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Abstract Vaults are abundant large ribonucleoprotein
particles. They frequently colocalize with microtubules
and accumulate in filamentous actin-rich lamellipodia. To
examine the movement of vaults in living cells, a chimera
between the green fluorescent protein and the major vault
protein was created. This fusion protein assembled into
vault particles as assayed by biochemical fractionation and
direct observation of living or fixed cells. By fluorescence
recovery after photobleaching, we analyzed the bulk
transport of vault particles into neuritic tips of PC12 cells
treated with nerve growth factor. Confocal laser scanning
microscopy demonstrated co-localization of the major
vault protein and microtubules. Video microscopy in-
dicated that, whereas the majority of vault particles were
stationary, some individual vault particles moved rapidly,
consistent with the action of a microtubule-based or actin-
based molecular motor.
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Introduction

Vaults are cytoplasmic ribonucleoprotein particles (RNPs)
of unknown function (for reviews, see Kickhoefer et al.
1996; Rome et al. 1991; Mossink et al. 2003; Van Zon et al.
2003a). In both structure and composition, vaults are
highly conserved (Kedersha et al. 1990). Vaults measure
~65x40 nm? or approximately three times the size of a
ribosome, making them the largest RNP known (Kedersha
and Rome 1986); they are hollow and capable of opening
into two halves with eight-fold symmetry (Kedersha et al.
1991; Kong et al. 1999, 2000). Rat vaults contain three
species of protein and an untranslated 141-base polymerase
III RNA transcript yielding an overall mass of ~13 MDa
per particle (Kedersha and Rome 1986; Kickhoefer et al.
1993; Kickhoefer and Rome 1994). The 100-kDa major
vault protein (MVP) makes up 70%—75% of the mass of the
particle (Kedersha et al. 1991). The two minor vault
proteins are the 193-kDa poly (ADP-ribose) polymerase
and the 240-kDa telomerase-associated protein TEP1
(Kickhoefer et al. 1999a,b). However, the expression of
MVP alone in bacteria or insect cells is sufficient to form
vault-like particles (Stephen et al. 2001; Zheng et al. 2004).

Although many molecular features of vault particles
have been characterized, the function of this large RNP
remains enigmatic. The identification of lung-resistance
related protein as the human MVP might imply a role of
vaults in multi-drug resistance (Scheffer et al. 1995; for a
review, see Mossink et al. 2003); however, direct
involvement has been disputed (Van Zon et al. 2003a—c;
Huffman and Corey 2005). Recent observations point to a
role of vaults as scaffolds for signaling proteins (Yu et al.
2003; Kolli et al. 2004; Chung et al. 2005; Yi et al. 2005).
Several studies suggest that vault protein may be involved
in some form of intracellular transport (for a review, see
Suprenant 2002), although the cargo has not yet been
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identified. In the electromotor system of Torpedo marmo-
rata, vaults are transported to the nerve terminal where they
are allocated in close proximity to synaptic vesicles
(Herrmann et al. 1996; Volknandt and Herrmann 1997).
Anterograde and retrograde axonal transport of vaults has
been analyzed in ligation experiments in which vaults
accumulate on either side of the ligature (Li et al. 1999).
Similarly, recombinant MVP assembled into vaults is
targeted to neuritic tips of nerve growth factor (NGF)-
treated phaeochromocytoma (PC12) cells (Herrmann et al.
1999). Extrapolation of data reported by Luby-Phelps and
coworkers (1987) suggest that vaults are too large to
diffuse freely in the cytosol. Therefore, vault interactions
with cytoskeletal elements and molecular motors may be
necessary for vault transport over longer distances. An
association of vaults with microtubules both in vivo and in
vitro has been reported (Hamill and Suprenant 1997,
Eichenmiiller et al. 2003). Furthermore, the colocalization
of vaults and microtubules in PC12 and Chinese hamster
ovary (CHO) cells has been described (Herrmann et al.
1999). An overlap of filamentous actin and vaults has been
demonstrated in neuritic tips of PC12 cells and in ruffling
edges of fibroblasts or CHO cells (Kedersha and Rome
1990; Herrmann et al. 1999).

To study the dynamics of vaults in living cells, we have
created a fusion protein between the rat MVP and the green
fluorescent protein (GFP) from the jellyfish Aequoria
victoria. We demonstrate that this chimera assembles into
vault-like particles and enables the study of the transloca-
tion of vault particles in living cells by fluorescence
recovery after photobleaching (FRAP) and video micros-
copy. Our results indicate that individual vaults in the
cytoplasm can be rapidly translocated.

Materials and methods
Cell culture and transfections

Cells were grown and maintained in Dulbecco’s modified
Eagle’s medium (Gibco BRL, Bethesda, Md.) supplement-
ed with either 10% fetal bovine serum (human astrogliomal
U373 cells; a gift of F. Fahrenholz, University Mainz,
Germany; COS7 cells, Irvine Scientific, Santa Ana, Calif.)
or, in the case of the rat PC12 cell line (Herrmann et al.
1999), with 10% horse serum and 5% fetal calf serum (both
Life Technologies, Paisley, Scotland, UK) containing
penicillin and streptomycin (1% each; Sigma-Aldrich,
Steinheim, Germany). Transfections of COS7 cells by
2 pg/ml supercoiled plasmid DNA were carried out either
in the presence of 0.25 mg/ml DEAE-Dextran (Sigma, St.
Louis, Mo.) in serum-free medium or in the presence of
3 ul FuGENE 6 (Boehringer-Mannheim) transfection
reagent in complete medium. For DEAE-Dextran transfec-
tions, cells were incubated for 3—4 h at 37°C, followed by a
1-min treatment with 10% dimethylsulfoxide in buffer and
a subsequent wash with serum-free medium. Complete
medium was then added to the cells, which were harvested
or viewed 48-72 h post-transfection. For FuGENE-6-

mediated transfection, cells were incubated for 48 h in
transfection medium and subsequently harvested or
viewed. Phenol-red-free medium for viewing of viable
cells was obtained from Gibco-BRL. PC12 and U373 cells
were transiently transfected by electroporation by using 1—
2 pg/ml GMVP construct. After plating, PC12 cells were
treated with 10 ng/ml NGF (recombinant (-subunit;
Sigma-Aldrich) for 48 h.

Vector construction

Vector construction was performed as described previously
(Slesina et al. 2005). In brief, S65-T-GFP was amplified by
the polymerase chain reaction from pGreen Lantern
(Gibco-BRL) by using oligonucleotides containing a
BspHI site; this allowed the subcloning of the entire GFP
sequence in-frame into an Ncol site at the 5" end of the
cDNA encoding the rat MVP. This Ncol site contained the
start codon of the MVP allowing for in-frame fusion of
both full-length ¢cDNAs. For transfection of PC12 and
U373 cells, Green-Lantern-MVP was subcloned into the
multiple cloning site of pcDNA3 vector containing a
cytomegalovirus promoter (Invitrogen, Leek, Netherlands)
and termed GMVP. The construct was confirmed by
sequencing.

Fractionation of cells

COS7 cells transfected with GMVP were washed three
times with ice-cold PBS and lysed at 2x10” cells/ml in
buffer A (50 mM TRIS pH 7.4, 75 mM NaCl, 1.5 mM
MgCl,) containing 0.5% NP-40 on ice. Total cell lysates
(T) were transferred to Eppendorf tubes, mixed thoroughly
for 15 s, and centrifuged at 13,000g,, for 15 min at 4°C to
generate a nuclear pellet (P1) and a supernatant fraction
(S1). The supernatant fraction was centrifuged at
128,000g,, for 2 h to generate a soluble (S2) fraction,
and a microsomal pellet (P2) fraction. All fractions were
adjusted to equal volumes of lysis buffer. Further
purification of the microsomal pellet was carried out by
loading onto 10%—-60% discontinuous sucrose gradients
followed by centrifugation at 90,000g,, in a Sorvall
AH650 rotor for 16 h at 4°C.

SDS-polyacrylamide gel electrophoresis and Western
blotting

Aliquots of total cell homogenates or fractionated cells
were run on 7.5%, 10%, 15%, or 5%-15% SDS-
polyacryamide gels by published methods (Laemmli
1970). Proteins were visualized by electophoretic transfer
to nitrocellulose (Amersham Lifescience) followed by
immunoblotting with N2 polyclonal anti-vault antisera
(Kedersha et al. 1990). Blots were blocked for a minimum
of 30 min in TRIS-buffered saline (TBS) containing 0.5%
Tween-20 and 5% nonfat dry milk and incubated with



primary antibody diluted in TBS containing 0.5% Tween-
20 and 5% normal goat serum overnight at 4°C. Blots
were washed (3x5 min each) with TBS containing 0.5%
Tween-20, followed by incubation in secondary antibody
coupled to horseradish peroxidase diluted in TBS contain-
ing 0.5% Tween-20 and 5% normal goat serum. Blots
were developed by using enhanced chemiluminescent
(ECL, Amersham) detection.

Immunocytochemistry

U373 cells were grown on poly-D-lysine-coated coverslips
for 24-48 h and fixed in either ice-cold methanol for 7 min
or phosphate-buffered saline (PBS: 137 mM NaCl, 3 mM
KCl, 100 mM Na,HPO,, 18 mM KH,PO,, pH 7.3)
solution containing 4% paraformaldehyde for 30 min
followed by three washes in PBS containing 0.1% Triton
X-100. Non-specific binding sites were blocked with 5%
bovine serum albumin in PBS for 30 min. Subsequently,
the primary antibodies were applied for 30 min. Polyclonal,
monospecific anti-MVP104 (Herrmann et al. 1999), and/or
monoclonal anti-3-tubulin (T-4026, Sigma, Deisenhofen,
Germany) antibodies were used at a dilution of 1:100. To
visualize filamentous actin, fluorescein isothiocyanate
(FITC)-conjugated phalloidin was used at a dilution of
1:40. Cells were washed five times with PBS and incubated
for 30 min with secondary antibodies (anti-mouse-FITC
and/or anti-rabbit-Cy3 at a dilution of 1:100 or 1:500,
respectively). To remove unbound antibody, cells were
washed five times. Immunofluorescence was visualized by
using a Zeiss Axiophot I equipped with an MCID 4
imaging analysis system (Imaging Research, St. Catha-
rines, Canada) or a laser-assisted Leica TCS4D true
confocal scanning microscope (CLSM). To visualize only
colocalized fluorescence obtained in the two channels,
immunosignals were multiplied with each other by using
Adobe Photoshop 7.

Viewing of living cells

COS7 cells were viewed by using a Nikon Diaphot
inverted microscope equipped for epifluorescent micros-
copy. Fluorescent filter sets for viewing GFP were obtained
from Nikon (excitation 395 nm; emission 508 nm). S65-T
mutated GFP was viewed by using standard FITC filter sets
(excitation 488 nm; emission 511 nm). Cells were imaged
with either a Photometrics KAF1400 cooled charge-
coupled device (CCD) camera (Inovision, Princeton, N.
J) or a Zeiss LSM 410 Kr/Ar CLSM (Carl Zeiss,
Thornwood, N.Y.) equipped with a 40x water objective.
PC12 cells were viewed with a CLSM (Leitz DM IRB and
TCS4D, Leica Lasertechnik, Heidelberg, Germany)
equipped with a temperature control unit set at 37°C for
living cells. The time interval between images was limited
to 1.8 s. Video-enhanced microscopy of PC12 and U373
cells was performed by using an Axiovert 135 TV (Zeiss,
Gottingen, Germany) and an intensified CCD camera
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(Extended ISIS, Photonic Science, PTI, Braunschweig,
Germany) at 25 frames/s. The speed of vault particles was
evaluated by measuring the traveled distance of individual
particles between two subsequent images and dividing this
value by the time interval (n=20).

FRAP experiments

In NGF-treated PC12 cells, FRAP experiments were per-
formed by bleaching neurites (>25 pum length) and
monitoring the reappearance of fluorescent particles at
1.8-s intervals. In order to minimize irritation of the cells
and to reduce the robust fluorescence signal of GMVP in
PC12 cells completely, bleaching was performed for 10—
15 min at lower laser intensity.

Photobleaching of COS7 cells was carried out on a
12x9 um? section of a cell at 100% laser power for 10 s.
Recovery was monitored by scanning the entire cell at 3.5-s
intervals at 40% laser power for 1 min.

Results

GMVP fusion protein is assembled into vault-like
particles

The entire sequence of GFP was fused to the complete
sequence of rat MVP at its amino terminus (see above). In
vitro translation was used to confirm that fusion proteins of
the correct size (~127 kDa) were produced (data not
shown). To demonstrate that the addition of GFP to MVP
did not interfere with the assembly of vault particles, the
fractionation of endogenous MVP was compared with that
of the GMVP fusion protein (Fig. 1a,b). After centrifuga-
tion of total cell homogenates (T) of non-transfected COS7
cells (Fig. 1a, lanes 1-5) the majority of MVP was retained
in the postnuclear fraction (S1); however, some immuno-
reactivity could be seen in the nuclear pellet fraction (P1).
MVP fractionated largely to the high speed pellet (P2
fraction) after recentrifugation of S1. No immunoreactivity
was seen in the S2 fraction. The fractionation pattern of
GMVP fusion protein (Fig. 1a, lanes 6—10) was identical to
that of endogenous MVP, which was also present in the
transfected cells.

To define whether the GMVP found in the P2 fraction
was incorporated into a particle of the same density as a
vault, the P2 fraction (P) from non-transfected and GMVP-
transfected COS7 cells was applied to a 10%—60% step
sucrose gradient, followed by Western blot analysis of the
gradient fraction. Endogenous MVP fractionated to the
45% and 50% sucrose layers, characteristic of vaults
(Fig. 1b, top). Both endogenous MVP (~100 kDa) and
GMVP (~127 kDa) in transfected cells sedimented as MVP
from non-transfected cells (Fig. 1b, bottom); however,
GMVP-containing vaults were recovered in more fractions
of the sucrose gradient (particularly the denser fractions)
than genuine vaults, probably because of their extra mass.
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Fig. 1 GMVP fusion protein behaves like endogenous MVP.
a Western blot of subcellular fractions derived from non-
transfected (lanes 1-5) or GMVP-transfected (lanes 6-10)
COS7 cells with the anti-M VP antibody (7 total cell lysate, P1 low-
speed pellet, S low-speed supernatant, S2 high-speed supernatant,
P2 high-speed pellet, arrows positions of endogenous MVP and
GMVP). Fractionation of GMVP is identical to that of endogenous
MVP, indicating that this protein is able to interact with and form
vault particles. Note that a significant, albeit small, amount of MVP
and GMVP immunoreactivity also sediments within the nuclear
fraction (P7). b Western blots of high speed pellet (P parent fraction
P2) fractions from non-transfected (top), and GMVP-transfected
(bottom) COS7 cells subjected to equilibrium centrifugation
through 10-60% step sucrose gradients with MVP antibody (arrows
positions of endogenous MVP and GMVP). GMVP fusion protein
migrates at the same layers of the gradient as MVP from transfected
and non-transfected cells, indicating incorporation into vaults.
¢, d Distribution of GMVP-fusion-protein (¢) compared with GFP
alone (d) in fixed COS7 cells. The GMVP-transfected cell shows
punctuate cytoplasmic distribution, whereas the GFP-transfected
cell shows a diffuse distribution of fluorescence in nucleus and
cytoplasm. Bar 10 um

In addition immunofluorescence revealed a particle
allocation of expressed GMVP in transfected COS7 cells
yielding thousands of fluorescent spots with a punctate and
mainly cytoplasmic distribution characteristic of vaults
(Fig. 1c). In contrast, the expression of GFP alone gave
diffuse staining with a preferential nuclear localization
(Fig. 1d). Thus, the chimera was considered suitable for the
analysis of vault dynamics in living cells.

Bulk movement of vaults analyzed by FRAP
in PC12 cells

FRAP allows the elimination of fluorescence in a defined
area of a cell and the observation of the recovery of
fluorescence within that area. We used the FRAP method
for NGF-induced neuritic extensions of PCI12 cells to
monitor the speed and mobility of individual vault particles
and bulk transport. Numerous translocations of fluorescent
dots in a neurite of a living PC12 cell occurred between two
subsequent confocal images (Fig. 2a,b). Although translo-
cation of GMVP was easily depicted, evaluation of the
movement of individual vault particles was almost
impossible because of the high translocation velocity and
the 1.8-s limitation in time resolution of the CLSM (see
insets of Fig. 2a,b where vault translocation was frequent
but could not be assigned to identifiable individual
particles).

To evaluate the bulk movement of vaults, neurites of
PC12 cells were photobleached intensively over a distance
of approximately 25 pum, and the reappearance of fluores-
cence was monitored (Fig. 2c—f). Only a few fluorescent
dots were localized in the tip of the neurite 90 s after
photobleaching, whereas after 530 s, considerable numbers
of fluorescent particles could be detected. Reappearance of
fluorescence was mostly restricted to the neuritic tip and
was rare in the neurite (Fig. 2d—f, bracket). Interestingly, no
migration or diffusion front emerged from the unbleached
cell body.

In transfected COS7 cells, a portion of the cell was
rapidly photobleached (10 s) when viewed by a different
CLSM at its highest laser power. Once the section of the
cell was bleached, a series of images of the cell was taken
to monitor recovery of vault fluorescence into the
photobleached area. A panel of images from a typical
experiment is shown in Fig. 3. Vault fluorescence recov-
ered quickly and completely, filling in the bleached area
within 14 s to 17.5 s (Fig. 3b-h), indicating that vault
movement in the cytoplasm was rapid.

Video-enhanced microscopical analysis of vault
movement

To gain further insight into vault motion, we performed
video-enhanced microscopical analysis of GMVP motion
in PC12 cells; this enabled us to reduce the time span
between subsequent images to 0.04 s (25 frames/s). The
translocation of GMVP chimeras appeared to be saltatory.
Individual fluorescent spots moved rapidly over a short
period of time and then came to a rest (Fig. 4, arrowheads).
However, incidences of GMVP movement could be seen
between subsequent images (Fig. 4a,b; insets illustrate
movement in an anterograde direction during image
acquisition, see arrow). The video-microscopical images
(Fig. 4c,d) demonstrated that fast translocation of GMVP
similarly took place in the astrogliomal cell line U373MG.
For those cases in which motion could be assigned to
individual particles or clusters of vaults, their velocity was



Fig. 2 Vault movements in cells
as assessed by fluorescence
recovery after photobleaching
(FRAP). a, b Sequential confo-
cal laser scanning images of
GMVP fusion protein in the
neurite of a differentiated PC12
cell. The neurite was partially
photobleached to reduce fluo-
rescence intensity (insets exam-
ples of frequent translocations of
fluorescent material). c—f FRAP
analysis of a neurite and neuritic
tip of a PC12 cell (bracket
neuritic stalk). ¢ Overview (inset
magnified area in d—f). d Neu-
ritic tip before bleaching.

e Same tip 90s after bleaching.
f Same tip after a recovery
period of 530 s. Note the
reappearance of fluorescent ma-
terial accumulating in the tip.
Bars 2 ym

calculated to be 10+£3 um/s (n=20). However, measurement
accuracy was hampered by the limited optical resolution,
and we could not rule out that vaults moved in and out of
the focal plane, instead of the actual vault particles being
translocated.

Association of vaults with cytoskeletal elements

The evaluation of a specific interaction of vaults with
cytoskeletal elements in the neurites of PC12 cells was
hindered because of the dense packaging of microtubules.
Therefore, we performed double-labeling experiments in
U373MG cells in order to identify the cellular basis of

Pre-bleach

Fig. 3 Bulk movement of vaults as revealed by FRAP analysis.
COS7 cell transfected with GLMVP construct shows punctate
cytoplasmic distribution of fluorescence. Experiments were con-
ducted on a Zeiss LSM 410 CLSM at 488 nm excitation.
Photobleaching was carried out by scanning a 12x9 um? section

d{*
‘
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vault movement. Vault particles were not colocalized with
actin stress fibers (Fig. 5a—c). However, vaults accumu-
lated in ruffling membranes at the growing ends of cells,
similar to filamentous actin (Fig. S5a—c, arrows). In
contrast, double-labeling of MVP and {3-tubulin demon-
strated the overlapping distribution of vaults with
microtubules (Fig. 5d—f). Of note, the vaults were often
arranged in a filamentous pattern along microtubules
(Fig. 5d—f, arrow). Figure 5c,f demonstrates the merged
fluorescence signals of MVP and the respective cytoskel-
etal element. The random alignment of vaults along a
track became even more apparent at higher magnification
(Fig. 5g, arrowheads).

of a cell (boxed, b-h) at 100% laser power for 10 s. Recovery was
monitored by capturing confocal images at 3.5-s intervals at 40%
laser power for 1 m. a Cell prior to bleaching (nu nucleus).
b—h Recovery of fluorescence into bleached area at 3.5-s intervals
during 21 s postbleach



408

Fig. 4 Vaults move quickly.
a—d Sequential video-micro-
scopical images of GMVP
fusion protein in cellular exten-
sions of PC12 (a,b) and U373
(c,d) cells. The time interval
between a/b or ¢/d is 0.04 s.
Arrows in insets depict cases of
rapid translocation of fluores-
cent material (arrowheads sta-
tionary fluorescent puncta).
Bars 2 um

Discussion

Dynamics of vault movement

Subcellular fractionation and immunofluorescence has
demonstrated that our fusion construct behaves like
endogenous MVP and assembles into vault-like particles.
The GFP vault complex has been found in the cytosol of all

Fig. 5 Vaults colocalize with
cytoskeletal elements in U373
cells. a CLSM image showing
the distribution of filamentous
actin detected by FITC-conju-
gated phalloidin in U373 cells.
b CLSM demonstrating the dis-
tribution of MVP. ¢ Magnifica-
tion of a, b depicting only
colocalized fluorescence.

d CLSM image of the distribu-
tion of microtubules. e CLSM
image showing the distribution
of MVP. f Magnification of

d, e depicting only colocalized
fluorescence. Arrows indicate
colocalization of MVP and the
respective cytoskeletal element.
¢ Immunocytochemistry with
MVP antibody indicating that
vaults are randomly aligned
along tracks in the cytoplasm of
U373 cells (arrowheads). Bars
10 um

cells investigated in this study in a similar punctate pattern
as the endogenous vaults. Thus, the GMVP-fusion protein
can be used to analyze vault dynamics in living cells. Video
microscopy and fluorescence recovery after photobleach-
ing (FRAP) have been performed on cell lines expressing
GMVP fusion protein to analyze the movement of vaults.
Analysis of MVP translocation by FRAP has allowed us to
estimate the bulk transport of vaults and to distinguish




between fast transport and diffusion. Video microscopy has
allowed us to monitor the movement of individual
fluorescent spots. Earlier studies have demonstrated that
vaults accumulate in cells in the ruffling edges of growth
cones, neuritic tips, and presynaptic compartment, all of
which would require transport over long distances
(Kedersha and Rome 1990; Herrmann et al. 1999, 1996).
Our FRAP analysis has demonstrated the migration and
accumulation of vault particles into neuritic tips of PC12
cells. By applying a similar experimental approach, Van
Zon and coworkers (2003a,b,c) have estimated the speed of
vault particles to be approximately 2 wm/s, which is in the
range of fast retrograde transport of vesicles (reviewed in
Hammerschlag et al. 1994). They have observed no
temperature dependence of vault motility and conclude
that vaults move by diffusion. Their cell lines however
express a large amount of MVP-GMP that does not become
incorporated into vault particles and might interfere with
measurements of intact vault motility. Based on the
extrapolation of data, Luby-Phelps et al. (1987) consider
intact vaults to be too large to diffuse freely in the cytosol.
The lack of migration or a diffusion front observed in our
study is indicative of fast active transport. This is consistent
with our video-microscopical observations, although the
accuracy of measurements of high velocity movements of
individual vault particles is limited by the technical
equipment and techniques employed. Our analysis of the
velocity of vault movement over short distances in cellular
extensions indicates that individual fluorescent spots are
transported with a speed of about 10 pm/s, which is in the
range of the well-documented fast anterograde axonal
transport of synaptic vesicles along microtubules, viz.,
400 mm/d in mammals (4.6 um/s; reviewed in Vallee and
Bloom 1991; Hammerschlag et al. 1994) and up to 5 um/s
at 21°C in the squid giant axon (Allen et al. 1982). A report
by Kaether and coworkers (2000) who have also employed
video-enhanced microscopy describes the maximal veloc-
ity of tagged synaptic vesicles as being 5 um/s and of
tubules containing tagged amyloid precursor protein as
being 8-9 pm/s. The notion that vaults might be trans-
ported by a mechanism resembling fast axonal transport is
further supported by ligature experiments in Torpedo elec-
tric nerves in which vaults accumulate on both sides of the
crush point with an anterograde and retrograde component
similar to that of synaptic vesicles (Li et al. 1999).

Association of vaults with microtubules

Both immunocytochemistry and cryo-immunoelectron
microscopy have demonstrated an association of vault
particles and microtubules in the cytoplasm of U373 cells.
The colocalization of MVP and microtubules has also been
shown for PC12 and CHO cells (Herrmann et al. 1999).
Moreover, sea urchin vaults copurify with microtubules as
described by Hamill and Suprenant (1997). In mammalian
cells, vaults remain associated with tubulin oligomers even
after nocodazol treatment (Eichenmiiller et al. 2003). Using
an in vitro microtubule pull-down assay and negative
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staining, Eichenmiiller et al. (2003) have demonstrated that
5-6 vaults bind to 1-um-long microtubules via their caps.
A direct interaction of vaults and filamentous actin is less
obvious. At the growing ends of the cell, MVP and
filamentous actin are colocalized. The colocalization of
actin fibers with MVP in the ruffling edges of rat
fibroblasts has been reported, as has the colocalization of
vaults with the ends of actin filaments at adhesion plaques
(Kedersha and Rome 1990). Moreover, vaults and fila-
mentous actin accumulate in the neuritic tips of differ-
entiated PC12 cells similar to synaptic-like microvesicles
(Herrmann et al. 1999). Whether the colocalization of
vaults and actin fibers is attributable to the dense packaging
of molecules in the cell periphery or to the direct interaction
of actin filaments with vaults needs to be resolved. In
neurons, the association of synaptic vesicles with micro-
tubules changes to a synapsin-based interaction with actin
filaments when the organelles enter the nerve terminal
(Hosaka et al. 1999). Thus, in addition to microtubules,
filamentous actin might be involved in vault transport.

Implications of vault transport

Our observations of the fast translocation of vaults support
the hypothesis that vaults act as transport vehicles. The
association of microtubules with vaults might explain how
they reach their destinations in the cytoplasm and how they
approach the nuclear pore complex (Chugani et al. 1993;
Slesina et al. 2005).

Attempts to determine the role of MVP in multidrug
resistance have led to the hypothesis that vaults function in
the nuclear efflux of chemotherapeutic drugs (Kitazono et
al. 1999, 2001; Dalton and Scheper 1999). Our observa-
tions support the postulated function of vaults as cytoplas-
mic shuttles, although their specific cargo and precise
transport route have yet to be identified. Future studies are
required to elucidate the mode of interaction between
vaults and cytoskeletal elements and the motors involved in
fast vault transport.
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