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VP40, the matrix protein of Marburg virus, is a peripheral membrane protein that has been shown to
associate with membranes of multivesicular bodies (MVBs) (L. Kolesnikova, H. Bugany, H.-D. Klenk, and S.
Becker, J. Virol. 76:1825-1838, 2002). The present study revealed that VP40 is bound to cellular membranes
rapidly after synthesis. Time course studies were performed to trace the distribution of VP40 during the course
of expression. First, VP40 was homogenously distributed throughout the cytoplasm, although the majority of
protein (70%) was already membrane associated. Next, VP40 accumulated in MVBs and in tubular protrusions
emerging from MVBs. Finally, VP40 appeared in a patch-like pattern beneath the plasma membrane. These
morphological results were supported by iodixanol density gradient analyses. The majority of VP40-positive
membranes were first detected comigrating with small vesicles. VP40 was then shifted to fractions containing
endosomal marker proteins, and later, to fractions containing plasma membrane marker proteins. Blocking of
protein synthesis by use of cycloheximide at the time when VP40 was mainly associated with the small vesicles
did not prevent the redistribution of VP40 to the late endosomes and further to the plasma membrane. The
inhibition of intracellular vesicular trafficking by monensin significantly reduced the appearance of VP40 at the
plasma membrane. In conclusion, we suggest that the transport of the Marburg virus matrix protein VP40
involves its accumulation in MVBs followed by the redistribution of VP40-enriched membrane clusters to the

plasma membrane.

It is currently believed that the matrix (M) proteins of en-
veloped viruses connect the genome-enwrapping nucleocap-
sids with the viral surface and play a key role in the viral
budding process (17). This is underscored by the finding that
the release of recombinant viruses with deleted M proteins is
drastically reduced (9, 36).

In infected cells, the M proteins of negative-strand RNA
viruses are detected in a soluble form but are also found in
association with the viral nucleocapsids and with cellular mem-
branes (17, 32). The intracellular transport of M proteins to
the sites of budding is not well investigated. For some viruses
that bud at the plasma membrane, it has been suggested that
the M proteins reach their target by comigration together with
the respective viral surface proteins (36, 47-49). In most cases,
however, singly expressed M proteins seem to be transported
to the plasma membrane independently of other viral compo-
nents. This was concluded from the finding that recombinantly
expressed M proteins are released into the supernatant in a
membrane-associated form (21-23, 25, 33, 53). Spatiotemporal
aspects of independent transport of M proteins to the plasma
membrane are poorly understood.

Marburg virus (MARYV), a filovirus, is the causative agent of
a fatal hemorrhagic fever that causes sporadic outbreaks in
central Africa (60). To date, neither a vaccine nor a treatment
for the MARYV infection is available. The filamentous envel-
oped MARY particles are composed of seven structural pro-
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teins and a negative-sense RNA genome (12). The genome is
enwrapped by the nucleocapsid complex, which has four pro-
tein constituents, NP, VP35, L, and VP30 (6). Between the
nucleocapsid and the lipid envelope, two proteins are detected,
the matrix protein VP40 and VP24, whose function is elusive.
Inserted into the viral lipid envelope is the transmembrane
glycoprotein GP, which mediates the recognition of target
cells.

Members of our laboratory have investigated the intracellu-
lar distribution of the matrix protein VP40 in MARV-infected
cells and reported recently that a small part of VP40 was
associated with the nucleocapsids, while the majority was as-
sociated with cellular membranes (30). High concentrations of
VP40 were observed in patches at the plasma membrane,
where budding of progeny viruses took place, and in foci of
plasma membrane proliferation that were devoid of nucleo-
capsids. Additionally, VP40-enriched multivesicular bodies
(MVBs) were found that represent the late endosomal com-
partment. VP40-positive MVBs were detected in the perinu-
clear region and beneath the plasma membrane. Upon recom-
binant expression, VP40 was located in MVBs, in patches
beneath the plasma membrane, and in plasma membrane pro-
trusions. The detected VP40-positive membrane structures
contained marker proteins of the late endosome or lysosome,
e.g., lysosome-associated membrane protein 1 (Lamp-1). MVBs
function as a sorting compartment in which proteins destined
for degradation are sorted away from proteins that are recy-
cled to the Golgi apparatus or to the plasma membrane (ret-
rograde endosomal pathway) (for reviews, see references 20
and 46). The goal of the present study was to elucidate whether
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MARYV VP40 utilizes the retrograde endosomal pathway for
its transport to the sites of budding at the plasma membrane.

Here we show that VP40 is associated with cellular mem-
branes early after synthesis and accumulates first in MVBs of
different morphology before it appears in clusters beneath the
plasma membrane. While the intracellular distribution of
VP40 changed, the percentage of VP40 that was bound to
membranes remained constant, at approximately 80%. Studies
of the localization of VP40 in the presence of drugs (monensin
and NH,Cl) that are known to impair intracellular vesicular
trafficking and lysosome function showed that the delivery of
VP40 to late endosomes is essential for its redistribution to the
plasma membrane. Taken together, the results of the present
study highlight a novel pathway for a viral matrix protein that
requires association with the late endosome for its transport to
the plasma membrane.

MATERIALS AND METHODS

Materials. Cycloheximide was used at 100 pg/ml, and monensin was used at 10
wM. Reagents were purchased from Sigma-Aldrich. Horseradish peroxidase
(HRP) (type II; Sigma-Aldrich) was used at 5 mg/ml. Transferrin conjugated
with tetramethylrhodamine (Molecular Probes, Leiden, The Netherlands) was
used at 50 pg/ml. For the identification of MARV VP40, a mouse monoclonal
antibody (kindly provided by the Centers for Disease Control and Prevention,
Atlanta, Ga.) and affinity-purified rabbit serum against VP40 were used. For the
identification of BiP/GRP78, Lamp-1, integrin alpha 2 (VLA-2a), GM130 (Golgi
compartment), and Rab11, we used monoclonal antibodies from Transduction
Laboratories (BD, Heidelberg, Germany). Secondary antibodies conjugated with
fluorescein isothiocyanate or rhodamine (for immunofluorescence), with HRP
(for Western blotting), or with colloidal gold (for immunoelectron microscopy)
were from Dianova (Hamburg, Germany) or from Dako A/S (Copenhagen,
Denmark).

Viruses and cell lines. The Musoke strain of MARYV, isolated in 1980 in Kenya
(50), was propagated in C1008 cells and purified as described previously (16).
The recombinant vaccinia virus MVA-T7 was grown and titrated in chicken
embryo fibroblasts as described by Sutter et al. (52). C1008, a monkey kidney cell
line, HUHT-7, a human hepatoma cell line, and HeLa cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal calf serum,
a penicillin-streptomycin solution, and 2% L-glutamine. The cells were incubated
at 37°C in 5% CO,. The culture medium for HUHT-7 cells was additionally
supplemented with 0.5 mg of Geneticin per ml. Infection and transfection of
HelLa cells were carried out as described earlier (37).

Molecular cloning. For generation of a plasmid encoding VP40, the region
encompassing nucleotides 4565 to 5959 of the Marburg virus genome (EMBL
Nucleotide Sequence Database accession number Z12132) was amplified by
reverse transcriptase PCR using primers which facilitated cloning of the resulting
PCR fragment into the BamHI restriction endonuclease site of the vector pTM1
(15). The resulting plasmid was designated pTM-VP40. Plasmids encoding fusion
proteins of VP40 with green fluorescent protein (GFP) were constructed by using
the plasmid pTM-eGFP. pTM-eGFP contained the open reading frame of en-
hanced GFP in the BamHI/Spel site of pTM1 under the control of the T7
promoter. Due to the cloning procedure, the BamHI and Spel sites were de-
stroyed. For construction of a plasmid encoding a GFP fusion protein with VP40
at the C terminus, the open reading frame of VP40 (nucleotide positions 4568 to
5479 of the viral genome) was amplified from plasmid pTM-VP40 with primers
enabling the cloning of the resulting PCR fragment into the PstfI and Sall
restriction sites of the vector pTM-eGFP. The resulting vector was designated
pTM-GFP-VP40. For generation of a vector encoding a fusion protein with GFP
at the C terminus, the open reading frame of VP40 was amplified from pTM-
VP40 as a template and was cloned into EcoRI- and SacI-cleaved pTM-eGFP.
The resulting vector was designated pTM-VP40-GFP. The vector pTM-
VP40p114, in which methionine at amino acid position 11 was mutated to
alanine, was constructed by site-directed mutagenesis, exchanging A at position
4598 to G and T at position 4599 to C, with the vector pTM-VP40 as a template.

The vector pCAGGS-VP40 was generated by a PCR amplifying the open
reading frame of VP40 from the plasmid pTM-VP40. The resulting fragment
contained a Smal site at the 5’ end and a NotI site at the 3" end. This fragment
was cloned into vector pPCAGGS that was cut with EcoRI, treated with Klenow
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polymerase in the presence of deoxynucleoside triphosphates, and then digested
with Notl.

Transfection of HUHT-7 and HeLa cells and subcellular fractionation.
HUHT-7 cells were transfected with pCAGGS-VP40 by use of Lipofectamine
Plus reagent according to the manufacturer’s instructions. Subconfluent HeLa
cells (5 X 10° cells in 7-cm? wells) were infected and transfected as described
previously (30). Cells were washed three times with lysis buffer 1 (10 mM Tris
[pH 7.5], 0.25 M sucrose, 1 mM EDTA, 200 pM orthovanadate, and 1 mM
phenylmethylsulfonyl fluoride) at 4°C, scraped off the dish in a minimal volume
of lysis buffer 1, aspirated with a syringe, and destroyed by passaging 10 times
through a needle (24 gauge). Nuclei were pelleted at 800 X g for 5 min at 4°C.
The supernatant was subjected to subcellular fractionation in discontinuous
sucrose gradients (30) or in iodixanol gradients according to the method of
Yeaman et al. (62), with some modifications. Briefly, the separation of different
membrane compartments was achieved by centrifugation of three-step 10 to 20
to 30% (wt/vol) iodixanol gradients. One third of the cellular lysate was mixed
with Opti-Prep (60% [wt/vol]), iodixanol (Sigma), and lysis buffer 1 to generate
solutions containing 10, 20, or 30% iodixanol. Equal volumes of these three
solutions were layered in centrifuge tubes, and samples were centrifuged at
353,000 X g for 3 h at 4°C. Fractions (150 pl) were collected and proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotted. The densities of the fractions were determined by
measuring their respective refractive indexes (13).

Western blot analysis. Western blot analysis was carried out as described
previously (5). The antibodies used and their respective dilutions are given in the
figure legends.

Radioactive metabolic labeling and immunoprecipitation analysis. At the
indicated times after transfection, cells were starved for 1 h with methionine- and
cysteine-deficient DMEM. The medium was removed, and cells in a six-well plate
(7 cm? per well) were labeled with 50 wCi of [*>S] Promix (Amersham) per dish
for 30 min in 1 ml of starvation medium. After metabolic labeling, cells were
washed with DMEM and incubated for the indicated chase period or were lysed
immediately. For cell lysis, cells were washed three times with lysis buffer 1 at
4°C, scraped off the dish in a minimal volume of lysis buffer 1, and lysed by 10
strokes through a 24-gauge cannula. The postnuclear fraction was subjected to a
flotation assay as described previously (30). Fractions were collected from the
top. Each fraction was resuspended in an equal amount of 2X ice-cold lysis buffer
2 (1X lysis buffer 2 is 20 mM Tris-HCI [pH 7.5], 100 mM sodium chloride, 0.4%
[wt/vol] deoxycholic acid, 0.5% [wt/vol] NP-40, and 5 mM EDTA) and was
incubated for 1 h at 4°C with 30 pl of protein A-Sepharose which had been
equilibrated in lysis buffer 2. Sepharose beads were precipitated at 8,500 X g for
2 min at 4°C, and supernatants were further incubated for 1 h with 1 pl of an
anti-VP40 mouse monoclonal antibody. Immune complexes were bound to 30 pl
of protein A-Sepharose for 1 h at 4°C, precipitated, and washed three times with
ice-cold lysis buffer 2. The final pellets were resuspended in 30 ul of sample
buffer (20% glycerin, 4% SDS, 100 mM Tris-HCI [pH 6.8], 10% mercaptoetha-
nol, 5% saturated bromphenol blue solution) and incubated for 5 min at 95°C.
Fifteen microliters of [**S] Promix-labeled sample was subjected to SDS-PAGE.
The radioactive signals were visualized by exposing dried gels to a Biolmager
plate and were quantified by using a bioimaging analyzer (BAS-1000; Fuji) with
Raytest TINA software.

Indirect immunofluorescence and immunoelectron microscopic analyses.
HeLa and HUHT-7 cells expressing VP40 were fixed with 4% paraformaldehyde
at the indicated times. Subsequent immunofluorescence analysis was performed
as described previously (6). For determination of the percentage of VP40-posi-
tive cells that contained VP40 bright spots or clusters in the perinuclear region
and/or close to the plasma membrane, 6 to 10 randomly chosen regions were
photographed (<40 objective; each region contained 6 to 18 cells). Cells express-
ing VP40 were differentiated into two classes, those that contained VP40 in the
perinuclear region (bright spots or tubular network) and those that contained
VP40 adjacent to the plasma membrane. The weighted mean value and the
standard deviation were determined on a per field basis. For immunoelectron
microscopy, cells were fixed with 4% paraformaldehyde. The fixative was re-
moved and free aldehydes were quenched with 50 mM NH,4CI in phosphate-
buffered saline (PBS). After dehydration, samples were embedded in LR Gold
(31). Indirect immunogold labeling was carried out with ultrathin sections. The
antibodies used and their respective dilutions are given in the figure legends. For
immunoelectron microscopic analysis of VP40-positive membranes, we used the
membrane-containing fraction from the flotation analysis. Additionally, viral
envelopes that had been removed by detergent treatment of MARYV particles as
described previously (30) were analyzed. A drop of the analyzed suspension was
deposited on Formvar-carbon-coated nickel grids for 1 min. The excess fluid was
blotted away with Whatman filter paper, and the grids were floated on a drop of
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PBS containing 1% bovine serum albumin for 10 min. Indirect immunostaining
was performed by incubation with an anti-VP40 mouse monoclonal antibody for
60 min, and bound antibodies were detected with a donkey anti-mouse immu-
noglobulin G (IgG) antibody coupled to 6-nm-diameter 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. For the
quantification of gold particles in the VP40-positive structures, 10 micrographs
were taken at a primary magnification of X50,000. The density of gold labeling
at the surfaces of profiles of VP40-positive structures was determined by mor-
phometric methods (59). Micrographs were scanned by using Leafscan 45 soft-
ware, and the surfaces of the profiles of VP40-positive structures were deter-
mined by using Raytest TINA software.

RESULTS

VP40 associates with cellular membranes early after syn-
thesis. VP40 is a peripheral membrane protein whose interac-
tion with membranes is resistant to high salt conditions, EDTA
treatment, and high pHs (30). To analyze the kinetics of mem-
brane binding, we performed pulse-chase analyses of VP40-
expressing HeLa cells and determined the membrane binding
status of VP40 by a subsequent flotation analysis (7). Under
the chosen conditions, membrane-associated proteins floated
from the dense sucrose fractions (fractions 4 to 6) to the 10 to
45% interface (fraction 2). Figure 1A shows that approxi-
mately 25% of the VP40 was bound to membranes directly
after the radioactive pulse (Fig. 1B, fraction 2, white bar). At
2 h chase, the membrane-bound portion of VP40 was increased
to 55% (Fig. 1A and B, fraction 2, black bar). Thus, VP40
became associated with cellular membranes early after synthe-
sis with kinetics that were similar to those for the influenza A
virus matrix protein (63). The membrane association of VP40
was also determined by Western blotting at 6, 12, and 18 h
posttransfection. It was found that approximately 80% of the
VP40 was constantly bound to membranes. Flotation of VP40
was abolished in the presence of 1% Triton X-100 (not shown).
The flotation assay was controlled by using the cellular trans-
membrane protein Lamp-1 (not shown). Taken together, these
results indicate that the membrane association of VP40 takes
place rapidly after synthesis, reaching plateau levels of approx-
imately 80%. The expression of VP40 was performed by using
the recombinant vaccinia virus MVA T7, which is widely used
to study the pathways of recombinant proteins because of its
superior expression efficiency (52). This system was success-
fully used for the study of viral M proteins (22), glycoproteins
(58), and nucleocapsid proteins (6). However, considering the
large number of proteins expressed by vaccinia virus, we tested
whether the VP40 distribution was affected by these extrane-
ous proteins. Therefore, experiments were performed in par-
allel in HUHT-7 cells that were transfected with the plasmid
pCAGGS-VP40, which contains the VP40 open reading frame
under the control of the beta-actin promoter (29, 40). The cells
were subjected to a flotation assay under the pulse-chase con-
ditions described above. We found that the kinetics of mem-
brane association of VP40 in HUHT-7 cells were essentially
the same as those in HeLa cells (not shown).

VP40 migrated in SDS-PAGE gels as a double band, at 37
and 39 kDa (Fig. 1A). The 39-kDa form could be detected only
if a large amount of protein was loaded onto the gel. Both
forms were able to associate with cellular membranes. The
removal of a potential second start codon at amino acid posi-
tion 11 of the VP40 polypeptide chain did not abolish the
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FIG. 1. Newly synthesized VP40 interacts with membranes. (A)
HeLa cells expressing VP40 were pulse-labeled at 10 h posttransfec-
tion with 50 nCi of [*>S]Promix for 30 min. Cells were lysed either im-
mediately after labeling (upper panel) or after a 2-h chase in DMEM
(bottom panel). The postnuclear supernatant was supplemented with
sucrose to give a final concentration of 63%, placed at the bottom of
a centrifuge tube, and overlaid with 45 and 10% sucrose. The gradient
was centrifuged to equilibrium at 40,000 rpm in an SW60 rotor. Frac-
tions were collected from the top and subjected to immunoprecipita-
tion with a mouse monoclonal antibody against VP40. (B) The inten-
sities of VP40-specific signals in panel A were quantified as described
in Materials and Methods. The extent of VP40 in all fractions was set
to 100%. The data represent averages and standard deviations from
three independent experiments.

appearance of VP40 as a double band (data not shown). Thus,
we presumed that the double band is the result of a hitherto
unidentified posttranslational modification.

MVBs represent places of early accumulation of VP40. Pre-
vious ultrastructural analyses showed that VP40 was associated
with membranes of MVBs located in the perinuclear region
and was concentrated in patches beneath the plasma mem-
brane (30). All of the VP40-positive membrane structures con-
tained marker proteins of the late endosome (e.g., Lamp-1),
although at different concentrations. In immunofluorescence
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analyses, the VP40-positive MVBs appeared as bright spots
around the nucleus and/or as a tubular-like network. It was
hypothesized that VP40 uses the endosomal system to be trans-
ported to the plasma membrane, where budding of progeny
viruses takes place (30). To test this hypothesis, we performed
a time course study of the intracellular distribution of VP40 by
using immunofluorescence analysis. VP40 was again synthe-
sized by using (i) the vaccinia virus T7 system in HeLa cells and
(ii) transient expression under the control of the eukaryotic
beta-actin promoter in HUHT-7 cells.

With the vaccinia virus T7 system, initial signs of VP40
expression were detected at 4 to 5 h posttransfection. At this
time, VP40 was mostly diffusely distributed, and 20% of the
VP40-positive cells contained, additionally, very small bright
spots in the perinuclear region (Fig. 2A). In parallel, we quan-
tified the amount of soluble and membrane-associated VP40
with a flotation assay and found that despite its predominant
diffusive appearance, approximately 70% of the VP40 was al-
ready associated with membranes (Fig. 2B). At 6 h posttrans-
fection, 41% of VP40-expressing cells contained the protein in
bright spots in the perinuclear region, and in a quarter of these
cells VP40 was also detected beneath the plasma membrane
(Fig. 2C). At 10 h posttransfection, in 60% of VP40-expressing
cells, the protein was detected in the perinuclear region (bright
spots or tubular-like network), and half of these cells displayed
VP40 beneath the plasma membrane (Fig. 2A and C). Notably,
all of the cells with VP40 beneath the cell surface contained
VP40 in the perinuclear region as well. During the course of
expression, the bright spots in the perinuclear region and at the
plasma membrane increased in size (Fig. 2A). VP40-positive
perinuclear spots did not display uniform appearances. Some
spots were rather round (Fig. 2D, left panel) and others were
of irregular shapes, with single or multiple tubular-like protru-
sions (Fig. 2D, right panel). This result suggested that the
VP40-positive perinuclear spots could be reorganized during
the course of expression, thereby inducing the formation of a
VP40-positive tubular-like network.

The VP40 distribution in HUHT-7 cells was similar to that
with the vaccinia virus expression system; however, the accu-
mulation of VP40 was slower and the VP40-positive network
that was formed by tubular-like protrusions was more promi-
nent (Fig. 2E and F). Taken together, these results show that
during the course of expression, the initial diffuse appearance
of VP40 is later complemented by an accumulation of VP40
around the nucleus and finally by VP40-positive spots at the
plasma membrane.

We then investigated whether the perinuclear VP40-positive
spots that were detected at early stages of expression do belong
to the late endosomal compartment. To this end, HeLa cells
expressing VP40 were loaded with a fluid phase marker (HRP)
for 1 h at 2 h posttransfection and were chased for 2 to 3 h.
HRP is resistant to lysosomal proteolysis and can be detected
in late endosomes and lysosomes for several hours after its
internalization (51). The immunofluorescence analyses showed
that VP40-positive spots were colocalized with the HRP-
loaded late endosomes and lysosomes (Fig. 3A, arrowheads).
Colocalization of VP40 spots and markers of late endosomes
(e.g., Lamp-1) was also detected in HUHT-7 cells at early
stages of VP40 expression (at 8 h posttransfection) (Fig. 3B,
left panels). Some of the perinuclear VP40-positive spots
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formed long protrusions to the cell periphery (Fig. 3B, right
panels). For labeling of the early endocytic compartment (24),
cells were cultured at 37°C in medium containing tetrameth-
ylrhodamine-labeled transferrin for 10 min before fixation.
The VP40-containing perinuclear spots were distinct from
transferrin-containing early endosomes (Fig. 3C).

According to our assumption, VP40 is transported to the
plasma membrane in association with late endosomes. Thus,
we analyzed whether VP40-positive late endosomes loaded
with a fluid phase marker could be detected at the cell surface.
To this end, HeLa cells expressing VP40 were loaded with
HRP as described above; however, loading was performed at
12 h posttransfection. Immunoelectron analysis revealed mem-
brane clusters beneath the plasma membrane that simulta-
neously contained VP40 and HRP (Fig. 4A). Tubular-like pro-
trusions that were enriched in VP40 were detected at the cell
surface and contained HRP as well (Fig. 4B and C). These data
suggest that the redistribution of VP40 from the perinuclear
region to the cell surface occurs in association with the late
endosomal compartment.

VP40 is associated with membranes of different morpholo-
gies. A considerable amount of VP40 was already membrane
associated when the appearance of the protein was still homo-
geneous (Fig. 1 and 2). Thus, it was assumed that in addition to
the known particulate VP40-positive membrane structures
(MVBs and patches at the plasma membrane), VP40 might be
associated with membrane structures that display a homoge-
neous distribution. To identify these structures, we carried out
an ultrastructural analysis of VP40-positive membranes at
early stages of expression (at 6 h posttransfection). HeLa cells
expressing VP40 were lysed, the postnuclear supernatant was
subjected to flotation analysis, and the membrane fraction was
analyzed by immunoelectron microscopy and negative staining.
Additionally, immunoprecipitated VP40-positive membranes
were studied with ultrathin sections. At this time, VP40 was
predominantly detected at the surfaces of small vesicles with
diameters of 30 to 50 nm (Fig. 5A). To identify the entire
spectrum of intracellular VP40-positive membrane structures,
we performed an ultrastructural analysis of VP40-positive
membranes at later stages, when the expression level of VP40
was sufficiently high. We identified different VP40-positive
membrane structures in the cell lysates. (i) VP40 was found in
association with MVBs (250 to 1,000 nm in diameter; Fig. 5B
to F) that displayed a patch-like distribution of VP40. Judging
by the intensity of gold labeling, the surfaces of MVBs con-
tained only small amounts of VP40 (Fig. 5B and C). The
tubular- or bud-like protrusions, however, were highly en-
riched in VP40 (Fig. 5D to F). (ii) Very strong gold labeling
was found in membrane sheets of variable size which were
obviously partly destroyed during purification (Fig. 5G). The
maximal size of VP40-enriched membrane sheets was 0.5 pm?.
The density of VP40 in these membrane sheets, which was
estimated by the number of gold beads, was similar to the
density of VP40 in the MARYV envelope (1,440 = 310 per pm?
versus 1,300 * 120 per wm?) (not shown). This finding sug-
gested that VP40 was able to form membrane-associated sub-
micron-scale clusters independently of nascent viral RNA and
other viral proteins. Most likely, VP40 became concentrated in
the tubular extensions of the MVBs, resulting in the detected
membrane patches that contained high amounts of VP40.
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FIG. 2. Time course study of intracellular distribution of VP40. (A) HeLa cells expressing VP40 were fixed with 4% paraformaldehyde at
different times posttransfection. Cells were immunostained with an anti-VP40 monoclonal antibody (dilution, 1:100) and a secondary donkey
anti-mouse IgG conjugated with rhodamine (dilution, 1:100). Left panels, cells at 5, 7, and 10 h posttransfection (magnification, X40); right panels,
enlarged images of framed cells. Arrows, VP40 in perinuclear bright spots; arrowheads, VP40 in bright spots beneath the plasma membrane.
(B) Flotation assay of HeLa cells expressing VP40 at 5 h posttransfection. The gradient was fractionated from the top, and samples were separated
by SDS-PAGE and blotted onto a polyvinylidene difluoride membrane. The membrane was stained with an anti-VP40 monoclonal antibody
(dilution, 1:1,000). Top of the gradient, fraction 1; bottom of the gradient, fraction 6. (C) Percentages of VP40-expressing HeLa cells which
contained perinuclear bright spots (gray bars) and VP40 bright spots beneath the plasma membrane (black bars). (D) VP40 bright spots with single
and multiple tubular-like protrusions (arrowheads) in HeLa cells at 10 h posttransfection with pTM-VP40. (E) HUHT-7 cells expressing VP40
were fixed with 4% paraformaldehyde at 8, 16, and 24 h posttransfection and were immunostained as described above (magnification, X40).
(F) VP40 bright spots with multiple tubular-like protrusions (arrowheads) in HUHT-7 cells at 16 h posttransfection with pCAGGS-VP40. Bar, 10
pm (A and E) or 2 pm (D and F).
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FIG. 3. VP40 is colocalized with the endosomal-lysosomal compartment early after synthesis. (A) VP40-expressing HeLa cells were loaded with
the fluid phase marker HRP for 1 h at 2 h posttransfection and were chased for an additional 2 h (+) or were not loaded with HRP (—). Double
immunofluorescence staining was performed with a rabbit anti-HRP antibody (1:50) and a mouse anti-VP40 antibody (1:100). Arrowheads,
colocalization of VP40 and HRP; arrows, VP40 bright spots that are not colocalized with HRP. (B) VP40-expressing HUHT-7 cells were fixed at
7 h posttransfection and double immunostained with an anti-VP40 rabbit polyclonal antibody (dilution, 1:100) and a mouse anti-Lamp-1
monoclonal antibody (dilution, 1:50). Nuclei were counterstained with DAPI (4',6’-diamidino-2-phenylindole). Arrowheads, colocalization of
VP40 and Lamp-1; arrows, long tubular VP40-positive extensions. (C) VP40-expressing HUHT-7 cells were incubated with transferrin conjugated
with tetramethylrhodamine for 10 min before fixation. Fixation was done at 7 h posttransfection. Arrowheads, localization of VP40 spots; arrows,
localization of transferrin. Bar, 10 pm.
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FIG. 4. Immunoelectron microscopic analysis of VP40-expressing
HeLa cells loaded with fluid phase marker. VP40-expressing HeLa
cells were loaded with the fluid phase marker HRP for 1 h at 12 h
posttransfection, washed, and chased for an additional 2 to 3 h. After
fixation with 4% paraformaldehyde, cells were dehydrated and embed-
ded in LR Gold. Double immunostaining of ultrathin sections was
performed with a rabbit anti-HRP antibody (12-nm-diameter gold
beads; arrowheads) and a mouse anti-VP40 antibody (6-nm-diameter
gold beads; arrows). (A) VP40-positive membrane cluster beneath the
plasma membrane (highlighted by dashed line). (B and C) VP40-
positive tubular-like protrusions at the cell surface. Bar, 100 nm.

Trafficking of VP40 between cellular compartments. To sup-
port the hypothesis that VP40 is intracellularly transported via
membrane-associated transport involving the late endosome,
we investigated whether the sequential targeting of different
membrane compartments by VP40 could be detected by den-
sity gradient centrifugation. A pilot experiment showed that
the chosen method for cell fractionation, iodixanol gradients
(19, 62), allows the separation of membrane proteins associ-
ated with the plasma membrane, with endoplasmic reticulum
(ER)-Golgi-endosomal membranes, and with small vesicular
structures (Fig. 6A). At different times posttransfection, lysates
of VP40-expressing HUHT-7 cells were separated by isopycnic
centrifugation through linear iodixanol gradients (Fig. 6B, top
three panels). Altogether, VP40 was recovered from four
peaks, which corresponded to the plasma membrane (fractions
1 to 6; peak 1), the endosomal compartment (fractions 7 to 14;
peak 2), small vesicles (fractions 15 to 23; peak 3), and finally,

J. VIROL.

aggregated or soluble proteins (fractions 24 to 27; peak 4) (43,
62). The migration pattern of VP40 in the gradient changed
from 7 to 24 h posttransfection (Fig. 6B and C). At 7 h post-
transfection, membrane-associated VP40 was recovered main-
ly from peak 3 (small vesicles) (Fig. 6C), with a very small
amount recovered from peaks 2 and 1 (endosome-ER and
plasma membrane, respectively). At 13 h posttransfection, the
amount of VP40 in all fractions was increased. However, the
ratio of VP40 associated with the small vesicle fractions to that
in the late endosomal fractions was decreased. The same shift
in ratio was detected between the small vesicle fractions and
the plasma membrane fractions (Fig. 6C). This result indicates
that the protein shifted from the small vesicles to the endoso-
mal compartment and the plasma membrane (Fig. 6B and C).
From 13 to 24 h posttransfection, the relative amount of VP40
in the small vesicle fraction continued to decrease, the amount
in the endosomal fraction reached a plateau, and the amount
at the plasma membrane increased constantly (Fig. 6B and C).

To check whether the changes in intracellular distribution of
VP40 reflect a real redistribution or merely a saturation of
VP40 binding sites with an accumulation of the protein in new
places, we analyzed targeting of VP40 to the different mem-
brane compartments in the presence of cycloheximide. When
protein synthesis was blocked, a shift of VP40 from the small
vesicle fraction to the endosomal compartment and the plasma
membrane was detected (Fig. 6B, fourth panel, and C). This
result pointed out that trafficking of VP40 to the plasma mem-
brane is a complex process that involves the sequential target-
ing of several compartments, including the late endosome.

To further elucidate the intracellular trafficking pathways
used by VP40, we treated cells transiently expressing VP40
with monensin, which blocks intracellular vesicular trafficking
(27, 38). Monensin treatment resulted in an accumulation of
VP40 in the bottom fractions corresponding to cytosolic or
aggregated proteins. In an immunofluorescence analysis, treat-
ment with monensin almost completely blocked the formation
of VP40 spots in the perinuclear region and resulted in a bright
diffuse distribution without any accumulation beneath the
plasma membrane (Fig. 6B, fifth panel, and C). Taken to-
gether, these results indicate that monensin significantly re-
duces the association of VP40 with small vesicles and the
delivery of VP40 to the late endosomes and the plasma mem-
brane.

Cells were then treated with the weak base NH,Cl, which
raises the pH of intracellular organelles (11, 35). In compari-
son with the control cells at 13 h posttransfection, the relative
amount of VP40 associated with small vesicles was significantly
increased and the relative amount that was associated with late
endosomes was decreased. As a consequence, the amount of
VP40 at the plasma membrane was also reduced (Fig. 6B, sixth
panel, and C).

In summary, morphological and biochemical analyses both
indicated that, during the course of expression, VP40 changes
its distribution in the cell. At first, VP40 appears to be mem-
brane bound but homogeneously distributed over the cyto-
plasm. At the same time, the majority of VP40 migrates in the
iodixanol gradient at a density that corresponds to small vesi-
cles. VP40 then accumulates in the perinucleus in an endoso-
mal compartment and comigrates in the iodixanol gradient
with endosomal markers. Finally, VP40 arrives at the plasma



FIG. 5. Immunoelectron microscopic analysis of VP40-positive membranes purified from VP40-expressing HeLa cells by flotation assay. (A)
VP40-expressing HeLa cells were lysed at 6 h posttransfection. The postnuclear supernatant was subjected to flotation analyses and the resulting
membrane-containing fraction (number 2) was subjected to immunoelectron microscopy (left and middle images; VP40 is labeled with 6-nm-
diameter gold beads). The right image shows small vesicles that were detected in an ultrathin section of immunoprecipitated VP40-positive
membranes. Arrows, outer boundaries of small vesicles; arrowheads, inner ring-like structures. (B and C) VP40-expressing HUHT-7 cells were lysed at
24 h posttransfection. The postnuclear supernatant was subjected to flotation analyses and the resulting membrane-containing fraction (number 2) was
subjected to immunoelectron microscopy. Double immunostaining was done with an anti-VP40 rabbit polyclonal antibody (12-nm-diameter gold beads)
and a mouse anti-Lamp-1 monoclonal antibody (6-nm-diameter gold beads; arrows). (D, E, and F) VP40-expressing HeLa cells were lysed at 16 h post-
transfection and processed as described above. Immunostaining was done with an anti-VP40 mouse monoclonal antibody (1:100) and a secondary donkey
anti-mouse antibody conjugated with colloidal gold (1:40; 6-nm-diameter gold beads; arrows). Panels D and E show double immunostaining with a mouse
anti-VP40 monoclonal antibody (6-nm-diameter gold beads) and a rabbit anti-actin polyclonal antibody (12-nm-diameter gold beads). (A) Small ves-
icles. (B) MVB. (C) Enlarged fragment of panel B. (D, E, and F) Tubular- and bud-like protrusions at the surfaces of MVBs. (E) Enlarged fragment
of tubular protrusion. (G) Sheets of membrane strongly labeled with VP40. Bars, 30 nm (A), 100 nm (B, C, E, F, and G), and 400 nm (D).
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FIG. 6. Fractionation of VP40-expressing cells in an iodixanol gradient at different times posttransfection. (A) Detection of cellular proteins
in the iodixanol gradients. (B) Detection of VP40 in fractions from iodixanol gradients of VP40-expressing HUHT-7 cells and immunofluorescence
analysis of these cells at 7, 13, and 24 h posttransfection (top three panels). The bottom three panels show the detection of VP40 in fractions from
iodixanol gradients of VP40-expressing HUHT-7 cells and immunofluorescence analysis of these cells at 13 h posttransfection in the presence of
cycloheximide (CHX), monensin (Mon), or ammonium chloride (NH,ClI). Cycloheximide (100 pg/ml) was added at 7 h posttransfection for 6 h.
Monensin (10 nM) was added at 3 h posttransfection for 10 h. Ammonium chloride (10 mM) was added at 3 h posttransfection for 10 h. Positions
of VP40 are indicated to the left, and times of cell harvesting are shown to the right. (C) The intensities of VP40-specific signals in the panels of
Fig. 6B were quantified as described in Materials and Methods. The total amount of VP40 in all fractions was set to 100%. The graphic shows the
relative amounts of VP40 as sums of fractions 1 to 6 (plasma membrane), fractions 7 to 14 (late endosomes-ER), and fractions 15 to 23 (small
vesicles); for NH,Cl-treated cells, the late endosomes-ER compartment is represented by fractions 7 to 13 and small vesicles are represented by
fractions 14 to 22.
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membrane, as shown by immunofluorescence and gradient
centrifugation analysis. These data are in agreement with the
assumption that the transport of VP40 to the plasma mem-
brane takes place in association with intracellular membranes
and involves the late endosomal compartment.

DISCUSSION

Despite the important role of viral matrix proteins in the
assembly and release of progeny virions, it is poorly under-
stood how these proteins are targeted to the sites of budding.
Thus, we have analyzed in detail the transport of the MARV
matrix protein VP40 by using a combination of time course
studies and ultrastructural analyses.

We found that the primary membranes which are targeted
by VP40 are vesicles with diameters of approximately 30 to 50
nm. The identity of these vesicles is still unclear. They neither
were coated by a protein shell, like clathrin-coated vesicles, nor
contained detectable amounts of the late endosomal marker
Lamp-1.

VP40 next accumulated in the perinuclear region in associ-
ation with MVBs. Finally, VP40 was found in the periphery of
the cell, suggesting that the accumulation of VP40 in the late
endosomal compartment represents an intermediate step dur-
ing the course of its delivery to the plasma membrane. In
addition, if VP40 is expressed as an N-terminal GFP fusion
protein, it is still associated with membranes but cannot accu-
mulate in MVBs (data not shown). This fusion protein is also
unable to target the plasma membrane. Thus, the association
of VP40 with the late endosomal compartment seems to be
critical for its transport to the plasma membrane.

Studies on the distribution of VP40 in the presence of cy-
cloheximide and monensin showed that the accumulation of
VP40 in MVBs is essential for its transport to the plasma
membrane. The block of protein synthesis did not prevent the
redistribution of VP40 to the late endosomes and further to
the plasma membrane. In contrast, the redistribution of VP40
from the small vesicles to the late endosomes and to the
plasma membrane was more pronounced. This result strongly
supports the hypothesis that VP40 is transported in association

with intracellular membranes. This is additionally underscored
by the result that inhibition of intracellular vesicular trafficking
by monensin significantly reduced the appearance of VP40 at
the plasma membrane. When lysosomal functioning was im-
paired, the relative amount of VP40 associated with small
vesicles was increased and the relative amount of VP40 in late
endosomes and at the plasma membrane was decreased. This
result suggests that alkalization of endosomes and lysosomes
has an impact on the fusion and/or fission of VP40-containing
small vesicles with and from the late endosomal compartment.

Although lysosomes and late endosomes are predominantly
involved in the degradation of proteins, it is known that both
organelles may fuse with the plasma membrane and participate
in the transport of lipid compounds and proteins to the cell
surface (1, 44, 45). Moreover, the late endosomes of dendritic
cells are involved in the transport of major histocompatibility
complex class IT (MHC II) molecules to the plasma membrane
upon stimulation by an extracellular stimulus (10, 28, 55). The
mechanism of this process is not completely understood but
seems to involve a stimulation-dependent transformation of
MHC II-containing MVBs into tubular-like structures extend-
ing into the periphery. Subsequent fusion of the tubules or of
vesicles budding from the tubules with the plasma membrane
results in the surface expression of MHC II (28). VP40 is found
in tubular structures emanating from the MVBs that are highly
similar to tubular structures emerging from MVBs during the
surface transport of MHC II molecules (28). The formation of
tubular extensions from late endosomes was also shown during
the course of trafficking of proteins that participate in intra-
cellular cholesterol transport (39, 64, 65). Tubular-like exten-
sions of late endosomes and homotypic fusion events (42)
might explain the formation of VP40 spots with polymorphic
shapes and sizes.

The interaction of viral proteins with the late endosomes has
been detected before. The replication of mouse hepatitis virus,
for example, takes place at late endosomal membranes (56).
Furthermore, human cytomegalovirus particles occasionally
bud into MVBs, and the viral chemokine receptor-like proteins
(UL33 and US27) have been detected in MVBs as well (14). A
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recent study demonstrated that infectious human immunode-
ficiency virus type 1 (HIV-1) particles are assembled in late
endosomes of primary macrophages (41).

At the late endosomal compartment, a complex protein ma-
chinery drives the sorting of plasma membrane receptors into
internal vesicles that bud into the lumen of the endosome (2, 3,
26). This process is crucial for the proper maintenance of
receptor density at the plasma membrane and seems to be
mechanistically similar to the budding of viruses (4, 18). A
connection between the inward budding of endosomal vesicles
and the budding process of viruses emerged when it was found
that TSG101, a cellular protein that is part of the protein
sorting machinery in the late endosome, is required for HIV-1
budding. TSG101 exerts its effect on the budding of HIV-1 by
an interaction with the late domain of the viral protein Gag
(18). Moreover, the efficient egress of Ebola virus-like particles
induced by the Ebola virus matrix protein VP40 was also de-
pendent on an interaction with TSG101 (34). These results
suggest that viral proteins might recruit parts of the machinery
that normally mediates the invagination of the MVBs to the
sites of virus budding at the plasma membrane. However,
MARYV budding must use a different pathway, since MARV
VP40 lacks the PT/SAP motif that is recognized by TSG101
(57). Notably, the majority of M proteins in viruses of the order
Mononegavirales lack the PT/SAP motif as well. The detected
association of MARV VP40 with the late endosome might
enable the virus to recruit parts of the endosomal budding
machinery to the plasma membrane without a direct interac-
tion with TSG101. Besides the PT/SAP motif, another short
peptide motif, PPxY, was shown to contribute to the budding
of Ebola virus VP40 (22, 23, 33). This motif is also present in
MARYV VP40. PPxY motifs interact specifically with WW do-
mains such as that contained in the ubiquitin ligase Nedd4.
Indeed, an interaction of Ebola virus VP40 with Nedd4 which
is mediated by the PPxY motif and is essential for the budding
of virus-like particles has been detected (54, 61). The role of
the PPxY motif with MARV VP40 is unclear so far. Substitu-
tion mutations of the motif did not lead to a change in the
intracellular distribution of VP40 but to a reduction of the
release of VP40 in virus-like particles from the cells (unpub-
lished data).

Recently, Bild and colleagues published a study showing
that the signal transducer and activator of transcription Stat
3 is transported from the plasma membrane to the nucleus
by endocytic vesicles. The process seemed to end up in
perinuclear structures before the protein was released by an
unknown mechanism into the nucleus (8). Thus, it appears
that the exploitation of the endosomal system might be a com-
mon mechanism for carrying cytosolic cargo proteins to target
sites.

Taken together, the data from the present study highlight a
novel intracellular pathway for a viral matrix protein that re-
quires interactions with several cellular membrane structures,
particularly the late endosome, for its transport to the plasma
membrane. Since viruses mostly exploit existing cellular path-
ways, it is conceivable that cytosolic cellular proteins use the
retrograde late endosomal route for membrane-associated
transport as well.
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