°S-labeled M protein. The immunoprecipitated 3*S-labeled M protein was analyzed by electrophoresis on SDS-12%
polyacrylamide gels and autoradiography. The slab gel in panel B was exposed twice as long as the one in panel A.

insoluble M protein aggregate or is associated with host cell
components, one of which could be cell membrane, arose.
One method to determine whether the M protein is released
from cells in association with membrane lipids is sucrose
density gradient centrifugation. To this end, M protein
released into the culture medium 48 h after infection of SF9
cells with vAcVSV-M was collected by sedimentation at
81,000 x g for 1 h and the pellet was layered over a 20 to 60%
discontinuous ‘sucrose gradient and then centrifuged at
120,000 x g for 4 h. After centrifugation, three visible bands
were discernible at the interfaces of 20/30% sucrose, 30/40%
sucrose, and 40/50% sucrose (data not shown). Each of these
bands was collected and subjected to electrophoresis on an
SDS-12% polyacrylamide gel. The resulting SDS-PAGE
proteins were electroblotted onto a nitrocellulose sheet for
Western blot analysis using MAb2 directed to epitope 1 of
the VSV M 1protein. Autoradiographs were prepared after
exposure to **I-labeled staphylococcal protein A.

Figure 3 shows the Western blot analysis of the M protein
in each of the visible bands in a 20 to 60% discontinuous
sucrose gradient after centrifugation. As noted, most of the
M protein released from vAcVSV-M-infected SF9 cells was
banded at the 30/40% sucrose interface (Fig. 3, lane 4), but a
significant amount of M protein was found in association
with baculovirus particles, banding at the 40/50% sucrose
interface (Fig. 3, lane 5) (16, 17). These data indicate that
most of the M protein released from vAcVSV-M-infected
cells has a low density consistent with association of the
released M protein with membrane lipids in a particulate
structure. To test the postulate of an M protein-membrane
complex released from cells infected with vAcVSV-M, the
material that banded at the 30/40% sucrose interface was
subjected to a second round of centrifugation. The purified
material that reappeared after recentrifugation at the 30/40%
sucrose interface was collected and pelleted by centrifuga-
tion at 81,000 X g, and the pellet was examined by negative-
stain electron microscopy. As shown in Fig. 4B, the low-
density fraction of M protein released from vAcVSV-M-
infected SF9 cells contains numerous structures closely
resembling lipoprotein vesicles.

These data suggest that M protein expressed in SF9 cells

is released into the medium in association with cell mem-
brane in the form of liposomes. This observation is compat-
ible with the hypothesis that the VSV M protein induces the
formation from host cell plasma membrane of lipoprotein
vesicles that are progressively released into the culture
medium. The amount of M protein released from vAcVSV-
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FIG. 3. Western blot analysis of M protein in medium after release
from vAcVSV-M-infected SF9 cells after fractionation by centrifuga-
tion. SF9 cells infected with vAcVSV-M at a multiplicity of infection of
5 PFU per cell were incubated for 48 h, and the cell-free culture
medium was pelleted by centrifugation at 81,000 x g for 1 h. The
pelleted material was resuspended in cold phosphate-buffered saline
(PBS) (500 pl) containing 0.1% Tween 20, 10 pg of aprotinin per ml,
and 1 mM phenylmethylsulfonyl fluoride and left at 4°C overnight. The
sample was layered on a 20 to 60% discontinuous sucrose gradient and
centrifuged in the SW41 rotor at 120,000 X g for 4 h at 4°C as described
by Luo et al. (16, 17). Three visible bands were collected from the
20/30%, 30/40%, and 40/50% sucrose interfaces, diluted with cold PBS,
and repelleted at 81,000 x g for 1 h and subjected to electrophoresis on
an SDS-12% polyacrylamide gel. After electroblotting onto nitrocellu-
lose sheets, the M protein in each fraction was identified by immuno-
blotting with MAb2 directed to M protein epitope 1. Autoradiographs
were prepared after adding 1>I-labeled staphylococcal protein A. Lane
1, purified M protein from VSV virions; lane 2, total pelleted material
from vAcVSV-M-infected cell culture medium; lane 3, 20/30% sucrose
gradient interface; lane 4, 30/40% sucrose gradient interface; lane 5,
40/50% sucrose gradient interface.
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FIG. 4. Electron micrographs of sectioned SF9 cells infected with recombinant baculoviruses and of a negatively stained unsectioned
preparation of released vesicles. (A) Cells infected with wild-type baculovirus ACNPV (48 h p.i.); note polyhedrin inclusions bearing progeny
AcNPV within enlarged nuclei. (B) Uranyl acetate staining of unsectioned vesicles released from vAcVSV-M-infected SF9 banded by equilibrium
gradient centrifugation at the 30/40% sucrose interface shown in Fig. 3, lane 4. (C) Thin-sectioned SF9 cells infected with vVACVSV-M expressing
M protein; note formation of vesicles on the cytoplasmic membrane 48 h p.i. (D) Immunogold labeling of sectioned SF9 cells infected with
VACVSV-M expressing M protein and immunodecorated with MAb2 directed to M protein epitope 1 48 h p.i. (E and F) Thin-sectioned SF9 cells
infected 48 h previously with recombinant baculoviruses expressing VSV protein G or N, respectively. For inmunogold labeling, the thin sections
were treated with 1.25% bovine serum albumin in PBS and incubated for 2 h at room temperature with MAb2, which was then identified by
conjugation with goat anti-mouse IgG labeled with gold (10 nm; Bio-Rad Laboratories) diluted 10-fold in PBS containing 1% bovine serum albumin.
The cell structure in the immunostained section was enhanced with uranyl acetate and lead citrate. All grids were examined in a Philips EM 301
transmission electron microscope. The letters C and N designate cytoplasm and nucleus, respectively. The bar in each panel represents 100 nm.

M-infected SF9 cells by 48 h was estimated at 5 to 8 mg/liter infected SF9 cells. The most likely site at which these
(108 cells per liter). liposomes are formed would be the cytoplasmic surface

The M protein expressed by vAcVSV-M would appear to membranes, the site for budding of progeny VSV virions
be the likely cause for formation of lipoprotein liposomes by (23). To provide some insight into the inducer and morpho-
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genesis of the M protein-associated vesicles, we resorted to
electron microscopy. By this means, we examined SF9 cells
by thin-section transmission electron microscopy at inter-
vals after infection with M protein-expressing vAcVSV-M
compared with cells infected with control wild-type baculo-
virus. As additional controls, SF9 cells were examined by
electron microscopy after infection with baculovirus recom-
binants expressing products of the VSV G gene, YM1VSVG
(1), or the VSV N gene, which was constructed by excising
the entire coding region of the wild-type VSV N gene from
pGN2 (6) with Xhol, blunted with Klenow polymerase, and
recloning into the blunt-ended BamHI site of pAcYMI.
Other cells were examined by thin-section electron micros-
copy after coinfection with all three baculovirus recombi-
nants individually expressing the VSV G, N, and M genes.
To identify VSV protein associated with these vesicles, the
sectioned cells were exposed to monoclonal or polyclonal
antibodies directed to M, G, or N proteins and then conju-
gated with goat anti-mouse immunoglobulin G labeled with
colloidal gold.

Figure 4 shows the electron micrographs of sectioned SF9
cells infected with wild-type or recombinant baculoviruses,
as well as negatively stained vesicles previously described as
having been released into the medium from vAcVSV-M-
infected SF9 cells (Fig. 4B). The formation of ringlike
vesicles emanating from the surface membrane is clearly
shown in Fig. 4C, depicting SF9 cells infected with M-pro-
tein-expressing VAcVSV-M. In contrast, no vesicle forma-
tion is evident on the surface of SF9 cells infected with
wild-type AcNPV (Fig. 4A) or on that of SF9 cells infected
with baculoviruses expressing VSV G or N proteins (Fig. 4E
and F, respectively). These findings appear to indicate that
only the M protein causes the production of vesicles, which
are then released from vAcVSV-M-infected cells into the
surrounding medium (Fig. 4B).

Figure 4D demonstrates that these vesicles induced in
vAcVSV-M-infected SF9 cells contain the expressed M
protein, as evidenced by labeling of the surface vesicles with
MAD2 (directed to epitope 1 of M protein) conjugated with
goat anti-mouse immunoglobulin G labeled with colloidal
gold. The shape and size of the ringlike vesicles associated
with M protein are quite irregular but average about 130 nm
in diameter; the immunogold labeling pattern is also quite
thick, as evidenced by the density of the ring, suggesting a
multimeric layering of the M protein within possibly stacked
membrane layers (Fig. 4D). Examination of many sectioned
cells failed to show any vesicles associated with M protein
within the cytoplasm of vAcVSV-M-infected cells (data not
shown). Nor did immunogold labeling provide any evidence
for the presence of G or N protein in vesicles formed in SF9
cells coinfected with recombinant baculoviruses expressing
M, G, and N proteins (data not shown). These data support
the hypothesis that the baculovirus-expressed M protein, in
the absence of any other VSV genome products, finds its
way to and becomes associated with cell membrane. These
results also support data from cross-linking studies showing
that M protein interacts with membrane bilayers by electro-
statically attaching to negatively charged phospholipid ves-
icles (24, 25).

It is well documented that binding of wild-type M protein
to RNP cores results in down-regulation of transcription (3,
21). It was of interest to determine whether the recombinant
M protein expressed by the baculovirus vector in insect cells
retained the biological property to inhibit VSV transcription.
If so, this would provide large amounts of M protein needed
for such studies, which has been a limitation in the past. To
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this end, the transcription-inhibition activity of M protein
extracted from VSV virions and purified by phosphocellu-
lose chromatography (21) was compared with that of recom-
binant baculovirus-expressed M protein purified by ultracen-
trifugation on a discontinuous sucrose gradient. Each of
these sources of M protein was tested for its capacity to
inhibit transcription after reconstitution with VSV RNP
cores. When increasing concentrations of virion M protein
or baculovirus-expressed M protein were reconstituted with
RNP cores (180 png/ml), transcriptional activity was progres-
sively reduced to a level of 50 to 60% inhibition at M protein
concentrations of 200 pg/ml (data not shown). Clearly,
purified M protein extracted from virions or expressed by
the baculovirus recombinant exhibited almost identical pro-
files of transcription-inhibition activity. These results dem-
onstrate that the recombinant baculovirus-expressed M pro-
tein retains the biological activity of the virion-associated M
protein, at least as far as down-regulation of transcription is
concerned.

In conclusion, these experiments indicate that the VSV M
protein has the intrinsic property of promoting evagination
of a circumscribed region of the host cell cytoplasmic
membrane, leading to liberation of liposomes. This property
is consistent with the recent finding that perhaps 10% of
vector-expressed VSV M protein attaches to cytoplasmic
membrane and is not readily dissociable (5). Clearly, these
functions of the M protein are intrinsic and independent of
other VSV proteins. The M protein also binds to RNP cores
in vitro (11, 20) and in vivo (5), an event that precedes
migration of the RNP-M complex to the surface membrane
where the progeny virion buds (23). A logical extension of
these findings is that the membrane evagination-vesicle-
forming function of the M protein is also the M protein
property that causes budding of progeny virions from the
surface membrane of VSV-infected cells. Liposomes with
associated M protein are also released from mammalian cells
transfected with plasmids expressing wild-type VSV M
protein (8), indicating that this property is not limited to
insect cells. The mechanism by which M protein promotes
vesicle formation, and perhaps budding, remains to be
determined, but solution of this problem has wide ramifica-
tions.
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