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Green Fluorescent Protein-Tagged Adeno-Associated Virus Particles
Allow the Study of Cytosolic and Nuclear Trafficking¥
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To allow the direct visualization of viral trafficking, we genetically incorporated enhanced green fluorescent
protein (GFP) into the adeno-associated virus (AAV) capsid by replacement of wild-type VP2 by GFP-VP2
fusion proteins. High-titer virus progeny was obtained and used to elucidate the process of nuclear entry. In
the absence of adenovirus 5 (AdS), nuclear translocation of AAV capsids was a slow and inefficient process: at
2 h and 4 h postinfection (p.i.), GFP-VP2-AAYV particles were found in the perinuclear area and in nuclear
invaginations but not within the nucleus. In Ad5-coinfected cells, isolated GFP-VP2-AAYV particles were already
detectable in the nucleus at 2 h p.i., suggesting that Ad5S enhanced the nuclear translocation of AAV capsids.
The number of cells displaying viral capsids within the nucleus increased slightly over time, independently of
helper virus levels, but the majority of the AAV capsids remained in the perinuclear area under all conditions
analyzed. In contrast, independently of helper virus and with 10 times less virions per cell already observed at
2 h p.i., viral genomes were visible within the nucleus. Under these conditions and even with prolonged
incubation times (up to 11 h p.i.), no intact viral capsids were detectable within the nucleus. In summary, the
results show that GFP-tagged AAV particles can be used to study the cellular trafficking and nuclear entry of
AAV. Moreover, our findings argue against an efficient nuclear entry mechanism of intact AAV capsids and

favor the occurrence of viral uncoating before or during nuclear entry.

Adeno-associated virus serotype 2 (AAV2) was discovered
as a coinfecting agent during an adenovirus outbreak, without
any apparent pathogenicity contributed by AAV (3). Recom-
binant AAV (rAAV) vectors based on AAV2 or one of the
other known serotypes hold an attractive potential for the
development of efficient and safe gene therapy vectors. Clinical
trials are ongoing for the treatment of cystic fibrosis and he-
mophilia B (17, 31). Elucidating the molecular mechanisms of
viral infection and cellular processing of AAYV is critical for the
success of these approaches.

Besides conventional biochemical studies, microscopic tech-
niques are emerging as powerful tools for the study of viral
infection. A promising development for the investigation of
AAV was the finding that viral particles can be labeled by
cyanine dyes generating a stable covalent link with amino groups
at the capsid surface (2). However, this labeling method is
labor intensive and hampered by the low efficiency of the
labeling reaction (on average, one dye per capsid) (27). High
particle numbers need to be used for fluorescence microscopy
studies to overcome this problem. This limitation was con-
quered by a new technique, single virus tracing (SVT), recently
described by our group (27). This method is based on the
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detection of single molecules with an epifluorescent micro-
scope and a laser beam as a light source, allowing the real-time
observation of single virus particles inside living cells. Al-
though it is possible to merge the transmitted-light picture of
the cell with the virus-tracking movie by the SVT method, a
direct colocalization of virions and cellular organelles remains
difficult. Additionally, highly pure viral preparations have to be
used to avoid labeling of contaminating proteins. This cannot
be achieved easily for many AAV retargeting vectors, since
many mutants lose the ability to bind heparan sulfate proteo-
glycans (HSPGs), preventing the use of heparin affinity chro-
matography for purification.

Therefore, we aimed to develop an alternative strategy for
the labeling of the AAV capsid by using enhanced green flu-
orescent protein (EGFP). GFP has been extensively used as a
fusion protein to study intracellular trafficking and localization
of proteins. It has an effective chromophore, which absorbs UV
or blue light and emits green fluorescence. No further gene
products or substrates are needed. Moreover, GFP does not
seem to interfere with cell growth or function. GFP fusion
proteins thus provide an attractive tool for biological studies
including viral tracking (6, 9, 13, 21, 25, 29, 32, 33).

Different strategies have been previously used to incorpo-
rate peptides into the AAV capsid. The capsid is a tightly
packaged icosahedron of 25 nm and is composed of three
different viral proteins, VP1 (90 kDa), VP2 (72 kDa), and VP3
(60 kDa). These proteins are encoded in the same open read-
ing frame (ORF) and share a common stop codon. They differ
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in their N termini due to alternative splicing and different
initiation codons, resulting in three progressively shorter pro-
teins. Ligand peptides of up to 34 amino acids (aa) have been
inserted into aa position 587 of VP1 to generate targeting
vectors (11, 24). Peptides were also inserted into the VPI
unique region at aa position 34 (36) and one or two residues
downstream from the N-terminal methionine of the VP2 start
codon at aa positions 138 (20, 33, 36, 39) and 139 (28). Since
VP1 is an N-terminal extension of VP2, insertions at positions
138 and 139 are displayed within VP1 and VP2. The most
abundant capsid protein, VP3, remains unmodified. Insertions
as large as 32 amino acids were tolerated with only marginally
lower packaging efficiencies (20). Larger insertions, for exam-
ple, the rat fractalkine chemokine domain (76 aa) or the hu-
man hormone leptin (146 aa) inserted at aa position 138 re-
sulted in a decrease in VP3 expression, which prevented capsid
assembly (33). Providing additional VP3 in trans (by a VP3-
encoding plasmid) restored capsid assembly with a remaining
5-log decrease in infectivity (33).

However, Yang and colleagues previously showed that large
insertions at the N terminus of the VP proteins interfered with
capsid assembly (39). In their study, a 29.4-kDa single-chain
antibody (designated sFv) was incorporated into the AAV
capsid, fusing the sFv gene to the N termini of VP1, VP2, and
VP3. The fusion proteins were expressed, but neither the use
of all three sFv-VP fusion proteins nor a combination of one
sFv-VP with two other unmodified VPs results in detectable
rAAYV particles. However, when the sFv-VP2 fusion protein
was included in the packaging process in the presence of all
three unmodified VP proteins, intact rAAV chimeric vector
particles containing sFv-VP2 fusion protein were generated.
This significantly increased the transduction of target cells ex-
pressing a cellular receptor recognized by the inserted anti-
body.

Based on these previous results, we decided to insert the
27-kDa GFP protein as a GFP-VP2 fusion protein into the
AAV capsid. Incorporation of GFP-VP2 into the AAV capsid
did not interfere with viral assembly or viral genome packag-
ing. The GFP-tagged virions produced in the present study
retained infectivity, in marked contrast to results published by
Warrington et al. (33). When used to visualize the process of
nuclear entry in more detail, we detected virions in the nuclear
area shortly after infection. In agreement with Xiao et al. (37),
we observed that adenovirus 5 (Ad5) augmented the efficiency
of the nuclear entry of AAV capsids. In cells infected with
GFP-VP2-AAYV, a colocalization of viral capsids with nuclear
invaginations was observed. With prolonged incubation times,
the amount of cells displaying AAV capsids within the nucleus
increased independently of Ad5 coinfection. However, the ma-
jority (>90%) of the capsids remained detectable outside the
nucleus during the whole observation period. In contrast, viral
genomes were detectable by fluorescence in situ hybridization
(FISH) within the nucleus of cells already 2 h postinfection
(p-1.), irrespective of Ad5 coinfection, although 10 times fewer
virions per cell were used. Compared to 2 p.i. conditions, an
increase in the amount of viral genomes was observed at 11 h
p.i. Moreover, under these conditions (10° instead of 10 viri-
ons per cell), no intact viral capsids were detected within the
nucleus even after prolonged incubation times.

Our studies demonstrate that GFP-VP2-tagged virions are a

GFP-LABELED AAV CAPSID 11777

promising alternative to the chemical labeling of AAV to study
the infectious biology of AAV and derived vectors.

MATERIALS AND METHODS

Cell culture. The human cervix epitheloid cell line HeLa (ATCC CCL 2;
American Type Culture Collection, Rockville, Md.), the HeLa-DsRed2Nuc cell
line (produced by stable transfection of HeLa with pDsRed2-Nuc), and the
human embryonic kidney cell line 293 were maintained as a monolayer culture at
37°C and 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin,
and 2 mM L-glutamine.

Plasmids. pUC-AV?2 (11), pSUB201* (26), pXX6 (38), and pGFP (15) were
described previously. The plasmid pUC-AV2-VP2k.o. was obtained by PCR
amplification combined with site-directed mutagenesis of pUC-AV2, changing
the ACG start codon into ACC by using overlapping PCR fragments
(VP2ko_for, 5'-GTTAAGACCGCTCCGGG-3'; and 4066, 5'-ATGTCCGTCC
GTGTGTGG-3'; VP2ko_back, 5'-CCCGGAGCGGTCTTAAC-3"; and 3201,
5'-GGTACGACGACGATTGCC-3") and ligation of the fragments in a second
PCR step with the primers 3201 and 4066. The resulting fragment was digested
with BsiWI and EcoNI and sticking-end ligated into pUC-AV2. To obtain the
plasmid pGFP-VP2, the sequence encoding VP2 was amplified from pSUB201*
by PCR using the primer pair VP2-N (5'-CTCCGGGAAAAAAGAGG-3') and
VP2-C (5'-TTACAGATTACGAGTCAGGTAT-3'), thereby deleting the VP2
start codon. It was then ligated into pEGFP-C3 (Clontech), which was digested
with Bgl II and filled in by Klenow polymerase. The plasmid pDsRed2Nuc was
generated by deletion of the EGFP-encoding region from pEGFP-Nuc (Clon-
tech) and insertion of the DsRed2 gene, which was amplified by PCR (the
primers used were 5'CGGAGTACATCAATGG-3" and 5'-AGATCCGGTGG
ATCCTACCT-3") from pDsRed2-N1 (Clontech) and cut with Agel.

Viral production and purification. AAV particles were produced in HEK293
cells by the adenovirus-free production method with pXX6 (38) to supplement
the adenoviral helper functions. Briefly, HEK293 cells were seeded at 80%
confluence and cotransfected by calcium phosphate with a total of 37.5 pg of
plasmid of pUC-AV2 and pXX6 in a 1:1 molar ratio for the production of
wild-type AAV. For the production of chimeric virions, cells were transfected
with pXX6, pUC-AV2, and pGFP-VP2, replacing 30% or 60% of pUC-AV2 by
pGFP-VP2. For the production of the VP2k.0.-AAV, HEK293 cells were trans-
fected with pUC-AV2-VP2k.o. and pXX6 in a 1:1 molar ratio. For the produc-
tion of the 100%-GFP-VP2-AAV pUC-AV2-VP2k.o., pGFP-VP2 and pXXo6
were transfected at a 1:1:1 molar ratio. At 48 h posttransfection, cells were
harvested and pelleted by low-speed centrifugation. Cells were resuspended in
150 mM NaCl-50 mM Tris-HCI (pH 8.5), freeze-thawed several times, and
treated with Benzonase for 30 min at 37°C. To purify the viral preparation by
iodixanol gradient centrifugation, the cell debris was spun down at 3,700 X g for
20 min at 4°C, and the supernatant was loaded onto an iodixanol gradient as
previously described (41).

Determination of AAYV titers. The particle titers of vector stocks were deter-
mined by quantitative PCR (30). Therefore, viral DNA was isolated from vector
stocks according to the DNeasy kit protocol (QIAGEN, Hilden, Germany). The
capsid titers of vector stocks were determined by A20 enzyme-linked immu-
nosorbent assay (ELISA) as previously described (11). Infectious titers were
obtained by infection of HeLa cells as monolayers on coverslips with serial
dilutions of viral preparations in the presence of adenovirus type 5 (multiplicity
of infection [MOI] of 5). At 72 h postinfection, Rep protein expression was
determined by immunofluorescence staining (34). Briefly, cells were fixed in
methanol and acetone for 5 min, respectively. After being washed with phos-
phate-buffered saline (PBS), unspecific reactions were blocked by incubation
with 0.2% gelatin in PBS for 10 min. The coverslips were incubated for 1 h at
room temperature with the anti-Rep antibody 76/3 (kindly provided by Jiirgen
Kleinschmidt, DKFZ Heidelberg, Heidelberg, Germany), and coverslips were
washed, blocked again, and incubated for 1 h with a secondary antibody (fluo-
rescein isothiocyanate-conjugated goat anti-mouse, 1:100 in PBS; Dianova). Ti-
ters were calculated from the last limiting dilution of viral stocks that led to
fluorescence-positive cells.

Functional testing of GFP-VP2 fusion protein by transient transfection. HeLa
cells (grown on coverslips) were transfected by calcium phosphate precipitation
(11) at 80% confluence with the plasmid pGFP-VP2. As a control, HeLa cells
were transfected in parallel with pGFP (15). At 48 h posttransfection, cells were
fixed for 30 min in 4% paraformaldehyde (PFA). The nuclear lamina was stained
as described below by using anti-lamin B antibody.

Western blotting. For the detection of viral capsid proteins, 10'° capsids were
separated on a sodium dodecyl sulfate-polyacrylamide gel (10% acrylamide) and
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blotted onto a nitrocellulose membrane. The membrane was then blocked with
0.2% 1-Block (Sigma) in Tris-buffered saline supplemented with Tween 20 over-
night at 4°C. After incubation with Blantibody (1:10 in 0.2% I-Block; kindly
provided by Jiirgen Kleinschmidt, DKFZ Heidelberg, Heidelberg, Germany) and
three washing steps in Tris-buffered saline supplemented with Tween 20, the
membrane was incubated for 1 h with a peroxidase-conjugated anti-mouse im-
munoglobulin G (IgG) antibody (1:5,000 in 0.2% I-Block; Sigma). The mem-
brane was washed again, subsequently incubated for 5 min with SuperSignal
West Pico Chemiluminescent Substrate (Pierce), and then exposed to Biomax
Light Film (Kodak).

Viral infection. A total of 4 X 10* HeLa cells per well were seeded onto 12-mm
coverslips inside 24-well plates. After 24 h, HeLa cells were infected with me-
dium with or without 425 units of heparin/ml with 1 X 10° to 5 X 10° capsids/cell.
When indicated, cells were coinfected with adenovirus type 5 (MOI of 5). The
infection was carried out for 0.5 h on ice. Cells were then shifted to 37°C and
incubated at 37°C and 5% CO, for the indicated time period. Cells were washed
with PBS, fixed for 0.5 h with 3% PFA in PBS at room temperature, and washed
again with PBS; the remaining PFA was quenched for 10 min with 50 mM NH,Cl
in PBS. Nuclear staining was obtained by DAPI (4',6'-diamidino-2-phenylindole;
1 pg/ml in PBS) for 5 min or by anti-lamin B antibody staining. For antibody
staining, cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min,
blocked for 10 min with 0.2% gelatin in PBS, and then incubated for 1 h at room
temperature with the first antibodies, as indicated. As first antibodies, polyclonal
goat anti-lamin B IgG antibody (1:50 in PBS; Santa Cruz Biotechnology), mono-
clonal A20 or B1 hybridoma supernatant derived from mice (kindly provided by
Jurgen Kleinschmidt, DKFZ Heidelberg, Heidelberg, Germany) was used. After
being washed and blocked, the cells were incubated for 1 h with secondary
antibodies. For secondary antibodies, we used Texas Red- or Cy5-conjugated
donkey anti-goat antibody (Dianova, diluted 1:50 or 1:100 in PBS; 0.2% gelatin)
and Rhodamine Red-X (RRX)-conjugated donkey anti-mouse (Dianova, diluted
1:200 in PBS; 0.2% gelatin). The coverslips were again washed in PBS, embedded
in Vectashield mounting medium (Alexis), and examined.

FISH. Plasmid pRC (15), which encodes Rep and Cap of AAV2, was linear-
ized and labeled with 5-(3-aminoallyl)dUTPs by nick translation. Incorporated
dUTPs were labeled with amino-reactive Oregon green 488 with the ARES DNA
labeling kit (Molecular Probes) according to the manufacturer’s manual. To
detect the AAV genome inside cells, HeLa cells were prepared as described
above. Cells were infected with wild-type AAV2 (10° capsids/cell), fixed with 3%
PFA after the indicated time points, quenched, and permeabilized as described
above. Nuclear lamina and viral capsids were stained by polyclonal goat anti-
lamin B IgG antibody and monoclonal A20 hybridoma supernatant derived from
mice (kindly provided by Jirgen Kleinschmidt, DKFZ Heidelberg, Heidelberg,
Germany). Cy5-conjugated donkey anti-goat antibody (Dianova) and Rhoda-
mine Red-X-conjugated donkey anti-mouse antibody (Dianova) were used as
secondary antibodies. After antibody staining, cells were washed with PBS. A
hybridization mixture containing 1 ng/pl labeled DNA probe, 50% formamide,
7.3% dextran sulfate, 15 ng/ul salmon sperm DNA, and 0.74X SSC (1x SSC is
0.15 M NaCl plus 0.015 M sodium citrate) was denaturated for 3 min at 95°C and
shock cooled on ice. Coverslips were inverted onto the denaturated hybridization
mixture (only the DNA probe was denaturated, since the AAV genome is single
stranded). Coverslips were sealed with rubber cement, and hybridization oc-
curred at 37°C overnight. The rubber cement was removed, and coverslips were
washed three times in 2X SSC at 37°C, three times in 0.1 X SSC at 60°C, and two
times in PBS. Cells were embedded in Vectashield mounting medium (Alexis).

Wide-field fluorescence microscopy. Images were acquired with an immuno-
fluorescence microscope (Zeiss Axioskop) equipped with filters specific for GFP
and DAPI with a 40X (numerical aperture [NA] of 1.3) objective. Images were
obtained with a charge-coupled device camera (Visicam; Visitron Systems) with
the MetaMorph Imaging System, version 3.0.

Confocal microscopy. To localize the GFP-VP2 signal within the cell more
precisely, images were obtained by confocal laser scanning microscopy with a
Leica DM IRE2 microscope with a Leica TCS SP2 laser system or a Zeiss
Axiovert 200 M microscope with a Zeiss LSM 510 Laser Module, using a 63X
(NA 1.4) objective and filter settings optimized for respective dyes. For each
sample, a series of 0.2- to 0.25-um-thick horizontal sections were made. The
pinhole was adjusted to 1 airy unit. Images were processed by Leica confocal
software or LSM 510 Meta software and Adobe Photoshop, version 7.0.

Live-cell imaging (time lapse microscopy). For live-cell images, 2 X 10° HeLa-
DsRed2Nuc cells were seeded onto the glass bottom of microwell dishes (35 mm;
Mat Tek). After 24 h, cells were infected with medium with or without 425 units
of heparin/ml with approximately 10° capsids per cell. Cells were incubated for
20 min at 37°C and then analyzed by live-cell microscopy under physiological
conditions. Live-cell movies were obtained with an inverse Zeiss Axiovert 200M
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FIG. 1. Schematic representation of the plasmids. (A) The plasmid
pGFP-VP2 encodes the GFP-VP2 fusion protein. VP2 was amplified
by PCR from pUC-AV2 and cloned into the multiple cloning site of
pEGFP-C3 (Clontech). During this step, the VP2 start codon was
deleted. (B) To produce wild-type AAV, the plasmid pUC-AV2 was
used (top). A G-to-C substitution within the wobble position of the
VP2 start codon (T138) was introduced, resulting in the plasmid pUC-
AV2-VP2k.o. (bottom). Due to the substitution, VP2 expression was
abolished without altering the amino acid sequence of VP1.

microscope with a 63X (NA, 1.4) objective using Zeiss filter sets 10 for GFP and
DsRed. Images were taken with a Zeiss Axiocam HRm using the Axiovision 3
software with a time lapse of 30 s.

Fluorescence-activated cell sorting analyses. A total of 4 X 10* HeLa cells
were seeded per well in a 24-well plate. After 24 h, cells were infected with
medium with or without 425 units of heparin/ml with 8 X 107 capsids/cell. The
virus binding was carried out for 30 min on ice. Thereafter, cells were shifted to
37°C for 1 h. Cells were harvested, resolved in 0.5 ml PBS, and analyzed with a
Coulter Epics XL-MCL (Beckman Coulter). A minimum of 5,000 cells was
analyzed for each sample. The percentage of positive cells was defined as the
fraction beyond the region of 99% of the control of untransfected cells. Data
were analyzed with the use of WinMDI 2.8 fluorescence-activated cell sorting
software.

RESULTS

GFP fusion does not interfere with nuclear translocation of
VP2. EGFP has been widely used as a fusion protein to mon-
itor the cellular localizations of proteins (5). However, it is a
relatively large protein to be inserted into a compact structure
such as the AAV capsid. Based on the observation that large
insertions are tolerated at the N terminus of VP2 (39), we
decided to generate a GFP-VP2 fusion protein to incorporate
a fluorescent marker into the AAV capsid. For this purpose,
the VP2 ORF was amplified by PCR and fused to the C
terminus of the GFP ORF (Fig. 1), with the human cytomeg-
alovirus (CMV) promoter controlling transcription. To avoid
translation from the natural VP2 start codon, the translation
start codon was deleted.

To test the biological properties of this GFP-VP2 fusion
protein, transient transfections of HeLa cells with pGFP-VP2
were carried out. As a control, Hela cells were transfected
with a GFP-expressing plasmid lacking any known organelle
homing signals (24). At 48 h posttransfection, cells were fixed
and the nuclear lamina was stained with an anti-lamin B anti-
body. Since VP2 contained a nuclear localization sequence
(18), GFP-VP2 was expected to be detectable in the nucleus,
whereas the GFP lacking homing signals should be distributed
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FIG. 2. Transient transfection of HeLa cells with GFP-VP2- and
GFP-expressing plasmids. Cells were transfected at 80% confluence
with pGFP-VP2 (A) or pGFP (B) and fixed 48 h posttransfection. The
nuclear lamina was stained with Texas Red-conjugated anti-lamin B
antibody.

throughout the whole cell. Figure 2 shows that this was indeed
the case, allowing us to conclude that the GFP fusion does not
hamper the nuclear localization of VP2.

Replacement of VP2 by GFP-VP2 fusion protein results in
infectious virions. In a prior study, scFv-VP2 fusion proteins
used to generate viral particles resulted in viral progeny only
when all three wild-type AAV capsid proteins were provided
during the packaging process (39). Since the size of the GFP
insertion was similar to that of scFv, we assumed that all three
unmodified wild-type capsid proteins had to be provided dur-
ing the packaging process to obtain infectious GFP-tagged
viral particles. The first step was therefore to determine the
amount of VP2 which could be replaced by GFP-VP2 without
interfering with the production of infectious AAV particles.
We tested 30% and 60% substitutions of pUC-AV2 (encoding
the AAV genome) by pGFP-VP2 during packaging. The viral
preparations generated were named 30%-GFP-VP2-AAV and
60%-GFP-VP2-AAV, respectively. Wild-type AAV was used
as a control. At 48 h posttransfection, virus-producing cells
were harvested, and cell lysates were purified by iodixanol step
gradients. The 25% and the 40% phases of the gradient were
harvested, and genomic and capsid titers were determined.
DNA-containing viral particles with comparable titers were
detected for the different viral preparations (25% phase of the
gradient, 2 X 10'° to 5 X 10'%/ml; 40% phase of the gradient,
0.5 X 10" to 1 X 10"'/ml). The amount of intact capsids was
determined by ELISA with the anti-capsid antibody A20 (35).
As expected, a higher amount of empty capsids was obtained in
the 25% phase of the gradient. However, all the capsid titers
showed comparable values (25% phase of the gradient, 5 X
10"to 8 X 10"3/ml; 40% phase of the gradient, 0.4 X 10 to 1
% 10"3/ml). Thus, neither capsid assembly nor DNA packaging
was affected in the 30%- and the 60%-GFP-VP2-AAV prep-
arations in comparison to the wild-type control.

To investigate if the GFP-VP2 fusion proteins were inserted
into the AAV capsid and if the GFP-tagged virions retained
infectivity, HeLa cells were incubated with the 30%-GFP-VP2-
AAYV and 60%-GFP-VP2-AAV preparations, respectively. At
2 h p.i., cells were washed intensively, detached from the plate
by trypsin treatment, and analyzed by flow cytometry. Treat-
ment with trypsin removes all the proteins bound at the cell
surface (1, 22); thus, only intracellular GFP signals should be
detected. GFP positive cells were obtained in samples infected
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FIG. 3. Western blot analysis of iodixanol gradient-purified AAV
capsids. After iodixanol gradient centrifugation, the same amount of
viral capsids (10'°) of wild-type AAV (lane 1, reading from left to right;
40% phase of iodixanol gradient), VP2k.0.-AAV (lane 2, 40% phase of
iodixanol gradient; lane 3, 25% phase of iodixanol gradient), 100%-
GFP-VP2-AAV (lane 4, 40% phase of iodixanol gradient; lane 5, 25%
phase of iodixanol gradient), and 60%-GFP-VP2-AAV (lane 6, 40%
phase of iodixanol gradient) were separated by sodium dodecyl sulfate
-10% polyacrylamide gel electrophoresis and analyzed by Western
blotting with the B1 antibody.

with both preparations. The largest amount of GFP-positive
cells (19.5%) was obtained with 60%-GFP-VP2-AAV, whereas
13.5% GFP-positive cells were detected by using the same
amount of capsids of 30%-GFP-VP2-AAV. In contrast, no
green cells were detected when wild-type AAV was used. To
exclude pseudotransduction, heparin inhibition controls were
included. Heparin, a soluble analogue of the primary AAV
receptor HSPG, blocks wild-type AAV infection by binding to
the viral capsid. Since the HSPG binding region of AAV is
located in the VP3 region of the capsid proteins (36), the
ability to bind to these molecules should be retained by the
GFP-tagged virions. Incubation of both viral preparations with
heparin inhibited cell transduction, indicating that a viral in-
fection and not pseudotransduction was responsible for the
GFP signal measured in the GFP-VP2-AAV-infected cells.

These results demonstrate that GFP fusion proteins were
incorporated into the AAV capsids of infectious virions and
that the GFP signal provided by GFP-tagged virions was de-
tectable by flow cytometry.

Production of GFP-tagged AAV virions in the absence of
wild-type VP2. Since comparable titers were obtained for the
30%-GFP-VP2-AAV and 60%-GFP-VP2-AAV preparations,
we investigated the possibility of packaging a 100%-GFP-VP2-
AAV preparation. A wild-type AAV-encoding plasmid con-
taining a VP2 start codon mutation was generated (pUC-AV-
VP2k.o.) (Fig. 1) and used to package 100%-GFP-VP2-AAV.
In addition, VP1/VP3-only particles (VP2k.0.AAV), 60%-
GFP-VP2-AAV, and wild-type AAV were produced and pu-
rified by density gradient centrifugation. First, a Western blot
analysis of our different preparations was performed (Fig. 3).
Although only virions isolated from the 40% phase of the
iodixanol gradient were used for the following studies, the 25%
phase of the gradient was also analyzed by Western blotting.
For wild-type AAV, we obtained three signals corresponding
to VP1, VP2, and VP3 (Fig. 3, lane 1) at a ratio of approxi-
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TABLE 1. Characterization of the different viral preparations
. . - Genomic

Preparation? f}e.“ omic ’Ph'y s1cg1 I’ntg?tlous Em]’a ty/full particle/infectivity
particles/ml particles/ml particles/ml ratio ratio
Wild-type AAV* 2.49 x 10" 1.25 x 10"3 8.38 X 10° 50.2 29
Wild-type AAV? 1.04 x 10" 1.19 x 10" 1.67 x 10 11.4 62
VP2 k.0.-AAV* 1.30 x 10" 9.39 X 102 1.31 x 10® 72.2 991
VP2 k.0.-AAV? 1.17 x 10'2 1.41 x 1013 4.19 x 10° 12.1 278
60% GFP-VP2-AAV® 7.01 X 10" 1.04 x 10'3 8.38 X 10° 14.8 84
60% GFP-VP2-AAV® 2.15 x 101! 1.25 x 10%3 2.10 X 10° 58.1 102
60% GFP-VP2-AAV® 4.10 x 10" 7.35 X 102 2.10 X 10° 17.9 195
100% GFP-VP2-AAV* 3.00 X 10" 1.36 X 10'3 1.31 X 108 45.3 2,288
100% GFP-VP2-AAV? 4.39 x 10" 9.71 X 102 2.10 X 10° 22.2 208
100% GFP-VP2-AAV® 1.5 x 102 1.09 x 10'3 1.05 X 10° 7.2 1,431

“ Titers were determined by quantitative PCR, Azo ELISA, and infectious titer assay, respectively (a, b, and ¢ indicate viral preparations that were independently

packaged.

mately 1:1:20. As expected, VP2k.0.-AAV contained only VP1
and VP3 proteins (lanes 2 and 3), whereas in the 100%-GFP-
VP2-AAV preparation the GFP-VP2 fusion protein, VP1, and
VP3 were detected (lane 4). The 60%-GFP-VP2-AAV was
packaged in the presence of all three unmodified AAV capsid
proteins; four protein bands (GFP-VP2, VP1, VP2, and VP3)
were visible (lane 6).

Further, we performed a detailed titer analysis. Therefore,
each virus mutant was packaged at least a second time. The
capsid, genomic, and infectious titers of these preparations
were determined, and empty-to-full and genomic particle-to-
infectivity ratios were calculated to directly compare the dif-
ferent preparations for packaging efficiency and infectivity (Ta-
ble 1). No significant difference between mutants (including
the wild type) was observed for genomic or capsid titers, which
ranged between 1.3 X 10* and 1.5 X 10" per ml and 7.35 X
10" and 1.36 X 10'® per ml, respectively. The ratios of empty-
to-full capsids varied to nearly the same extent for different
preparations of the same virus mutant (including the wild type)
as between the different mutants. This reveals that the deletion
of VP2 or the replacement by GFP-VP2 does not interfere
with capsid formation or viral genome packaging. The genomic

particle-to-infectivity ratios were slightly increased for
VP2k.o.- and the 100%-GFP-VP2-AAV-preparations but re-
mained within the variation described for wild-type AAV prep-
arations (11, 14, 24).

The results revealed that GFP-tagged virions with a 100%
replacement of VP2 by GFP-VP2 can be generated with high
titers (2 X 10° infectious particles/ml).

Visualization of viral infection by GFP-VP2-tagged AAV
particles. To determine if GFP-tagged virions were suited for
intracellular visualization, viral infections of HeLa cells fol-
lowed by wide-field fluorescent microscopic analysis 2 p.i. were
performed. GFP signals seemed to localize partly in the nu-
cleus or perinuclear area in cells infected with the 60%- and
100%-GFP-VP2-AAV preparations (Fig. 4A and B). The flu-
orescent microscopy images obtained thus resembled pub-
lished results with unlabeled or chemically labeled virions (2,
37). No signal was detected inside the cell when soluble hep-
arin was used, demonstrating that the GFP signal was not due
to pseudotransduction (Fig. 4C).

A promising development in the field of fluorescent micros-
copy is live-cell imaging. Infection of live HeLa cells with
GFP-tagged AAV virions, followed by live-cell imaging micros-

FIG. 4. GFP-tagged virions analyzed by wide-field fluorescent microscopy. Cells were infected with 5 X 10° capsids per cell of 100%-GFP-
VP2-AAV (A) and 60%-GFP-VP2-AAV (B and C) in the absence (A and B) or presence (C) of heparin. Cells were fixed, and nuclei were stained

with DAPIL.
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FIG. 5. Live cell imaging of GFP-tagged virions. HeLa-DsRed2Nuc cells were infected with 60%-GFP-VP2-AAV (10° capsids per cell). Cells
were incubated for 20 min at 37°C and 5% CO,. Then, live-cell movies were obtained under physiological conditions. (Left) The still image shown
here was obtained from the movie supplied in the supplemental material; (right) heparin control.

copy, allowed the visualization of virions undergoing cell mem-
brane contact (Fig. 5; see the movie in the supplemental ma-
terial). Some of these virions touched the cell membrane
multiple times similar to the observations, made previously by
SVT (27). As observed by fluorescent microscopy, most of the
virions stacked to the membrane, again confirming previous
SVT observations, which showed that less than half of the
virions entered the cell (27). Furthermore, GFP-tagged virions
seemed to move inside the cytoplasm of infected cells and in
the perinuclear area (Fig. 5; see the movie in the supplemental
material), suggesting the potential of this technology for real-
time imaging studies.

GFP-tagged virions within the cell are recognized by A20.
To assess if the GFP signals within the cell are emitted from
intact viral particles, cells were infected with 100%-GFP-AAV
and fixed at 2, 4, 11, and 24 h p.i. Intact viral capsids were
stained by A20 (A20 recognizes whole but not dissociated
AAV capsids) (4), whereas an anti-lamin B antibody was used
to visualize the nuclear membrane. Figure 6 shows one exam-
ple obtained by confocal microscopy. GFP-tagged AAYV parti-
cles recognized by A20 were detected within the cell and above
the nuclear membrane. An almost 100% colocalization of the
GFP signals (Fig. 6, upper left) with A20-reactive AAV capsids
(upper right) was observed (merged data are shown in Fig. 6,
lower right). The few detectable noncolocalized signals were
due to a very faint A20 signal, which became visible after
enhancing its excitation energy. Thus, GFP signals visible
within the cells emanate from intact virions.

Viral capsids do not enter the nucleus efficiently. To analyze
the time course of nuclear entry of AAV in more detail, HeLa
cells were infected with 100%-GFP-VP2-AAV for 2, 4, 11, and
24 h with or without adenovirus type 5 coinfection (MOI of 5);
confocal laser scanning images were obtained. For each image,
a series of horizontal sections, was prepared by taking images
(each 0.2 um; z-stack) and superimposed with the Leica con-
focal software. Figure 7B shows a typical image obtained 4 p.i.
without adenovirus coinfection. Many GFP signals were visible
in the nuclei of the infected cells (nuclear lamina were stained

red by anti-lamin B antibody). This image led to the assump-
tion that GFP-tagged virions were efficiently transported into
the nucleus in <4 h, consistent with previously published re-
sults (2). However, the Leica confocal software enabled the
vertical sectioning of the superimposed pictures and allows
visualization of a certain image plane within this stack. The
investigator can determine if a certain signal emanates within,
above, or below the image plane; this enables the investigator
to localize the object of interest more precisely. Using this

FIG. 6. Intact 100%-GFP-VP2-AAV particles within the cell.
HelLa cells were infected with 100%-GFP-VP2-AAV (10° capsids per
cell). At 4 h p.i., cells were fixed and stained with A20 (recognizes
intact AAV capsids; RRX-conjugated secondary antibody), and anti-
lamin B antibody (nuclear membrane; Cy5-conjugated secondary an-
tibody). Upper left panel, GFP staining; upper right panel, A20 stain-
ing; lower left panel, anti-lamin B; lower right panel, merge. Analysis
was performed by confocal microscopy.
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technique, we could determine that in the absence of helper
virus and up to 4 h p.i., the GFP signals (from the GFP-tagged
virions) were localized above but not within the nucleus (Fig.
7C, top rows). This is in contrast to results derived from the
superimposed picture (Fig. 7B) indicating its limitations. At
24 h p.., isolated signals were visible inside the nucleus (Fig.
7C, arrows in top rows).

Moreover, in the superimposed picture of cells coinfected
with adenovirus, many GFP signals were observed in the nu-
cleus 2 h p.i. Applying the new vertical sectioning method
uncovered that most of the signals are localized above the
nucleus (Fig. 7C, bottom rows). With prolonged incubation
time, the amount of coinfected cells showing a GFP signal
inside the nucleus slightly increased (e.g., 4 h p.i.), but the
majority of signals were still found outside the nucleus. Even
after prolonged incubation (up to 11 h; data not shown) >90%
of the GFP signals remained outside the nucleus.

Interestingly, at 24 h p.i., many coinfected cells showed a
diffuse GFP distribution within the nucleus. This phenomenon
was not observed in the absence of helper virus coinfection,
even after prolonged observation times (48 h) (data not
shown). Since this image resembled the image obtained after
transfection with pGFP-VP2 (Fig. 7D), we analyzed the viral
preparations used to infect the cells and the respective virus-
infected cells by PCR. These analyses revealed that GFP se-
quences were packaged into the viral capsid, although the
plasmid used to express GFP-VP2 during the packaging pro-
cess contained no AAV inverted terminal repeats. It remains
to be elucidated whether this is attributed to recombination or
to other events.

To exclude that the observed results are due to inefficient
nuclear transport of the GFP-tagged virions, the same exper-
iments were performed with wild-type AAV in Ad5-coinfected
cells. For detection of viral capsids and viral capsid proteins,
A20 and B1 antibodies were used, respectively. A20 recognizes
intact but not dissociated AAV capsids, whereas B1 binds to
amino acids 726 to 733 at the C termini of all three capsid
proteins (4). At 2, 4, and 11 h p.i., almost no B1 staining was
detectable, in marked contrast to A20 staining (data not
shown). At 4 and 11 h p.i., no difference was observed when
GFP-tagged virions were compared to wild-type virions (for an
example at 11 h p.i., see Fig. 9B). At these time points, only
isolated intact capsids (recognized by A20) were found within
the nucleus; the majority (over 90%) of the virions were visible
outside the nucleus (see Fig. 9B). At 24 h p.i., both antibodies
were able to recognize their targets and resulted mainly in a
nuclear staining (data not shown). This suggests that at this
time point, new viral capsid proteins were synthesized in the
Ad5-coinfected cells, and new capsids were formed.

From these data, we propose that an adenoviral function
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augments the nuclear translocation of viral capsids. However,
the low level of GFP or A20 signals detected within the nucleus
suggests a very inefficient nuclear translocation. Thus, uncoat-
ing seems to occur before or during nuclear entry.

To further investigate this hypothesis, HeLa cells were in-
fected by wild-type AAV using 10 times fewer virions per cell.
Infections were performed with and without helper virus. Since
viral replication in adenovirus-coinfected cells is reported to
start between 8 and 12 h p.i (23, 37), infections were stopped
at 2, 4, and 11 h p.i. To visualize viral genomes, FISH was
performed. In addition, viral capsids and the nuclear lamina
were stained by antibodies (Fig. 8A and B). Viral genomes
were detectable outside and within the nucleus at 11 p.i. (Fig.
8A and arrows in Fig. 8B). No colocalization of viral genomes
and intact viral capsids was observed within the nucleus,
whereas colocalizations were detectable in the perinuclear
area and within the cytoplasm (red signals in Fig. 8A and in the
merged image indicate intact capsids recognized by AZO). In
addition, empty capsids (no colocalization) were visible in the
perinuclear area. Some of the FISH signals in the perinuclear
area showed no colocalization with A20 and therefore with
intact capsids. It has yet to be investigated if these signals
emanated from free viral genomes or if they colocalized with
one of the three VP proteins. The same image was obtained by
using a comparable amount of viral genomes in the absence of
helper virus, revealing that the observed viral genomes origi-
nate from incoming virions and are not the result of viral
replication. Furthermore, it allows the assumption that a
nearly comparable nuclear transport of viral genomes occurs
with or without helper virus. Interestingly, viral genomes
within the nucleus were already detectable at earlier time
points (2 and 4 h p.i.) both in the presence and absence of AdS5,
although 10 times fewer virions per cell were used than for the
capsid studies (Fig. 6, 7, and 9). Under these conditions (10°
instead of 10° capsids per cell), viral capsids are detected
within the cell, but none of these localized within the nucleus
(Fig. 8B).

All these observations strongly support the hypothesis that
uncoating of AAV occurs during or before nuclear entry. How-
ever, at the present time, it cannot be excluded that viral
genomes within the nucleus are associated with one of the
three viral capsid proteins.

AAV is found in nuclear invaginations. Single particles have
been shown to reach the nuclear area within seconds (27), and
a perinuclear accumulation of AAV was found to occur within
1to 2 h p.i (2, 37). Interestingly, we observed in addition AAV
particles within tubular channels, which extended deeply into
the nucleoplasm (Fig. 9). This could first be assumed from
SVT analysis. With our SVT studies, we had observed that
AAYV moved very quickly on certain “pathways” through the

FIG. 7. Time course of AAV infection visualized by GFP-tagged AAV virions. HeLa cells were infected with 10° capsids per cell of
100%-GFP-VP2-AAV with or without adenovirus type 5 (MOI of 5) coinfection. In addition, a heparin control was included (A). At 2, 4, and 24 h
p-i., cells were fixed and the nuclear lamina was stained with Texas Red-conjugated anti-lamin B antibody. A series of horizontal sections (each
0.2 wm) were obtained for each panel. With Leica confocal software, all images of a series were superimposed. (B) Superimposed image of a series
of sections 4 h p.i. in the absence of adenoviral coinfection. (C) Time course of infection with and without adenovirus (Ad5) coinfection. The square
image of each panel shows one horizontal section of the stack. The vertical sections of the stack are depicted on the right and bottom of each panel.
Arrows show GFP signals detected within the nucleus. (D) Comparison of images obtained 24 h p.i. in the presence of adenovirus (left) and after

transfection of pGFP-VP2 (right).
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FIG. 8. Visualization of viral genomes by FISH. (A) HeLa cells
were infected with wild-type AAV (10° capsids per cell = 8,700
genomic particles per cell) and adenovirus type 5 (MOI of 5). Cells
were fixed 11 h p.. and FISH (green, Oregon green-labeled DNA
probe) was performed to visualize viral genomes, whereas intact cap-
sids and nuclear membrane were stained using A20 (red, RRX-con-
jugated secondary antibody) and anti-lamin B antibody (blue, Cy5-
conjugated secondary antibody), respectively. Analyses were
performed by confocal microscopy and one image plane out of a
z-stack is shown (top left, FISH; top right, A20; bottom left, anti-lamin
B; bottom right, merge). (B) Enlargement and vertical sectioning of
merge shown in panel A. The arrows show one example of a viral
genome localized within the nucleus. The green signal indicates the
viral genome visualized by FISH, using Oregon green-labeled DNA
probe; red signal indicates intact capsids visualized by A20 and an
RRX-conjugated secondary antibody; blue signal indicates nuclear
lamina visualized by anti-lamin B and Cy5-conjugated secondary an-
tibody. Cy5-conjugated secondary antibody.

J. VIROL.

nuclear area; we hypothesized that these pathways were nu-
clear invaginations, which are tubular structures derived from
the nuclear envelope. The enclosed core is continuous with the
cytoplasm and may function to bring larger proportions of the
nucleoplasm close to a nuclear pore (10). In addition, a func-
tion of these nuclear channels in transport processes has been
previously proposed (8). Within our present analysis, we ob-
served AAV particles within nuclear invaginations (visualized
by nuclear laminar staining), which verify our former assump-
tions (27). These pictures were obtained for both, the GFP-
tagged virions (Fig. 9A and C) and wild-type AAV (Fig. 9B).
The capsids were recognized in both cases by A20 revealing
that intact viral capsids were detected within the nuclear in-
vaginations. Although the significance of this colocalization
has to be clarified, it explains the directed motion along de-
fined pathways through the nuclear area observed by SVT.

DISCUSSION

To track the intracellular trafficking of AAV and derived
vectors in infected cells, we tagged virions by incorporation of
GFP-VP2 into the viral capsid. In a first step, chimeric virions
containing VP1, VP2, GFP-VP2, and VP3 were produced.
GFP-tagged AAV particles could also be generated without
the addition of wild-type VP2. This observation is in contrast to
that of Yang et al. (39), who showed that the AAV capsid is not
able to tolerate large insertions at the N terminus of VP2
without the simultaneous addition of wild-type VP2. This dis-
crepancy might be due to differences in the production and
purification method: Yang et al. expressed the different VP
proteins from three different plasmids controlled by the CMV
promoter and used a CsCl density gradient for purification. In
addition, remaining helper virus was inactivated by heat. Use
of natural AAV viral promoters and a helper virus-free pro-
duction method allowed efficient generation of particles with
N-terminal VP2 fusions of different sizes (20, 28, 33, 36). The
largest insertion described so far is the 30-kDa GFP protein
used by Warrington et al. and by us. Interestingly, although
Warrington and colleagues used the same amino acid position
(aa 138) for the VP2 fusion, the genomic particle-to-infectivity
ratio reported by Warrington et al. was remarkably higher (up
to 130-fold less infectious) than ratios obtained for our GFP-
tagged virions (33). In addition, an up to 30-fold-larger amount
of empty capsids was detected within the study by Warrington
et al. We observed a genomic particle-to-infectivity ratio be-
tween 84 and 195 for 60%-GFP-VP2-AAV and between 208
and 2288 for the 100%-GFP-VP2-AAV, which is higher than
ratios obtained for the wild-type AAV within our study (i.e., 29
and 62), but still in the range previously described for wild-type
preparations (24). Furthermore, no increase in the amount of
empty capsids was detected. Since we used the same amino
acid position for the fusion (aa 138), the differences observed
must have been caused by other factors. One main difference
could be the choice of the promoter responsible for the tran-
scription of VP2. Warrington et al. used the natural p40 pro-
moter, and translation was initiated from a modified and there-
fore stronger start codon (ATG instead of ACG), which
resulted in a more efficient VP2 and in the inhibition of VP3
initiation from this template. In our case, the viral CMV pro-
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moter was used to control the transcription of the fusion pro-
tein and the VP2 translation start codon was deleted. War-
rington and colleagues performed a Western blot of their
GFP-tagged virions. When comparing their Western blot re-
sults with the results obtained for our GFP-tagged virions
packaged in the presence of pGFP-VP2 (Fig. 3), the most
obvious difference was the amount of VP1 detected in the
GFP-tagged virion preparations. While the preparations of
Warrington and colleagues showed a clear reduction for the
VP1 signal, the amount of VP1 in our preparations was com-
parable to that of wild-type AAV. It is known that VP1—
possibly because of its phospholipase activity—is essential for
AAV infectivity (4, 12, 19, 40). Therefore, the reduced amount
of VP1 in the preparations used by Warrington et al. might be
a reasonable explanation for the lower infectivity of the vectors
they produced and the discrepancy with our results. It remains
unknown if the modification of the VP2 translation start codon
as carried out by Warrington and colleagues is responsible for
the VP1 reduction, or if other factors are at work. However,
our preparations yielded an up to 130-fold increased viral
infectivity in comparison to the results of Warrington et al.,
with an infectious titer of 10° per ml. The GFP-tagged virions
produced in our study were comparable to wild-type AAV.
This assumption is based on our direct comparison with wild-
type AAV and on antibody colocalization studies (Fig. 6 and
9).

According to the current model of AAV infection, AAV
enters host cells by receptor-mediated endocytosis, which is a
very fast process that occurs in approximately 60 ms (27).
Within the first 10 min, two-thirds of membrane bound virus
particles is internalized (2). The endocytotic process and the
subsequent trafficking steps are still poorly understood and
may differ substantially in different cell types, and in some
cases even in the same cell types (7, 16). The release of AAV
from the endosomes is believed to take place at the late en-
dosomal stage and requires a low endosomal pH (2). There-

FIG. 9. AAV with nuclear invaginations. (A) HeLa cells were in-
fected with 10° capsids per cell of 100%-GFP-VP2-AAV. At 11 h p.i.,
cells were fixed, and the nuclear lamina was stained with Texas Red-
conjugated anti-lamin B antibody. Analysis was performed by confocal
microscopy. A series of horizontal sections (each 0.2 wm) were ob-
tained for each image. The square image shows one horizontal section
of the stack. The vertical sections of the stack are depicted on the right
and bottom of each panel. White arrows, capsid in nuclear invagina-
tions; blue arrows, capsid in perinuclear area. (B) HeLa cells were
infected with 10° capsids per cell of wild-type AAV and adenovirus
type 5 (MOI of 5). At 11 h p.i., cells were fixed. Capsid and nuclear
membrane were stained with A20 (red; RRX-conjugated secondary
antibody) and anti-lamin B antibody (blue; Cy5-conjugated secondary
antibody), respectively. Microscopic analyses were performed as de-
scribed in the legend to panel A. Under these conditions, isolated
signals of intact capsid were detectable inside the nucleus (blue arrow).
In addition, viral capsids within nuclear invaginations were observed
(white arrow). (C) HeLa cells were infected with 10° capsids per cell of
100%-GFP-VP2-AAV and coinfected with adenovirus type 5 (MOI of
5). At 2 h p.i.,, the cells were fixed. Capsids and nuclear membrane were
stained with A20 (red; RRX-conjugated secondary antibody) and anti-
lamin B antibody (blue, Cy5-conjugated secondary antibody), respec-
tively. Microscopic analyses were performed as described in the legend
to panel A. GFP-tagged virions in nuclear invaginations were recog-
nized by A20 (white arrow).



11786 LUX ET AL.

after, the destiny of AAV remains unclear. Some studies have
observed perinuclear accumulation within 1 to 2 h p.i., which
persisted in the absence of adenovirus coinfection for at least
16 h (33, 37). In contrast, by laser scanning confocal micros-
copy, Bartlett et al. observed AAV particles within the nucleus
of infected cells by 2 h p.i., despite the absence of helper virus
2).

In this study, we observed that intracellular trafficking of
GFP-tagged virions occurred quickly, at least in HeLa cells.
This was in agreement with results obtained with SVT. This
sensitive method allows the observation of single particles in a
living cell. Due to this high level of sensitivity, it was possible
for us to detect at least one AAV particle in the nuclear area
of 50% of the cells by 15 min p.i. In some cases, AAV reached
the nuclear area within seconds (27). In contrast to this, the
nuclear entry of intact AAV capsids is comparably slow. Al-
though many virions already accumulated in the perinuclear
area before 2 h p.i., with the absence of helper virus coinfection
we observed only isolated GFP signals from the GFP-VP2-
AAV particles within the nucleus of cells at 11 and 24 h p.i. (no
signal at 2 or 4 h p.i.). This result clearly contradicts results
described by Bartlett et al., who observed the absence of helper
virus AAV particles inside the nucleus by 2 h p.i (2). This can
be explained by the limited microscopic possibilities available
at that time.

In adenovirus-coinfected cells, GFP signals were observed
within the nucleus by already 2 h p.i. (the earliest time point
observed), revealing that adenovirus is able to augment nu-
clear entry of AAV capsids. These results confirm previous
observations that described intact viral particles within the
nucleus of coinfected cells in <1 h p.i (33, 37). However, the
amount of AAV capsids we observed by applying the new
vertical sectioning method for data analysis was much lower
than described by (for example) Xiao et al. (37). In all condi-
tions and at all time points analyzed during this study, only very
few GFP signals provided by the GFP-VP2-AAV particles
could be detected within the nucleus. This was not due to the
GFP-VP2-AAYV virions used to analyze this step of the infec-
tious biology, since the same image was obtained with wild-
type AAV visualized by A20 (Fig. 9).

We assume that the transport of intact viral capsids into the
nucleus of infected cells is a very inefficient process and that
viral uncoating takes place before or during nuclear entry,
independently of helper virus coinfection. The very small
amount of intact particles observed in the nucleus of cells
infected with 10° viral capsids per cell could be due to unspe-
cific events and is likely to be unnecessary for viral replication.
This model is suggested by the comparison of the amount of
viral genomes with the amount of capsids detected within the
nucleus at different time points of the infection in the presence
and absence of helper virus: neither in the presence nor in the
absence of helper virus intact were viral capsids detected
within the nuclei of cells infected with 10° (instead of 10°) viral
capsids per cell. In contrast, under the same conditions viral
genomes were detected by 2 h p.i. within the nucleus, with a
slight increase in signals with prolonged observation times.
This argues for an uncoating of AAV before or during nuclear
entry independent of helper virus coinfection.

J. VIROL.
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