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The intracytoplasmic movement of nucleocapsids is a crucial step in
the life cycle of enveloped viruses. Determination of the viral
components necessary for viral nucleocapsid transport competency
is complicated by the dynamic and complex nature of nucleocapsid
assembly and the lack of appropriate model systems. Here, we
established a live-cell imaging system based on the ectopic expres-
sion of fluorescent Ebola virus (EBOV) fusion proteins, allowing the
visualization and analysis of the movement of EBOV nucleocapsid-like
structures with different protein compositions. Only three of the five
EBOV nucleocapsid proteins—nucleoprotein, VP35, and VP24—were
necessary and sufficient to form transport-competent nucleocapsid-
like structures. The transport of these structures was found to be
dependent on actin polymerization and to have dynamics that were
undistinguishable from those of nucleocapsids in EBOV-infected cells.
The intracytoplasmic movement of nucleocapsid-like structures was
completely independent of the viral matrix protein VP40 and the viral
surface glycoprotein GP. However, VP40 greatly enhanced the effi-
ciency of nucleocapsid recruitment into filopodia, the sites of
EBOV budding.
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Viruses must safely transport their genome within an infected
cell from the site of synthesis to the site of release. To

protect the viral genome from recognition by cellular defense
mechanisms, it is encapsidated by viral proteins (1). For some
DNA viruses, it has been reported that capsid movement in the
cytosol can be mediated by one or several capsid-associated
proteins and is based on either the actin or the microtubule cy-
toskeleton (2, 3). Several tegument proteins surrounding the
capsid of herpes simplex virus-1 enable capsid transport along
microtubules (4), whereas the nucleocapsid proteins p78/83 or
VP80 of baculovirus can directly engage the Arp2/3 complex and
thus induce actin nucleation (5, 6). The genome of nonsegmented
negative-strand RNA viruses (mononegaviruses) is encapsidated by
nucleocapsid proteins to form a helical structure, and it is currently
unknown which viral factors serve as mediators for the interaction
of this structure with the cytoskeleton. Mononegaviruses include
important human pathogens, like measles virus, and highly patho-
genic zoonotic pathogens, like rabies virus, Marburg virus (MARV),
and Ebola virus (EBOV).
EBOV and MARV belong to the filoviruses (family Filoviridae)

and cause a severe fever with high case fatality rates. The largest
ever EBOV epidemic in West Africa ended in 2016 after almost
3 years and over 11,000 deaths (7), and another EBOV epidemic
has been reported in the Democratic Republic of Congo (8).
Therefore, it is imperative to improve preparedness against EBOV
epidemics. Among other activities, it is necessary to develop anti-
virals, a process requiring a detailed knowledge of EBOV biology.
For example, understanding how EBOV utilize the host cytoskel-
eton might be important to identify new therapeutic approaches.
The main nucleocapsid protein of EBOV is the nucleoprotein

NP, which directly encapsidates the viral genome (9, 10). EBOV
nucleocapsids additionally contain the viral protein VP24 and
the polymerase cofactor VP35, which are essential structural
elements that directly interact with NP to build a long helical

nucleocapsid ∼1,000 nm in length and 50 nm in diameter (9, 11–
13). Also associated with the nucleocapsid are the viral poly-
merase L and the transcription factor VP30 (14, 15). Nucleo-
capsid formation occurs in inclusion bodies in the perinuclear
region of EBOV- and MARV-infected cells, which act as virus
factories (16–18). In the course of infection, thin rod-like nu-
cleocapsids leave the inclusion bodies and move within the cy-
tosol with varying velocities (100–400 nm/s), driven by actin
polymerization (19). Essential for the recruitment of nucleo-
capsids to the cell periphery and for budding of progeny virions is
the filoviral matrix protein VP40 (9, 20–22), which is arranged
beneath the plasma membrane in an ordered lattice. VP40-
enriched clusters also contain the surface glycoprotein GP,
which is inserted into the plasma membrane (23–26). Although
interactions between the filoviral VP40 and cytoskeletal proteins
have been reported (27–29), there is no direct evidence that
VP40 is involved in the intracellular transport of nucleocapsids
(30). Thus, the roles of VP40 and the individual EBOV nucle-
ocapsid proteins in the intracellular transport of nucleocapsids
remain elusive.
Because of its high pathogenicity, EBOV is handled under the

highest biosafety conditions [biosafety level (BSL)-4] that compli-
cate and delay research on this virus (31). Here, we present a
replicon system that allows analysis of the transport of nucleocapsid-
like structures (NCLSs) under BSL-2 conditions. The established
live-cell imaging system is based on the ectopic expression of fluo-
rescent viral fusion proteins, which allows the visualization and
characterization of NCLS intracytoplasmic transport. Moreover, we
investigated the role of VP40 in the transport of nucleocapsids.
Notably, this live-cell imaging approach can be utilized to analyze
interactions between the nucleocapsid and cellular cytoskeleton, as
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well as to evaluate antiviral compounds that target the transport
of nucleocapsids.

Results
Establishment of a Live-Cell Imaging System for the Analysis of EBOV
NCLSs. Previously established EBOV-specific replicon systems
are based on the ectopic expression of viral proteins and an RNA
minigenome composed of the nontranscribed 3′ and 5′ regions of
the EBOV genome flanking a reporter gene (10, 32, 33). This
minigenome is encapsidated by nucleocapsid proteins to form an
NCLS, which serves as template for viral replication and tran-
scription (32, 34). In the presence of VP40 and GP, NCLSs are
released by budding at the plasma membrane to form transcription-
and replication-competent virus-like particles (trVLPs) (32, 33, 35).
To determine whether the transport of NCLSs can be moni-

tored and, if so, which viral components are necessary, we con-
structed a set of plasmids encoding EBOV nucleocapsid proteins
labeled with either GFP or TagRFP. To confirm that the fusion
of GFP or TagRFP to the nucleocapsid protein of interest did
not impair the protein’s function, the functions of ectopically
expressed VP30-GFP, VP35-GFP, or VP24-TagRFP were first
tested in the EBOV minigenome system (Fig. S1). While VP30-

GFP was able to support minigenome activity (Fig. S1A), VP35-
GFP and VP24-TagRFP were not fully functional as the re-
spective wild-type proteins. However, supplementary expression
of VP35 partially rescued minigenome activity in the presence of
VP35-GFP (Fig. S1B), and supplementary expression of VP24
rescued the regulatory function of VP24-TagRFP on viral tran-
scription (Fig. S1C) (36). Therefore, to tag NCLSs with either
VP35-GFP or VP24-TagRFP, we used in all subsequent experi-
ments a combination of the fluorescent fusion protein and its
wild-type counterpart.
Next, we examined the intracellular distribution of VP30-GFP,

VP35-GFP, or VP24-TagRFP in the presence of all components
necessary for functional NCLSs in the trVLP assay (i.e., all viral
proteins and an EBOV-specific minigenome). Confocal micro-
scopic analyses showed that VP30-GFP and VP24-TagRFP
colocalized with NP and VP35 inside NP-induced inclusion
bodies, the sites where NCLSs are formed, and in small dot-like
structures predominantly visible at the periphery of the trans-
fected cells (Fig. 1 A and B). The presence of NP and VP35 in
these peripheral small VP30-GFP+ and VP24-TagRFP+ dot-like
structures indicated that they represent NCLSs. Also the com-
bination of VP35-GFP and VP24-TagRFP was detected in the

Fig. 1. Analysis of the incorporation of VP30-GFP, VP35-GFP, and VP24-TagRFP into NCLS. (A–D) Confocal microscopy analysis of the intracellular distribution
of the fluorescent fusion proteins in cells expressing all EBOV proteins and an EBOV-specific minigenome. (A and B) Huh-7 cells were transfected with plasmids
encoding NP, L, VP35-HA, VP24, VP40, GP, minigenome, T7 polymerase and two fusion proteins, VP24-TagRFP and VP30-GFP. (C and D) Huh-7 cells were
transfected with plasmids encoding NP, L, VP35, VP30, VP24, VP40, GP, minigenome, T7 polymerase and two fusion proteins, VP24-TagRFP and VP35-GFP. At
24 h posttransfection, the cells were fixed with 4% paraformaldehyde, stained with NP-, HA-, or VP30-specific antibodies and matching Alexa 680-tagged
secondary antibodies, and subjected to confocal microscopy analysis. Intracellular distribution of fluorescent fusion proteins was analyzed by auto-
fluorescence of GFP or TagRFP. Colocalization of fluorescent fusion proteins and wild-type nucleocapsid proteins is shown in the perinuclear located inclusion
bodies (Upper) and in small dot-like structures at the cell periphery (Lower). Left panels show cells at low magnification, Right panels show magnified images
of the boxed area. (E) Western blot analysis of trVLPs formed in the presence of the fluorescent fusion proteins. HEK293 cells were transfected with plasmids
encoding NP, L, VP35, VP30, VP24, VP40, GP, minigenome, T7 polymerase (1), or plasmids encoding NP, L, VP35, VP30-GFP, VP24, VP24-TagRFP, VP40, GP,
minigenome, T7 polymerase (2), or plasmids encoding NP, L, VP35, VP35-GFP, VP30, VP24, VP24-TagRFP, VP40, GP, minigenome, T7 polymerase (3). At 72 h
posttransfection, cells were lysed, trVLPs were purified from the supernatants of transfected cells by centrifugation through a 20% sucrose cushion. Cell
lysates and trVLPs were analyzed by SDS-PAGE and Western blot analysis using NP-, GFP-, TagRFP, VP40-, VP30-, α-tubulin–specific antibodies. (F) Correlative
confocal and electron microscopy analyses of the incorporation of the fluorescent fusion proteins into NCLS. The trVLPs purified from the supernatant of
HEK293 cells transfected as described in E (2) were adsorbed on Finder grids, the position of VP30-GFP+ and VP24-TagRFP+ particles was recorded by confocal
microscopy, then the samples were negatively stained and the presence of NCLSs inside the GFP+ and TagRFP+ particles was analyzed by transmission electron
microscopy. Arrows indicate helical structure of NCLS.
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inclusion bodies and small dot-like structures colocalized with
NP and VP30 (Fig. 1 C and D). Furthermore, coimmunopreci-
pitation showed that VP35-GFP and VP24-TagRFP can directly
interact with NP (Fig. S2A), and VP35-GFP can interact with
VP30 (Fig. S2B). The interaction between VP24 and NP has
been described in detail recently (37). The interaction between
VP30 and NP as well as between VP30 and VP35 has been
previously characterized (15, 38). Altogether, these results in-
dicated that the fluorescent fusion nucleocapsid proteins were
recruited by NP into inclusion bodies and incorporated into
individual NCLSs.
Next, we investigated whether the fluorescently tagged NCLSs

could be released into the supernatant of cells in the form of
trVLPs. At 72 h posttransfection, trVLPs were purified from the
supernatant of HEK293 cells expressing all viral proteins and the
EBOV-specific minigenome, and at the same time point, cells
were lysed for further analysis. Western blot analysis of cell ly-
sates and trVLPs showed that VP30-GFP, VP35-GFP, and
VP24-TagRFP were released into the supernatant and purified
together with trVLPs, indicating they were incorporated into the
released particles (Fig. 1E). This conclusion was further sup-
ported by correlative confocal and electron microscopy of re-
leased trVLPs, labeled with VP24-TagRFP and VP30-GFP. It
was shown that fluorescent signals could be assigned to helical
nucleocapsid-like structures in the enveloped particles (Fig. 1F).
The ectopically expressed individual fluorescent nucleo-

capsid proteins (VP30-GFP, VP35-GFP, VP24-TagRFP, and
NP-TagRFP) did not undergo directional transport, neither
alone nor upon coexpression with the respective wild-type proteins
(Fig. S3). However, ectopic expression of the fluorescent nucleo-
capsid proteins (VP35-GFP, or VP30-GFP and VP24-TagRFP) in
EBOV-infected cells resulted in the formation of motile dual color-
labeled rod-like nucleocapsids with the same dimensions previously
reported for EBOV nucleocapsids (Fig. S4 A and B and Movies S1
and S2) (19). All fluorescent fusion nucleocapsid proteins labeled
the nucleocapsids homogenously, with no site-specific accumula-
tion. The velocities of nucleocapsids varied from 100 nm/s to more
than 400 nm/s, with a median velocity of 236 ± 79 nm/s for nucle-
ocapsids labeled with VP30-GFP, 234 ± 84 nm/s (labeled with
VP35-GFP), or 201 ± 83 nm/s (labeled with VP24-TagRFP) (Fig.
S4C). Moreover, each fluorescent fusion protein was incorporated
into purified viral particles (Fig. S4D).
Taken together, the presented data show that fluorescent fu-

sion proteins of VP30, VP35, and VP24 were reliably associated
with NP-induced inclusions and individual NCLSs, were released
in association with NCLSs, and could be detected within trVLPs.
In addition, the fluorescent fusion proteins were suitable for the
labeling of nucleocapsids in EBOV-infected cells and were re-
leased together with EBOV nucleocapsids.

Analysis of the Intracellular Transport of EBOV NCLSs. To test
whether the fluorescent nucleocapsid proteins were suitable for
live-cell imaging analysis of EBOV NCLSs, Huh-7 cells were
transfected with plasmids encoding VP30-GFP and the other
EBOV trVLP assay components (NP, VP35, VP24, L, VP40, GP,
the minigenome, and the T7 polymerase). Time-lapse microscopy
was started at 20 h posttransfection, when individual VP30-
GFP+ NCLSs were recognizable in the cytoplasm (Fig. 2 and
Movies S3 and S4). We detected motile fluorescent NCLSs with
a median length of 435 ± 105 nm (n = 50), which is approxi-
mately half the length of EBOV nucleocapsids in infected cells
(9, 19). Maximum-intensity projection of time-lapse images
showed that the trajectories of moving particles were of different
lengths, and the maximal measured trajectory length was 18.4 μm
(Fig. 2A, Left). The velocities of NCLSs varied from 100 nm/s to
almost 400 nm/s, with a median velocity of 185 ± 84 nm/s (Fig.
2A, Right). Both the trajectory lengths and velocities of NCLSs

were similar to those measured for nucleocapsids in EBOV-
infected cells (19).
Previous studies revealed that the intracellular movement of

EBOV nucleocapsids is dependent on the polymerization of actin,
but not on tubulin (19). To analyze whether the transport of
NCLSs was also dependent on cellular cytoskeleton components,
we investigated their movement in the presence of agents that
inhibit the polymerization of actin (cytochalasin D) or microtu-
bules (nocodazole). While incubation with nocodazole had no
effect (Fig. 2B), cytochalasin D immediately abolished the move-
ment of NCLSs (Fig. 2C). Thus, our live-cell imaging data on the
velocity of the NCLSs and the dependence of their movement on
actin polymerization are in line with previously published studies
of nucleocapsid movement in EBOV-infected cells (19).

Influence of VP40 and GP on the Intracellular Transport of EBOV
NCLSs. To identify the minimal set of viral proteins necessary
to support nucleocapsid transport, we analyzed whether the
omission of VP40 and GP altered NCLS transport. Huh-7 cells
were transfected with plasmids encoding VP30-GFP, NP, VP35,
VP24, L, the minigenome, and the T7 polymerase. Live-cell im-
aging analysis was performed at 20 h posttransfection (Fig. 2D and
Movies S5 and S6). The median length of the VP30-GFP+ NCLSs
was 465 ± 115 nm (n = 50), which was similar to that observed in
cells expressing all of the viral proteins (see above). Maximum-
intensity projection of time-lapse images showed that the trajec-
tory length of NCLSs reached 16.3 μm (Fig. 2D, Left) and the
median speed of the NCLSs was 228 ± 91 nm/s (Fig. 2D, Right).
Treatment of cells with nocodazole did not affect either the length
of the trajectories or the speed of the NCLSs (16 μm, 181 ± 76 nm/s)
(Fig. 2E). In contrast, when cells were incubated with cytochalasin
D, NCLS movement was abolished (Fig. 2F). Together, these
experiments show that intracytoplasmic transport of NCLSs is
independent of VP40 and GP and has the same characteristics as
transport of NCLSs in the presence of all viral proteins.

Fig. 2. Live-cell imaging analysis of NCLS transport. (A–C) Huh-7 cells were
transfected with plasmids encoding VP30-GFP and plasmids encoding the
trVLP components (NP, VP35, VP40, GP, VP24, L, EBOV-specific minigenome,
T7 polymerase). At 17 h posttransfection, different cytoskeleton-modulating
drugs were added to the culture medium: (A) 0.15% DMSO (vehicle), (B)
15 μM nocodazole, or (C) 0.3 μM cytochalasin D, and the cells were incubated
for additional 3 h. (D–F) Huh-7 cells were transfected with plasmids encoding
VP30-GFP and plasmids encoding NP, VP35, VP24, L, EBOV-specific mini-
genome, T7 polymerase. At 17 h posttransfection, different cytoskeleton-
modulating drugs were added to the culture medium: (D) 0.15% DMSO
(vehicle), (E) 15 μM nocodazole, (F) 0.3 μM cytochalasin D, and the cells were
incubated for additional 3 h. The pictures show the maximum-intensity
projection of time-lapse images of cells recorded for 2 min; images were
captured every 2 s. Magnified pictures of the boxed regions are shown in
Insets. The graphics show the velocities (n = 20) of the NCLS; the median
velocity and the SD are shown in numbers.
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Identification of Viral Components Necessary for NCLS Transport.
VP30-GFP–labeled moving NCLSs were observed upon
ectopic expression of the nucleocapsid components NP, VP35,
VP24, L, the minigenome, the T7 polymerase, and VP30-GFP
(Fig. 2D). To determine which of the nucleocapsid components
were necessary for transport of the NCLSs, we repeated the
experiment shown in Fig. 2D, with the omission of each of the
nucleocapsid components in turn. Live-cell imaging analysis
showed that upon omission of the polymerase L or the EBOV-
specific minigenome, NCLS showed normal movement, whereas
the absence of either NP, VP35, or VP24 completely blocked
NCLS transport (Fig. 3A). In this experimental setting, VP30-
GFP was used to monitor NCLS transport, and the role of
VP30 itself could not be analyzed. The experiments were
therefore repeated as described above, with the NCLSs being
labeled with VP35-GFP (in the presence of VP35). Again, the
absence of NP and VP24 blocked NCLS transport (Fig. 3B). In
absence of VP30, however, NCLSs were still transported (Fig.
3B). The polymerase L and the minigenome had no influence,
confirming the results from Fig. 3A. These data indicate that
transport of NCLSs requires a complex composed of the NP,
VP35, and VP24 proteins.

Transport Characteristics of NCLSs Formed only by NP, VP35, and
VP24. To analyze whether these three components were also
sufficient to form transport-competent NCLSs, NP, VP35, and
VP24 alone were coexpressed together with VP35-GFP in Huh-
7 cells. At 20 h posttransfection, cells were subjected to live-cell
imaging analysis (Fig. 4A and Movies S7 and S8). The detected
motile NCLSs had essentially the same dimensions as observed
in the previous experiments (440 ± 81 nm, n = 50). The NCLS
trajectories had a maximal length of 14.8 μm and the median
velocity of the NCLSs was 187 ± 67 nm/s. When the cells were
incubated with nocodazole, the median speed of the NCLSs was
213 ± 65 nm/s (Fig. 4B, Lower). The incubation of cells with
cytochalasin D stopped the movement of NCLSs (Fig. 4C).
These data indicate that NCLSs formed by NP, VP35, and
VP24 alone displayed long-distance movement that was de-
pendent on actin polymerization. Thus, the movement of NCLSs
formed by NP, VP35, and VP24 alone was highly similar to the
movement of nucleocapsids in EBOV-infected cells; this leads to
the conclusion that these three nucleocapsid proteins are es-
sential and sufficient to mediate NCLS transport.

Influence of VP40 on the Recruitment of NCLSs to Budding Sites.
Previous analyses revealed that MARV nucleocapsids moving
in the cell body did not contain detectable amounts of VP40 (30).
However, the budding of nucleocapsids at either the side or the
tip of filopodia, the preferred site of filoviral release, was de-
pendent on the presence of VP40 and its interaction with nu-
cleocapsids (19, 39, 40). In line with these results, filopodia in
MARV-infected cells exclusively contained nucleocapsids that
were associated with VP40, suggesting that VP40-association was
a prerequisite for the nucleocapsids to enter filopodia (30). Our
results here demonstrate that EBOV VP40 is dispensable for the
intracytoplasmic transport of NCLSs. However, it remained
unclear whether VP40 is needed for the entry of nucleocapsids
into filopodia.
To answer this question, we constructed a plasmid encoding a

VP40-TagRFP fusion protein, which was characterized by Western
blot, minigenome, and trVLP assays (Fig. S5), showing that VP40-
TagRFP was targeted to the plasma membrane upon coexpression
with VP40 (Fig. S5A), and colocalized with NP upon coexpression
with trVLP components (Fig. S5B). Whereas VP40-TagRFP was
unable to inhibit transcription/replication in the minigenome assay
and to form trVLPs, these two functions were rescued in the
presence of wild-type VP40 (Fig. S5 C and D).
A mixture of VP40-TagRFP in combination with wild-type VP40

(referred to as VP40 for simplicity in the next paragraph) was then
used to analyze the impact of VP40 on the distribution of NCLSs at
the cell periphery. The number of VP30-GFP–labeled NCLSs
moving within filopodia per cell was counted in the presence or
absence of VP40. On average, 10 NCLSs per cell were observed in
the absence of VP40, whereas 49 NCLSs were detected in cells
expressing VP40 (Fig. 5A). Thus, VP40 significantly increased the
number of intrafilopodial NCLSs, although VP40 was not abso-
lutely necessary for the entry of NCLSs into filopodia. Live-cell
imaging analysis of intrafilopodial transport of NCLSs was per-
formed in the presence or absence of VP40 (Fig. 5 B–D). The
median speed of intrafilopodial NCLSs in the presence or absence
of VP40 was 56 ± 32 and 57 ± 46 nm/s, respectively. These results
suggest that VP40 has no significant impact on the movement of
NCLSs inside filopodia. Taken together, our data from this study
show that VP40 was not essential for the intracytoplasmic transport
of NCLSs. In addition, VP40 was dispensable for the entry of
NCLSs into filopodia, although it increased the number of
intrafilopodial NCLSs.

Fig. 3. Identification of nucleocapsid components necessary for NCLS
transport. (A) Huh-7 cells were transfected with plasmids encoding VP30-GFP
and NP, VP35, VP24, L, EBOV-specific minigenome as well as T7 polymerase.
With exception of VP30-GFP, each of the plasmids (or the combination of
minigenome and T7 polymerase) was omitted in turn, as indicated. (B) Huh-7
cells were transfected with plasmids encoding VP35-GFP and NP, VP35, VP30,
VP24, L, EBOV-specific minigenome, as well as T7 polymerase. With excep-
tion of VP35-GFP and VP35, each of the plasmids (or the combination of
minigenome and T7 polymerase) was omitted in turn, as indicated. The cells
were analyzed by live-cell imaging at 20 h posttransfection. The panels show
the maximum-intensity projection of time-lapse images recorded for 2 min;
images were captured every 3 s. Magnified pictures of the boxed regions are
shown in Insets. (Scale bar in Insets, 2 μm.)

Fig. 4. Live-cell imaging analysis of NCLS formed by NP, VP35 and VP24.
(A–C) Huh-7 cells were transfected with plasmids encoding NP, VP24, VP35-GFP
and VP35. At 17 h posttransfection, different cytoskeleton-modulating drugs
were added to the culture medium: (A) 0.15% DMSO (vehicle), (B) 15 μM
nocodazole, or (C) 0.3 μM cytochalasin D for 3 h; consequently cells were
subjected to live-cell imaging analysis. The pictures show the maximum-
intensity projection of time-lapse images of cells recorded for 2 min; images
were captured every 3 s. Magnified pictures of the boxed regions are shown
in Insets. (Scale bar in Insets, 2 μm.) The graphics show the velocities (n = 20)
of the NCLS, the median velocity and the SD are shown in numbers.
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Discussion
In the present study, we identified NP, VP35, and VP24 to be the
viral components that are essential and sufficient for the intra-
cytoplasmic transport of NCLSs, indicating they are also neces-
sary for the transport of nucleocapsids in EBOV-infected cells.
Transport of viral capsids is best investigated with DNA

viruses (e.g., herpes simplex type 1 and baculovirus), in which
several proteins have been reported to mediate capsid transport.
The functions of these proteins were identified using virus de-
letion mutants (4, 6, 41). Although reverse genetics systems for
filoviruses are available, analogous experiments are difficult to
perform, because the few nucleocapsid proteins of filoviruses
serve multiple essential functions in replication, morphogenesis,
and the anti-IFN response and deletion of the corresponding
genes results in nonreplicating viruses (17, 30, 42, 43). Using a
trVLP system and a reductionist approach, we determined the
essential EBOV components for transport of NCLSs employing
live-cell imaging. The used trVLP system has limitations; for
example, it does not fully mimic the capacity of EBOV-infected
cells to regulate viral transcription/replication and translation of
viral proteins (33, 34). Nevertheless this system was suitable for
our purpose to investigate the role of individual viral proteins for
the transport of NCLSs because we could freely remove and
combine the different viral proteins and analyze the effects on
NCLSs movement. Visualization of NCLSs was achieved by in-
corporation of fluorescent nucleocapsid fusion proteins. It could
not be excluded that labeling with VP35-GFP or VP24-TagRFP
impaired NCLSs intracellular movement in comparison with
labeling with VP30-GFP, which was previously used for visuali-
zation of motile nucleocapsids (30). To test this, we separately
monitored movement of NCLSs labeled with each fluorescent
fusion protein. All differently labeled motile NCLSs had com-
parable velocities, suggesting their transport was not significantly
influenced by tagging (Figs. 2–4). This was supported by the
finding that EBOV nucleocapsids, which were labeled with ei-
ther of the fluorescent fusion proteins, all showed a similar
pattern of movement in infected cells (Fig. S4).
NP, VP35, and VP24 are also the components that form the

helical EBOV nucleocapsid (11–13). Filoviral VP24 has no

analog among the mononegaviruses, and the function of this
protein has only been unfolded recently (32, 37, 44–47). It has
been shown that EBOV VP24 inhibits transcription and repli-
cation of the minigenome (36). The finding that VP24 was es-
sential for transport suggests that only nucleocapsids in a
“locked” state, and therefore unable to serve as templates for
transcription and replication, are transported (36, 44). Whether
VP24 binds to preformed nucleocapsids after they served as
templates or is incorporated into nucleocapsids concomitant
with replication and encapsidation of the viral RNA remains
elusive. The ultrastructural studies on the formation of nucleo-
capsids based on ectopically expressed NP, VP35, and VP24 are
consistent with both of these scenarios (9, 12, 13, 48, 49).
How the connection between the EBOV nucleocapsids and

cellular transport machineries is mediated is currently not un-
derstood. Because neither NP, VP35, nor VP24 was able to
support its own movement inside the cell, it is suggested that the
protein–protein interactions driving the formation of the helical
nucleocapsid also result in conformational changes in one or
more of the three proteins that expose hidden binding sites for
cytoskeleton-interacting proteins. While interactions between indi-
vidual viral and cytoskeleton proteins were detected, the impact of
these interactions on the transport dynamics of viral protein com-
plexes in living cells is so far unclear. For example, while it has been
reported that dynein light chain protein 8 interacts with VP35 (50),
our study suggests that this interaction is not sufficient to transport
VP35 expressed alone (Fig. S3B). This is supported by the finding
that the P protein of rabies virus, a VP35 analog, also interacts with
dynein light chain protein 8 (51), and blocking this interaction did
not impair viral transport (52).
Long-distance cytoplasmic movement of the nucleocapsid com-

plex was independent of the viral matrix protein VP40 and the
glycoprotein GP. The matrix proteins of mononegaviruses have
been considered as primary factors that induce the redistribution of
viral nucleocapsids from perinuclear inclusion bodies to the plasma
membrane (53–55). The role of the filovirus matrix proteins for
nucleocapsid transport has been debated for several years (16, 30,
48). The present study shows almost identical velocities for intra-
cytoplasmic EBOV NCLSs in the absence or presence of VP40,
indicating that a complex composed of three proteins—NP, VP35,
and VP24—is sufficient to hook onto the actin cytoskeleton ma-
chinery that provides the driving force for nucleocapsid movement
(Fig. 4). On the other hand, VP40 could significantly increase the
number of NCLSs inside the filopodia, which is consistent with its
role as a facilitator of budding and release. The exact molecular
mechanism by which VP40 facilitates this effect on peripherally
located nucleocapsids is currently under investigation.
The transport of filovirus helical nucleocapsids seems to follow a

clear directionality, which is probably determined by the structural
polarity of the nucleocapsids that show characteristic “pointed” and
“barbed” ends (49). For other viruses, the arrangement of proteins
within the nucleocapsid has been shown to potentially influence
their motility. For example, positioning of p78/83 or VP80 at one
end of the baculovirus nucleocapsid has been shown to be impor-
tant for the directional transport of nucleocapsids (5, 6). The filo-
virus proteins NP, VP35, and VP24, however, are homogenously
distributed over the whole nucleocapsid, indicating that the struc-
tural polarity of the EBOV nucleocapsid is sufficient for directional
transport (49). Future studies have to identify mechanisms of in-
teraction between EBOV nucleocapsids and cytoskeletal proteins.

Experimental Procedures
Experimental procedures for cell culture and virus infection, as well as
conventional microscopy, have been performed as described previously
(30). More detailed information on the experimental procedures, in-
cluding live-cell imaging microscopy, confocal laser scanning microscopy,
virological methods, and all reagents, is provided in SI Experimental
Procedures.

Fig. 5. The influence of VP40 on the NCLS transport at the cell periphery.
Huh-7 cells were transfected with plasmids encoding VP30-GFP, NP, VP35,
VP24 (1), or with plasmids encoding VP30-GFP, NP, VP35, VP24, and a mix-
ture of VP40-TagRFP and VP40 (2). Live-cell imaging analysis was performed
at 20 h posttransfection. (A) The number of motile NCLS inside the filopodia
was counted. The median number of moving NCLSs within filopodia per cell
and the SD are shown. ***P < 0.001. (B) The trajectories and direction of
moving NCLSs inside the filopodia are shown by white and black arrow-
heads, as well as red and orange lines. (C) The trajectories and direction of
moving NCLSs inside filopodia are shown by white and black arrowheads as
well as orange and white lines. (D) The graphics show the velocities of NCLSs
(n = 30) inside filopodia. The numbers indicated the median speed and the SD.
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All experiments involving gene-modified organisms have been approved
by the Regierungspräsidium Gießen, Gießen, Germany. Experiments with
infectious Ebola virus have been carried out in the BSL-4 facility, Philipps-
University Marburg, according to national regulations with the approval of
the Regierungspräsidium Gießen, Gießen, Germany.
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