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The highly pathogenic enveloped Marburg virus (MARV) is composed of seven structural proteins and the
nonsegmented negative-sense viral RNA genome. Four proteins (NP, VP35, VP30, and L) make up the helical
nucleocapsid, which is surrounded by a matrix that is composed of the viral proteins VP40 and VP24. VP40 is
functionally homologous to the matrix proteins of other nonsegmented negative-strand RNA viruses. As yet, the
function of VP24 remains elusive. In the present study we found that VP24 colocalized with inclusions in
MARV-infected cells that contain preformed nucleocapsids and with nucleocapsids outside the inclusions.
Coexpression studies revealed that VP24 is recruited into the inclusions by the presence of NP. Furthermore,
VP24 displayed membrane-binding properties and was recruited into filamentous virus-like particles (VLPs)
that are induced by VP40. The incorporation of VP24 altered neither the morphology of VLPs nor the budding
efficiency of VLPs. When VP24 was silenced in MARV-infected cells by small interfering RNA technology, the
release of viral particles was significantly reduced while viral transcription and replication were unimpaired.
Our data support the idea that VP24 is essential for a process that takes place after replication and
transcription and before budding of virus progeny. It is presumed that VP24 is necessary for the formation of
transport-competent nucleocapsids and/or the interaction between the nucleocapsids and the budding sites at
the plasma membrane.

Classified in the order Mononegavirales, the two Filoviridae
family members, Marburg virus (MARV) and Ebola virus
(EBOV), are both capable of causing hemorrhagic fevers with
case fatality rates ranging from 30 to 90% (7). There are
currently no approved vaccines or antiviral drugs available to
prevent and/or treat filoviral diseases.

The enveloped MARV particles are composed of seven
structural proteins and a nonsegmented negative-strand RNA
genome of 19.1 kb (8). The viral envelope is spiked with ho-
motrimers of the glycoprotein GP (9). The helical nucleocap-
sid is composed of four proteins: the nucleoprotein NP, the L
protein, VP35, and VP30. NP, VP35, and L are essential for
viral replication and transcription; the function of VP30, an
NP-binding phosphoprotein, is still unclear (1, 21, 23, 24).

The matrix between the nucleocapsid and the viral envelope
contains two proteins, VP24 and the highly abundant VP40.
VP40 has been shown recently to display all features of a
matrix protein, i.e., budding activity, membrane association,
and nucleocapsid association (18, 20, 28). VP40 is transported
to the plasma membrane using membranes of the late endo-
some and recruits the surface protein GP (which is transported
via the exocytotic pathway) into VP40-containing multivesicu-
lar bodies. These, in turn, provide the platforms for the for-
mation of the viral envelope (18, 19).

Virtually nothing is known regarding the structure and func-
tion of MARV VP24. VP24 is considered to be a second matrix
protein, a unique feature in the order Mononegavirales. VP24
of EBOV was shown to strongly associate with lipid mem-
branes and to induce its own release in the form of trypsin-

resistant virus-like particles (VLPs) (15). Additionally, EBOV
VP24 was assumed to play an important role in the formation
of mature viral nucleocapsids, together with the polymerase
cofactor VP35 (16). The essential role of VP24 for the forma-
tion of particles, however, is a matter of debate (31). Finally,
VP24 is thought to represent an important pathogenicity factor
of EBOV. In the course of adaptation of EBOV to guinea pigs,
VP24 underwent significant structural changes that are be-
lieved to contribute to the high pathogenicity of the adapted
virus (30).

Synthetically produced double-stranded RNA molecules
(small interfering RNAs [siRNAs]) 19 to 21 nucleotides long
have been shown to greatly decrease the intracellular amount
of specifically targeted transcripts (6), and this approach has
been used to impair viral replication (25). The siRNA tech-
nique has successfully been applied for the inhibition of polio-
virus, influenza A virus, rotavirus, hepatitis B virus, respiratory
syncytial virus, human immunodeficiency virus type 1, and re-
cently for MARV (25, 11). Besides having a potential for
antiviral therapy, siRNA technology may help us to better
understand the basic mechanisms involved in virus replication.
siRNA technology seems to be especially suitable to investi-
gate the function of single viral proteins of negative-strand
RNA viruses, since only the viral transcripts are accessible
whereas the encapsidated genome is protected against the si-
lencing by siRNA (3, 14).

In this study, we were able to show that VP24 interacts with
lipid membranes and NP and is specifically recruited into VLPs
formed by the major matrix protein VP40. Neither the budding
efficiency of VP40-induced VLPs nor the morphology of re-
leased VLPs was influenced by the presence of VP24. Silencing
of VP24 in MARV-infected cells, however, resulted in a sig-
nificant reduction of released progeny virions, while the pro-
cess of viral transcription and replication was unaltered.
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MATERIALS AND METHODS

Viruses. The Musoke strain of MARV, isolated in 1980 in Kenya, was prop-
agated in C1008 cells and purified as described previously (13). Vero cells were
infected under biosafety level 4 conditions with a multiplicity of infection of
approximately 1 PFU per cell and fixed at 24 h postinfection. The recombinant
vaccinia virus MVA-T7 was grown and titrated in chicken embryo fibroblasts as
described by Sutter et al. (27).

Cells. Vero cells, human embryonic kidney (HEK293) cells, and HeLa cells
were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal calf serum (FCS), L-glutamine, and penicillin-streptomycin solu-
tion. The cells were grown in an incubator at 37°C under 5% CO2.

Antibodies. For indirect immunofluorescence (IF) and Western blot (WB) anal-
ysis, the following antibodies were used as primary antibodies: affinity-purified rabbit
serum against MARV VP24 (dilution for IF, 1:2; dilution for WB, 1:10), rabbit
serum against MARV GP (dilution for WB, 1:2,500), a mouse monoclonal antibody
against MARV VP40 (kindly provided by the Centers for Disease Control and
Prevention, Atlanta, GA) (dilution for IF, 1:100; dilution for WB, 1:3,000), a
mouse monoclonal antibody against MARV NP (dilution for IF, 1:20), a guinea
pig serum against VP30 (dilution for WB, 1:500), and a guinea pig serum against
VP35 (dilution for WB, 1:5,000). Monoclonal antibodies against lysosome-asso-
ciated membrane protein 1 (LAMP-1) and against annexin II were obtained
from Transduction Laboratories (BD, Heidelberg, Germany) and used in dilu-
tions according to the manufacturer’s instructions. Secondary antibodies conju-
gated with fluorescein isothiocyanate (FITC) or rhodamine (Dianova) were used
for immunofluorescence at a dilution of 1:400. Secondary antibodies conjugated
with horseradish peroxidase (dilution for WB, 1:40,000) were obtained from
Dianova (Hamburg, Germany).

Affinity purification of the MARV VP24 antibody from rabbit antiserum. To
improve the specificity of the VP24 antibody and for reduction of nonspecific
background activities, rabbit antiserum that was raised against bacterially ex-
pressed MARV VP24 was affinity purified. MARV antigen was separated by
preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and blotted onto polyvinylidene difluoride membrane. Viral proteins
were visualized by Ponceau red staining, and the band corresponding to VP24
was cut out of the membrane. Unbound or loosely attached protein was removed
by a 5-min treatment with 0.1 M glycine buffer (pH 2.5). The membrane was
blocked at room temperature for 1 h with 3% bovine serum albumin (BSA) in
Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 0.05%
Tween-20 [vol/vol]). After being washed twice with TBS, the blot was incubated
for 3 h at room temperature with rabbit antiserum against MARV VP24 diluted
in TBS, followed by four washing steps with phosphate-buffered saline (PBS).
For elution of the specifically bound VP24 antibody from the membrane, the blot
was treated with 0.1 M glycine buffer (pH 2.5) for 10 min at room temperature,
and the antibody-containing glycine buffer was transferred into a fresh cup and
neutralized by the addition of 1 M Tris-HCl (pH 8). The elution step was
repeated, and both eluates were joined and supplemented with BSA (final
concentration of 1 mg/ml) and NaN3 (final concentration of 5 mM). The result-
ing antibody was used for immunofluorescence and Western blot assays without
further concentration.

DNA plasmids and molecular cloning. For generation of a plasmid encoding
VP24, the region encompassing nucleotides 10182 to 11242 of the MARV ge-
nome (EMBL Nucleotide Sequence Database accession no. Z12132) was ampli-
fied by reverse transcriptase PCR using primers which facilitated cloning of
the resulting PCR fragment into the BamHI restriction endonuclease site of the
vector pTM1 (12). The resulting plasmid was designated pTM1-VP24. The
vector pC-VP24 was generated by PCR amplifying the open reading frame of
VP24 from the plasmid pTM1-VP24. The resulting fragment contained a SmaI
site at the 5� end and a NotI site at the 3� end. This fragment was cloned into
pCAGGS (pC) which was cut with the indicated restriction endonuclease en-
zymes. The forward primer contained the hemagglutinin sequence (encoding the
peptide AYPYDVPDYA). Both primers contained a BamHI restriction site.
The amplified fragment was cloned into the BamHI restriction site of pC.

The open reading frames of VP40 and GP (for reference, see EMBL Nucle-
otide Sequence Database accession no. Z12132) were subcloned from pTM1-
VP40 (18) and pTM1-GP (26) into pC, using the restriction enzymes SmaI and
NotI. All sequences were verified by automated sequencing. For expression of
NP, the vector pTM1-NP was used (24).

siRNAs. siRNA oligonucleotides were purchased from QIAGEN (Hilden,
Germany). The following sequences were used to target VP24: siRNA 1 (nucle-
otides 10465 to 10487), 5�-AACCGTTTTTGGCCCTGAGGATT-3�; and siRNA 2
(nucleotides 10819 to 10841), 5�-AACCTTGCTGTGGTGAGACAGTC-3�. A

control siRNA (siRNA X) with no significant homologies with any known human
or viral sequence was used as a nonspecific control (QIAGEN).

Transfection of HEK293 cells. At 24 h prior to transfection, HEK293 cells
were trypsinized and transferred to Cellstar six-well plates (Greiner, Nürtingen,
Germany). Cells were transfected with plasmids using Lipofectamine Plus re-
agent (Life technologies) according to the manufacturer’s instructions. Trans-
fected cells were incubated at 37°C for 24 h. Cotransfection of HEK293 cells with
plasmids pC-VP40, pC-GP, and pC-VP24 was done with plasmid concentrations
that resulted in a ratio of the expressed proteins that was similar to MARV-
infected cells. The optimal proportion between pC-VP40 (5), pC-GP (1), and
pC-VP24 (2.5) was 5:1:2.5. In all experiments, the total amount of transfected
plasmids was held constant by adding empty vector (pCAGGS).

Subcellular fractionation and flotation assay. At 24 h posttransfection,
HEK293 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 phenylmethylsul-
fonyl 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 centri-
fuge tube and overlaid with 45% and 10% sucrose. The discontinuous gradient
was then centrifuged for 16 h at 35,000 rpm in a Beckman SW41 rotor. Fractions
were collected from the top and supplemented with 4� sample buffer (100 mM
Tris-HCl [pH 6.8], 4% SDS, 20% 2-mercaptoethanol, 20% glycerol, and 0.2%
bromophenol blue). Equal amounts of each fraction were analyzed by SDS-
PAGE and Western blotting. The effects of high salt or chelating agents on
membrane association of VP24 were tested by treating the postnuclear super-
natant before flotation analysis with either 2 M KCl or 50 mM EDTA for
1 h at 4°C.

Gel filtration. One six-well plate of HEK293 cells was transfected with 6 �g of
pC-VP24 as described above. At 36 h posttransfection, cells were scraped off the
dish and lysed in PBS containing Complete protease inhibitor (Roche, Mann-
heim, Germany) by three cycles of freeze-thawing in liquid nitrogen (5 min) and
37°C (5 min). Cell extracts were clarified twice at 13,000 rpm for 2 min and then
filtered to remove cell debris. Total protein was separated by size on a Superdex-
200 10/30 high-resolution fast-performance liquid chromatography column
(Amersham Biosciences) by using an AKTA 10 purifier system (Amersham
Biosciences). Eluted proteins were collected in 0.5-ml fractions, quantified, and
analyzed by reducing SDS-PAGE and Western blot analysis.

Triton X-114 phase partitioning analysis. The phase partitioning analysis was
done according to the method of Bordier (4). Briefly, VP24 and VP40 were
expressed in HEK293 cells as described previously. At 24 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. 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 to remove insoluble
material. The supernatant was laid over a 300-�l 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 aqueous phase (top 200 �l) was collected, mixed with Triton X-114 again,
laid over the same sucrose cushion used in the first extraction, and warmed and
centrifuged as before. This resulted in a detergent phase combined from two
extractions of the aqueous phase (�20 �l). The aqueous phase was mixed again
with Triton X-114, placed over a new sucrose cushion, warmed, and centrifuged
as before. The detergent phase (from the combined extractions) was collected
and reextracted with 180 �l of buffer, placed over a new sucrose cushion, and
processed as before; then the extraction was repeated once more. The aqueous
and detergent phases were collected and adjusted to a final volume of 200 �l with
lysis buffer, supplemented with 4� sample buffer, and analyzed by SDS-PAGE
and Western blotting.

Purification of VLPs and proteinase K digestion. At 48 h posttransfection, the
supernatant of HEK293 cells was saved and further treated as described below.
To control the expression of the recombinant proteins in case they were not
released into the medium, the cells were washed two times with PBS, resus-
pended in 400 �l of PBS, lysed by mixing with 200 �l of 4� sample buffer, and
heated for 5 min to 96°C. Supernatants were centrifuged for 5 min at 1,500 � g
to remove cell debris. Particulate material was then pelleted for 3 h at 35,000 rpm
through a 20% sucrose cushion in a Beckman SW41 rotor. Pellets were resus-
pended in 60 �l of PBS and split into three aliquots of 20 �l. One sample was
mixed with 4.6 �l of PBS, the second one was mixed with 2.2 �l of PBS and 2.4 �l
of proteinase K in PBS (concentration, 1.5 �g/ml), and the third sample was
mixed with 2.2 �l of PBS–1% Triton X-100 and 2.4 �l of proteinase K in PBS
(concentration, 1.5 �g/ml). All three samples were incubated at 37°C for 1 h;
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proteinase K was inactivated by the addition of phenylmethylsulfonyl fluoride,
and 9 �l of 4� sample buffer was added. Samples were heated for 5 min to 96°C,
separated by SDS-PAGE, and analyzed by Western blotting. Simultaneously,
samples of the cell lysates (see above) were analyzed by SDS-PAGE and Western
blotting.

Silencing of transiently expressed VP24. At 24 h before transfection, Vero
cells were trypsinized and transferred to Cellstar 24-well plates (Greiner, Nürtin-
gen, Germany) and grown to 70% confluence. A total of 250 ng of pC-VP24 with
or without indicated amounts of siRNA was transfected into the cells using
Lipofectamine 2000 according to manufacturer’s instructions (Invitrogen,
Karlsruhe, Germany). After 4 h, the transfection medium was removed from
cells, and full medium was added. Fresh medium was reapplied after 24 h, and
cells were harvested at 48 h posttransfection. To harvest cell lysates, monolayers
were washed with PBS, trypsinized, and washed with DMEM, followed by cen-
trifugation and a second washing step with PBS. After removal of PBS, 100 �l of
cell lysis buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1.0% NP-40, 1.0 �g/ml),
Complete protease inhibitor (Roche, Mannheim, Germany), and 2 U of DNase
(Epicenter Technologies, Madison, Wis.) were added to cell pellets. Cell pellets
were resuspended and incubated at 37°C for 10 min and finally supplemented
with 4� sample buffer and boiled for 10 min. Protein concentrations were
determined by performing SDS-PAGE, followed by Coomassie staining; the gel
was analyzed using GelDoc 2000 (Bio-Rad, Richmond, USA) and the program
TINA 2.09 (Raytest, Straubenhardt, Germany).

MARV infection and siRNA treatment. At 24 h before transfection, Vero cells
were trypsinized and transferred to Cellstar six-well plates (Greiner, Nürtingen,
Germany). Transfections, with the indicated amounts of siRNAs, were carried
out as described by Bitko and Barik (3) with minor modifications. Cells were
transfected with siRNAs using Lipofectamine 2000 in Opti-MEM I medium, and
transfection medium was replaced at 4 h posttransfection with DMEM supple-
mented with 5% FCS. Cells were incubated for an additional 4 h and then
infected with MARV at a multiplicity of infection of approximately 1 PFU per
cell. At 1 h postinfection, cells were washed twice with DMEM, and a second
siRNA transfection was performed. Four hours later, cells were washed and
DMEM, supplemented with 10% FCS, was added. At 24 h postinfection, cells
and supernatants were harvested. To harvest the supernatant, cell culture me-
dium was centrifuged for 2 min at 8,000 � g to remove cellular debris. Super-
natant was used for Western blot analysis, quantitative real-time reverse tran-
scription-PCR (RT-PCR), and titration of released infectious viral particles.

For Western Blot analysis the supernatant was mixed with 4� sample buffer,
boiled for 10 min, and subjected to SDS-PAGE. For real-time RT-PCR, viral
RNA was purified from the supernatant using a QIAamp Viral RNA Mini Kit
(QIAGEN, Hilden) according to manufacturer’s instructions.

To harvest cells, monolayers were washed with PBS, trypsinized, and washed
with DMEM, followed by centrifugation and a second washing step with PBS.
After removal of PBS, 100 �l of cell lysis buffer was added to cell pellets. Cell
pellets were resuspended and incubated at 37°C for 10 min and finally supple-
mented with 4� sample buffer and boiled for 10 min. Protein concentrations
were quantified as described before.

Radioactive metabolic labeling and immunoprecipitation analysis. This ex-
periment was performed essentially as described by Sänger et al. (26). Briefly, at
24 h after transfection, HUH-7 cells expressing Flag-tagged VP24 or NP and
Flag-tagged VP24 were labeled for 30 min with 100 �Ci of 35S-Promix. Labeling
medium was removed, and cells were chased in the presence of normal DMEM
for 30 min. After being washed with ice-cold PBS, cells were lysed with TNES
buffer (10 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 2 mM EDTA, 1% NP-40, 0.5%
SDS). Proteins (NP and VP24-Flag) were immunoprecipitated using antibodies
specific for the Flag tag and NP. The precipitated samples were subjected to
SDS-PAGE. The radioactive signals were visualized by exposing dried gels to a
BioImager plate and were scanned by using a bioimaging analyzer (BAS-1000;
Fuji).

Western blot analysis. After electrophoretic transfer of proteins onto polyvi-
nylidene difluoride membranes, the membranes were blocked at 4°C overnight
with 10% milk powder in PBS. The blots were incubated for 1 h with the
respective primary antibody diluted in PBS supplemented with 1% milk powder
and 0.1% Tween 20, followed by incubation with a secondary antibody coupled
with horseradish peroxidase (Dianova). Bound antibodies were visualized using
the SuperSignal chemoluminescence substrate as described by the supplier
(Pierce, Rockford, Ill.).

Real-time RT-PCR. To compare the amount of viral RNA in the supernatant
of MARV-infected Vero cells with and without siRNA treatment, real-time
RT-PCR using the SuperScript One-Step RT-PCR with Platinum Taq Kit
(Invitrogen) according to manufacturer’s instruction was performed.

The primers used for the PCR were 5�-CATGACTTGATTCAAAGAATA
TAC-3� (forward) and 5�-CCTCATATCTGTTATCATCTA-3� (reverse). The
PCR was set up according to the supplier’s protocol. The PCR cycle parameters
were 95°C for 5 s, 60°C for 10 s, and 72°C for 20 s. Quantification and digitali-
zation were done with a LightCycler (Roche).

Virus titration. The supernatant of MARV-infected cells was harvested at 24 h
postinfection and sequentially diluted, and a 50% tissue culture infective dose
test was performed on Vero cells as described by Traggiai et al. (29). The
cytopathic effect of MARV was determined at 8 days postinfection.

Immunofluorescence analysis. Subconfluent HeLa cells grown on glass cover-
slips were infected at a multiplicity of infection of 3 to 5 PFU of MVA-T7 per
cell. At 1 h postinfection, cells were transfected with 1 �g of pTM1-VP24
(encoding VP24), 1 �g of pTM1-NP (encoding the nucleocapsid protein NP), or
both plasmids by using Lipofectin (Invitrogen, Karlsruhe, Germany) as described
previously (10). The overall amount of transfected plasmids was held constant by
adding empty vector (pTM1). The cells were washed with PBS at 12 h posttrans-
fection and fixed with 4% paraformaldehyde for 15 min. Subconfluent Vero cells
on glass coverslips were infected with MARV at a multiplicity of infection of
approximately 1 PFU per cell. At 1 h postinfection, cells were washed with
DMEM supplemented with 10% FCS. At 24 h postinfection, cells were washed
with PBS and fixed with 4% paraformaldehyde overnight.

For immunofluorescence staining, cells were rinsed two times with PBS and
incubated with 0.1 M glycine in PBS for 5 min at room temperature. Thereafter,
cells were washed once with PBS and permeabilized with PBS containing 0.1%
Triton X-100. After being washed with PBS, cells were incubated in blocking
solution (2% BSA, 0.2% Tween 20, 5% glycerol in PBS) and incubated first with
the appropriate primary antibodies and then with secondary antibodies as indi-
cated in the figure legends. Microscopic analysis was performed using an Axi-
omat fluorescence microscope (Zeiss).

Electron microscopy. Electron microscopic and immunoelectron microscopic
analyses were performed as previously described (18).

RESULTS

Recombinant VP24 is associated with intracellular mem-
branes. It has been presumed that VP24 represents a minor
matrix protein of MARV. We therefore addressed the ques-
tion of whether MARV VP24 is able to interact with lipid
membranes. VP24 was expressed in HEK293 cells that were
lysed at 24 h posttransfection. The lysates were subjected to
flotation analysis (2) (Fig. 1A). Under the chosen experimental
conditions, a small amount of VP24 was detected at the 45 to
10% sucrose interface comigrating with LAMP-1, which was
used as a marker for membrane-containing fractions (fractions
2 to 4). The majority of VP24 was found in the loading zone
together with annexin II, which served as a soluble control
protein (fractions 10 and 11). Next, we investigated whether
the presence of the integral viral surface protein GP or the
peripherally membrane-associated matrix protein VP40 could
recruit VP24 to cellular membranes. These analyses showed
that neither VP40 nor GP was able to alter the amount of
membrane-bound VP24 (data not shown). Additional flotation
experiments were carried out with VP24-expressing cell lysates
that were treated with high salt (2 M KCl) or EDTA before
flotation analysis. We found that none of these treatments
altered the membrane association of VP24 (data not shown).

Oligomerization state of VP24. The function of viral matrix
proteins in assembly and budding is dependent upon their
ability to oligomerize. We therefore determined whether VP24
could homooligomerize in mammalian cells. HEK293 cells
were transfected with pC-VP24; cells were harvested after an
incubation time of 36 h, and the cell lysate was analyzed by gel
filtration and Western blot analyses of the resulting fractions.
We detected VP24 eluting from the column in three distinct
peaks (Fig. 1B). The first peak of VP24 protein was detected in
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FIG. 1. Membrane association of VP24. (A) HEK293 cells were transfected with pC-VP24 and harvested at 24 h posttransfection, and cell
lysates were subjected to flotation analysis via discontinuous sucrose gradient. The gradient was centrifuged to equilibrium at 35,000 rpm overnight
in a Beckman SW41 rotor. Fractions were collected from the top, and samples were analyzed by SDS-PAGE and Western blotting. Membranes
were stained with anti-LAMP-1 (monoclonal), anti-annexin II (monoclonal), and anti-VP24 (rabbit), respectively. Top of the gradient, fraction 1;
bottom of the gradient, fraction 11. (B) Gel filtration and Western blot analyses of VP24. HEK293 cells were transfected with pC-VP24, and cell
extracts were harvested at 36 h posttransfection. Clarified and filtered cell lysate was separated by size on a Superdex-200 10/30 high-resolution
fast-performance liquid chromatography column. Molecular mass standards were also separated on the same column. A Western blot analysis of
fractions representing elution volumes of 8.0 to 21.0 ml is shown. One peak of VP24 eluted within the 13.5-ml volume, which corresponds to a
protein of approximately 120 kDa (tetramer). The majority of VP24 appeared at elution volume of 17.5 ml and corresponded to the monomeric
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early fractions in the 8-ml elution volume corresponding to
large protein aggregates. The second peak around fraction 24
corresponded to the elution volume of 13.5 ml and to proteins
with molecular masses of approximately 115 to 120 kDa as
determined by the elution profile of the molecular mass stan-
dards. This size corresponds to a tetrameric form of VP24
(�112 kDa). The majority of VP24 was found in fractions 31
and 32 (elution volume of 17 to 17.5 ml) in a monomeric form
(�28 kDa), as indicated by the elution profile of the molecular
mass standard.

These results suggested that VP24 can oligomerize and that
VP24 oligomers preferentially represent tetramers. The pres-
ence of additional oligomeric forms of VP24 (e.g., dimers,
trimers, and pentamers) cannot be ruled out completely. The
ability of VP24 to homooligomerize is consistent with a poten-
tial role in virion assembly.

VP24 partitions with Triton X-114. The membrane associa-
tion of VP24 was further characterized using Triton X-114
phase partitioning analysis, which allows a determination of
whether proteins are integral membrane proteins or peripher-
ally associated to lipid membranes. The postnuclear superna-
tants of HEK293 cells expressing VP24, VP40, or both proteins
were incubated with Triton X-114 and centrifuged to separate
the aqueous (soluble and peripheral membrane proteins) and
detergent (integral membrane proteins) phases. VP24 was de-
tected in equal amounts in the detergent phase and in the
aqueous phase (Fig. 1C, lanes 1 and 2). The integral membrane
protein LAMP-1 was only found in the detergent phase of
the extraction (lanes 1 and 2), whereas the predominantly sol-
uble annexin II was found in the aqueous phase (lanes 1 and 2).
VP40, which represents a peripheral membrane protein, was
exclusively detected in the aqueous phase (Fig. 1C, lanes 3 and
4) (20). Triton X-114 solubility of VP24 and VP40 was not
changed upon coexpression of both proteins (Fig. 1C, lanes 5
and 6). Triton X-114 phase partitioning analysis of virion-
associated VP24 also showed that the protein was equally
partitioned into the aqueous and detergent phase (Fig. 1C,
lanes 7 and 8). Taken together, the results show that either the
hydrophobic VP24 interacts weakly with cellular membranes
or only a fraction of VP24 is able to bind to lipid membranes.
Gel filtration experiments revealed a tendency of VP24 to
oligomerize. Moreover, VP24 partly displays features of an
integral membrane protein. The presence of neither VP40 nor
GP had impact on membrane binding of VP24. It remains
unclear whether homooligomerization of VP24 might support
the ability of the protein to interact with cellular membranes.

VP24 is associated with nucleocapsids and cellular mem-
branes in MARV-infected cells. The intracellular localization
of VP24 was analyzed in MARV-infected Vero cells using
indirect immunofluorescence and immunoelectron microscop-
ic analyses. At 24 h postinfection, VP24 was present in large
aggregates in the perinuclear region and diffusely distrib-

uted in the cytoplasm (Fig. 2A, frame set 1, arrows). Simulta-
neous staining with anti-NP antibodies showed that the VP24
positive perinuclear aggregates represented viral inclusions
which are sites of formation and accumulation of nucleocap-
sids (Fig. 2A, frame sets 2 and 3, arrows) (21). This result was
confirmed by immunoelectron microscopy investigations. VP24
was detected in the electron-dense viral inclusions (Fig. 2B, ar-
rowheads) and was colocalized with single nucleocapsids in the
cytoplasm and beneath the plasma membrane (Fig. 2C, arrows
in left and right frames, respectively).

We further investigated cytoplasmic distribution of VP24
and focused on colocalization with VP40. While the majority of
VP40 in MARV-infected cells was located in multivesicular
bodies that belong to the late endosomal compartment, these
structures were practically free of VP24. (Fig. 2D, frame I;
arrows indicate VP40) (20). VP24 was associated with other
intracellular membranes of as yet unknown origin which did
not contain VP40 (Fig. 2D, frames II and III; arrows indicate
VP40 and arrowheads indicate VP24). At the plasma mem-
brane, VP24 was found to be localized in the same membrane
protrusions as VP40 (Fig. 2D, frame IV). These plasma mem-
brane protrusions did not show the presence of nucleocapsids.
Finally, colocalization of VP24 and VP40 was also detected in
released virions (Fig. 2D, frame V). Taken together, these
results show that intracellular VP24 colocalized with (i) NP-
induced inclusions that contain nucleocapsid structures and (ii)
single nucleocapsids and that VP24 was found in the same
plasma membrane area as VP40. These results indicated that
VP24 was transported to the plasma membrane in two ways.
On the one hand, VP24 was cotransported with nucleocapsids;
on the other hand, VP24 was transported independently of
nucleocapsids and mixed at or near the plasma membrane with
VP40 before particles were released.

Recruitment of VP24 to viral inclusions and nucleocapsids
is mediated by NP. It was of interest to find out which of the
viral nucleocapsid proteins was responsible for recruiting VP24
into the inclusions. Since NP is the main nucleocapsid compo-
nent, we investigated whether VP24 could interact with NP. To
this end, intracellular localization of recombinant VP24 was
investigated upon single expression and coexpression with NP
in HeLa cells using the MVA-T7 system. Singly expressed
VP24 was detected at 16 h posttransfection in small aggregates
in the perinuclear region morphologically distinguishable from
the inclusions in MARV-infected cells (Fig. 3A, frame 1).
Additionally, a faint signal of VP24 was detected at the plasma
membrane. Single expression of NP resulted in the formation
of typical inclusions in the perinuclear region (Fig. 3A, frame
2) (1, 21). Coexpression of both proteins led to a clear relo-
calization of VP24 from the smaller aggregates into the large
inclusions formed by NP (Fig. 3A, frames 3 to 5). These results
demonstrated that VP24 is recruited to the viral nucleocapsids
by the presence of NP and explain the nucleocapsid association

form of VP24 (�28 kDa). (C) Triton X-114 phase partitioning analysis of VP24. HEK293 cells were transfected with pC-VP24, pC-VP40, or both
plasmids and cells were harvested at 24 h posttransfection. MARV particles from the supernatant of infected Vero cells were purified over a
sucrose cushion prior to phase partitioning. Postnuclear supernatants of HEK293 cells and purified MARV particles were partitioned into aqueous
(A) and detergent (D) phases as described in Materials and Methods and analyzed by SDS-PAGE and Western blotting. Blots were cut
horizontally to get pieces corresponding to the targeted proteins, and the pieces were stained separately using anti-LAMP-1 (mouse monoclonal),
anti-annexin II (mouse monoclonal), anti-VP24 (rabbit), and anti-VP40 (rabbit) antibodies, respectively.

VOL. 79, 2005 VP24 OF MARBURG VIRUS 13425



FIG. 2. Immunofluorescence and immunoelectron microscopic analysis of VP24 in MARV-infected cells. (A) Distribution of VP24 in
MARV-infected cells. Vero cells were infected with MARV and fixed 24 h postinfection. For immunofluorescence analysis, a rabbit anti-VP24
antibody and a monoclonal anti-NP antibody were used as primary antibodies. Donkey anti-rabbit immunoglobulin G conjugated with rhodamine
and goat anti-mouse antibody conjugated with FITC were used as secondary antibodies. Arrows, colocalization of VP24 with NP; arrowheads,
singly located NP. (B to D) Immunoelectron microscopic analysis of the ultrathin sections of MARV-infected Vero cells. Vero cells were fixed at
48 h postinfection and embedded in LR Gold, and ultrathin sections were subjected to immunoelectron microscopy. (B and C) Samples were
stained using rabbit anti-VP24 and mouse anti-NP primary antibodies. Secondary antibodies were used as described for panel D. Arrows, NP;
arrowheads, VP24. Bar, 100 nm. (B) Viral inclusion (Vi). (C) Single nucleocapsid in the cytoplasm (left) and single nucleocapsid near the plasma
membrane (PM, right). (D) Samples were stained using rabbit anti-VP24 and mouse anti-VP40 primary antibodies. As secondary antibodies goat
anti-rabbit antibody conjugated with 12-nm gold and goat anti-mouse antibody conjugated with 6-nm gold were used. Arrows, VP40; arrowheads,
VP24. Bar, 200 nm. Shown are a multivesicular body containing VP40 (I), cytoplasm containing separately located VP40 and VP24 (II), cellular
protrusion with VP40 and VP24 below the plasma membrane (III), cellular protrusions containing both VP24 and VP40 at the plasma membrane
(IV), and released viral particles containing VP40 and VP24 (V).
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of VP24. By using coimmunoprecipitation analysis, we found
that VP24 did not coimmunoprecipitate NP and vice versa
(Fig. 3B, lanes 3 and 7). This result suggested that the inter-
action between NP and VP24 is either very weak or transient
or that VP24 interacts with an oligomeric form of NP that was
not targeted in the used approach.

VP24 is recruited into the VP40-induced VLPs. We further
investigated (i) whether VP24 is able to form VLPs and (ii)
whether VLP formation by VP40 is influenced by the presence of
VP24 and/or GP. VP24, VP40, and GP were expressed alone or
in combination in HEK293 cells, and the supernatants were har-
vested at 48 h posttransfection. Released VLPs were purified
from the supernatant and analyzed by Western blotting. Lysates
of transfected cells served as expression controls (Fig. 4A, left).
Upon single expression, no VP24 could be detected in the super-
natant (Fig. 4A, right, lane 1). Coexpression of VP24 and VP40

resulted in the release of VP24 into the supernatant (Fig. 4A,
right, lane 4). The amount of released VP40 was not altered by
the presence of VP24 (Fig. 4A, right, lanes 2 and 4). Coexpression
of GP and VP24 did not lead to the recruitment of VP24 into
vesicles that are induced by the expression of GP (Fig. 4A, right,
lanes 3 and 5) (19, 26). As described previously, coexpression of
VP40 and GP resulted in an enhanced release of both proteins
(Fig. 4A, lanes 2, 3, and 7) (18). When VP24, VP40, and GP were
coexpressed, VP24 was recruited into the VLPs composed of
VP40 and GP. While the amount of released VP40 was not
changed upon triple expression, we observed frequently that the
amount of GP in the supernatant was slightly diminished in com-
parison with coexpression of VP40 and GP (Fig. 4A, right, lanes
6 and 7).

We then investigated the intraparticle localization of VP24
in VLPs. VLPs were purified from cells expressing VP40 and

FIG. 2—Continued.
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VP24 and subjected to proteinase K treatment. It turned out
that the released VP24 was proteinase K resistant (Fig. 4B,
lane 2). In the presence of Triton X-100, which destroys lipid
membranes, VP24 and VP40 became proteinase K sensitive
(lane 3). Analysis of the VLPs by immunoelectron microscopy
confirmed the presence of VP24 in the filamentous VP40-
specific VLPs (Fig. 4C, arrows). Since protease digestion re-
vealed that VP24 was located beneath the lipid membrane, it
was not surprising that antibodies only had access to VP24
(arrow) at places where the membrane integrity of VLPs was
obviously impaired. Taken together, these experiments re-
vealed that VP24 is not able to form VLPs alone but is incor-
porated into VP40-induced VLPs even in the absence of other
viral proteins. The presence of VP24 did not alter the efficiency
of VLP release. The incorporation was specific for VP40-in-

duced VLPs, since VP24 was not recruited into GP-induced
vesicles.

Silencing of VP24 in transient expression. To analyze
whether VP24 is essential for the MARV replication cycle, we
used RNA interference technology to silence VP24 transcripts.
Selection of siRNA sequences was made following the “Tuschl
rules” (http://www.rockefeller.edu/labheads/tuschl/sirna.html).
First, the two chosen VP24-specific siRNA molecules siRNA-
VP24 1 and 2 were checked for functionality in Vero cells
transiently expressing VP24. As a negative control siRNA, we
used a commercial siRNA with no significant homology to
cellular or MARV genome targets (siRNA X). Plasmid pC-
VP24 was transfected together with different amounts of
siRNAs into Vero cells. At 48 h posttransfection, cell lysates
were collected, and Western blotting was performed to detect

FIG. 3. Influence of NP on the intracellular distribution of recombinant VP24. (A) Localization of VP24 upon single expression and upon
coexpression with NP. HeLa cells were infected with MVA-T7 and transfected with pT-VP24, pT-NP, or both plasmids. At 16 h posttransfection,
cells were fixed and immunostained with a rabbit anti-VP24 antibody, a secondary donkey anti-rabbit immunoglobulin G conjugated with
rhodamine and with an anti-NP monoclonal antibody, and a secondary goat anti-mouse antibody conjugated with FITC. (B) Coimmunoprecipi-
tation of NP and VP24. HUH-7 cells expressing either VP24, NP, or VP24 and NP were metabolically labeled with 35S-Promix. Cells were lysed
at 25 h posttransfection. Cell lysates were immunoprecipitated with either NP or anti-Flag.
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FIG. 4. Release of VP24 associated with VLPs. (A to C) HEK293 cells were transfected with the plasmids encoding the proteins indicated
above the blots. At 48 h posttransfection, the cells and particulate material of cellular supernatant were harvested as described in Materials and
Methods. (A) Cell lysates and particulate material in supernatant of cells transfected with various combinations of VP24, VP40, and GP.
(B) Proteinase K digestion of VLPs purified from the supernatant of cells coexpressing VP24 and VP40. Lane 4, cell lysate. (C) Electron
microscopy analysis of VLPs formed by coexpression of VP24 and VP40. The top frame shows VLPs at low magnification. Bar, 1,000 nm. The two
lower frames show immunostaining of purified VLPs with rabbit anti-VP24 and goat anti-rabbit antibodies conjugated with 6-nm gold. The
antibodies recognized VP24 (arrows) only at places where the membrane was partly destroyed. Bar, 100 nm.
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FIG. 5. RNA interference treatment of VP24-transfected and MARV-infected Vero cells. (A) Silencing of transiently expressed VP24. Vero
cells were cotransfected with 250 ng of pC-VP24 and 250 ng (30 nM) of VP24-specific siRNA 1 or 2 and control siRNA X. At 48 h posttransfection,
lysates were collected, and Western blotting was performed to detect VP24 and the cellular protein �-tubulin. Equal amounts of protein were
loaded onto gels for SDS-PAGE. Lane 1, 250 ng of empty plasmid; lane 2, 250 ng of pC-VP24; lane 3, pC-VP24 plus 250 ng of siRNA VP24 1;
lane 4, pC-VP24 plus 250 ng of siRNA VP24 2; lane 5, pC-VP24 plus 250 ng of control siRNA X. (B) Silencing of VP24 in MARV infection. Vero
cells were transfected with 44 nM (1,543 ng) specific siRNAs or control siRNA X. At 8 h posttransfection, cells were infected with MARV followed
by a second siRNA transfection. At 24 h postinfection, lysates were collected and protein amounts were determined. Equal amounts of protein
were loaded, and Western blotting was performed to detect VP24, NP, VP35, VP40, GP, VP30, �-tubulin, and lamin A/C. (C) Release of progeny
virus from cells after siRNA treatment. Vero cells were transfected and infected as described for panel B. At 24 h postinfection, supernatants were
harvested and analyzed by Western blotting using an anti-NP antibody. (D) Real-time RT-PCR of genomic viral RNA released into the
supernatant. Vero cells were transfected and infected as described for panel B. At 24 h postinfection, supernatants were harvested, and viral RNA
was purified via a QIAamp Viral RNA Mini Kit (QIAGEN). The amount of viral RNA was determined by using primer binding in the
3� nontranscribed region and the NP-coding region.
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VP24. A definite reduction of VP24 in the lysates could be
seen in cells transfected with the specific siRNAs directed
against VP24 (Fig. 5A). The application of 250 ng (30 nM) of
specific siRNAs was sufficient to silence VP24 (Fig. 5A, lanes
3 and 4). Probing the blots for the cellular protein �-tubulin
revealed no detectable reduction of this constitutively ex-
pressed cellular protein (lanes 1 to 5). This indicated that the
reduction of VP24 was not due to a general decrease in cellular
proteins. The nonspecific siRNA X did not alter the amount of
VP24, suggesting that the reduction of VP24 required siRNA
molecules specifically targeted to the VP24 transcript se-
quences (Fig. 5A, lane 5).

Silencing of VP24 in MARV infection. Next, we investigated
whether the siRNAs directed against VP24 could specifically
reduce VP24 expression during MARV infection. We trans-
fected each VP24-specific siRNA and the nonspecific siRNA X
into Vero cells prior to infection. At 1 h postinfection, cells
were transfected a second time with the same amounts of
siRNAs. At 24 h postinfection, cells were harvested, and the
amount of intracellular VP24 was monitored by Western blot
analysis (Fig. 5B). A reduction of VP24 was seen for both
siRNA sequences in MARV-infected cells (Fig. 5B, lanes 3
and 4) in comparison to cells left untreated (lane 2). Transfec-
tion of the nonspecific siRNA X had no effect on the expres-
sion level of VP24 (lane 5), indicating that the reduction of
VP24 required specific targeting. Additionally, levels of the
cellular proteins lamin A/C and �-tubulin were not changed,
indicating that siRNA-induced silencing of VP24 during
MARV infection is specific and not the result of a decrease in
total protein production.

Ablation of VP24 has no effect on the intracellular levels of
other viral proteins. Since we were able to accomplish VP24
silencing in infected cells, it was of interest to find out if
downregulation of VP24 influenced the expression of other
MARV proteins. To this end, Western blot analysis was per-
formed with the cell lysates described above. As shown in
Fig. 5B, silencing of VP24 did not lead to a significant decrease
in levels of other viral proteins, suggesting that VP24 is not
involved in transcription and replication. Moreover, these re-
sults showed that the mechanism of RNA interference is not
able to degrade viral RNA genomes as this would result in a
general decrease of viral proteins due to the loss of template.
It is presumed that the genomic and antigenomic RNAs of
nonsegmented negative-sense RNA viruses escape the on-
slaught of siRNA because they are tightly wrapped with the
nucleoprotein NP, making them inaccessible to the double-
stranded RNA and/or the RNA-induced silencing complex (3).

Ablation of VP24 leads to significant reduction of released
infectious particles. It was further investigated whether VP24
silencing influenced the release of progeny virus. Therefore,
MARV-infected cells were treated with VP24-specific siRNAs,
and the amount of virus released into the culture medium was
determined by Western blot analysis. NP was chosen as the
target to monitor the amount of viral proteins in the superna-
tant since this protein is abundant in the virion and, in contrast
to VP40, is not able to mediate its own release into the super-
natant (data not shown). In non-siRNA-treated cells, MARV
infection led to the release of viral particles at 24 h postinfec-
tion, as reflected by the appearance of NP in the supernatant
(Fig. 5C, lane 2). Treatment of cells with siRNA not homolo-

gous to the MARV genome, siRNA X, had no effect on the
release of NP from cells (Fig. 5C, lane 5). In contrast, the
amount of released NP was significantly decreased when cells
were treated with VP24-specific siRNAs (Fig. 5C, lanes 3 and
4). Real-time RT-PCR revealed that, as a result of VP24 si-
lencing, the amount of genomic viral RNA present in the
supernatant was also significantly reduced (Fig. 5D). The am-
plified fragment partly spanned the nontranscribed region of
the 3� end of the genome to make sure that only genomic RNA
was addressed (24). These results were further supported by
experiments monitoring infectious viral particles in the super-
natant. Supernatants of siRNA-treated cells were harvested at
24 h postinfection and sequentially diluted. The dilutions were
used to infect fresh Vero cells. At 8 days postinfection, cyto-
pathic effect due to viral infection was monitored. Confirming
the previous results, the amount of infectious particles was
reduced by more than 95% compared with samples that were
either treated with a nonspecific siRNA or only transfected
with the transfection reagent (data not shown).

In summary, these experiments showed that VP24 was re-
cruited into inclusions in MARV-infected cells by the presence
of the major nucleocapsid protein NP. Additionally, VP24 was
detected in single nucleocapsids outside the inclusions. VP24
was colocalized with VP40 at the plasma membrane, and re-
combinant expression revealed that VP24 was recruited into
VP40-induced VLPs without altering the efficiency of budding.
When the expression of VP24 in MARV-infected cells was
downregulated by siRNA technology, the amount of released
virus particles was significantly reduced.

DISCUSSION

VP24 was found to be colocalized with inclusions in MARV-
infected cells that represent sites of formation and accumula-
tion of nucleocapsids (21). Coexpression studies revealed that
VP24 is recruited into the inclusions by the presence of NP.
This is in line with results published by Huang and colleagues,
who showed that formation of EBOV nucleocapsids could be
accomplished only in the presence of VP24 (16). In contrast to
the results of Huang and colleagues, we were not able to find
evidence for a direct interaction between NP and VP24. A
difference between our study and the one published by Huang
et al. is that we used cell-based expression of NP and VP24
while Huang et al. used in vitro translation. It might be that a
very weak interaction between NP and VP24 (suggested by the
results of Huang et al.) was destroyed by cell lysis.

We present evidence that VP24 is connected to single nu-
cleocapsids outside the inclusions, which are believed to be on
the way from the inclusions to the plasma membrane. These
data closely resemble results that we received for MARV
VP40. VP40 was also detected in inclusions and with single
nucleocapsids (20). Indeed, we were able to detect colocaliza-
tion of VP24 and VP40 in viral inclusions (not shown). VP24
also showed a tendency to homooligomerize under physiolog-
ical conditions. Preferentially tetrameric forms of the protein
were detected. VP24 not only interacted with NP in the nu-
cleocapsids but was also able to interact with cellular mem-
branes. Interestingly, although the membrane interaction
seemed to be weak or affected only a fraction of VP24 mole-
cules, VP24 displayed features of an integral membrane pro-
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tein. The membrane interaction of VP24 was not altered by the
presence of other membrane-associated viral proteins like
VP40 or GP. This indicated that the membrane interaction of
VP24 is not mediated or influenced by other viral proteins. It
is unclear whether homooligomeric forms of VP24 have a
higher probability to bind to cellular membranes than the
monomeric forms. Similar results have been presented for
VP24 of the related EBOV (15). The characteristics of mem-
brane binding of MARV VP24 resemble membrane binding of
annexin V and XII that are partly soluble in the cytoplasm and
can also bind to lipid membranes (17). Like the annexins,
VP24 contains stretches of hydrophobic amino acids that might
be suitable to interact with lipid membranes (not shown).

The ability of VP24 to bind to cellular membranes was
confirmed by immunofluorescence and immunoelectron mi-
croscopic analyses. These experiments showed that VP24 was
partly associated with the plasma membrane and partly with
small unidentified intracellular vesicles. While VP24 was colo-
calized with VP40 at the plasma membrane of MARV-infected
cells, intracellular membrane-associated VP24 was located
separately from VP40. This holds true also for multivesicular
bodies, which contained the highest intracellular concentra-
tions of MARV VP40 and did not contain VP24 (20). The
presence of GP, which is redistributed from the secretory path-
way into peripheral multivesicular bodies by VP40 (19), also
did not lead to the recruitment of VP24 into the peripheral
multivesicular bodies.

It is believed that VP40 reaches the plasma membrane in
two ways. On the one hand, VP40 is transported together with
nucleocapsid; on the other hand, VP40 uses membranes of the
late endosomes for its transport to the sites where budding
takes place (18, 19). Data from the present study suggest that
VP24 behaves in a similar way. The association with nucleo-
capsids suggests that VP24 is cotransported with these, while
the interaction of VP24 with small lipid vesicles and its appear-
ance at the plasma membrane upon single expression addition-
ally point to a VP40- and nucleocapsid-independent transport
pathway to reach the plasma membrane.

In contrast to VP24 of EBOV, VP24 of MARV did not
display budding activity (15). The difference might be caused
by the lack of a potential late domain motif in the sequence of
MARV VP24 in contrast to EBOV VP24, which contains an
YXXL motif (15). The presented data indicate that MARV
VP24 is recruited into the released particles by the activity of
VP40. Interestingly, VP24 was not recruited into VLPs that are
induced by expression of GP. This suggested a specific target-
ing of VP24 to VP40-positive membrane compartments at the
plasma membrane. The recruitment of VP24 into VP40-induced
VLPs did not alter the efficiency of their release into the
medium. This is consistent with the findings reported for the
recruitment of EBOV VP24 into VLPs (22) and suggests that
VP24 does not influence budding efficiency.

VP24 obviously does play an essential role in the replication
cycle of MARV since the downregulation of VP24 in MARV-
infected cells significantly impaired the release of progeny in-
fectious virions. Based on the results that (i) silencing of VP24
did not impair transcription and replication, as demonstrated
by the fact that the expression levels of the other viral proteins
were not altered significantly and by a previous finding that
VP24 did not influence transcription and replication in a

MARV minigenome system (24); (ii) VP24 interacted with
nucleocapsids, which represent the templates for the viral
RNA-dependent RNA polymerase; and (iii) VP24 did not
affect budding, the following hypothesis concerning the role of
VP24 is suggested. VP24 is important for a step in the viral
replication cycle after nucleocapsids have served as templates for
replication and transcription and before the budding of progeny
virions. This might be the assembly of transport-competent nu-
cleocapsids, the association of nucleocapsids with the transport
machinery (most likely the cytoskeleton), and/or the targeting
of the nucleocapsids to the sites of budding where VP40 and
GP are concentrated (19). Experiments to address these ques-
tions are under way.

A study by Watanabe et al. suggested that VP24 of EBOV is
not essential for the release of infectious EBOV-specific VLPs
which contain an artificial minigenome (31). The difference
between this study and ours, in which VP24 was a crucial factor
for the release of infectious MARV particles, might be caused
by the fact that packaging of the artificial nucleocapsid encap-
sidating a minigenome which consisted only of approximately
1/10 of the wild-type genome is independent of VP24. The
artificial nucleocapsid is presumed to be considerably smaller
than the wild-type nucleocapsid (5). On the other hand,
Watanabe et al. showed that, to a certain extent, VP24 influ-
enced the efficiency of release of infectious VLPs (31). The
effect was dependent on the amount of the plasmid encoding
EBOV VP24. While large amounts of VP24 seemed to be
inhibitory, small amounts enhanced the number of released
infectious particles. It is not clear which of the transfected
amounts of plasmids led to protein levels corresponding to
infected cells. It is therefore an open question whether, under
conditions that correspond to viral infection, VP24 of EBOV
shows similar effects on the release of particles as described
here for VP24 of MARV.

In summary, our study showed that VP24 of MARV is re-
cruited to the viral inclusions and to single nucleocapsids out-
side the inclusions by NP, the major nucleocapsid protein.
Additionally, VP24 was recruited into VP40-induced VLPs but
did not alter the budding efficiency of VLPs containing either
VP40 or VP40 and GP. Silencing of VP24 in MARV-infected
cells showed that this protein plays a crucial role in the release
of infectious progeny virions.
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