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A novel adenovirus system for analyzing the adenovirus entry pathway has been developed that contains
green fluorescent protein bound to the encapsidated viral DNA (AdLite viruses). AdLite viruses enter host cells
and accumulate around the nuclei and near the microtubule organizing centers (MTOC). In live cells,
individual AdLite particles were observed trafficking both toward and away from the nucleus. Depolymeriza-
tion of microtubules during infection prevented AdLite accumulation around the MTOC; however, it did not
abolish perinuclear localization of AdLite particles. Furthermore, depolymerization of microtubules did not
affect AdLite motility and did not affect gene expression from wild-type adenovirus and adenovirus-derived
vectors. These data revealed that adenovirus intracellular motility and nuclear targeting can be supported by
a mechanism that does not rely on the microtubule network.

To successfully infect cells, adenoviruses must reach the
nucleus, where viral gene expression can begin and the ge-
nomes can replicate. Adenoviruses are nonenveloped; the viral
particle consists of an icosahedral protein capsid surrounding
the 36-kb linear double-stranded DNA genome and associated
DNA binding proteins (reviewed in reference 40). Human
adenoviruses infect predominantly epithelial cells and can trig-
ger respiratory and gastrointestinal tract ailments of a mild
course in the majority of cases (reviewed in reference 23).
Adenoviruses have been extensively used, both in molecular
biology and gene therapy fields, as tools to deliver a variety of
molecules into cells (reviewed in reference 41). Recently, ad-
enoviruses have received additional attention as a model sys-
tem to study the mechanisms of viral entry into eukaryotic cells
(15, 16, 52). Adenoviruses bind at the cell membrane and are
internalized by receptor-mediated endocytosis (5, 48, 53, 54).
Subsequently, adenoviruses are thought to be released from
early endosomes into the cytoplasm by a process that requires
an activity of the virus-encoded protease (10, 18); viral capsids
are gradually dismantled by a combination of step-wise disso-
ciation and proteolytic degradation (16). Finally, liberated viral
cores are thought to enter the nucleus via nuclear pores to
initiate the replicative cycle (19).

The exact mechanisms of adenovirus movement to the nu-
cleus are not completely understood. The size of an infective
particle is 80 to 90 nm in diameter, which is most likely above
the limit of free diffusion in the cytoplasm (52 nm in diameter)
(27, 33). Because adenoviruses traverse the distance of 5 to 50
mm between the cell membrane and the nucleus of an infected
cell within 30 to 60 min following binding to the cell mem-
brane, it has long been suspected that adenoviruses use one of
the cytoskeleton-based transport systems of the host cell to
travel toward the nucleus. Evidence has accumulated that mi-
crotubules are involved in this transit. Adenoviruses are found

in close proximity to microtubules in the infected cells and can
bind to purified microtubules in vitro (12, 28, 31, 50). However,
depolymerization of microtubules in cells infected with adeno-
viruses does not impede their infective properties (12). Re-
cently, using video microscopy, two groups have studied the
intracellular movement of adenoviruses using adenovirus par-
ticles whose capsids have been covalently linked to a fluoro-
chrome (25, 46). Capsid-labeled adenoviruses were observed
to move along linear pathways both toward and away from the
microtubule organizing centers (MTOC), where minus ends of
microtubules are nucleated, and this motility was inhibited in
the presence of the microtubule depolymerizing reagent no-
codazole (46). In addition, the motility toward, but not away
from, the MTOC was reported to be partially inhibited by the
overexpression of dynamitin, a protein required for the motor
function of dynein (1, 7, 46). Thus, it was proposed that ad-
enoviruses interact with both plus end- and minus end-directed
microtubule motors and that microtubule-dependent transport
in association with a minus end-directed, dynein-like motor
contributes to the localization of adenoviruses to the nucleus
of infected cells (46).

The goal of our experiments was to examine the mechanisms
of adenovirus nuclear targeting using a different experimental
approach. We sought to follow the ultimate adenovirus ge-
nome deposition into the nucleus, and therefore we have de-
veloped fluorescently labeled adenovirus particles with the
DNA genomes marked with green fluorescent protein (GFP)-
DNA binding protein fusions (termed AdLite particles). DNA
labeling by GFP-DNA binding protein fusions have been suc-
cessfully used to follow, in real time, sister chromatid separa-
tion in yeast (29, 43). We have chosen to label the DNA of the
core and not the capsid of the viral particles for the following
two reasons. First, the capsid proteins must interact with the
host machinery on the way to the nucleus, and modifications of
the capsid may impair these interactions. Second, as the capsid
is progressively dismantled during the entry process, following
the fate of labeled capsid may not directly reflect the fate or
route of the genome. Using AdLite particles, we confirm that
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in live cells, adenoviruses move along linear pathways both
toward and away from the nucleus as well as in other, more
random directions. However, we find that AdLite particle mo-
tility is also observed under conditions when microtubules are
depolymerized. In addition, we demonstrate that microtubule
depolymerization does not affect transgene or early gene ex-
pression from adenovirus. Our data reveal that adenoviruses
can utilize microtubule-independent mechanisms to target the
nuclei of the infected cells and suggest that the mechanisms of
cytoplasmic transit and nuclear targeting are more diverse than
previously thought.

MATERIALS AND METHODS

Cloning of AdLite genomes and AdLite virus production. DNA fragments
containing 56 and 112 tet operator (teto) tandem repeats were excised from
pRS306tetO2356 and pRS306tetO23112 (29) with BamHI and BglII restriction
enzymes, gel purified, and cloned into the BamHI and BglII sites of the transfer
vector (pDE1sp1B) (6), generating pAd/teto56/Ad and pAd/teto112/Ad. Using
homologous recombination in Escherichia coli BJ5183 (8), pAd/teto56/Ad and
pAd/teto112/Ad were recombined with pAIM33 containing a modified E1, E3-
defective Ad5 genome bearing a lacZ cassette in the former E1 region, an
insertion destroying the internal SpeI site, and SpeI sites flanking the terminal
repeats, thus generating pAdteto49, pAdteto77, pAdteto112, and pAdteto119
containing 49, 77, 112, and 119 teto sites, respectively. To generate Adteto(N),
plasmids pAdteto(N) were linearized with SpeI and used to transfect 293 cells, as
described previously (30). Lysates from 293 cells containing replicated Adteto
viruses were used to infect a 293 cell line stably expressing a TetR-GFP fusion
protein (see below). Newly replicated genomes were bound by TetR-GFP to
produce TetR-GFP-loaded adenovirus particles (AdLite particles), which were
purified by standard cesium chloride gradients (9), with the omission of Freon
extraction, which was found to diminish the fluorescent properties of the AdLite
particles.

Generating 293 cell line expressing TetR-GFP. 293 cells were cotransfected
with plasmids encoding a TetR-eGFP fusion protein under the control of the
cytomegalovirus immediate-early promoter (details can be provided upon re-
quest) and the neomycin gene and placed under selection (300 mg of neomycin
per ml). The resulting neomycin-resistant clones were trypsinized, pooled, and
resuspended at 106 cells/ml in phosphate-buffered saline (PBS)–1% fetal calf
serum (FCS) containing propidium iodide (Molecular Probes) at a final concen-
tration of 1 mg/ml. Cells were analyzed immediately using a FACS Vantage SE
(Becton Dickinson) equipped with an Ar-Ion laser tuned to 200 mW at 488 nm.
Enhanced GFP-positive and propidium iodide-negative cells were sorted into
FCS. GFP-positive cells were then collected by centrifugation, resuspended in
normal medium, and replated as a pool. Cells were expanded, fluorescence-
activated cell sorter (FACS) sorted for the second time, and replated at a low
density to allow growth from single cells; the resulting clones were trypsinized
individually and expanded. Cells from individual clones were plated on coverslips
and were found to be highly fluorescent. Further culture of clones was carried
out with the omission of neomycin, without loss of the fluorescence. AdLite
viruses were generated either in pooled cells after the second FACS sorting or in
clones stably expressing TetR-GFP; both preparation types were found to have
similar fluorescent properties.

Cell culture, infections, and drug administration. A549 and HeLa cells were
grown in Dulbecco’s modified Eagle’s medium–10% FCS, and 293 cells were
grown in minimal essential medium alpha with 10% newborn calf serum. Unless
indicated otherwise, A549 or HeLa cells were plated 1 day before the experi-
ment; prior to infection, cells were exposed to drugs or appropriate solvents in
Dulbecco’s modified Eagle’s medium for 1 h at 37°C. For infection, cells were
placed on ice, and fresh medium (6 drugs) containing the virus was added for 1
to 2 h at 4°C with gentle agitation; medium containing unbound virus was
removed and replaced with fresh medium (6 drugs). Drugs were made as 1,0003
stocks in dimethyl sulfoxide (DMSO) (nocodazole and vinblastine; Sigma) (taxol;
Molecular Probes) or in 100% ethanol (colchicine; Sigma). In all experiments,
control cells were treated with appropriate concentrations of DMSO or ethanol
solvents.

Immunofluorescence. A549 or HeLa cells were plated on glass coverslips (12
by 12 mm) at 2 3 105/well in 6-well dishes 1 day before infection. At the indicated
times postinfection, cells were fixed in 3% paraformaldehyde-PBS, pH 7.0, for 15
min, rinsed three times with PBS, permeabilized with PBS–0.1% Triton X-100
(PBT) for 5 to 15 min, blocked in 5% bovine serum albumin (BSA)-PBT for 30

to 60 min, incubated with primary antibody for 15 min in 5% BSA-PBT, washed
three times with PBT, incubated with secondary antibody for 15 min in 5%
BSA-PBT, washed two times with PBT and two times with PBS, and mounted in
50% glycerol-PBS–10 mM Tris (pH 9.0)–4% n-propyl gallate (Sigma); all incu-
bations were done at room temperature. The primary antibodies used were
mouse anti-tubulin (clone DM1A; Sigma), mouse anti-adenovirus (Fitzgerald),
and mouse anti-E1A (Calbiochem), and the secondary antibodies used were
DTAF or Cy3-conjugated donkey anti-mouse (Jackson Laboratories), all at
1:100. DNA was stained with Hoechst dye (Sigma). Images were acquired with a
cooled charge-coupled device (CCD) camera (Spot II; Diagnostic Instruments)
mounted on an Axiovert microscope (Zeiss) and equipped with a 633/1.4 lens;
filters were from Chroma Tech. Images were processed using the Adobe Pho-
toshop program.

DNA in situ hybridization. The in situ hybridization protocol was adapted
from the method of Greber et al. (17). A549 cells grown on glass coverslips for
1 day were infected with AdLite particles at a 104 multiplicity of infection (MOI)
in particles per cell. At 1 h after infection, cells were fixed in prechilled (220°C)
methanol for 6 min at 220°C, postfixed for 30 min at room temperature in 1%
paraformaldahyde, and washed three times with PBS. Coverslips were inverted
(cells down) over 10 ml of the probe in hybridization buffer placed on a glass
slide, sealed with rubber cement, denatured at 93°C for 3 min on a heating block,
and then incubated in a humidified chamber for 2 h at 50°C. Coverslips were
gently removed and washed with 50% formamide–23 SSC (13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) three times for 5 min each at 50°C and with
0.13 SSC three times for 5 min each at 60°C, rinsed twice with PBS at room
temperature, and mounted in n-propyl gallate mounting medium (see above).
Microscopy and image processing were performed as described above. The
teto-specific rhodamine-labeled RNA probe was prepared as previously de-
scribed (14), with the following modifications. teto-specific RNA was in vitro
transcribed from pRS306tetO237 containing seven teto sites (350 bp), and ami-
no-allyl UTP (Sigma) was incorporated at a 1:5 ratio to the UTP (Sigma).
Purified RNA containing amino-allyl UTP was labeled with NHS-rhodamine
[(5,6)-carboxytetramethylrhodamine N-hydroxysuccinimidyl ester] (Pierce). The
hybridization buffer used contained 59% formamide, 7.3% dextran sulfate,
0.743 SSC, and 125 mg of tRNA per ml.

Video microscopy. A549 cells were plated on glass coverslips (12 by 12 mm) 1
day before infection. On the day of the experiment, cells were incubated for 1 h
at 37°C in the presence of nocodazole or DMSO solvent (control); these reagents
were maintained in the media throughout the experiment. Cells were infected
with AdLite viruses at 104 particles/cell for 1 h at 4°C, unbound virus was
removed, and the cells were transferred to 37°C to initiate infection. After
approximately 30 min, individual coverslips were removed, washed with PBS (6
drugs), placed on a glass slide, and sealed with petrolatum to prevent evapora-
tion. Slides were mounted on a fluorescent Axiovert microscope (Zeiss)
equipped with a 633/1.4 lens; images were acquired with a cooled CCD camera
(Quantix; Photometrix) using the IPLab acquisition program (Scanalytics). Typ-
ically, 10 to 20 images were taken per series at 3- to 5-s intervals using a 1- to 1.5-s
exposure time. The image series were processed using the National Institutes of
Health image program to reconstitute the paths and rates of moving AdLite
particles.

Western and Southern blot analysis, luciferase assay, and GFP analysis.
Western blot analysis was performed by standard methods. Equal numbers of
virus particles were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis and either stained with Coomassie blue to confirm equal protein
loading or transferred to a nitrocellulose membrane and probed with anti-GFP
antibody (1:500) (Clontech). For Southern analysis, viral DNA was isolated from
AdLite particles by treatment with proteinase K (0.5 mg/ml) (Sigma) in 0.5%
SDS for 30 min at 56°C, phenol-chloroform extraction, and alcohol precipitation
of the DNA. DraI cuts at approximately 2.6 kb from the left end of an insertless
vector genome. Thus, a DraI digestion and Southern blot with a teto probe can
reveal the size of a teto insert. Viral and plasmid DNAs were digested with DraI,
and the resulting fragments were resolved on a 1% agarose gel, transferred, and
probed with a teto DNA probe. The teto probe was prepared by digestion of
pAdteto56Ad with XhoI, releasing a 350-bp DNA fragment containing seven
tandem teto repeats which was gel purified and labeled with [32P]dCTP using the
Prime-It II Random Primer labeling kit (Stratagene). Luciferase assays were
performed by standard methods.

RESULTS

Construction and molecular characterization of AdLite vi-
ruses. The strategy employed to generate AdLite viruses is
summarized in Fig. 1A. Briefly, multimerized teto DNA se-
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quences (56 and 112 tandem repeats of the teto) were inserted
in place of the E1A gene in a transfer vector that contains
stretches of adenovirus genome upstream and downstream
from the teto insertion site. The resulting Ad/teto/Ad fragment
was introduced into a plasmid-borne E1A-defective adenovi-
rus type 5 genome using homologous recombination in E. coli
(8) to produce various pAdteto plasmids. pAdteto plasmids
were digested with SpeI, and the released viral genomes were
introduced into 293 cells to generate stocks of Adteto. Aliquots
of these stocks were then used to infect a 293 cell line deriv-
ative that stably expresses a TetR-GFP fusion protein (see
Materials and Methods for additional details). TetR-GFP lo-
calizes to both the cytoplasm and the nucleus, despite lacking
classical nuclear localization signal sequences (data not shown).
In this cell line, replicated Adteto genomes were bound by
TetR-GFP and packaged into viral particles which we called
AdLite particles. TetR-GFP-loaded AdLite particles were pu-
rified by a standard cesium chloride gradient and further char-
acterized.

Our initial expectation was that incorporation of a higher
number of teto sequences into the adenovirus genome would
result in a higher number of TetR-GFP molecules bound per
genome and thus in a brighter fluorescence of AdLite particles.
Southern analysis of the DNA genomes obtained from several
batches of AdLite viruses revealed the presence of heteroge-
neity among the viral genomes: the number of teto repeats
ranged from 35 to 119 (Fig. 1B, lanes 3, 5, 7, and 9 to 12), which
differs from the original number of 56 and 112 teto sites in the
inserts that were used for the homologous recombination and
the original Adteto plasmids (Fig. 1B, lanes 15 and 16). This
indicates that a partial excision-recombination of the teto insert
occurred during the production of AdLite particles. Surpris-
ingly, when immunoblotting was used to examine the amount
of encapsidated TetR-GFP, very similar quantities of TetR-
GFP were detected in all AdLite virus preparations indepen-
dently of the number of teto repeats present in their genomes
(results not shown and see below).

We next evaluated the fluorescent properties of AdLite vi-
ruses. Drops of AdLite preparations were placed on glass
slides and examined using fluorescence microscopy. Images of
different virus preparations were acquired with a cooled CCD
camera using conditions that would capture the whole dynamic
range of fluorescence. We found that the fluorescence of in-
dividual particles was comparable in each batch of AdLite and
among the different batches (data not shown), consistent with
our estimation that they contained comparable quantities of
TetR-GFP.

To evaluate the specificity of TetR-GFP binding to teto se-
quences in AdLite particles during propagation in 293 cells
expressing the TetR-GFP fusion, we propagated control vi-
ruses lacking the teto sequences in these cells. The purified
viruses were not fluorescent (results not shown), indicating
that the loading of fluorescent molecules of AdLite was de-
pendent on binding between teto sequences within their ge-
nomes and TetR-GFP fusion proteins and not due to nonspe-
cific entrapment of TetR-GFP molecules during virus growth.
As a further demonstration of the specificity of the TetR-GFP
loading, we grew and purified AdLite viruses in the presence of
the tetracycline analogue doxycycline (DOX). When com-
plexed with the antibiotic, the tet repressor affinity for operator

sequences is abolished (20, 21). Thus, if TetR-GFP loading in
AdLite viruses is due to specific teto-TetR interactions, then
AdLite viruses grown in the presence of DOX should not
incorporate TetR-GFP. We found this to be so, with no de-
tectable TetR-GFP incorporated into AdLite viruses when the
viruses were grown and purified in the presence of DOX (com-
pare Fig. 1C, lanes 1 and 2 [no DOX] to lanes 3 and 4 [with
DOX]). The quantity of GFP encapsidated in AdLite could be
calculated by comparison with defined quantities of purified
GFP loaded on the same blot and revealed that approximately
20 TetR-GFP molecules were bound per AdLite particle.
Analysis of the TetR-GFP content of a number of preparations
with teto repeats ranging from 35 to 119 showed similar levels
of TetR-GFP content independently of the number of teto
repeats present in the virus genome (results not shown). This
suggests that TetR-GFP binding is not limited by teto repeat
number but by some other factor, such as the space within the
capsid available for additional protein. We concluded that the
fluorescence of AdLite particles depends on a specific interac-
tion between TetR-GFP and teto sequences within the viral
genomes and a maximum of 20 TetR-GFP molecules can be
encapsidated per virion. We have chosen Adteto42 to charac-
terize further; in these and following experiments we refer to
Adteto42 as AdLite.

Characterization of infective properties of AdLite particles.
One justification for pursuing the AdLite system is that it allows
visualization of the infecting viral DNA rather than a labeled
capsid protein. An additional set of control experiments was per-
formed to determine if the TetR-GFP label remains associated
with the infecting viral DNA. To do this, we infected cells with
AdLite. Cells were exposed to AdLite particles at 10,000 particles/
cell at 4°C, the unbound virus was removed by extensive washing,
and infection was allowed to proceed at 37°C for 30 min. The cells
were then harvested and lysed to release the viral material that
had been internalized, and the material was fractionated by den-
sity on a CsCl step gradient. Under the conditions used, free
TetR-GFP protein released from the infecting virion would band
at the density of free protein (,1.3 g/cm3) (35), while virion- or
subvirion-associated material would band at densities substan-
tially greater than this.

This analysis revealed that at 30 min after the initiation of viral
entry, a typical time point in our analysis of AdLite by microscopy,
all detectable TetR-GFP is associated with a peak of material
centering around 1.31 to 1.33 g/cm3 (Fig. 1D). The same fractions
were analyzed for viral terminal protein (TP) which, because it is
covalently linked to the viral DNA termini, is an indicator of the
position of the viral DNA (36, 37, 39). We found that all of the
TetR-GFP signal is present in fractions containing TP (Fig. 1D).
We concluded that at 30 min postinfection, TetR-GFP was still
present in a complex that also contained the covalently bound TP,
and by inference, the viral DNA. This provides firm evidence that
the GFP signal monitored by microscopy is indeed from GFP
associated with viral DNA.

We next compared the kinetics of infection of AdLite and
control adenoviruses at the cellular level. A549 cells were in-
fected with AdLite or control E1A-deficient adenoviruses and
fixed at defined time points following infection. The distribu-
tion of AdLite viruses was visualized by virtue of GFP fluores-
cence, and the distribution of the control viruses was visualized
by immunofluorescence using antibodies against the capsid
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protein hexon. We found that the distribution of both GFP
signal and hexon was comparable at all time points examined.
At 0 min after infection, both signals were found exclusively at
the cell periphery; at 15 to 30 min after infection, both signals

were in the cytoplasm (data not shown). Finally, at 30 to 60 min
after infection, both signals had begun to accumulate around
the nuclear membrane (Fig. 2A to F), suggesting that both
control and AdLite viruses had reached the nuclear mem-

FIG. 1. Construction and molecular characterization of AdLite viruses. (A) Strategy applied to generate AdLite viruses. A total of 56 or 112
teto sites (gray box) were cloned into the BamHI and BglII sites in the polylinker of the transfer vector pDE1sp1B (see Materials and Methods),
which contains stretches of adenovirus genome (thick black lines) upstream and downstream from the deleted E1A region, generating pAd/teto/
Ad. pAd/teto/Ad was homologously recombined in E. coli BJ5183 with pAdDE1, which contains the full adenovirus genome (thick black lines)
and either a lacZ or a Gam1 coding sequence (white box; see panel B) in place of the E1A region, generating pAdteto carrying the teto fragment
in place of the E1A region. Linearized pAdteto was used to transfect 293 cells, and lysates from 293 cells containing replicated Adteto viruses
(hexagons) were used to infect a 293 cell line stably expressing the TetR-GFP fusion protein (see inset). Newly replicated genomes were bound
by TetR-GFP to produce TetR-GFP-loaded adenovirus particles called AdLite viruses. (B) Southern analysis of DraI-digested plasmids used to
generate AdLite and/or Dra-I digested viral DNA obtained from AdLite particles, probed with teto probe (top panel). Lower panel, Ethidium
bromide-stained gel. Plasmids and AdLite viruses are indicated (lanes 2 to 16). Lanes 1 and 17, lambda DNA marker. pAd/teto56/Ad and
pAd/teto112/Ad (lanes 15 and 16) contain 56 and 112 teto sites, respectively, and are donors of teto sites in homologous recombination with two
acceptor plasmids containing E1- and E3-defective adenovirus genomes and either the lacZ gene (pAIM33; lane 13) or the Gam1 gene
(pAdGam1; lane 14). Products of homologous recombination between pAd/teto112/Ad and pAdGAM1 are designated pAdteto112, pAdteto77,
and pAdteto119 (lanes 2, 4, and 6) and contain 112, 77, and 119 teto sites, respectively. When these plasmids were used to produce viruses, the
resulting AdLite particles contained mixed populations of genomes with 60 to 112, 35 to 77, and 78 to 119 teto sites, respectively (lanes 3, 5, and
7). pAdteto49 (lane 8) is a product of homologous recombination between pAIM33 and pAd/teto56/Ad and contains 49 teto sites; resulting Adlite
genomes contain 42 teto sites (shown are four different viral preparations of AdLite42; lanes 9 to 12). (C) Western analysis of GFP content of
AdLite particles. AdLite was grown in 293 clone 9 cells in either the absence or presence of DOX. Virus was purified by a CsCl gradient (with
or without DOX). Equal numbers of adenovirus particles were loaded per lane, blotted, and probed with anti-GFP antibody (top) or stained with
Coomassie blue (bottom). Lane 1, AdLite, 8 3 1010 particles; lane 2, AdLite, 2.7 3 1010 particles; lane 3, AdLite, 8 3 1010 particles grown and
purified in the presence of DOX; lane 4, AdLite, 2.7 3 1010 particles grown and purified in the presence of DOX; lanes 5 to 8, pure GFP standard.
The TetR-GFP fusion protein is approximately 50 kDa. The estimated number of TetR-GFP molecules per AdLite particle is 20 (see text). (D)
TetR-GFP remains associated with viral DNA during early stages of infection. A549 cells infected for 30 min with AdLite at 104 particles per cell
were lysed by three freeze-thaw cycles, and the lysate was mixed with 1.33 g of CsCl per cm3 in 10 mM HEPES and centrifuged in a vTi65 rotor
at 60,000 rpm for 20 h. The gradient was fractionated, resolved by SDS-polyacrylamide gel electrophoresis, and immunoblotted for either
TetR-GFP (top panel) or TP (bottom panel). Densities of specific fractions (in g/cm3) are listed at the top of the figure, and fraction numbers are
listed at the bottom, with fraction number 1 being the bottom of the gradient.

2424 GLOTZER ET AL. J. VIROL.



FIG. 1—Continued.
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brane. Next, using fluorescent in situ hybridization with a teto
DNA-specific probe, we analyzed the distribution of AdLite
viral genomes and compared that to the distribution of TetR-
GFP. We found that the distribution of AdLite genomes was
similar to the distribution of GFP signal at all time points
examined (Fig. 2G and H and data not shown), demonstrating
that the GFP signal indeed reflects the location of AdLite viral
DNA. Taken together, these data show that AdLite viruses
accumulate around the nucleus with kinetics similar to those of
control adenoviruses and suggest that both AdLite and control
viruses utilize similar entry pathways to target the nuclei. Sur-
prisingly, at later time points following infection, we were un-
able to detect the GFP signal within the nucleus (data not
shown), suggesting that TetR-GFP is removed from the viral
DNA at the nuclear membrane. Therefore, using AdLite, we

have concentrated on studying the mechanisms of adenovi-
ruses targeting the nuclear membrane; the mechanisms of nu-
clear entry are addressed later using expression studies (see
below).

Codistribution of AdLite viruses and microtubules. Previous
publications have suggested that microtubules are involved in
intracellular trafficking of adenoviruses because adenovirus
particles have been observed in close proximity to the micro-
tubules in the infected cells (12, 31). Therefore, we first exam-
ined the codistribution of AdLite viruses and microtubules in
infected A549 and HeLa cells. We found that AdLite particles
accumulated in a striking pattern around the spindle poles in
mitotic cells (Fig. 3A to C) and at the MTOC near the nucleus
in nonmitotic cells (Fig. 3D to F and J to L). Similar accumu-
lation around MTOC and spindle poles was observed with

FIG. 2. Comparison of the distribution of AdLite and control adenoviruses in A549 cells 1 h after infection. A549 cells were infected with
AdLite (D to H) or control (A to C) adenovirus at 104 virus particles/cell and fixed for 1 h after infection. The distribution of control adenoviruses
was detected with anti-hexon antibodies (B). The distribution of AdLite was detected by fluorescence of TetR-GFP (E) and by DNA hybridization
in situ with fluorescently labeled teto DNA-specific probe (H). Both control and AdLite viruses accumulate around the nuclei of the infected cells.
Panels A, D, and G, differential interference contrast microscopy (DIC) images of infected cells (note that the morphology of cells in panel G is
affected by the in situ hybridization procedure); panels C and F, Hoechst dye counterstaining of the nuclei.

FIG. 3. Effect of nocodazole on the distribution of AdLite viruses in infected A549 and HeLa cells. A549 cells were infected with AdLite at
104 virus particles/cell in the absence (A to F) or presence (G to I) of 2 mM nocodazole and fixed at 20 min (A to C) or 30 min (D to I) after
infection. HeLa cells were infected with AdLite in the absence (J to L) or presence (O to Q) of 20 mM nocodazole and fixed at 60 min after
infection. AdLite viruses were detected by fluorescence of TetR-GFP (A, D, G, J, and O) and microtubules were detected by immunolabeling (B,
E, H, K, and P); in the overlay, AdLite viruses are shown in green and yellow and microtubules are shown in red (C, F, I, L, and Q). In A549 cells,
in the absence of nocodazole, AdLite accumulates around the spindle poles (SP) in mitotic cells (A to C) or around the nuclei and MTOC in
nonmitotic cells (D to F). In nocodazole-treated A549 cells (G to I), microtubules are completely depolymerized (H) and AdLite viruses remain
dispersed in the cytoplasm, although some AdLite particles accumulate around the nucleus (I; arrows); similar AdLite distribution was observed
in A549 cells treated with higher nocodazole concentrations (2 to 20 mM). In HeLa cells, in the absence of nocodazole, AdLite accumulates around
the nuclei and the MTOC (J to L). In nocodazole-treated HeLa cells (O to Q), microtubules are grossly depolymerized (P); some AdLite particles
were observed to colocalize with these partially depolymerized masses of tubulin. However, like in A549 cells, some AdLite particles also
accumulate around the nucleus (Q; arrows).
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control E1A-deficient adenoviruses immunodetected with an-
ti-hexon antibodies (data not shown). These data confirm the
previous findings that adenoviruses can be found in close prox-
imity to the microtubules in vivo.

The observed accumulation of AdLite at the MTOC and
spindle poles, where minus ends of microtubules are nucleated,
could suggest that the viruses are transported to this location in
association with the microtubule minus end-directed molecular
motors or that they have an affinity for the minus ends of the
microtubules. To test whether microtubules function in the
transport of AdLite particles, we performed the infection in
the presence of nocodazole to depolymerize microtubules. We
tested the effect of several concentrations of nocodazole that
either cause partial (0.08 mM) or complete (2 to 20 mM)
depolymerization of microtubules (also see Fig. 5D). The cells
were fixed at defined time points after infection, and the co-
distribution of AdLite and microtubules was evaluated by im-
munofluorescence. We found that in A549 cells, AdLite viruses
did not accumulate at specific sites in cells in which the micro-
tubules have been completely depolymerized with nocodazole
(Fig. 3G and H), suggesting that intact microtubules are re-
quired for AdLite accumulation at MTOC. In HeLa cells,
which appear more resistant to the nocodazole treatment,
some AdLite was found to colocalize with partially depolymer-
ized masses of tubulin (Fig. 3M to O). However, in both A549
and HeLa cells, AdLite viruses still reached the nuclear mem-
brane in the presence of nocodazole (Fig. 3I and O, arrows).

We quantitated the number of AdLite particles around the
nucleus of infected A549 and HeLa cells at 1 h after infection
in the absence or presence of nocodazole and found that sim-
ilar numbers of AdLite viruses accumulated around the nu-
cleus in control cells and in cells in which microtubules have
been depolymerized (Table 1). These data suggest that intact
microtubules are required for accumulation of adenoviruses at
MTOC but that these cytoskeletal elements are not obligatory
for the targeting of AdLite viruses to the nuclear membrane.

Motility of AdLite viruses in live cells. To further examine
whether microtubules participate in adenovirus intracellular
motility we used video microscopy to follow the movement of
AdLite viruses in live, infected cells under conditions in which
microtubules were either intact or depolymerized with nocoda-
zole. We chose to monitor the movement of AdLite viruses in
infected A549 cells and not in HeLa cells, because A549 cells
have a larger cytoplasmic area and therefore better optical
properties than HeLa cells; furthermore, A549 cells respond
more reliably to complete depolymerization of the microtu-
bules with nocodazole (Fig. 3). AdLite intracellular movement
was monitored beginning at 30 min after initiation of the in-
fection, which corresponds to the time when viruses are
thought to escape from the endosomes and traverse the cyto-
plasm toward the nucleus (19). To avoid phototoxicity, AdLite-
infected cells were typically filmed for a maximum of 20 to 30 s,
which permitted following the AdLite distribution during 10 to
15 consecutive frames. We found that in control cells, AdLite
viruses moved both toward and away from the nucleus as well
as in other directions (Fig. 4A and B). The rates of AdLite
particle movement averaged 18.90 6 6.67 mm/min (Table 2),
with elementary movements observed up to 60.00 mm/min at
room temperature (data not shown). Similar velocities were
observed independently of the direction of migrating AdLite
particles (Table 2). When cells were incubated in the presence
of 20 mM nocodazole, AdLite particle movement occurred
along similar paths and directions as in control cells (Fig. 4C).
In the presence of 20 mM nocodazole, the rates of the AdLite
particle movement averaged 15.82 6 5.82 mm/min (Table 2),
with elementary movements observed up to 60.32 mm/min
(data not shown). These data demonstrate that nocodazole-
sensitive microtubules are not required for AdLite motility.

TABLE 1. Effect of nocodazole on perinuclear accumulation of
AdLite particles in A549 and HeLa cells 1 h after infection

Cell type Presence of
nocodazole

No. of AdLite particles (6 SD)
per nucleus (total particles/no.

of cells)a

A549 2 17.4 6 6.6 (347/20)
1 16.2 6 8.1 (324/20)

HeLa 2 20.2 6 5.5 (404/20)
1 19.5 6 4.6 (410/21)

a Cells were photographed in the optical plane that preserved the contour of
the nucleus the best. AdLite particles were counted within approximately 0.3 to
0.5 mm of the nuclear periphery in 20 to 21 cells per experimental condition, in
six random optical fields per experiment (two independent experiments).

TABLE 2. Characteristics of AdLite motility in A549 cellsa

Relative direction of
AdLite movement

Type of average
velocity measurement

Average velocity (mm/min) 6 SD of cells treated withb:

Control Nocodazole Cytochalasin D Nocodazole and
Cytochalasin D

Toward the nucleus Per particle 16.9 6 6.7 (N 5 7) 14.4 6 5.6 (N 5 13) 25.5 6 5.8 (N 5 4) 20.3 6 0.6 (N 5 2)
Per step 18.0 6 10.6 (n 5 40) 16.2 6 9.0 (n 5 78) 26.3 6 14.9 (n 5 20) 20.3 6 11.8 (n 5 18)

Away from the nucleus Per particle 19.3 6 7.6 (N 5 9) 15.2 6 5.3 (N 5 9) 28.3 6 5.1 (N 5 2) 10.6 (N 5 1)
Per step 17.9 6 10.5 (n 5 51) 19.8 6 11.0 (n 5 44) 28.3 6 11.6 (n 5 10) 10.6 6 5.8 (n 5 9)

Other directions Per particle 20.7 6 12.6 (N 5 6) 17.7 6 6.3 (N 5 13) 0 14.4 6 3.8 (N 5 7)
Per step 18.9 6 15.7 (n 5 40) 19.0 6 8.7 (n 5 96) 0 14.1 6 7.2 (n 5 50)

All directions Per particle 18.9 6 8.7 (N 5 22) 15.8 6 5.8 (N 5 35) 26.4 6 5.2 (N 5 6) 15.1 6 4.3 (N 5 10)
Per step 18.2 6 12.3 (n 5 131) 18.2 6 9.4 (n 5 218) 27.0 6 13.7 (n 5 30) 15.1 6 8.8 (n 5 77)

a Images of moving AdLite particles were acquired at 30 to 80 min after infection. For each particle, between 3 and 20 consecutive, individual steps were analyzed,
and elementary velocities per step were calculated (see Materials and Methods).

b N, number of particles; n, number of steps of all particles analyzed per given direction of the movement.
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To evaluate whether actin microfilaments play a role in
AdLite motility, cells were infected with AdLite for 15 to 30
min at 37°C to allow virus adsorption and endocytosis, a pro-
cess that requires intact actin filaments (26). Subsequently, to
depolymerize actin filaments, cells were exposed to cytochala-

sin D (0.5 mM) for 15 to 30 min at 37°C, and then the distri-
bution of internalized AdLite particles was monitored by video
microscopy. This concentration of cytochalasin caused actin to
depolymerize only partially; higher concentrations of cytocha-
lasin could not be used, as these severely affect cellular archi-

FIG. 4. Real-time visualization of AdLite motility in live A549 cells in the absence or presence of nocodazole. A549 cells grown on coverslips
were infected with AdLite viruses in the presence of DMSO solvent (control) or cytoskeleton-disrupting reagents. Coverslips were transferred onto
glass slides and mounted on a fluorescence microscope, and the distribution of AdLite-associated fluorescence was filmed with a cooled CCD
camera. (A) Images of two adjacent control cells infected with AdLite viruses showing the distribution of AdLite particles at approximately 2-s
intervals (the exact acquisition times are shown in seconds and milliseconds). In the last panel, the two nuclei (n) are outlined and the trajectory
of the particle moving toward the “upper” nucleus is reconstructed. The position of one AdLite particle moving toward the nucleus is indicated
by an arrow; its initial position is indicated by an arrowhead. (B to E) Reconstitution of trajectories of AdLite particle movement in A549 cells
treated with DMSO (control) (B), 20 mM nocodazole (C), 0.5 mM cytochalasin D (D), or both nocodazole and cytochalasin D (E); DMSO and
nocodazole were administered before and during infection, and cytochalasin D was added after virus internalization for 15 to 30 min at 37°C.
Images shown are projections of four to eight consecutive images acquired at approximately 2- to 4-s intervals. The reconstituted trajectories of
moving AdLite particles are shown as white lines, with a number located at the beginning of each path. Images were acquired at approximately
30 to 90 min after infection. In both series, some AdLite particles have already reached the nuclei (n); other particles are observed to move toward
the nucleus (particle 3 in B, particles 1 and 2 in D, and particles 1 and 2 in E), away from the nucleus (particle 4 in B), or in other directions.
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FIG. 5. Effect of nocodazole on gene expression from adenovirus-derived vectors. A549 (A and C to E) or HeLa (B) cells were treated for 1 h
at 37°C with DMSO solvent (control), with nocodazole to depolymerize microtubules, or with taxol to stabilize microtubules. Subsequently, cells
were placed on ice and incubated at 4°C for 1 to 2 h with recombinant adenoviruses carrying luciferase (AdLuc) or GFP (AdGFP) genes (A to
D) or with the wild-type adenovirus (E) in the continuous presence of the drugs. The unbound viruses were removed, and fresh medium containing
DMSO, nocodazole, or taxol was added to the cells, which were then shifted to 37°C to initiate the infection. (A) Time course of luciferase
expression from AdLuc (103 MOI) in A549 cells in the absence (white bars) or presence of various concentrations of nocodazole (0.2, 2, and 20
mM) (striped bars) or taxol (0.1, 1, and 10 mM) (gray striped bars). Cells were lysed at 1-h intervals, and luciferase activity (LU) was measured
in triplicate, with the background subtracted, and averaged (standard deviations are indicated). Luciferase activity was first detectable at 4 h after
infection and increased similarly over time both in the absence and presence of nocodazole or taxol. Similar results were obtained for different MOI
(101 to 104 particles/cell) in three different experiments. (B) Time course of luciferase expression from AdLuc (104 MOI) in HeLa cells in the
absence (white bars) or presence (striped bars) of nocodazole (0.2, 2, and 20 mM). Luciferase activity was measured as described for panel A and
increased similarly over time both in the absence and presence of nocodazole. (C) Time course of GFP expression from AdGFP. Cells were
infected with AdGFP at 104 MOI in the absence (white bars) or presence (striped bars) of nocodazole (20 mM). Cells were trypsinized at 1-h
intervals, and the percentage of GFP-positive cells was estimated by FACS analysis. GFP expression is first detectable at 4 h after infection and
is not significantly changed in the presence of nocodazole. (D) Evaluation of microtubule integrity in cells infected with AdGFP in the absence
(top two image rows) or continuous presence (bottom two image rows) of nocodazole (20 mM). Cells were infected with AdGFP at 103 particles/cell; the
time schedule of the drug and virus administration is indicated at the top. Infected cells were fixed at 1-h intervals and immunolabeled with anti-tubulin
antibodies. Double images (microtubule staining and GFP) representative of each time point are shown. In control cells, microtubules are intact, except
after the cold treatment. In nocodazole-treated cells, microtubules are depolymerized at all time points. In both control and nocodazole-treated cells, GFP
expression begins approximately 4.5 h after infection, independent of the state of microtubule integrity (see 4.5-h time point). (E) Expression of E1A from
the wild-type adenovirus in the presence or absence of nocodazole (virus and nocodazole administration were as described for panel D). Cells were fixed
and double labeled with anti-E1A (green) and anti-tubulin (red) antibodies. Double images are shown from the time point at 5.5 h after infection. E1A
is expressed both in control and nocodazole-treated cells, where microtubules are depolymerized.
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tecture and viability (data not shown). We found that in the
presence of cytochalasin, AdLite motility was similar to that in
control cells (Fig. 4D), with an observed velocity of 26.44 6 5.22
mm/min (Table 2). These data demonstrate that cytochalasin D-
sensitive actin filaments are not required for AdLite motility.
When cells were infected with AdLite in the constant presence of

nocodazole, followed by the administration of cytochalasin D at
15 to 30 min after virus internalization, AdLite particles still
remained motile and moved in similar directions as control cells
at 15.16 6 4.3 mm/min (Fig. 4E; Table 2). Thus, infecting adeno-
virus particles remain motile even under conditions when both
microtubule and actin networks are disrupted.

FIG. 5—Continued.
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We also analyzed the vectorial distances that AdLite parti-
cles had traveled in the infected cells by calculating the net
distance between the start and the end points during each
sequence. We found that during the typical 20 to 30 s of
observation, AdLite viruses migrated 2 to 6 mm both in control
cells and in cells treated with nocodazole and/or cytochalasin D
(data not shown). This distance corresponds to approximately
5 to 100% of the distance between the cell membrane and the
nuclear membrane of all analyzed cells. We concluded that the
observed motility could suffice to accomplish the perinuclear
localization of adenovirus.

Effect of depolymerization of the microtubules on gene ex-
pression from the adenovirus-derived vectors. To further test
whether the microtubules participate in nuclear targeting of
adenoviruses, we monitored adenovirus-dependent gene ex-
pression in the absence or presence of drugs that interfere with
microtubule function. We assumed that only successful nuclear
entry of these adenoviruses would result in gene expression;
cytoplasmic transcription from the adenovirus genome would
be unprecedented (34). Briefly, A549 or HeLa cells were
treated for 1 h at 37°C with solvent (control) or with nocoda-
zole, colchicine, or vinblastine to depolymerize microtubules
or with taxol to stabilize microtubules. Subsequently, cells were
placed on ice and incubated with selected adenoviruses in the
absence or presence of drugs for 1 to 2 h at 4°C. The unbound
viruses were then removed, and fresh medium containing the
drugs was added to the cells, which were then shifted to 37°C
to initiate the infection.

We first evaluated the gene expression from recombinant
adenoviruses that carry either luciferase (AdLuc) or eGFP
(AdGFP) genes in place of the E1A region. Cells were har-
vested at 1-h intervals and either lysed to measure luciferase
activity (Fig. 5A and B) or subjected to FACS analysis to
measure the percentage of GFP-positive cells (Fig. 5C). We
found that the expression of both luciferase and GFP began
approximately 4 h after infection and increased over time, with
similar kinetics in all control and nocodazole- or taxol-treated
A549 and HeLa cells (Fig. 5A and B, respectively). Only at the
earliest time point was a slight inhibition of luciferase and GFP
expression observed; however, these differences disappeared
over time. Similar results were obtained when A549 cells were
treated with other microtubule-depolymerizing reagents, such
as colchicine or vinblastine (data not shown).

To confirm that the nocodazole treatment caused a com-
plete depolymerization of the microtubules throughout the
duration of the experiment, the cells were fixed at defined time
points before and after infection with AdGFP and immunola-
beled with tubulin-specific antibodies (see the legend to Fig.
5D for detailed protocol). As expected, in control cells micro-
tubules were well preserved at all time points except following
the cold treatment, which causes a transient microtubule de-
polymerization (32) (Fig. 5D, first row of panels). In the no-
codazole-treated cells, microtubules were depolymerized at all
time points (Fig. 5D, third row of panels). When the tubulin-
labeled cells were simultaneously evaluated for GFP expres-
sion, we found that both in control cells in which microtubules
were intact and in nocodazole-treated cells in which microtu-
bules were depolymerized, GFP expression could be observed
at 4.5 h after infection (Fig. 5D, second and fourth rows of

panels, respectively), consistent with the results of FACS anal-
ysis (see above).

We also evaluated the effect of microtubule depolymeriza-
tion on the expression of an adenovirus early gene, E1A. A549
cells were infected with wild-type adenovirus in the presence or
absence of nocodazole, fixed at defined time points, and coim-
munolabeled with E1A and tubulin-specific antibodies. We
found that E1A was expressed at approximately 5.5 h after
infection both in cells with intact microtubules and in cells in
which microtubules have been disrupted by nocodazole (Fig.
5E). To quantitate these results we estimated the percentage
of E1A-positive cells infected with the wild-type adenovirus in
the presence or absence of nocodazole (Table 3). We found
that 35.0% of the cells expressed E1A when microtubules were
depolymerized; this percentage was comparable with 33.3% of
E1A-positive cells in which microtubules were intact. Taken
together, these data indicate that adenovirus-directed gene
expression can occur in the absence of microtubules with ki-
netics similar to those observed in cells in which microtubules
are intact.

DISCUSSION

Following internalization by endocytosis, adenoviruses must
somehow traverse the cytoplasm to reach the vicinity of the
nuclear envelope. In this report we have investigated the mech-
anisms of nuclear targeting by adenoviruses using AdLite vi-
ruses that can be directly observed by video microscopy during
infection in live cells. We found that AdLite particles infect
these cells, and upon internalization, move toward and away
from the nucleus at velocities averaging approximately 19 mm/
min at room temperature. Motility with similar directionality
toward and away from the nucleus and comparable velocities
have been previously described in studies with fluorochrome-
labeled adenovirus capsids (46). The motility of capsid-labeled
adenoviruses was reported to be inhibited by 20 mM nocoda-
zole, although not by lower doses of this microtubule-depoly-
merizing reagent. In addition, the motility toward, but not
away from, the presumptive MTOC was partially inhibited by
overexpression of dynamitin, a protein required for dynein
function. Based on these observations, it was proposed that
adenoviruses reach the nucleus by a microtubule-dependent
active transport in association with a dynein-like motor (46).

Our observations of directional AdLite movements support
the notion that the viruses utilize some kind of a cytoskeleton-
dependent motility system. However, we do not observe any

TABLE 3. Effect of nocodazole on E1A expressiona

Expt no.

% E1A-positive nuclei
(no. positive/no. of cells in field)

Control Nocodazole

1 30.7 (54/176) 34.9 (67/192)
2 36.1 (62/172) 35.0 (69/197)

Total 33.3 (116/348) 35.0 (136/389)

a Virus and drug administration and stainings were performed as described for
Fig. 5E. Cells were immunolabeled with anti-E1A and anti-tubulin antibodies
and were counterstained with a DNA dye to visualize nuclei. Fifteen random
fields were photographed per slide (two independent experiments) to visualize
both E1A-specific signals and the nuclei.
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significant inhibition of AdLite motility in A549 cells in the
presence of a wide range of nocodazole concentrations which
cause either partial depolymerization of the microtubules
(concentrations below 2 mM) or complete depolymerization (2
to 20 mM). It is formally possible that we have failed to detect
microtubule-dependent motility using AdLite due to differ-
ences in image acquisition conditions required to follow
AdLite particles in vivo compared with those used to follow
distribution of capsid-labeled adenoviruses (46). However, it is
not clear whether the capsid-labeled studies followed the ad-
enovirus genome (and not merely the capsid) fate in the cell.
Therefore, we favor the hypothesis that our live observations of
AdLite particles reveal that adenovirus particles can move in
infected cells in the absence of microtubules. Our observations
are consistent with results in previous reports which revealed
the existence of a microtubule-independent pathway during
adenovirus infection by finding that treatment of cells with
colchicine or vinblastine, two microtubule-severing reagents,
did not significantly affect the infective properties of adenovi-
ruses nor did they affect the accumulation of adenovirus DNA
in the nuclei of the infected cells (12, 47). Using a complemen-
tary approach, we have further shown that depolymerization of
microtubules with a variety of microtubule-severing reagents,
including nocodazole, colchicine, and vinblastine, does not pre-
vent transgene or early expression from adenovirus, demonstrat-
ing that successful nuclear deposition of the adenovirus genomes
had occurred in the absence of intact microtubules. Thus, our live
observations of AdLite particle movements in the presence of
nocodazole support the possibility that a microtubule-indepen-
dent motility system(s) can contribute to the nuclear targeting by
the adenovirus.

The observed AdLite movements in the presence of nocoda-
zole suggest that cytoskeletal elements distinct from microtu-
bules participate in this motility. Microtubule-independent
motility has been described in the case of vaccinia viruses,
which move in infected cells using continuous polymerization
of actin monomers behind the viral particles (11). In the case
of adenoviruses, the actin-based network is required for the
endocytosis of receptor-bound virions (26, 49). Actin reorga-
nization has been observed following adenovirus attachment
(3), but nothing is known about the interaction between free
adenovirus particles released from the endosomes into the
cytoplasm and actin filaments. We did not observe any signif-
icant perturbations of AdLite motility in the presence of cy-
tochalasin D, suggesting that cytochalasin-sensitive filaments
do not play a role in adenovirus vectorial transport. However,
under these conditions, actin depolymerization is not complete,
and it cannot be ruled out that this cytoskeletal system partici-
pates in adenovirus intracellular motility. Apart from actin, inter-
filaments have been indicated in adenovirus-host cell interactions.
In cross-linking experiments it has been shown that adenoviruses
interact with vimentin (2, 4). In addition, the vimentin-based
cytoskeleton becomes rapidly reorganized and collapses around
the nucleus within the first 15 to 45 min following adenovirus
infection (13). It is conceivable that due to the collapse of the
vimentin network, changes in the solubility of the cytoplasm oc-
cur, facilitating vectorial motility of the viral particles.

If microtubules are dispensable for successful infection by
adenoviruses, then what is the significance of the apparent
interaction between adenoviruses and microtubules? Adenovi-

ruses bind to microtubules both in vivo and in vitro (12, 28, 31,
50); our observations that AdLite viruses accumulate around
MTOC and spindle poles further substantiate these findings.
The observed accumulation of adenoviruses around MTOC
and spindle poles, where the minus ends of microtubules are
nucleated, may reflect an affinity of adenoviruses for the mi-
crotubule minus ends. Indeed, in electron microscopy studies,
many adenovirus particles are found at the microtubule ends;
however, the polarity of these microtubules was not assessed
(12). The distribution of adenoviruses around MTOC and
spindle poles strikingly resembles that of the Golgi apparatus
in nonmitotic and mitotic cells, respectively (38, 51). It is pos-
sible that some virus particles become sequestered within this
compartment by the cell, perhaps as a cellular antiviral response
rather than a viral infectious process. Thus, it remains to be
determined whether adenovirus accumulation around MTOC is
of functional importance to the infection process per se.

In conclusion, based on our demonstration of microtubule-
independent motility of AdLite viruses in the infected cells,
complemented by our findings that nuclear targeting of wild-
type and recombinant adenoviruses can occur in the absence of
microtubules, we propose that adenoviruses can employ mi-
crotubule-independent mechanisms to successfully infect cells.
The mechanisms of cytoplasmic trafficking may therefore in-
clude both microtubule-dependent and -independent path-
ways, as has been implicated in the case of herpes simplex virus
(42). Adenoviruses may be capable of interactions with differ-
ent cytoskeletal systems of the host cell, analogous to certain
types of vesicles which have been observed to travel along both
microtubules and actin filaments (24). Interestingly, fluores-
cently labeled adenovirus mutant ts1 particles, which are en-
docytosed like wild-type viruses but are not released into the
cytoplasm and remain trapped in the endosomes, also move
along linear pathways toward and away from the nucleus (46).
This observation could imply that endosomes serve as vehicles
for adenovirus intracellular trafficking; however, whether any
cytoskeletal elements participate in this process remains to be
determined. In addition, adenoviruses may be nonspecifically
swept along within intracellular channels that serve to trans-
port macromolecules and vesicles antero- and retrogradely in
the cell (27). Such a mechanism, relying on a nonselective
“cytoplasmic flow,” has been previously implicated in the local-
ization of P granules, large (5 mm in diameter) RNA-protein
complexes, to the posterior pole of a Caenorhabditis elegans em-
bryo or specific RNA molecules during oogenesis in Drosophila
melanogaster (14, 22, 44, 45). Currently, no virus- or cytoskeleton-
specific interacting molecules have been identified, and it thus
remains an open question whether adenoviruses utilize one spe-
cific mechanism or multiple mechanisms of cytoplasmic transit.
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