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Localization of VP40 in Marburg virus (MBGV)-infected cells was studied by using immunofluorescence and
immunoelectron microscopic analysis. VP40 was detected in association with nucleocapsid structures, present
in viral inclusions and at sites of virus budding. Additionally, VP40 was identified in the foci of virus-induced
membrane proliferation and in intracellular membrane clusters which had the appearance of multivesicular
bodies (MVBs). VP40-containing MVBs were free of nucleocapsids. When analyzed by immunogold labeling,
the concentration of VP40 in MVBs was six times higher than in nucleocapsid structures. Biochemical studies
showed that recombinant VP40 represented a peripheral membrane protein that was stably associated with
membranes by hydrophobic interaction. Recombinant VP40 was also found in association with membranes of
MVBs and in filopodia- or lamellipodia-like protrusions at the cell surface. Antibodies against marker proteins
of various cellular compartments showed that VP40-positive membranes contained Lamp-1 and the transferrin
receptor, confirming that they belong to the late endosomal compartment. VP40-positive membranes were also
associated with actin. Western blot analysis of purified MBGV structural proteins demonstrated trace amounts
of actin, Lamp-1, and Rab11 (markers of recycling endosomes), while markers for other cellular compartments
were absent. Our data indicate that MBGV VP40 was able to interact with membranes of late endosomes in the
course of viral infection. This capability was independent of other MBGV proteins.

The family of Filoviridae comprises Marburg virus (MBGV)
and Ebola virus (EBOV), which cause a severe and often fatal
hemorrhagic disease in human and nonhuman primates. Dur-
ing the reported outbreaks, up to 80% of the cases had a fatal
outcome. The recent outbreak of MBGV hemorrhagic fever in
the Democratic Republic of the Congo underlines the emerg-
ing potential of this pathogen (68). Filoviral infections are
pantropic, affecting almost every organ of the infected host.
However, the major and primary targets are cells of the mono-
nuclear phagocytic system (55).

The enveloped MBGV particles are composed of seven
structural proteins and the nonsegmented negative-strand
RNA genome (7, 15). The viral envelope is spiked with ho-
motrimers of the glycoprotein GP (1, 16, 60). Four proteins are
components of the nucleocapsid: the nucleoprotein NP (2, 36,
40, 57), the L protein (46), VP35 (45), and VP30 (2). NP,
VP35, and L are essential for viral replication and transcription
(45); the function of VP30, an NP-binding phosphoprotein, is
still unclear (44).

Between the nucleocapsid and the viral envelope, MBGV
particles contain two proteins, VP24 and the highly abundant
VP40, whose function is not yet elucidated (2, 13). However,
the position of VP40 in the genome (third gene), its hydro-
phobicity, and its abundance within the virions suggest that
VP40 represents a homologue of the matrix proteins of other
nonsegmented negative-strand RNA viruses.

It is currently believed that matrix proteins orchestrate the
budding process of negative-strand RNA viruses since they

interact with both other viral proteins (RNP complex) and the
plasma membrane (reviewed in references 22 and 38). The
detailed mechanisms of these interactions are not well under-
stood. However, it is proposed for the vesicular stomatitis virus
M protein that one fraction is transported independently of
viral glycoproteins to the plasma membrane, while another
fraction of the M protein binds to and thus facilitates the
assembly of nucleocapsids. Then, the assembled nucleocapsids
bind to regions of the plasma membrane containing the M
(and presumably G [3, 10]) proteins. For Sendai virus it is on
the one hand suggested that transport of M proteins to the site
of budding might occur along the secretory pathway in associ-
ation with membrane vesicles containing the viral glycopro-
teins (59). On the other hand, it is proposed that Sendai virus
M protein is recruited at the internal cytoplasmic membranes
by the nucleocapsids and then transported to the plasma mem-
brane, where the interaction with the surface proteins takes
place (65). Localization of filoviral matrix proteins and, hence,
the potential sites of their interactions with viral and cellular
structures are still unclear.

Immunoelectron microscopic analysis of MBGV-infected
cells detected VP40 inside viral inclusions, indicating that
VP40 is somehow associated with the nucleocapsids (23). How-
ever, it is unclear whether VP40 is located exclusively in viral
inclusions and whether it is transported to the sites of budding
together with the nucleocapsids or independently.

The structure of VP40 of EBOV has been elucidated by
X-ray crystallography. These studies show that VP40 is a mem-
brane-binding protein, which forms oligomers upon contact
with lipid membranes (54, 62). It was further demonstrated
that EBOV VP40 can mediate its own release from transfected
cells, a function that relies on the integrity of a WW-binding
domain at the N terminus (29, 33). These data point out that
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EBOV VP40 might be transported to the plasma membrane
independently of other viral proteins and might play an impor-
tant role during viral budding. The membrane-binding capa-
bility and functional characteristics of MBGV VP40 are un-
known.

We studied here the localization of VP40 in MBGV-infected
cells. VP40 was identified in viral inclusions, associated with
individual nucleocapsids, and in the foci of viral budding. Ad-
ditionally, VP40 was detected in clusters of intracellular mem-
branes and in plasma membrane protrusions. When the local-
ization of recombinant VP40 was investigated, it was found to
be firmly associated with membrane structures that have sev-
eral characteristics of late endosomal compartment. Our data
indicate that MBGV VP40 is able to interact with membranes
of the late endosomal compartment independently of other
viral proteins.

MATERIALS AND METHODS

Viruses and cell lines. The Musoke strain of MBGV, isolated in 1980 in Kenya
(64), was propagated in C1008 cells and purified as described previously (20).
MVA-T7 was grown and titers were determined in chicken embryo fibroblasts
(60). C1008 cells, a cloned cell line of Vero cells (ATCC CRL 1586), Vero cells,
and HeLa cells were cultured in Dulbecco modified Eagle medium (DMEM)
containing 10% fetal calf serum. For all transfections, HeLa cells were grown in
six-well plates (7 cm2) in DMEM containing 10% fetal calf serum. Monocytes/
macrophages were isolated and cultivated as described previously (14).

Antibodies. For the identification of MBGV VP40, a mouse monoclonal an-
tibody (kindly provided by the Centers for Disease Control, Atlanta, Ga.) and a
rabbit affinity-purified serum against VP40 were used. For the identification of
annexin II, BiP/GRP78, early endosome antigen 1 (EEA1), lysosome-associated
membrane protein-1 (Lamp-1), GM130, integrin alpha 2 (VLA-2�), and Rab11,
we used monoclonal antibodies from Transduction Laboratories (BD, Heidel-
berg, Germany). Mouse monoclonal antibody against �-tubulin and a rabbit
immunoglobulin G (IgG) against actin were obtained from Sigma (Deisenhofen,
Germany). For the identification of filamentous actin, we used phalloidin con-
jugated with fluorescein isothiocyanate (FITC; Sigma). Respective secondary
antibodies conjugated with FITC or rhodamine (for immunofluorescence), with
horseradish peroxidase for Western blot, or with colloidal gold (for immuno-
electron microscopy) were from Dianova (Hamburg, Germany) or from Dako
(A/S, Copenhagen, Denmark).

Detergent treatment of virions and immunoelectron microscopic analysis.
Purified virions were fixed with 0.5% paraformaldehyde for 15 min at 4°C and
then treated with with 0.05% Triton X-100 for 15 min at 4°C. Detergent-treated
and untreated control samples were fixed with 4% paraformaldehyde for 15 min
and purified by centrifugation through a 20% sucrose cushion in a Beckman
SW41 rotor at 27,000 rpm for 90 min. Pellets were resuspended in TNE (10 mM
Tris-HCl, pH 7.4; 0.15 M NaCl; 2 mM EDTA) containing 4% paraformaldehyde.
A drop of the virus suspension was deposited on a Formvar-carbon-coated nickel
grid for 1 min, the excess fluid was blotted away with Whatman filter paper, and
the grids were floated on a drop of phosphate-buffered saline (PBS) containing
1% bovine serum albumin for 10 min. Indirect immunostaining was performed
by incubation with an anti-VP40 monoclonal antibody for 60 min, and bound
antibodies were detected with a donkey anti-mouse IgG antibody coupled to
6-nm gold particles (Dianova). After being washed with PBS, the samples were
negatively stained with 2% phosphotungstic acid and examined in a Zeiss 109
electron microscope.

Subcellular fractionation and membrane association assay. Subconfluent
HeLa cells (5 � 105 cells in 7 cm2 wells) were infected at a multiplicity of
infection of 3 to 5 PFU of MVA-T7 per cell. At 1 h postinfection (p.i.), cells were
transfected with 1 �g of pTM-VP40, containing the entire open reading frame of
the VP40 gene under the control of the T7-RNA polymerase promoter, by using
the Lipofectin precipitation method (17).

At 16 h posttransfection, cells were washed three times with lysis buffer (10
mM Tris, pH 7.5; 0.25 M sucrose; 1 mM EDTA; 200 �M orthovanadate; 1 mM
phenylmethylsulfonyl fluoride) at 4°C, scraped off the dish in a minimal volume
of lysis buffer, and lysed by 10 strokes through a 20-gauge needle. Nuclei were
pelleted for 5 min at 800 � g for 5 min at 4°C. Sucrose was added to the
postnuclear supernatant to a final concentration of 63%. The sample was placed

at the bottom of a centrifuge tube and overlaid with 45 and 10% sucrose. The
step gradient was then centrifuged to equilibrium at 35,000 rpm overnight.
Fractions were collected from the top. Equal amounts of each fraction were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting.

Western blotting. Western blot analysis was carried out as described previously
(1). The used antibodies and the respective dilutions are given in the figure
legends.

Triton X-114 phase-partitioning analysis. The phase-partitioning analysis was
done according to the method of Bordier (4). VP40 was expressed in HeLa cells
by using the vaccinia virus-T7 expression system. At 16 h posttransfection, cells
were scraped into ice-cold lysis buffer, disrupted with 10 strokes through a
20-gauge needle, and subjected to centrifugation for 5 min at 800 � g and 4°C to
remove nuclei and cell debris. The postnuclear supernatant was mixed with
Triton X-114 (final concentration, 1% Triton X-114) in an ice-water bath until
the solution was clear. The sample was centrifuged at 14,000 � g for 15 min at
4°C. The pellet (insoluble fraction) was recovered with sample buffer. The su-
pernatant was laid over a sucrose cushion (6% [wt/vol] sucrose; 10 mM Tris, pH
7.8; 150 mM NaCl; 0.06% Triton X-114), warmed for 3 min at 30°C, and then
centrifuged at 500 � g for 3 min at room temperature. The detergent (lower) and
aqueous (upper) phases were recovered separately and analyzed by Western blot-
ting.

Indirect immunofluorescence microscopy and immunoelectron microscopy.
Cells were fixed with 4% paraformaldehyde and proceeded for immunofluores-
cence analysis as previously described (2). Immunoelectron microscopy was
performed according the method of Kolesnikova et al. (36). Briefly, cells were
fixed with 4% paraformaldehyde, dehydrated, and embedded in LR Gold. Indi-
rect immunogold labeling was carried out with ultrathin sections. The used
antibodies and their respective dilutions are given in the figure legends. For the
quantification of gold particles in the VP40-positive structures, 20 micrographs
were taken at a primary magnification of �50,000. The density of gold labeling
at the surface of profiles of VP40-positive structures was determined by mor-
phometric methods (69). Micrographs were scanned by using the Leafscan 45,
and the surface of profiles of VP40-positive structures was measured by using the
Raytest TINA software.

RESULTS

VP40 is located in viral inclusions and in tubular-vesicular
structures. To study the subcellular localization of VP40 by
immunofluorescence analysis, human macrophages were in-
fected with MBGV, fixed at 2 days p.i., and immunostained by
using a monoclonal antibody against VP40 and a guinea pig
antibody against NP. Figure 1A, D, G, and J show that VP40
is associated with different intracellular structures. VP40 was
colocalized with NP in the viral inclusions (Fig. 1A to L, ar-
rowheads), which contain preformed nucleocapsids in different
states of maturation as shown previously (36). VP40 appeared
also in tubular and vesicular structures of various size, which
did not contain NP (Fig. 1A, D, and G, arrows). The tubular
and vesicular structures were either located in the perinuclear
area or close to the plasma membrane (Fig. 1A and D, arrows),
and sometimes VP40 was concentrated in bright spots (Fig.
1G, arrow). The majority of VP40-expressing cells displayed
both VP40-positive structures (60%). However, in a minor part
of the cells VP40 was found predominantly in the viral inclu-
sions (40%, Fig. 1J and L).

The VP40-positive tubular-vesicular structures represent
clusters of intracellular membranes. To further investigate the
localization of VP40 in MBGV-infected cells, an immunoelec-
tron microscopic analysis was performed. MBGV-infected hu-
man macrophages were fixed at 2 days p.i., dehydrated, and
embedded in acrylic resin (LR Gold). Indirect immunogold
double labeling was carried out with ultrathin sections to de-
tect VP40 (6-nm gold particles) and NP (12-nm gold particles;
Fig. 2).
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We found VP40 and NP colocalized at sites of viral budding
and inside the released virions (Fig. 2A, arrows point to gold
particles indicating VP40). Colocalization of VP40 and NP was
also detected in nucleocapsids located outside the viral inclu-

sions (Fig. 2A, inset; the arrow points to VP40 [6-nm gold
particle]) and, consistent with the immunofluorescence analy-
sis, in the electron-dense viral inclusions (Fig. 2B, arrows point
to VP40 inside the inclusion).

FIG. 1. Indirect immunofluorescence analysis of VP40 and NP distribution in MBGV-infected human macrophages. Human macrophages were
infected with MBGV and fixed at 48 h p.i. Immunofluorescence analysis was performed with an anti-VP40 monoclonal antibody (dilution, 1:100)
and a secondary donkey anti-mouse antibody conjugated with rhodamine (dilution, 1:100), together with a guinea pig anti-NP serum (dilution, 1:100) and
a secondary donkey anti-guinea pig antibody conjugated with FITC (dilution, 1:100). (A, D, G, and J) Anti-VP40/rhodamine. (B, E, H, and K)
Anti-NP/FITC. (C, F, I, and L) Merged images. The arrowheads indicate colocalization of VP40 and NP. The arrows indicate singly located VP40.
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FIG. 2. Immunoelectron microscopic analysis of VP40 and NP distribution in MBGV-infected human macrophages. Human macrophages were
infected with MBGV and fixed at 48 h p.i. (A to D) Immunoelectron microscopic analysis was performed with an anti-VP40 monoclonal antibody
(dilution, 1:100) and a secondary donkey anti-mouse antibody conjugated with colloidal gold (bead diameter, 6 nm; dilution, 1:25), together with
a guinea pig anti-NP serum (dilution, 1:100) and a secondary donkey anti-guinea pig antibody conjugated with colloidal gold (bead diameter, 12
nm; dilution, 1:25). The black and white arrows indicate VP40 (6-nm gold beads). The arrowheads indicate sites of VP40-positive double
membranes. Bar, 100 nm. (A) Focus of viral budding. (B) Multivesicular body in direct vicinity of a viral inclusion. (C) Multivesicular body in
cytoplasm. (D) Unfolded multivesicular body beneath plasma membrane. (E) Transmission electron microscopy. The arrow indicates viral
particles. The arrowheads indicate sites of double membranes. Vi, viral inclusion. Bar, 1,000 nm. (F) Presence of VP40 in protrusions (12-nm gold
beads). Bar, 100 nm. (G) NP inside the protrusions is restricted to virions (6-nm gold bead). Bar, 100 nm.
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Additionally, VP40 was detected in clusters of intracellular
membranes (Fig. 2B, left side). In these clusters, neither pro-
files of nucleocapsids nor NP labeling were detected. The
membrane clusters had the appearance of circular vesicles with
a diameter of 250 to 1,000 nm. They displayed a multilayered
or multivesicular interior (Fig. 2C) reminiscent of endocytic
carrier vesicles or multivesicular bodies (MVBs) (25, 34, 67).
VP40 was predominantly detected in association with internal
membranes of the clusters (Fig. 2B and C, black arrows).
VP40-positive membrane clusters were found both in the per-
inuclear region of the cell and close to the plasmalemma.
Often, VP40-positive membrane clusters were located not far
from viral inclusions (Fig. 2B). Unfolded profiles of heavily
gold-labeled multilayered membrane clusters were detected
beneath the plasmalemma (Fig. 2D, arrows point to VP40) and
in the foci of plasma membrane proliferation at sites where
virus budding could also be detected (Fig. 2E, arrows point to

virions, and Fig. 2F). These foci of intense membrane prolif-
eration were characterized by curved sheets of membranes
which at some sites made close contacts forming double mem-
branes (Fig. 2E, inset, arrowheads). Figure 2F and G show that
VP40-positive protrusions were free of NP except for sites
where simultaneously nucleocapsids were detected (Fig. 2G,
arrow). A diffusive accumulation of VP40 beneath the plasma
membrane outside the foci of budding was not observed.

To analyze the ratio of membrane-bound and inclusion-
associated VP40, a morphometric analysis was carried out on
ultrathin sections of MBGV-infected cells (26, 69). The density
of gold particles (particles per square micrometer of profile of
the evaluated structure), representing monoclonal antibodies
bound to VP40 molecules, was determined in the profiles of
viral particles and intracellular virus-induced structures.
Among the latter, we differentiated (i) intracellular VP40-
positive membrane clusters, (ii) foci of plasma membrane pro-

FIG. 2—Continued.
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liferation, and (iii) viral inclusions and individual nucleocap-
sids. The number of gold particles in viral inclusions was 40 �
6 per �m2, while in membrane clusters and foci of proliferation
the densities of gold labeling were 254.8 � 23 and 259.2 � 21
per �m2, respectively. The highest density of gold particles
(285.9 � 20 per �m2) was found in released viral particles,
which approximately equaled the sum of gold density associ-
ated with viral inclusions and membranes.

Recombinant VP40 is associated with intracellular mem-
branes. To address the question whether VP40 is able to in-
teract with membranes in the absence of other viral proteins,
VP40 was recombinantly expressed from cDNA. HeLa cells
were infected with a recombinant vaccinia virus that expresses
the T7 RNA polymerase (MVA-T7) and then transfected with
the plasmid pTM-VP40, encoding VP40 under the control of
the T7 promoter. The cells were fixed at 16 h posttransfection
and subjected to immunofluorescence analysis. VP40 was dis-
tributed as a cytoplasmic tubular-vesicular network which was
concentrated in the nuclear region (Fig. 3A and B) or located
closer to the plasma membrane (Fig. 3C and D). Confocal
microscopy revealed that VP40 was predominantly located pe-
rinuclearly, although a weak intranuclear signal was observed
(Fig. 3E). Additionally, VP40 was concentrated beneath the
plasma membrane at the leading edges of the cells (Fig. 3A, C,
and D, arrows). Finally, VP40 was found to be located in bright
spots that were very similar to the VP40-positive spots found in
MBGV-infected cells (Fig. 3B and C, arrowheads). Costaining
with phalloidin-FITC showed that VP40-positive structures co-
localized with actin filaments (Fig. 3E to G).

To analyze whether VP40 was associated with cellular mem-
branes in the absence of other viral proteins, a flotation anal-
ysis was carried out. This method identifies integral membrane
and membrane-associated proteins by their ability to float to-
gether with membrane vesicles in a discontinuous sucrose gra-
dient, while soluble proteins remain at the bottom of the gra-
dient (3). HeLa cells, expressing VP40, were lysed at 6, 12, and
16 h posttransfection, and the lysate was placed at the bottom
of a sucrose gradient and subjected to gradient centrifugation.
Fractions were collected from the top and analyzed by SDS-
PAGE and Western blotting (Fig. 4A). Under these condi-
tions, at all tested time points, the majority of VP40 was found
at the 45-to-10% sucrose interface (fractions 3 and 4), while a
small amount was detected in the loading zone (fraction 11).
These data indicate that VP40 is, indeed, predominantly asso-
ciated with cellular membranes.

To investigate the nature of the VP40-membrane interac-
tion, we carried out a Triton X-114 phase-partitioning analysis,
which differentiates between integral and peripheral mem-
brane proteins. The postnuclear supernatant of VP40-express-
ing HeLa cells was incubated with Triton X-114 and centri-
fuged to separate the aqueous (peripheral membrane proteins)
and detergent (integral membrane proteins) phases. Figure 4B
shows the results of this analysis for VP40, and Lamp-1, an
integral membrane protein. While Lamp-1 was found predom-
inantly (95%) in the detergent phase of the extraction, the
majority of VP40 (95%) was found in the aqueous phase,
indicating that VP40 represents a peripheral membrane pro-
tein.

The interaction between VP40 and cellular membranes was
further analyzed by treating postnuclear supernatants of VP40-

expressing HeLa cells with either high salt concentrations,
EDTA, or high pH. Then, samples were subjected to flotation
analysis. It can be seen in Fig. 4C that all of these incubation
conditions did not induce the detachment of VP40 from the
membranes. These findings demonstrated that VP40 (i) is
bound to the membranes via hydrophobic interactions (resis-
tance against high salt), (ii) the interaction is not dependent on
the presence of divalent cations (resistance against EDTA),
and (iii) VP40 is not a soluble luminal protein (resistance
against pH 11 [18]).

It was then of interest to characterize the membranes that
are able to bind VP40. Thus, Western blots of the fractions
gained by flotation analysis were probed with antibodies
against several marker proteins of cellular compartments (Fig.
4D). We detected marker proteins of plasma membrane
(VLA-2�), endoplasmic reticulum (BiP/GRP78) and late en-
dosomes (lysosome-associated membrane protein-1) in the
same fractions as VP40. Annexin II, an abundant protein which is
present in the cytosol and on the cytoplasmic face of plasma
membrane and early endosomes (28), was found predominantly
in the loading zone, while a small portion that was associated
with membranes was also detected in fractions 3 and 4.

VP40-positive membranes are associated with Lamp-1 and
TfR. The performed flotation analysis did not allow to identify
the intracellular membrane compartments which bound VP40
since all cellular membranes migrated in the sucrose gradient
with approximately the same velocity. Therefore, we carried
out immunofluorescence analyses with VP40-expressing HeLa
cells. Cells were simultaneously incubated with an anti-VP40
antibody, together with antibodies against markers of various
cellular compartments. We found that the VP40-positive mem-
branes contained Lamp-1, and the transferrin receptor (TfR)
(Fig. 5). The anti-VP40 and anti-Lamp-1 staining localized to
the same region of transfected cells, but only a partial overlap
of the two proteins was observed in the tubular-vesicular net-
work and in spots (Fig. 5A to F, arrows). Double labeling with
anti-VP40 and anti-TfR showed colocalization at the leading
edge of the cell (Fig. 5G to I) and in spots (Fig. 5J to L, thick
arrows). In both cases, colocalization was not complete, and
some of the Lamp-1- or TfR-positive membrane clusters were
VP40-negative and vice versa (e.g., Fig. 5K and L, arrow-
heads). VP40-positive membranes did not contain marker pro-
teins of the endoplasmic reticulum, Golgi, and early endo-
somes (not shown).

We then performed immunoelectron microscopic analyses
of HeLa cells expressing VP40. VP40 was found to be associ-
ated with membrane clusters of the same multivesicular or
multilayered structure as in MBGV-infected cells. The clusters
contained Lamp-1 (Fig. 6A and B, arrows), and sometimes
TfR (data not shown). Thus, VP40-positive structures are pre-
sumed to represent MVBs which functionally belong to the
late endosomal compartment (25, 34, 67). VP40-positive mem-
branes were found in the perinuclear region (Fig. 6A), in the
cytoplasm (Fig. 6 B), close to the plasmalemma (not shown),
and in form of filopodia- or lamellipodia-like protrusions at the
surface of the cell (Fig. 6C and D). Lamellipodia-like protru-
sions were formed by curved sheets of membrane which at
some sites contacted closely, forming double membranes (Fig.
6D, arrowhead). Foci of VP40-positive protrusions at the sur-
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face of the cells confirmed that VP40 can be transported to the
plasma membrane independently of other viral proteins.

For the formation of its lipid envelope, MBGV needs to
recruit cellular membranes. It is considered that the envelope
is derived from the cellular plasma membrane; however, the
plasma membrane itself has different sources, including endo-
somes or components of the Golgi apparatus (12). Observa-
tions that VP40 was able to associate with membranes of late
endosomes suggested that this cellular compartment might be

a potential source for the viral envelope. The formation of viral
membrane is thought to involve a process of stringent protein
sorting with the result that cellular proteins are displaced by
viral envelope proteins (reviewed in reference 22). However,
since it has been shown that during the budding of rhabdovi-
ruses traces of cellular membrane proteins are incorporated
into the viral envelope (39), it was of interest to determine
whether cellular proteins were also incorporated into the
MBGV envelope, which might point to the cellular origin of

FIG. 3. Indirect immunofluorescence analysis of recombinant VP40 in HeLa cells. HeLa cells were infected with MVA-T7 and transfected with
pTM-VP40. At 16 h posttransfection, cells were fixed and immunostained with an anti-VP40 monoclonal antibody (dilution, 1:100) and a secondary
donkey anti-mouse IgG conjugated with rhodamine (dilution, 1:100). (A) Distribution of recombinant VP40. The framed parts are shown at a
higher magnification in panels B to D. The arrows indicate the tubular network; the arrowheads indicate bright spots. (E to G) Colocalization of
actin and VP40 (confocal micrograph). (E) Distribution of VP40. (F) Distribution of filamentous actin. (G) Merge of panels E and F.
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the viral membrane. Gradient-purified MBGV structural pro-
teins were Coomassie blue stained (Fig. 7A) and in parallel
blotted and incubated with antibodies against cellular proteins.
The Coomassie blue-stained gel did not reveal considerable
amounts of cellular proteins incorporated into the virions (Fig.
7A). The Western blot, however, showed that the preparation
contained traces of Lamp-1, Rab11 (marker for recycling en-
dosomes), and actin (Fig. 7B). Marker proteins of the plasma
membrane (VLA-2�), endoplasmic reticulum (BiP/GRP78),
microtubules (�-tubulin), and early endosomes (EEA1), and
one of the most abundant cellular proteins, annexin II, were
absent (28). The presence of Lamp-1 and Rab11 in the virions
point to the fact that the process of MBGV assembly is at some
stages closely associated with the compartment of late endo-
somes.

VP40 is closely attached to the lipid membrane of the virion.
To determine the localization of VP40 inside the virion, the
supernatant of MBGV-infected Vero cells was harvested and
concentrated at 5 days p.i. The virus suspension was prefixed
with 0.5% paraformaldehyde and then treated with 0.05% Tri-
ton X-100 to remove the lipid envelope. Virions were purified
by centrifugation and prepared for immunoelectron micros-
copy. Samples were incubated with a monoclonal antibody

directed against VP40, followed by a secondary antibody con-
jugated to colloidal gold. As shown in Fig. 8A, treatment of the
virions with Triton X-100 removed the viral envelope and
resulted in partially naked nucleocapsid structures. Aggre-
gates, which were formed by the removed viral envelope,
could also be detected (Fig. 8B). Weak gold labeling was
observed in areas of the nucleocapsid coil, where the nucleo-
capsid-surrounding matrix was not completely stripped off
(Fig. 8A, arrows). VP40 was also detected, and in larger
amounts, in the aggregates that were formed by the removed
viral envelope (Fig. 8B). These results demonstrated that
MBGV VP40 was closely associated with the lipid bilayer.
Virions, which were not treated with detergent, did not show
labeling of the outer surface, suggesting that VP40 does not
protrude through the virus membrane (Fig. 8C). Our data
show that the removal of the viral membrane resulted in the
simultaneous removal of the majority of VP40, which appeared
to be closely associated with the inner side of the envelope.
Thus, the intravirion localization of VP40 is similar to that of
M proteins of other Mononegavirales which form a dense layer,
tightly associated with the inner leaflet of the lipid bilayer (6,
19, 48, 50).

FIG. 4. Membrane association of VP40. (A) HeLa cells were infected with MVA-T7 and transfected with pTM-40. The cells were harvested
and lysed at 6, 12, and 16 h posttransfection. Sucrose was added to the postnuclear supernatant to a final concentration of 63%. The sample was
placed at the bottom of centrifuge tube and overlaid with 45 and 10% sucrose. The gradient was centrifuged to equilibrium at 35,000 rpm overnight
in an SW41 rotor. Fractions were collected from the top, and samples were separated by SDS-PAGE and blotted onto polyvinylidene difluoride
membranes. Membranes were stained with an anti-VP40 monoclonal antibody (dilution, 1:1,000). Top of the gradient, fraction 1; bottom of the
gradient, fraction 11. (B) Triton X-114 phase-partitioning analysis of VP40 at 16 h posttransfection. HeLa cells were infected and transfected as
described for panel A. The postnuclear supernatant was partitioned into aqueous (lane A), detergent (lane D), and insoluble (lane P) fractions
as described in Materials and Methods. Staining was done with an anti-LAMP-1 monoclonal antibody (dilution, 1:250) and with an anti-VP40
monoclonal antibody (dilution, 1:1,000). (C) Characterization of the membrane association of VP40 at 16 h posttransfection. Flotation analysis of
postnuclear supernatant of recombinant VP40 was carried out as described for panel A. The postnuclear supernatant was treated before flotation
analysis with either 2 M KCl (upper panel), EDTA (middle panel), or high pH (lower panel). Western blots were stained with an anti-VP40
monoclonal antibody (dilution, 1:1,000). (D) Characterization of cellular proteins comigrating with VP40 in flotation analysis. Western blots were
stained with monoclonal antibodies directed against marker proteins of plasma membrane (VLA-2�), late endosomes (Lamp-1), endoplasmic
reticulum (BiP/GRP78), and annexin II.
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FIG. 5. Immunofluorescence analysis of the intracellular distribution of VP40, Lamp-1, and TfR. HeLa cells were infected with MVA-T7 and
transfected with pTM-VP40. At 16 h posttransfection, cells were fixed and immunostained with a rabbit anti-VP40 antibody (dilution, 1:10) and
a secondary donkey anti-rabbit IgG conjugated with FITC (dilution, 1:100), together with either an anti-Lamp-1 (A to F) or an anti-TfR (G to L)
monoclonal antibody (dilution, 1:20) and a secondary donkey anti-mouse antibody conjugated with rhodamine. (A and D) VP40/FITC. (B and E)
Lamp-1–rhodamine. (C and F) Merged images. The arrows indicate the colocalization of VP40 and Lamp-1 in the tubular network (A to C) or
in spots (D to F). (E and F) The arrowheads indicate a Lamp-1-positive spot in a VP40-negative cell. (G and J) VP40-FITC. (H and K)
TfR-rhodamine. (C and F) Merged images. The arrows indicate sites of overlapping in leading edge of the cell (G to I) or in spots (J to L). (K
and L) The arrowheads indicate a TfR-positive leading edge that does not contain VP40.
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DISCUSSION

VP40 is presumed to represent the matrix protein of MBGV
and is therefore believed to be involved in multiple interactions
with viral and cellular structures during viral assembly. How-
ever, experimental data on the biological features of VP40
have been very restricted. In this study, we analyzed the local-
ization of VP40 in viral particles and inside MBGV-infected
cells and characterized recombinantly expressed VP40. We
found that VP40, besides the characteristics which are known

for matrix proteins of negative-sense RNA viruses, displays a
novel feature that is association with the late endosomal com-
partment.

VP40 is detected in association with nucleocapsid structures
and intracellular membranes. In MBGV-infected cells, VP40
was associated with different structures which were divided in
two categories. On one hand, VP40 was colocalized with indi-
vidual nucleocapsids and nucleocapsid-containing structures
(viral inclusions). On the other hand, VP40 was found to be

FIG. 6. Immunoelectron microscopic analysis of recombinant VP40 in HeLa cells. HeLa cells were infected with MVA-T7 and transfected with
pTM-VP40. At 16 h posttransfection, cells were fixed and immunostained with either a rabbit affinity-purified anti-VP40 antiserum (dilution, 1:10)
and an anti-Lamp-1 monoclonal antibody (dilution, 1:20) (A, B, and D) or an anti-VP40 monoclonal antibody (dilution, 1:100) and rabbit IgG
against actin (dilution, 1:200) (C). Donkey anti-mouse antibody conjugated with colloidal gold (bead diameter, 6 nm) and donkey anti-rabbit
antibody conjugated with colloidal gold (bead diameter, 12 nm) were used as secondary antibodies. (A, B, and D) The arrows indicate Lamp-1
(6-nm gold beads). N, nucleus. In panel D, the arrowhead indicates a site of double membranes. (C) The arrows indicate VP40 (6-nm gold beads),
and the arrowheads indicate actin (12-nm gold beads). Bar, 100 nm.
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associated with intracellular membrane structures and with the
plasma membrane, in foci of plasma membrane proliferation.

The result that VP40 was associated with inclusions, which
presumably represent places of nucleocapsid assembly (2, 36),
is in line with observations of Geisbert and Jahrling (23), who

also detected VP40 inside inclusions. The association of VP40
with single nucleocapsids point to a cotransport of VP40 and
nucleocapsids to the sites of virus budding at the plasma mem-
brane.

However, the amount of VP40 in intracellular nucleocapsid
structures was seven times less than in mature virions, suggest-
ing that nucleocapsid-associated VP40 does not represent the
main source of VP40 in the viral particles.

This presumption was underlined by the finding that various
VP40-positive membrane structures were detected, which were
free of NP. At first, VP40-containing membrane clusters of a
multivesicular or multilayered appearance were identified. Ad-
ditionally, VP40-positive patches of plasma membrane were
detected in the foci of virus-induced membrane proliferation.
These findings indicated a nucleocapsid-independent transport
of VP40. However, these data did not rule out the possibility
that VP40 was recruited to the membranes by the viral surface
protein GP or the second putative matrix protein, VP24. Thus,
it has been suggested for Sendai virus that the presence of the
surface proteins enabled binding of the matrix protein to in-
tracellular membranes (58, 59). To investigate the membrane
association capability of VP40 in the absence of other MBGV
proteins, we analyzed the distribution of recombinantly ex-
pressed VP40.

VP40 is a peripheral membrane protein. Recombinant
VP40 displayed a strong association with cellular membranes
which was resistant to high salt concentrations, high pH, and
treatment with EDTA. These data point to a hydrophobic
interaction between VP40 and the membranes which is not
dependent on divalent cations. Finally, the Triton X-114
phase-partitioning analysis suggested that VP40 represented a
peripheral membrane protein. All of these characteristics are
shared by the matrix proteins of other negative-strand RNA
viruses, indicating that VP40, indeed, represents the major
matrix protein of MBGV (38). Similar findings were published
recently for EBOV VP40 which, upon recombinant expression,
is also peripherally associated with cellular membranes (33).

VP40-containing membranes have characteristics of the late
endosomal compartment. The intracellular VP40-positive
membrane clusters both in MBGV-infected and in transiently
expressing cells displayed a multivesicular or multilayered
structure that was similar to late endosomes (27, 42). Beside
the morphologic similarities, the identity of the VP40-positive
MVBs is further elucidated by the finding that these mem-
brane structures contained Lamp-1 and the TfR. Both proteins
are known to accumulate in MVBs which belong to the late
endosomal compartment (30, 41, 51).

Functionally, MVBs have been proposed to act as interme-
diates on the receptor recycling pathway (42). Recycling of
receptors back to the plasma membrane can occur directly
from the early endosome (fast cycle) or indirectly via the re-
cycling endosome (31). The transit through the recycling en-
dosome proceeds with slower kinetics than the transport
through early endosomes and appears to delay the rate of
recycling, causing an accumulation of the intracellular pool of
receptors and other plasma membrane components (61, 63).
MVBs are also presumed to function as sources of plasma
membrane which are necessary for the formation of cellular
protrusions during migration and phagocytosis (43). Thus, the
forward margins of moving cells contain frequently recycling

FIG. 7. Western blot analysis of cellular proteins in purified
MBGV structural proteins. Purified MBGV structural proteins (20)
were separated by SDS-PAGE and either stained with Coomassie blue
or blotted onto polyvinylidene difluoride membranes. (A) Coomassie
blue staining of purified MBGV structural proteins. (B) Western blot
analysis of cellular proteins in purified virions. Mouse monoclonal
antibodies directed against marker proteins of early endosomes
(EEA1), plasma membrane (VLA-2�), late endosomes (Lamp-1), en-
doplasmic reticulum (BiP/GRP78), microtubules (�-tubulin), annexin
II, and small GTPase (Rab11), or rabbit IgG directed against actin
were used to detect the respective proteins. Control, uninfected HeLa
cells.
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receptors, even those which are known to reside in recycling
endosomes (e.g., the TfR [5, 31, 52]). Additionally, it has been
shown that recycling endosomes are associated with cytoskel-
etal proteins (11, 53) and small GTPases, for example, Rab11
(8, 9, 12, 24, 66).

The high amount of VP40 in MVBs suggests that VP40 can
use this intracellular compartment for sorting and accumula-
tion. The mechanisms of this process are not understood. How-
ever, the large amounts of unique lipids and an enrichment in
lipid rafts found in MVBs (21, 32, 35, 47) may enable specific
binding of VP40. It has not yet been observed that matrix
proteins of Mononegavirales are able to interact with the mem-
branes of late endosomes. However, the M protein of vesicular
stomatitis virus, which was expressed by using a recombinant
Sendai virus, was bound to membranes, suggested to be de-
rived from intracellular transport vesicles (56). Besides, previ-
ous cell fractionation studies have shown that the M protein of
Newcastle disease virus (49) and Sendai virus (37) were, in-
deed, present in the intracellular smooth membrane fraction.

We detected, in addition to its interaction with MVBs, VP40
in association with membranes which formed filopodia- or
lamellipodia-like protrusions at the cell surface. These con-
tained Lamp-1, TfR, and actin, suggesting that the intracellular
VP40-positive membranes can be transported to the plasma
membrane by using the cellular machinery that mediates the
transport of recycling endosomes. The detection of traces of

proteins specific for late recycling endosomes in mature virions
also indicated that the formation of MBGV particles is asso-
ciated at some stages with the endosomal compartment. The
variable intracellular pattern of VP40 distribution appears to
be present at different stages of transport of VP40-positive
membranes.

In this study we showed for the first time that the matrix
protein of MBGV is able to interact with intracellular mem-
branes. The membranes that contained VP40, Lamp-1, and
TfR are found intracellularly and as inserted patches in the
plasma membrane. These results suggest that VP40 utilizes
membranes that display characteristics of the late endosomal
compartment for its intracellular transport. The mechanism of
formation of VP40-positive membrane clusters, and their as-
sociation with cytoskeletal proteins, is currently under investi-
gation.
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FIG. 8. Immunoelectron microscopic analysis of detergent-treated MBGV particles. Purified virions were treated with Triton X-100 (A and B)
or left untreated as a control (C) and immunostained with an anti-VP40 mouse monoclonal antibody and a secondary donkey anti-mouse antibody
conjugated with colloidal gold (6-nm gold beads, arrows). White lines indicate regular striation of the viral envelop. Bar, 100 nm.
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